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Abstract: This paper describes the physics case for a new fixed target facility at CERN SPS. The
SHiP (Search for Hidden Particles) experiment is intended to hunt for new physics in the largely
unexplored domain of very weakly interacting particles with masses below the Fermi scale, inacces-
sible to the LHC experiments, and to study tau neutrino physics. The same proton beam setup can
be used later to look for decays of tau-leptons with lepton flavour number non-conservation, 7 — 3u
and to search for weakly-interacting sub-GeV dark matter candidates. We discuss the evidence for
physics beyond the Standard Model and describe interactions between new particles and four differ-
ent portals — scalars, vectors, fermions or axion-like particles. We discuss motivations for different
models, manifesting themselves via these interactions, and how they can be probed with the SHiP
experiment and present several case studies. The prospects to search for relatively light SUSY and
composite particles at SHiP are also discussed. We demonstrate that the SHiP experiment has a
unique potential to discover new physics and can directly probe a number of solutions of beyond the
Standard Model puzzles, such as neutrino masses, baryon asymmetry of the Universe, dark matter,
and inflation.
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Chapter 1

Introduction

The Standard Model of elementary particle physics has provided a consistent description of Nature’s
fundamental constituents and their interactions. Its predictions have been tested and confirmed
by numerous experiments. The Large Hadron Collider’s runs at 7 and 8 TeV culminated in the
discovery of a Higgs boson-like particle with the mass of about 126 GeV — the last critical Standard
Model component [1-5]. Thus for the first time we are in the situation when all the particles,
needed to explain the results of all previous accelerator experiments have been found. At the same
time, no significant deviations from the Standard Model were found in direct or in indirect searches
for new physics (see e.g. the summary of the recent search results in [6-25] and most up-to-date
information at [26—29]). For this particular value of the Higgs mass it is possible that the Standard
Model remains mathematically consistent and valid as an effective field theory up to a very high
energy scale, possibly all the way to the scale of quantum gravity, the Planck scale [30-32].
However, it is clear that the SM is not a complete theory. It fails to explain a number of observed
phenomena in particle physics, astrophysics and cosmology. These major unsolved challenges are
commonly known as “beyond the Standard Model” problems:
> Neutrino masses and oscillations: what makes neutrinos disappear and then re-appear in a
different form? Why do neutrinos have mass?

> Baryon asymmetry of the Universe (BAU): what mechanism created the tiny matter-
antimatter imbalance in the early Universe?

> Dark Matter (DM) : what is the most prevalent kind of matter in our Universe?

> Cosmological inflation: What drives the accelerated expansion of the universe during the
early stages of its evolution?

> Dark Energy: What drives the accelerated expansion of the universe during the present stage
of its evolution?

Some yet unknown particles or interactions would be needed to explain these puzzles and to answer

these questions. But in that case, why haven’t they yet been observed?

One possible answer is that the hypothetical particles are heavy and require even higher collision
energy to be observed, the so-called “energy frontier” research. Major particle physics experiments
of the last few decades, including LEP and LHC at CERN, and Tevatron in the US, have followed
this path.

Another possibility is that our inability to observe new particles lies not in their heavy mass,
but rather in their extremely feeble interactions. If true, this would imply that a different approach
to detect them should be used: an experiment needs to cross the “intensity frontier”, rather than
the “energy frontier” (Figure 1.1).

An example when a part of beyond-the-Standard Model phenomena mentioned above is resolved
by introducing relatively light new particles only is given by the ¥YMSM (discussed in Section 4.8).
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Figure 1.1: New physics that can be explored at intensity frontier experiments and its compli-
mentarily with the energy frontier

Alternatively, some of the new particles, responsible for the resolution of the BSM puzzles, can be
heavy or do not interact directly with the SM sector. These “hidden sectors” may nevertheless be
accessible to the intensity frontier experiments via few sufficiently light particles, which are cou-
pled to the Standard Model sectors either via renormalizable interactions with small dimensionless
coupling constants (“portals”) or by higher-dimensional operators suppressed by the dimensionful
couplings A~ corresponding to a new energy scale of the hidden sector.

For the Standard Model, renormalizable portals can be classified into the following 3 types,
depending on the mass dimension of the SM singlet operator.

Dimension GeV?2, Vector portal: new particles are Abelian fields, A; with the field strength
F IIW’ that couple to the hypercharge field FJ/” via

EVector portal — EF[“,F#V s (101)

where € is a dimensionless coupling characterising the mixing between the new vector field with the
Z-boson and the photon. The phenomenology of the vector portal is discussed in Section 2.

Dimension GeV?, Scalar portal: new particles are neutral singlet scalars, .S; that couple to
the square of the Higgs field |®|?:

ﬁScalar portal — ()\7,512 + ngz)<q)T(I)) 3 (102)

where ); are dimensionless and g; are dimensionful couplings. The phenomenology of the scalar
portal is discussed in Section 3.

Dimension GeV3 , Neutrino portal: the singlet operators (L, 'i>) couple to new neutral singlet
fermions Ny

£Neutrino portal = FaI(La . &))NI .



Here L, is one of the SU(2) lepton doublets, and b, = € Py, Foyr are dimensionless Yukawa
couplings, for other notations see Appendix B. The phenomenology of the neutrino portal will be
discussed in Section 4.

Of course, higher dimensional, non-renormalizable couplings of new particles to the SM oper-
ators are also possible. An important example is provided by pseudo-scalar azion-like particles A,
that couple to a dimension 4 two photon operator (Section 5) via

A VA
LA = me” pF}LVF)\p . (103)
Yet another example is a Chern-Simons like (parity odd) interaction of electroweak gauge bosons
with a new vector field V,,, [33]:

Les = ey V, (D7D, @) (Fy )y + - - - (1.0.4)

(see Section 2.1.4 for details).

The goal of this paper is demonstrate the capability of high intensity proton fized target exper-
iments to discover relatively light new particles. In particular, we will show that such experiments
can probe an interesting parameter space for a number of BSM models representing the portals
described above. This will potentially allow for direct experimental checks of the mechanisms
of matter-antimatter asymmetry of the Universe, the origin of neutrino masses, and the particle
physics nature of dark matter.

This paper was prepared together with the companion document, Technical Proposal [34], that
describes a concrete experiment, SHiP (Search for Hidden Particles)! that was proposed in 2013 [35].
Both documents together are submitted to the SPS and PS experiments Committee (SPSC) at
CERN. Therefore, in this paper we use the characteristics of the SHiP experiment (summarised
in Appendix A) when estimating the potential to detect new particles. This document gives an
overview of the physics, while [34] provides sensitivity estimates for selected models.

In addition we describe the sensitivity of the SHiP facility to discover new interactions between
the known Standard Model particles by searching for rare processes such as 7 — 3u decays, and
to study the physics of the T-neutrino sector (detect 7, measure cross-sections and form-factors,
etc.).

Thttp://ship.web.cern.ch
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Chapter 2
Vector portal

We review the main features and physics motivations behind vector portals between the Standard
Model (SM) and dark sectors. Several case studies for the SHiP experiment are presented.

2.1 Classification of vector portals

The gauge structure of the Standard Model, the celebrated SU(3) x SU(2) x U(1) combination,
is a minimal choice compatible with the chiral nature of fermions and spontaneous electroweak
symmetry breaking that renders the weak bosons and fermions massive. Establishing this structure,
through a combination of theoretical and experimental efforts, is one of the major achievements of
20" century physics.

It is possible that the gauge structure of the SM descends from a larger gauge group, as is the
case in Grand Unified Theories, or GUTs. In that case one expects that at least several of the new
vector states are very heavy, e.g. my ~ 10 GeV, well beyond the direct reach of accelerators. It
is also possible that the SM is accompanied by additional gauge structures that allow for (sub-)TeV
gauge bosons, as is the case of multiple U(1)’s, SU(3) x SU(2) x [U(1)]™ [36]. The high-energy
LHC experiments place very strong bounds on the possible existence of new vector states associated
with new U (1) gauge groups, provided that the coupling of such vector states to the SM is sizable
[37, 38]. An alternative possibility, relatively light vector states (e.g. in the GeV mass range) with
small couplings to the SM, is poorly constrained by the LHC experiments and represents instead
an attractive physics target for many experiments at the intensity frontier [39)].

The fixed target experiment SHiP proposed at the CERN SPS [35] is a powerful tool for
studying extensions of the SM based on new vector particles. This chapter discusses the physics
motivations and phenomenology for such particles, provides a classification of vector portals, and
points to several promising models that can be probed with proton fixed target (and beam dump)
experiments. The specific examples identified as attractive physics opportunities for SHiP to be
discussed in this chapter are:

e Kinetically mixed dark photons in the GeV mass range with mixing angles € ~ O(107°), as
well as gauge bosons coupled to baryons, V(5).

e Signatures of “dark Higgs” states produced through the vector portal and the dark Higgsstral-
hung process.

e Signatures of heavy neutral leptons (HNL) produced via the vector portal.

e Signatures of sub-GeV (meta)stable states (e.g. light dark matter) via its production and
subsequent scattering via the vector portal in a neutrino-like detector.
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Throghout this chapter, we denote the new vector state as V),, or simply V. We will also often
employ a superscript to indicate the SM current coupled to the new vector state, e.g. VB~V (B)
etc. Furthermore, the new (beyond the SM) states that couple to V,, will be generically called y,
while the new dark Higgs states associated with U(1)’ group will be called h'.

2.1.1 Kinetic mixing

Consider a QED-like theory with one (or several) extra vector particle(s), coupled to the electro-
magnetic current. A mass term, or in general a mass matrix for the vector states, is protected
against additive renormalization due to the conservation of the electromagnetic current. If the
mass matrix for such vector states has a zero determinant, det(M3) = 0, then the theory contains
one massless vector, to be identified with a photon, and several massive vector states.

This is the model of ‘para-photons’, introduced by Okun in early 1980s [40], that can be
reformulated in an equivalent language using the kinetic mixing portal. Following Holdom [41],
one writes a QED-like theory with two U(1) groups, supplemented by the cross term in the kinetic
Lagrangian and a mass term for one of the vector fields,

€ 1
L="Lypa+Lya — §FWF;W + imi, (4))2. (2.1.1)

Ly 4 and L, 4s are the standard QED-type Lagrangians,

1 - .
Lypa= _ZF’ij + wh’u(lau - eAu) —myly,
1

1 F)® + X0 — 9" AL) = myx, (2.1.2)

Lya =
with F,, and F; ;/w standing for the field strength tensors. States ¢ represent the QED electron fields
while states x are charged under the "dark” U(1)’. In the limit of e — 0, the two sectors become
completely decoupled. In eq. (2.1.1), the mass term for A’ explicitly breaks the second U(1) but is
protected from additive renormalization and hence is technically natural’. Using the equations of
motion, 0, F), = eJEM | the interaction term can be rewritten as

- %FWF;,, — Al x (ee) JEM, (2.1.3)

showing that the new vector particle couples to the electromagnetic current with strength, reduced
by a small factor e. The generalization of (2.1.1) to the SM is straightforward, by subsituting the
QED U(1) with the hypercharge U(1) of the SM.

There are a multitude of notations and names referring to one and the same model. We shall
refer to the A’ state as the "dark photon”. It can also be denoted as V(¥) a vector state coupled
to the hypercharge current. We choose to call the mixing angle ¢, and throughout this chapter
assume € < 1. In contrast, one does not have to assume a smallness of ¢’ coupling, which can be
comparable to the gauge couplings of the SM, g’ ~ gsm.

Although the model of this type is an exceedingly simple and minimal extension of the SM,
one can already learn a number of instructive features:

1. The mixing parameter € is dimensionless, and therefore can retain information about loops
of charged particles at some heavy scale M without power-like decoupling. In the simplest
example, a new fermionic field charged under both U(1)’s will generate an additional contri-
bution to the mixing angle that scales as Ae ~ g’e/(127%) x log(AZ,/M)?. Alternatively, the

I'When breaking of U(1)’ is triggered by a Higgs mechanism, there can be an additional ” gauge hierarchy” issue
related to the naturalness of the h’ mass term.
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Figure 2.1: The interaction through the exchange by a mixed v — A’ propagator between the SM
particles and particles y charged under new U(1)" group. In the limit of m4 — 0 the apparent
electromagentic charge of x is ee.

mixing € can be generated at two or higher loop order, so that one can entertain a wide range
of mixing angles.

2. If both groups are unbroken, my — 0, the states x are “millicharged particles” with electric
charge ¢, = ee. For my # 0, at |¢°| < m?, the particles x can be thought of as neutral
particles with a non-vanishing electric charge radius, ri o~ 66m‘72. The diagram describing

the basic interaction between the two sectors is shown in Fig. 2.1.

3. If there are no states charged under U(1)’ (or they are very heavy), and my is taken to be
zero, then the two sectors decouple even at non-zero e. This leads to the suppression of all
interactions for a dark photon inside a medium. If my becomes smaller than the characteristic

plasma frequency all processes with emission or absorption of dark photons decouple as ~ m%,
[42].

4. The new vector boson interacting with the SM via the electromagnetic current conserves
several approximate symmetries of the SM, including parity, flavour, and C'P. Moreover, A’
does not couple directly to neutrinos. As a consequence of these two features, the interaction
strength due to the exchange of A’ can be taken to be stronger than that of weak interactions,
(e€)?/m?,; (eeg’)/m?%, > Gp. This property proves very useful in constructing light dark
matter models with the use of vector portal.

Although this model was known to theorists and well-studied over the years (e.g. Refs. [43, 44]),
there has been a revival of scenarios involving a kinetically-mixed A’ during the last decade. Much
of this activity has been in response to various astrophysical anomalies which can be interpreted
as a sign of dark matter interacting with the SM through a kinetically mixing vector. Renewed
interest in dark photons has triggered new analyses of past or existing experiments [45-54], and
generated proposals for new dedicated experiments, which are currently at various stages of im-
plementation [55-58]. In this chapter, we will demonstrate that the SHiP proposal is capable of
probing new domains of the parameter space for this model, with and without light dark matter.

2.1.2 Anomaly-free gauge groups (B — L, L, — L, etc)

The kinetically-mixed portal described above represents the simplest way to couple a new vector
particle to the SM, without charging any of the SM fields under the new gauge group. There is also
an interesting alternative route in which certain combinations of the SM fields are charged under
the new U(1)'.

The most prominent example of this type is V(L) which, provided the SM is supplemented
with three right-handed neutrinos, is anomaly free. While the multitude of scales for the mass
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of B — L gauge boson is possible, the value of the coupling is quite constrained by the fact that
neutrinos acquire a new interaction with electrons and baryons, so that broadly speaking we require
(9B-1))*/m3 51, < GF.

The only model-building complication that arises in this construction is related to neutrino
masses. One can consider Dirac masses for the neutrinos, in which case this problem does not exist.
On the other hand, the Majorana masses of right-handed (RH) neutrinos, and more generally the
effective operator of dimension five that generates light neutrino masses, (LH)?, are incompatible
with B — L gauge symmetry. One can solve this problem with additional model ingredients. For
example, the right-handed neutrino mass can be associated with the condensation of an additional
Higgs field, @, that has a charge —2 under this gauge group. so that the mass term in the Lagrangian
ynNN® is gauge-invariant. Then the ratio of masses of the U(1)p_1 gauge boson and the right-
handed neutrino mass would scale as

B-L
my (B—r) - g( )

mn YN

(2.1.4)

It is possible then that the masses of the RH neutrinos and the B— L gauge boson can be comparable,
and the lightness of V(L) may in turn imply a relative lightness of N. This will be important for
the phenomenological signals of the B — L interaction in fixed target experiments.

Individual lepton flavours can also be gauged in specific anomaly-free combinations. Thus, the
B — 3L; combinations, where ¢ is an individual flavour, have been considered in the past, and their
phenomenology is very similar to the B — L case discussed above. One specific group, based on the
L, — L; combination, is an exception: since neither electrons nor quarks are charged under this
group it is very difficult to constrain experimentally, and the strength of the new interaction can be
comparable with the weak strength. For example, (g(r,,—r,))?/mi ~ Gp is not excluded. There is
an extensive theoretical literature dedicated to such symmetries, see e.g. Refs. [59-64].

2.1.3 Other froms of vector portals.

The examples of vector portals described above are special in that they are UV complete and do
not require new physics at the weak scale. In this subsection we discuss other possibilities that
require additional steps for UV completion.

One example with a distinct phenomenology is based on gauged baryon number, U(1) 5, [65-68].
This symmetry is anomalous (in particular there are mixed electroweak-B anomalies) and therefore
a gauged U(1)p construction requires a UV completion. Such a completion can be obtained, for
instance, with new electroweak charged chiral fermions that cancel the anomaly and obtain a weak
scale mass through spontaneous symmetry breaking. Therefore, from the low-energy point of view,
the U(1) g portal is legitimate, leading to rather distinct “leptophobic” phenomenology.

Individual quark flavours can also be gauged in anomaly-free combinations. For example,
gauging two quark flavour ¢; — g2 in a manner similar to L, — L, is possible. The difficulty lies with
quark mass sector, where additional Higgses must be introduced in order to generate mass terms
consistent with the gauge groups of the SM and of the new U(1). While this may be possible from
a model-building point of view, one has to address the rather severe phenomenological challenge of
new tree-level flavour-changing neutral currents.

Finally, even anomalous gauge groups can be considered as low energy effective field theories.
In general, even in the presence of gauge anomalies gauge invariance can be restored at the expense
of non-renormalizability of the theory [69]. This leads to an associated energy scale at which one
loses calculability and requires a UV completion. For our purposes, it is sufficient to assume that
this scale is at the weak scale or above and then consider the effective theory of vector particles,
under the assumption that some UV completion may be found.



On pure phenomenological grounds, one can classify the possible vector couplings to the SM
fields using the framework of the effective Lagrangian where for simplicity we assume the minimal
flavour violation (MFV) ansatz. The vector interactions of the MFV type [70] are given by the
following combinations of the SM fields, Yukawa matrices, and unknown coefficients a; and by ;:

Lint = Vi, Qu(agl +bouYy Yy +bopY Yo + ..)Q
+ V,, Uyulapl + bup Yo Y +..)U
+ V), Dyu(apl+bppYpYy) +..)D (2.1.5)
+ Vi Lyulapl +bppYiYe +..)L
+ V, Bvu(apl +bppYeYy +..)E.

At this point, it is more appropriate to think of V, as of “ordinary” Maxwell-Proca field, rather
than a gauge boson. Written in this form, it is easy to see that the mass my is not protected at loop
level, and indeed will receive additive corrections proportional to the cutoff scale. Within effective
field theories, the coefficients a; and by; cannot be fixed from first principles, but instead can be
constrained directly from experiment. Their smallness guarantees that the cutoff can be taken at
the TeV scale or higher.

So far we have primarily discussed dimension four vector portals, but the non-renormalizable
part of (2.1.5) essentially descends from higher-dimensional operators. It is clear that at dim> 4,
one can construct many new forms of the higher-dimensional operators. For example, one can have
a fully gauge invariant dipole portal,

Laipote = Y fi(1 X pij + 75 % dij)0apf; Vag + (hec). (2.1.6)
ij

Here, f; represents different SM fermions, Vg is the field strength of the exotic vector state, and
pi; and d;; are complex-valued Wilson coefficients. This generalizes the dipole operator discussed
in [71]. Due to the explicit gauge invariance, the mass of the vector boson V' does not receive
corrections from (2.1.6) and can be small. Also, the SU(2) x U(1) properties of the SM fermions
implies that the actual dimension of such operators is six, with p and d scaling as ~ vgw /A%y
The phenomenology of this portal, including the production and decay of dipole-coupled vectors,
has not been studied in any detail in the literature. We note in passing that the production and
decay of V via (2.1.6) can look similar to the case of the axion-like particle, (9,a)f;v, f, due to the
same scaling with the momentum of the exotic particle.

2.1.4 Chern-Simons portal

Motivation. Another way to couple a new vector particle V,, to the SM is given by the so-called
effective Chern-Simons interaction (or the Chern-Simons portal):

Les = cz e Z,V,00Z, + ¢y " Z,V, 0\ A, + cw "W, V,00\W,, (2.1.7)

where A,,, Z,,, W, stand for the photon, W= and Z-boson fields, and ¢, ¢y, cyy are some dimension-
less coeflicients. In terms of fields A, Z and W the operators (2.1.7) are “dimension 4 operators”.
The SU(2) gauge invariant form of these interaction (where Z, = ®7D,®, etc.) requires, however,
to consider them as higher dimension operators (dimension-6):

1 1
Los = —5 "I D, OV, FY + —— e MOFYD, 0, ... (2.1.8)
AY su(2)
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where Fy and Fyy is the hypercharge and the SU(2) field strengths correspondingly and the A’s are

new scales that depend on the origin of the effective operators (2.1.8). The coefficients in (2.1.7)
2 2

are expressed as the ratios of these scales to the Higgs vev: ¢y = cos HW]\’—Z, cz = sin GWX—Q and
Y Y

2 . . . . . .
cw = zz— which fixes cz /ey = tanfy . It is possible however to write an operator of dimension

su(2)

8 that would also lead to VZ0Z term. Therefore in what follows we consider cz and cy as two
independent dimensionless parameters.

Such generalized Chern-Simons interactions appear in various models (see e.g. [33, 72-81]).
They can appear, for example, if a mixed gauge anomaly with respect to the SM gauge field and
a new gauge symmetry related to V, is cancelled in a non-trivial way between new chiral heavy
particles. This is similar to the way the U(1)y x SU(2)? and U(1)3. gauge anomalies are cancelled
between quark and leptonic sectors. In this respect, the Chern-Simons interaction is similar to the
so-called D’Hoker-Farhi interaction [82, 83], describing the contribution of the top quark at the
energies below its mass (but above the masses of all other SM fermions). As without the top quark
the gauge current in the SM would not be conserved, there is a contribution at £ < my, that is not
suppressed by the mass of the top (in fact, does not depend on it at all). The interactions (2.1.7)
are analogs of the DF term , but involving also a new vector field V. If the UV model that leads
to the effective interactions (2.1.8) becomes ill-defined as |®| — 0 (see e.g. [33]), one can write
A — mz‘zﬂ (similarly for A3 ;) and the terms (2.1.7) become true operators of dimension-
4. Thereforé, similarly to the case of kinetic mixing, the “non-decoupling” of the anomalies can
be viewed as an additional window into the deep UV physics. Other mechanisms leading to the
effective Chern-Simons interaction can appear in the models with extra dimensions, models with
“anomaly inflow”, string theory inspired models.

Existing bounds. The bounds on cz,cw,cy in the range of masses my < few GeV come from
the possible contributions of the Chern-Simons interactions to the Z or W total width. This
contributions is dominated by the longitudinal component of V-boson:

C%/VawMW M‘%V

c2 cos Oy My Mig (2.1.9)
2 43272 m3, o

[(Z—=AV)=- 96 —|—1> ; TWH = Xud) ~

my
where ayp is the weak coupling constant and 6y is the Weinberg’s angle. Similar formula exists
for I'(Z — Z*X). We are interested in the V bosons that can travel cry > 60m (decay volume of
the SHiP detector) and having mass my < 5GeV. For my < Mz the bounds go c%,/m%, < const
where cy is one of the c¢,,cz or cy constants. These bounds are roughly at the level %, & <

~

1073 (l’ggv)z. In case of ¢, a significantly stronger bound comes from the measuring of the single

photon events at LEP [84]. There the branching at the level Br < 10~% was established for photons

with the mass above 15 GeV. This leads to the strong bound c?y <1079 (12‘0/\7)2

The main production modes of V,, depending on each of the three terms in (2.1.7) are listed

below:

e For my < mp the dominant source of production is via weak decays of the mesons (such
as D 5> w* 8 pT+VorD— W* B0+ 7+ V where pT is the vector meson, £ is one of the
leptons (e, 1) and 7 is the corresponding flavour of neutrino. These processes are controlled by the
cw constant (the matrix element for the process D* — W* K 7% 4V is zero due to antisymmetric
nature of the vertex (2.1.7))

e At masses my < m, channels of production via Z bosons J/¢ — Z* — v+ V (controlled
by the ¢, constant) or J/i — Z* — Z + V (controlled by the cz constant) with the subsequent
decay of Z to a fermion-antifermion pair. This is the main channel for mp < my < m,,; or in the
situations when cy < ¢z, cy.
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Figure 2.2: Loop decay of V boson to a pair of fermions, mediated by the ¢y term in the Chern-
Simons interaction (2.1.7). A similar process with ¢z coupling and two Z bosons running in the
loop also exist.

o Additionally, for my below the masses of light electromagnetically decaying mesons 7%, 1, w
new channels open, governed by the ¢, vertex: 7 — yy* with the off-shell photon v* decaying to
V and a fermion-antifermion pair.

The decay modes of V' boson again depend on the relative size of ¢, cz, cy coeflicients.

o Naively, the decay via c, vertex is only singly weak suppressed and therefore should dominate.
There are many interesting experimental signatures for decays V' — ~vh° where h° is a neutral meson
(7%, n, p°). The same vertex governs the decay modess V — v+ f + f, suppressed by the extra
phase space factor). However, due to the strong bounds from LEP on the ¢, the number of events
due to cy vertex is expected to be well below 1 at all masses, even for maximally efficient production
(maximal values of ¢y, ¢z constants allowed based on the LEP results).

e The decay via cy or cz are double weak suppressed. Among the tree-level processes the
dominant one is V' — 7+ p (where 7 is a pseudo-scalar meson and p is a vector meson. (Decay of V
to two pions is impossible due to the antisymmetric structure of the interaction (2.1.7)). Additional
3-body decays are strongly suppressed by the phase-space factor. However, a loop-mediated decay
V — f+ f (Fig. 2.2) dominates over the tree-level processes due to “compensation” of one of the
W or Z propagators in the loop.

The resulting number of “detector events” can be as large as few thousands (via the loop-mediated
process producing a pair of fermions) for masses O(1) GeV and cz, ¢y of the order of their maximal
values, allowed from the LEP bounds.

2.2 Matter states charged under new U(1)

The new vector portal is likely to be accompanied by new states charged under U(1)’. In this section
we review different theoretical constructions behind the finite mass for the new vector bosons and
discuss the possibility that the new U(1)’ sector is supersymmetric.

2.2.1 Higgs mechanism in the dark sector

/

There are several theoretical ways of breaking the U(1)" symmetry. In all UV-complete models,

the new vector particle couples to the conserved current, which allows for the introduction of a
"hard” or ”Stuckelberg” mass term, L,, = %m%,VE
If, however, the additional gauge symmetry is broken in the same way as in the SM, a new Higgs

field in the dark sector will be introduced.

This represents the most minimal possibility.
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The “Higgsing” of the U(1) introduces extra interactions in the dark sector. Consider the
simplest possibility in which the new scalar field is charged under U(1)’ [85],

Ly = [Dugl* = Mo|* + 12[0], (2.2.1)

where D,, is the covariant derivative. After the spontaneous symmetry breaking, ¢ = (v' + h')/v/2,
the vector field becomes massive with my = g’v’. Besides the mass terms, several interaction terms
appear:

1 , 1

1 m
/:/h/ = §m%/VMZ + i(auh/) §mi/h/2 + "

2 2 2 2
Va2, My y2e2  Mprgs Mgy
TV Sy WV = 5 P = aht, (22.2)

where my, is the mass for the dark Higgs particle. Depending on the relative sizes of the quartic
coupling A and the square of the gauge coupling ¢’ the dark Higgs can be lighter or heavier than
the vector. This will become important for the potential signals of dark sector as my, < my opens
the possibility for a macroscopic decay length of the dark Higgs [85, 86].

A more complicated Higgs sector can lead to an additional important effect for a dark photon
beyond the kinetic mixing. In particular, a mass mixing between V and the SM Z boson becomes
possible [87], opening a host of additional phenomenological consequences such as parity violation
mediated by V exchange and the coupling of V' to the SM neutrinos.

2.2.2 Supersymmetric U(1)" models

Supersymmetric extensions of vector portal models are also well-studied. For a SUSY version of
the dark photon model, see e.g. [88-91]. One can imagine a variety of scenarios vis-a-vis the origin
of supersymmetry breaking that could lead to different mass patterns between the observable and
dark sectors. One of the most interesting possibilities includes a scenario with an approximately
supersymmetric dark sector in which the breaking of supersymmetry in the U(1)’ sector is mediated
by the vector portal coupling from the SM. In the simplest scenarios of this kind, one expects the
following relations to hold true:

m2, ~ 2 My; mar = my. (2.2.3)

The first relation arises because of the induced D-term in the U(1)’ sector that scales as ~ e [90].
The second relation is the consequence of the minimal Higgs sector in the SUSY version of the dark
photon model [91]. Equal masses for h’ and A’ particles forbid the decays of A’ to A’ and prolong
the lifetime of A’, thus making supersymmetric dark Higgses an interesting target for the studies at
SHiP. More details on supersymmetric scenarios in conjunction with the light vector portal can be
found in the SUSY chapter of this white paper, Chapter 6.

2.3 Physics motivation for light mass (less than weak scale) vector par-
ticles

The interest in vector portals comes from several sources. The appearance of such light vector
portals is quite common in top-down constructions, such string-inspired models and GUT theories.
At the same time, several variants of the vector portal models, especially with relatively light
mediators, have been invoked as a remedy for a number of observational anomalies, both in particle
physics and astrophysics. This section reviews a subset of the problems that vector portal models
help to resolve.



Figure 2.3: One-loop correction to the muon anomalous magnetic moment due to the exchange
of the dark photon.

2.3.1 Putative solution to the muon g — 2 discrepancy

The persistent discrepancy between the measured muon anomalous magnetic moment and the SM
prediction at the level of ~30 [92] has generated significant experimental and theoretical activity
aiming for a possible explanation. The intense scrutiny of the SM contributions has not produced
any obvious candidate for an extra contribution Aa, ~ +3 x 1079 that would cover a theoretical
shortfall and match the observed value. Among the new physics explanations for this discrepancy
are weak scale solutions [93], as well as possible new contributions from light and very weakly
coupled new particles (see, e.g., [47, 86, 94]). With the LHC continuously squeezing the available
parameter space for the weak-scale g — 2-relevant new physics, solutions with light particles appear
as an attractive alternative.

It is easy to see that a light vector particle coupled to muons via the vector portal provides an
upward correction to g — 2. In most models the new vector particle does not have an axial-vector
coupling to charged leptons, and a simple one-loop diagram, Fig. 2.3, gives a positive correction to
the magnetic anomaly,

7 2 1 2 _ )2 7\ 2
o « (g) ></ & 2mjz(1 — z) « (g) ><{ 1 for m; > my, (23.1)
0

T 21 \e mi(1—z)2 +msz “or e 2m?/(3mi) for my < my.

In this expression ¢'/e is the strength of the V), coupling to the muon vector current in units of
electric charge. For the kinetically-mixed dark photon A’, we have ¢’/e = e. For the choice of
e~ few x 1072 at my ~ m,,, the new contribution brings theory and experiment into agreement.
Since 2008, significant experimental advances have been made towards testing this possibility, while
at the same time various theoretical extensions of the simplest kinetic mixing portal explanation
have been proposed. The following picture has emerged:

e The minimal dark photon model, with no light particles charged under U(1)" is excluded (or
at least very close to being excluded) by a complementary array of experiments. The most
difficult part of the parameter space, the vicinity of m 4, ~ 30 MeV, has finally been ruled
out only recently as a solution to the g — 2 puzzle, [52, 54].

e A slightly extended model of the dark photon can still offer a solution to the g—2 discrepancy.
For example, if A’ — x¥ in the dark sector the visible A’ — e~e* decays will be diluted. In
any case, it appears that m 4 < 200 MeV is required [95].

e Finally, the least constrained model is based on the gauged L, — L, vector portal [61, 62, 64],
and the vector mass below my ~ 400 MeV can still be considered as a potential solution to
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Figure 2.4: Light (m, ~ few MeV) scalar dark matter annihilating to electron-positron pairs due
to the mixed v — A’ propagator. The annihilation occurs in the p-wave.

the muon g — 2 discrepancy [96, 97].

To summarize, a light vector particle remains an attractive solution to the muon g — 2 discrep-
ancy, and more experimental work is required to exclude this possibility in a model-independent
way.

2.3.2 Mediator of interaction with DM and possible connection to astrophysical
positron excess

Vector portals offer a means to connect the SM to dark matter. In the last few years, the di-
rect searches for dark matter have intensified, paralleled by broad investigations of the theoretical
opportunities for dark matter. The weakly interacting massive particle (WIMP) paradigm offers
perhaps the largest number of opportunities for the experimental discovery of dark matter via its
non-gravitational interaction. In the standard WIMP paradigm, known from 1970s [98, 99], the
correct cosmological abundance of dark matter is achieved via its self annihilation at high temper-
atures, T ~ m,,, where m, is the WIMP mass. Simple calculations show that the required WIMP
abundance is achieved if

Cannih(v/¢) ~ 1 pbn = Qpp =~ 0.25, (2.3.2)

where v/c is the approximate relative velocity at the time of annihilation. The nature of the
interaction responsible for the self-annihilation of WIMPs to the SM states is important. It sets the
size of the self-annihilation cross section and ultimately the abundance of WIMP dark matter. If
the interactions are mediated by forces that have weak strength and operate through the exchange
of weak scale particles, then for small and large masses one expects the following scaling with the
WIMP mass,

GEm3 for my < My,

f few T 2.3.
1/m? for my > M. = few GeV < m, < few TeV (2.3.3)

o(v/c) x {
This famously determines the so-called ”Lee-Weinberg window”, or the mass range for the DM
under the assumption of weak-scale mediators. According to this logic thermal relic MeV-GeV
scale dark matter is disfavored.

The crucial assumption in the argument above is the link between the weak scale and the
mass of the mediator particles. As was argued in the previous sections certain vector portals do
allow interaction strengths in excess of Gp. This in turn opens the door to the construction of
rather natural models of light dark matter, which can be made as light as a few MeV [100]. It is
important to note that such light WIMPs are challenging to probe via direct scattering of galactic
DM particles on atoms [101], and therefore alternative strategies aimed covering this mass range
must be developed.
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Figure 2.5: Sequential annihilation of heavy WIMP dark matter, first to light metastable media-
tors, with their subsequent decay to light SM states.

On the phenomenological side, the light dark matter can be behind an unexpectedly strong
emission of 511 keV photons from the galactic bulge, as observed by SPI/INTEGRAL [102]. It is
presently unclear whether new physics needs to be invoked for the explanation of such emission,
and we refer readers to the on-going discussions in the literature [103]. Nonetheless, a dark-matter-
related origin of 511 keV excess, in which the non-relativistic or semi-relativistic positrons are
products of DM annihilation or decay, is possible [104]. For example, scalar dark matter charged
under the new U(1)’ with a mass in the m, ~few MeV range can pass all the existing constraints
[100], and supply the requisite source for positrons. Direct calculations in the model where mediation
of the SM-DM interaction occurs due to the dark photon, as in Fig. 2.4, gives the annihilation cross-
section in the form

2

8maape?(m? + 2m2)v
anni =~ = 1-— 2 2, 2.3.4
g h(U/C) 3(m?4, 747713()2 \/ me/mx ( )

Here ap = (¢')%/(4), and m, > m, is assumed. The extra factor of the squared relative velocity

in this formula is indicative of the p-wave annihilation, and is what ultimately allows this model to
escape strong constraints on light dark matter annihilation imposed by the accurate measurements
of CMB anisotropies. The least constrained region of the parameter space corresponds to very light
mediators, my4s < 100 MeV, and 2m, < m4,. With this choice of parameters, Gamnih (v/¢) can be
significantly larger than 1 pbn, making MeV-scale dark matter possible.

Another prominent astrophysical anomaly that has generated a great deal of speculation as
a possible sign of dark matter is the observation of the rise in the fractional positron flux as a
function of energy. In 2008, the results of PAMELA satellite experiment [105, 106] indicated that
the fractions of galactic anti-proton flux, nz/(n,+nz), as a function of energy, behaves according to
the fiducial expectations from the astrophysical modelling of the cosmic ray origin and propagation.
In contrast, the corresponding fraction of positrons, ng/(n.+mne), exhibits a significant upturn above
E > 10 GeV, prompting speculations about the necessity of additional primary sources of energetic
positrons. This measurement was independently confirmed through FERMI-LAT observations [107],
and brought to the new level of accuracy by the AMS-2 experiment [108]. The annihilation of
heavy dark matter with m, > My could be a theoretically attractive source of such positrons. Yet
the simplest WIMP models do not fit the positron excess because of two problems. The required
annihilation rate capable of supplying the positron excess is above the WIMP freeze-out annihilation
rate by ~ two orders of magnitude. In addition, models where the final state annihilation products
are heavy SM particles (b, t, W, Z, h) will necessarily produce antiprotons and are therefore are
tightly constrained by ng/(n, + ng).

It was soon realized that these problems can be rather efficiently circumvented if the heavy
WIMP dark matter is interacting with the SM via relatively light mediators [109, 110], and the
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DM—SM annihilation occurs via an intermediate stage of light mediators as in Fig. 2.5. In
particular, for the light vector mediator one finds that:

e The WIMP dark matter abundance is regulated via the xxy — V'V — SM annihilation process.
If my is sufficiently light, then the v ~ 0.3c and v ~ 10~3c annihilation regimes (freeze-out
vs galactic environment) can be markedly different. The existence of the dark-force-induced
attraction between WIMP and anti-WIMP particles creates a Coulomb (or Sommerfeld) type
enhancement of the cross-section, providing an extra factor S ~ wap/v > 1 at small veloci-
ties. The galactic annihilation can be further enhanced by the resonant states in the y — x
system. This solves the problem for required enhancement of the annihilation cross section
in the galactic environment.

e The fraction of leptons in the final states can be significanly enhanced. Indeed, for my < 2m,,
the antiprotons cannot be generated in the decay of mediators V. The annihilation branching
to photons is also significantly reduced if 7° cannot be easily generated in the decay products.

e Finally, the two-stage annihilation process, xx — V'V, followed by decay V' — SM, allows
hiding the WIMP dark matter from direct searches. This is because the coupling to the SM
(e.g. € for dark photons) is not constrained by the annihilation cross section, and can be taken
almost arbitrarily small [111].

This theoretical construction proves that galactic positron excess could come from the annihi-
lation of WIMP dark matter (there are no show stoppers), although at this point it is impossible
to argue in favor of the dark matter explanation vs competing astrophysical mechanisms (see, e.g.
[112, 113]). These models do come under additional constraints from the absence of broad excesses
in v-ray fluxes [114], and more recently from the absence of DM-induced distortion of the CMB
anisotropies as reported by Planck collaboration (Planck collaboration, to appear). While these
constraints are very important, they cannot rule out the theoretical construction above in a model-
independent way. Thus, it is important to constrain the DM-SM mediators directly from terrestrial
experiments, and for the broad ranges of possible couplings.

Vector portals can also open a window to non-thermal dark matter, particularly in the case of
sterile neutrino dark matter, N [115]. Sterile neutrinos mix with Standard Model (SM) neutrinos,
and therefore any new vector interactions involving SM neutrinos, such as gauged lepton number
symmetries, indirectly couple to sterile neutrinos as well. This can modify the sterile neutrinos’
cosmological abundance, and the existence of new vector interactions coupled to SM leptons also
provides a new phenomenological probe of theories with sterile neutrino dark matter. In the minimal
model where the sterile neutrinos interact with the SM only via mixing (the neutrino minimal SM,
vMSM), N production is entirely determined by the N mass and its mixing with a lepton doublet
L, given by sinf,. Production of N proceeds by electroweak production of SM neutrinos, which
subsequently oscillate into N; this is known as the Dodelson-Widrow mechanism [116]. Currently,
the combination of constraints on warm DM and X-rays completely rules out the Dodelson-Widrow
mechanism as being the sole explanation for the DM abundance. Alternate mechanisms have also
been proposed to enhance the production rate of N, such as via large lepton asymmetry and /or the
decays of new singlet scalars in the inflation or Higgs sectors [117-121].

New vector mediators V' coupled to SM neutrinos also produce a larger abundance of N by
analogy with the Dodelson-Widrow mechanism [115]: the V' particle results in a higher scattering
rate of N7 in the early universe, and consequently a larger production rate of IV through oscillation.
This is true even if the V has no coupling to N prior to electroweak symmetry breaking. If the new
interaction occurs in the neutral current only, it does not contribute to N — v, decay and can be
safe from X-ray constraints. Since the new interactions exclusively couple to SM particles, the vector
portal provides a direct connection between sterile neutrino cosmology and the phenomenology of



new vector states. The sterile neutrino abundance as a function of My, mixing angle, My, and
¢’ is computed in Ref. [115], taking into account all finite-temperature corrections and oscillation
damping effects associated with both the electroweak interactions and the new vector state V. New
vector portal interactions with My ~ MeV-GeV and ¢’ ~ 107% — 102 are consistent with dark
matter with masses 1-100 keV N, as well as all cosmological constraints and X-ray bounds on sin 6,,.
This gives a concrete window for phenomenological probes of V.

2.3.3 Self-intereaction of dark matter via light mediators

Finally a noteworthy motivation for the light vector portal particles come from the host of ob-
servational questions related to the dark matter sub-structure and their possible resolution via
self-interaction of DM particles. The astrophysical structure of galaxies and clusters of galaxies can
be dramatically affected by scattering interactions between dark matter particles [122, 123]. This
effect, known as dark matter self-interactions, is motivated based on two outstanding issues in our
understanding of structure formation.

e (Core-cusp problem: Observations indicate that dwarf galaxies exhibit reduced central densi-
ties with flat profiles (cores) [124-128], as opposed to steeper density profiles (cusps) predicted
by collisionless DM-only simulations [129]. More recently, dark matter cores have been found
in larger systems as well, including low surface brightness spiral galaxies [130—-133] and clus-
ters [134].

e Too-big-to-fail problem: Collisionless DM-only simulations predict that MW-like halos should
contain a population of O(10) subhalos that are too massive to host any of the known most
massive classical dwarfs, as inferred by stellar kinematics [135, 136]. Satellite populations
of the Andromeda Galaxy and the field of the Local Group also exhibit a dearth of massive
satellites expected from collisionless DM-only simulations [137, 138].

These discrepancies may be explained if DM particles within halos are not collisionless, as is usually
assumed, but instead undergo elastic scattering with other DM particles. DM self-interactions
lead to thermodynamic heat transport from the hotter outer halo to the colder inner halo, thereby
reducing the central halo density as DM particles get heated and escape. Additionally, the formation
of cores in satellite galaxies can modify their stellar kinematics, resolving the mismatch between
the most massive satellites observed in the MW and those found in simulations. Recent simulations
of self-interacting dark matter have shown that a self-interaction cross section per unit mass of

o/my 2 1cm?/g ~ 2 x 1072 em?/GeV (2.3.5)

can resolve the core-cusp and too-big-to-fail problems on dwarf scales [139-142].

On the other hand, these discrepancies may simply point to the inadequacy of using DM-only
simulations to make inferences about the real Universe containing both DM and baryons. A variety
of mechanisms have been proposed to generate cores in DM halos through gravitational feedback
from baryons, including supernovae in gas-rich dwarfs [143, 144], environmental interactions between
satellite galaxies and the baryonic disk of the larger host galaxy [145], and active galactic nuclei in
clusters [146].

Although the origin of these discrepancies remains an open and hotly-debated question, self-
interacting dark matter remains an appealing alternative to the WIMP paradigm that can be tested
in both astrophysical and terrestrial contexts. Self-interactions are present for WIMP dark matter.
However, the self-interaction cross section for WIMPs is set by the weak scale, with o ~ 1073 cm?
and m, ~ 100 GeV, giving the figure of merit o/m, ~ 1073% c¢m?/GeV that is too small by
fourteen orders of magnitude. Therefore, self-interacting dark matter requires the existence of new
dark mediator particles that are much lighter than the weak scale.
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The minimal model for self-interacting dark matter consists of a dark matter particle x (taken

to be a fermion) and a mediator particle, scalar ¢ or vector V, with interaction [147-154]
Lo QX%WMXV# vector med.iator (2.3.6)

I XXP scalar mediator

The coupling g, can be related to a “dark” fine structure constant ap = gi /(4m). In the small

velocity limit, the Born self-interaction cross section is?

4
g2 2 A o3 o fap\2/ my \2[30MeV
o = drabm? /mi ~ 6 x 10723 em (—0.01) <10GeV) ( o (2.3.7)

independent of whether mediator is scalar or vector. If the self-interaction cross section is large
enough to explain small-scale astrophysical observations, the mediator particle must have mass
much lighter than the weak scale, typically in the range [154]

my ~ MeV — GeV, (2.3.8)

over a wide range of DM mass (m, ~ MeV — TeV) and coupling (ap ~ 107* —1071).

The existence of new force in the dark sector at the MeV—-GeV scale provides a new motivation
for direct searches at high-luminosity colliders. Self-interactions and small scale structure anomalies
do not by themselves require that light mediator couples directly to the Standard Model. However,
without such a coupling, and in the absence of additional light states there will be a population of
mediator particles that dominates the DM mass budget over self-interacting x particles [155]. Thus,
they must decay to SM states, and, requiring that decay occurs before Big Bang Nucleosynthesis to
avoid excessive entropy injection, there is minimal value on the coupling between V (or ¢) and SM
particles that depends on specific model realization. Typically, a vector mediator coupling through
the kinetic mixing portal must have ¢ > 10710, while a scalar mediator ¢ coupling by mixing with
the Higgs boson must have a mixing angle larger than around 107°. On the other hand, these
mixing parameters can be much larger and indeed close to the current experimental limits.

2.4 Main features of vector portal phenomenology.

In this section we review the main phenomenological features of light vector states coupled to the
SM vector currents and light matter states (dark Higgses, HNLs etc) that may be associated with
them.

2.4.1 Decay rates, modes, branchings, cr for dark photon

The phenomenology of massive dark photons with my > 2m. is quite straightforward. The decay
rates of the A’ to the SM states can be easily calculated for any point in the parameter space
{mas,e}. More generally, the biggest uncertainty in this scenario is related to the question of the
existence of new states y charged under U(1)’, which would open additional dark decay channels.
In general, the decay width is given by

PA’ = ZFA'—M+Z— + Z 1—‘A’~>hadrons + ZPA’%)o@ (241)
l

hadrons X

2In general, Eq. (2.3.7) breaks down for aymy/mg 2 1, where nonperturbative Sommerfeld-type effects become
important, or for myv/my 2 1, where o can no longer be represented by a contact interaction. In these regimes, a
numerical solution for o has been performed [149, 154].



The decays to leptons and new ”dark states” y are elementary to handle,

1 2m? 4m?
FA’—>l+l— = gEQO[mV (]. + ’I’TL%/Z) 1-— mi%j, (242)
r ! L 2} A (2.4.3)
Al —xx — 3aDmV m%/ m%/, S

while the expressions for the decays to hadrons can be extracted from the well-known spectral
function of virtual photon transition, v* — hadrons,

1 4m?, 2mi )
I'v S hadrons = gae my4[1— m‘z/ 1+ mig/ R(S = mV)' (244)

The R-ratio can be found in [156]. If dark states are kinematically accessible, then ”visible” vs
"dark” decay widths scale as ~ ae?/ap.
If the decays to dark states are non-existent or subdominant, I' 4, sps > ' 4/ x, then the SM

decay channels are not diluted by dark decays. This is the most studied and most constrained case.
Making a specific choice of parameters, one can see that in the absence of dark decays, (boosted)
dark photons can propagate over macroscopic distances. Choosing m 4 = 200 MeV for simplicity,
one determines that

10762 vy
1y~ 4 — 2.4.
cTary ~ 40 m X ( . ) X 100 (2.4.5)

Thus, this range of mixing angles is of special interest for the SHiP-like experiments.

The production of vector states is a more complicated process than their decays, especially
if they are produced in p collisions with a target. So far, several production channels have been
identified:

1. The dark photons, or more generically, light vectors states can be produced in meson decays,
which in turn are copiously produced in p-on-target collisions. For light vector masses, by
far the most important process is m — «V, which is suppressed by €2, but not «, since the
main decay of 7 is electromagnetic. In the literature, 7, p/w, and A sources of A’ have been
discussed [157]. The weak decays of K, D mesons play a subdominant role in the production
of dark photons

2. The (quasi)elestic scattering of incident protons on nucleons in the target can lead to the
production of vector states via bremsstrahlung process pp — ppV [158, 159]. This type of
process is quite similar to the production of vector states from the electrons in collision with
nuclei, but is more difficult to handle due to the non-elementary nature of nucleons.

3. For large my, it is expected that the direct perturbative QCD production of vector states via
the underlying g +q@ — V; ¢+ g — g+ V processes should become dominant. Some of the
QCD production cross sections have been calculated in Ref. [160].

It is fair to say that at this point there are no universally accepted calculational tools available
for the computation of production rates and distributions of extra vector states in pp and pn
collisions over a wide range of incident energies and for all values of masses my . We expect that in
the future more theoretical work will be done to fill the needs of the SHiP experiment.

The opposite regime in which dark decays are dominant, which occurs for 2m, < mas and
ap > ae€?, is also of considerable interest. In that case, the only model-independent signature is
the missing energy decays of A’. If, however, y-states do not fragment further into additional light
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dark states, they can participate in the scattering on the SM particles via the exchange of the mixed
A — A’ propagator, Fig. 2.1. The rate for the scattering on electrons [157] is given by

doex ey apé€? y 8ra’me(1 — Es/E)
dE;y « (m?, + 2m.Ey)?

, (2.4.6)

where E is the electron recoil energy, and assuming E; > m.. This scattering process, as well
as scattering on nucleons and nuclei, can be viewed as the search channels for light dark matter
[157, 161, 162]. The treatment of the light dark matter-nucleon scattering can be complicated as it
may occur in a variety of dynamical regimes, as evident from recent literature [163-165].

2.4.2 Other vector candidates

The phenomenology of other U(1)' gauge symmetries and their associated vector bosons are in
principle straightforward to handle. Many gross features are similar to the case of the kinetically
mixed dark photon. In addition, if the gauge symmetry involves lepton number or any individual
lepton flavors L; it is guaranteed that there exists a new decay channel to neutrinos, V' — vo.
When the right-handed neutrinos are lighter than the vector boson an additional decay channel
V — NN opens up, where N denotes the right-handed neutrino, or more generally a HNL,

1(q 2 m2 4m?2
Ty Ny = 6(473 my ( — )y 1- = (2.4.7)

Thus, the vector portals based on leptonic symmetries may provide a new source of right-handed
neutrinos in the SHiP experiment. Compared to the previous chapters, the signal of HNL charged
under light U(1)" will scale as production x decay ~ (g’)? x |U|?, as opposed to the minimal HNL
case with |U|* scaling, where U is the HNL mixing angle.

Another interesting candidate that can give distinct signatures at SHiP is the vector boson of the
baryonic U (1)®Z. If the kinetic mixing parameter for the V(B) gauge boson is small the decays of the
baryonic vector may be dominated by the underlying %V,fB) 9(B)qVuq interaction. In the mass range
mp <1 GeV the main decay channels are hadronic, and because of the symmetries of the underlying
current they are V — y7¥ and V — 77~ 7% These decay channels are additionally suppressed
because of their loop origin (y7") and multiplicity of the final state (777~ 7). Using results of
Refs. [67, 68], one can estimate the propagation length of baryonic vector with my = 200 MeV as

104\
ey Y| ~ 70 m X (Q(B) ) X 18—0 (2.4.8)

(A non-zero kinetic mixing angle in excess of 10~% would shorten this decay length.)

2.4.3 Higgsstrahlung process for U(1)' and delayed decays of h'.

If the mixing angle is in ballpark of e ~ 1073 the lifetime of dark photon is very short and the
decay length is microscopic as long as my > 2m.. However, it does not mean that such a theory
cannot have long-lived particles. One candidate is the long-lived dark Higgs particle that can be
produced in association with V' [85]. In the dark photon model, if mp < m4s the decays of h' are
suppressed, as b’ — AL ., + Xsum channels become kinematically forbidden. As a consequence
the decays occur via two off-shell A’| either via loop mechanism or at tree level [85], with the decay
width scaling as ', ~ €*. Taking for concreteness m a4 ~ my ~ 2 GeV, one can estimate the decay



rate of b’ to two vector mesons (p or w), and deduce the ensuing decay length,

1073\*
ey ~ 107 m x ( 06 ) x <aaD) x 110. (2.4.9)

One can see that the decay length can be very long compard to the size of the beam dump experi-

ments, leading to the additional suppression of the signal.
The production of energetic h’ can be described by the underlying q¢ — h’A’ annihilation
process that has the cross section [85],

2 1 2
Ggqmar = 0.2fb x Q2 (O‘—D) ( < ) (10 GeV) (2.4.10)

o 106 3 ’

where @), is the quark charge in units of e. In case of a more complicated Higgs sector, the rates
can be enhanced by the production of the on-shell A’ decaying to a pair of non-identical i’ bosons
[166, 167].

2.5 Summary of the existing constraints on light vector and light DM
states

In the last few years, there has been a concerted effort to explore the parameter space of the dark
photon model, both with and without dark matter. There are also a number of experimental
studies searching for other particles coupled to the SM via vector portal. Here we summarize these
developments.

2.5.1 Current status of experimental constraints on exotic vector states

Fig. 2.6 summarizes the existing constraints on the dark photon model, under the assumption
that the dark decays are absent or subdominant. One can clearly see that the direct constraints
can be subdivided into two main categories: those that come from the prompt decays of the dark
photons, and those that are derived from the delayed decays of dark photons inside the detectors
placed some distance behind beam dumps. The combination of all constraints covers the region of
parameter space motivated by the solution to the muon g—2 discrepancy. Future electron-on-target
experiments such as HPS [39] will add sensitivity in € ~ 1072 — 107° and m4s < few 100 MeV
window that is comparatively less constrained.

It is important to note that the excluded regions corresponding to € ~ 107% and masses in
excess of m, come from relatively old experiments, CHARM and E137, which are proton and
electron beam dump experiments, respectively. (The shape of these regions can be understood as
follows: above the upper boundary of that region the lifetime c74/7 is too short for the sufficient
number of dark photons to reach the detector. Below the lower boundary, the size of € is too small
to produce and detect a sufficient number of A’.) It is clear that the improvement on the number of
protons-on-target and shorter distance to the detector, such as in the SHiP proposal, will improve
the sensitivity to A’ around the CHARM/E137 region.

Other models of light vectors have received comparatively less attention. The constraints on
B — L vector portal have been assessed in [168], with additional constraint that the RH neutrinos
are very light. The sensitivity of ¢,n,7” meson decays to the baryonic vector V&) was derived in
[67]. The full analysis of constraints on {a(p), my } plane has not been performed yet.

Some cases of other exotic particles produced in association with V have been constrained
in experiment. BaBar studies have placed limits on dark Higgsstrahlung [169], by exploiting A’h’/
production with subsequent decays of h’ to 24’ and eventually to pairs of charged SM particles. The
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Figure 2.6: Summary of constraints on the dark photon model. The limits at € ~ 10~7; m 4 > 200
MeV range come from old experiments, and can be improved with SHiP. The g — 2 region of interest
is shown as a green band. The projected SHiP sensitivity contour is derived using three modes of
production: mesons, bremsstrahlung, and QCD production.

ensuing constraints are quite strong (reaching down to € ~ few x 1074 at ap ~ «), but applicable
only to my > 2mas region of parameter space. Another study at KLOE [170] have searched for
missing energy signature from h’ decays outside of the detector, and reached the constraints at the
level of € ~ few x 1073. Constraints on the most motivated case, m; ~ m, are more difficult to
obtain because they involve stable A’ on the scale of the detector.

2.5.2 Production and detection of light vector portal DM

New constraints on vector portals occur when direct production of light dark matter states y opens

e~ colliders were analyzed in

up. The missing energy constraints on dark photons derived from e
[95]. Invisible decays of A’ are usually harder to detect, except K™ — n+t A’ — 7T +missing energy,
where the competing SM process, KT — 71w is extremely suppressed [86]. Also, fixed targets
experiments sensitive to the missing energy decays of vector states have been proposed recently
[171, 172).

A rather systematic study of the detection of light dark matter produced via the dark photon
portal has been performed in a number of papers [157, 162, 173, 174]. The most stringent constraints
follow from the highest POT experiment, LSND, provided that the dark matter is within kinematic
reach. A typical detection scheme in the proton beam dump experiments is built on the following
chain of events:

pp—= 7'+ X, 7 = Vy, V= xxX, X scattering on electrons/nuclei (2.5.1)

These results significantly constrain, but do not fully rule out, MeV-scale dark matter models,
suggested as a candidate explanation of the 511 keV excess from the galactic bulge. Currently, the
MiniBooNE collaboration is conducting a dedicated search for such states in a beam dump mode
run [175]. The summary of the existing constraints on light dark matter produced via vector portal
is given in Fig. 2.7. Similar constraints were also derived for light dark matter coupled to the
SM via the baryonic vector portal [68]. It is important to emphasize that these constraints cover
the low mass region of parameter space inaccessible to traditional underground direct detection
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Figure 2.7: Summary of the constraints on the scattering of the light dark matter produced in
e and p collisions with fixed targets. Upper pannel, small dark matter mass m, and ap = 0.1,
with SHiP sensitivity contours assuming 10 and 1000 electron-scattering events; Lower pannel is
for m,, = 200 MeV. The SHiP sensitivty with 10 events is shown as a blue region.

experiments.

2.5.3 Cosmological and astrophysical constraints on vector portals

The question of the astrophysical and cosmological constraints on light particles associated with the
vector portal is very important. The consistency of deuterium and helium abundance predictions
with observations require that the new particles decay or significantly reduce their energy density at
the time prior to BBN, or more specifically, before the neutron-proton interconversion freeze-out. If
coupling constants in the dark sector (e, ap,...) are sizable, this requirement translates into my,, >
few MeV [176, 177]. Recent measurements of the radiation energy density at the time of the CMB,
parametrized by Neyr, also agrees very well with the SM prediction of 3.04, reinforcing the BBN
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bound. Models that have extra forces acting on neutrinos, such as B — L, are also constrained by
cosmology. A stronger-than-weak force between SM neutrinos and electrons would keep neutrinos
in equilibrium for longer, and raise their overall energy density. If RH neutrinos are very light and
also charged under B — L, this would impose very stringent constraints on mediators of B — L
force [168]. However, if the B — L is broken via a suitable Higgs mechanism, the RH neutrinos
can be made heavy and unstable, which would significantly weaken constraints on {my, 9(B— L)}
parameter space.

Late annihilation of WIMP dark matter into the SM channels other than neutrinos is con-
strained by the distortions of the observed pattern in the CMB anisotropies. This rules out the
s-wave annihilating WIMPs with masses less than ~ 10 GeV. However, the scalar dark matter
annihilates via a vector mediator in the p-wave which significantly lessens all constraints from the
CMB. Alternatively, light fermionic dark matter may exist in a particle-antiparticle asymmetric
state, and be prevented from annihilation at the CMB decoupling epoch that way.

Finally, significant restrictions on parameter space of light particles, including those discussed
in this chapter, are imposed by stellar astrophysics. If the masses are in excess of few MeV, only
supernovae will provide significant bounds [178]. The dark photon parameter space is limited
by the possibility of it being produced in the SN, and decaying outside of the explosive zone,
providing a disruptive energy transport mechanism. This imposes strong bounds on the kinetic
mixing parameter € and vector masses below 200 MeV. The constraint from supernovae, Fig. 2.6,
partially overlaps with the beam dump constraints. Light dark matter is also constrained by the
same mechanism in SN, if it has a possibility to escape the explosive zone. In addition, light
particles are constrained if they possess a significant coupling to neutrinos, thus degrading their
energy below the ones observed in the explosion of SN 1987a. The latter rules out MeV-scale
WIMPs with significant coupling to neutrinos [179].

To conclude, astrophysics and cosmology cannot resolutely rule out the existence of light — few
MeV and heavier — particles coupled to the SM via the vector portal. Specifically, SHiP has unique
sensitivity to a variety of new particles with masses on the order of a few 100 MeV and heavier,
and lifetimes below 1 s, which are not constrained by cosmological or astrophysical considerations.

2.6 Case studies for SHiP

Here we describe preliminary sensitivity studies for several benchmark vector portal models. Esti-
mates performed for this chapter use basic assumptions about SHiP geometry and normalize the
event yield on 102° protons on target (POT).

2.6.1 Production and detection of kinetically mixed dark photons and baryonic vec-
tors.

As stated previously, there exist only partial calculations of the production of vector particles at
SHiP. To derive sensitivity to dark photons, we use the results of the three channels identified earlier
(meson decays, bremsstrahlung, and direct QCD production). Note that bremsstrahlung production
must be accompanied by a form factor suppression, if the mass of the dark photon is above the
typical QCD scale. Using the results of recent estimates in Ref. [159], and supplementing it with
our own estimates of the QCD production (for my 2 1 GeV region) in the contour shown in red,
in Fig. 2.6. The QCD production is simulated using MadGraph5 [180], with the renormalization
and factorization scales fixed to m 4. We have extended the QCD estimate to m 4 as low as 500
MeV, although we note that in this range there are significant renormalization and factorization
scale uncertainties. The detectable level of signal events was set to N = 3.



As one can see, new territories on {my, €} parameter space are going to be covered by SHiP,
up to mas ~ 3 GeV. If the values of ¢ ~ 10~7 are thought to be generated by loops of charged
particles, this region corresponds to the two- or three-loop mediation mechanism.

These estimates can be extended to the case of the baryonic vector, when the coupling to the
baryon current dominates over the kinetic mixing effect. In the my > GeV mass domain there
is no accidental extra longevity of V(®) and one can use the approximate translation from the
dark photon case, {mas, e} — {VB) alB)/a}. Below GeV masses there are no efficient hadronic
decays compared to the dark photon case, and as a result the SHiP experiment will be sensitive
to larger values of the parameter space relative to the dark photon case. A detailed exploration of
this parameter space and comparison to the SHiP sensitivity, with the derivation of bounds from
past experiments should be performed in future work.

2.6.2 Production and detection of other unstable particles (h', HNL) through the
vector portal

The parameter space of these models is much wider, {ma/,mp/,€,ap} for the dark Higgs, and
{my,mn,0,ap} for the HNL (Here 6 is the value of the HNL mixing angle, also called U in this
report.) Scanning the parameter space in this case represents a significant challenge. Instead, we
opt for exploring the sensitivity of SHiP to some representative points on the parameter space.

For the case of dark Higgs-strahlung production of ' with its subsequent decay registered by
SHiP detector, we choose the point my = ma = 2 GeV. In that case b’ is fairly long-lived (eq.
(2.4.9)) while the production occurs at minimum virtuality of 4GeV?, where perturbative QCD can
be employed. The total number of events, seen as multiple m mesons from the decay of h’, can be
estimated for SHiP as

Oé/

€ 6
Nevents ~ 0(10) X (107_3) X E (261)

This limit is competitive with other constraints (e.g. the missing energy signal at B-factories), and
is indeed much better than sensitivity that can be achieved at MINOS or T2K.

The production of HNLs charged under the vector force is another interesting case to consider.
Here we take q¢g — V — NN — N decay sequence of processes, where the last chain is the weak
decay of N, suppressed by the small mixing angle 6. Taking for definitiveness the B — L portal
with my = 2 GeV mass mediator, and my = 0.5 GeV, we arrive at the following estimate of the

total event rate,

_ 107ts
chcns ~ 1 3 (aB L) . 2.6.2
e 000%) x (G055 % — (2.6.2)

As it is easy to see, this is a very large rate, reaching down to extremely small values of ag_j, and

see-saw ballpark for the lifetimes of HNLs. Thus, vector portals provide a very efficient mechanism
for producing and detecting HNL at SHiP.

2.6.3 Possible sensitivity to light DM through SHiP neutrino detector.

Due to the planned neutrino detector at the SHiP facility, the experiment will potentially have a
significant reach to light dark matter production in the target, with its subsequent scattering in the
neutrino detector. To estimate the sensitivity we assume a model of kinetic mixing mediation, and
calculate the number of electron scattering events in a 10 ton detector. A proper calculation would
have to include the hadronic contributions from deep-inelastic scattering analogous to Ref. [164],
which is expected to significantly increase the total event rate. For now, we take into account the
scattering on electrons. We normalize the sensitivty to 10 and 1000 candidate events. It remains to
be seen if ten events can be separated from the weak interaction background of regular neutrinos, but
it can be attempted using kinematic differences between neutrinos scattering (via heavy mediator),
and light dark matter scattering (via a relatively light A’.) The resulting sensitivity contour are
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shown in Fig. 6, bottom pannel, for a 200 MeV mass of dark matter particle. Even if the backrounds
would not be reduced below 1000 events, the sensitivty is quite considerable and compares well with
previous experiments. Moreover, if one switches from A’ to a leptophobic mediator, such as V (5,
the constraints from lepton-driven experiments (BaBar and E137) will be significantly relaxed, and
SHiP will produce a strong additional reach to LSND and MiniBooNE.

2.7 Conclusions

The vector portals from SM to dark sectors are well-motivated, and have been in the focus of both
experimental and theoretical communities in the last five-to-ten years. We have summarized the
main features of vector portal phenomenology, exemplified (but not limited to!) by the case of the
dark photon A’. Preliminary assessment of the sensitivity shows that the planned SHiP facility will
increase the reach in terms of the probed parameter space to many models of vector portals, both
through the decay and scattering signatures.



Chapter 3

Scalar portal

3.1 The scalar sector of the Standard Model and Beyond

The recent discovery at the CERN LHC [2, 4] of the Higgs boson [181-184] provides strong evidence
that fundamental scalar bosons exist in nature. It is thus a timely and well-motivated task to
search for further light scalar or pseudoscalar particles. The presence of such additional states is
predicted in many extensions of the Standard Model (SM) Higgs sector. In particular if there are
additional states which are singlet under the SM gauge group, they can be light and often have
highly suppressed couplings to SM particles. Alternatively, such states can arise as pseudo-Nambu-
Goldstone bosons (PNGB) of a spontaneously broken symmetry. Hidden sectors with mass scales at
or below the electroweak scale are motivated by many outstanding questions in particle physics such
as baryogenesis (see e.g. [185] for a recent review), dark matter [111, 186, 187], and the hierarchy
problem [188-192], and therefore represent a generic expectation for physics beyond the SM [193].

There are already stringent experimental constraints on the mass mg of hidden scalars and their
coupling to SM particles g,. Nevertheless, wide regions in the (msg, g.) plane are still unexplored.
The SHiP experiment will give new insights especially for the mass region below 10 GeV.

3.1.1 Scalar portal effective Lagrangian

The most general renormalisable Lagrangian including the SM and an additional (CP-even) singlet
scalar reads

1
L= Lsu+ 50,50"S + (S + aS?)(HTH) 4+ A% + X352 + M8 (3.1.1)

with the scalar self couplings A2 3 4 and the portal couplings oy, o to the SM Higgs doublet H. The
SM Lagrangian is denoted by Lsy-

This Lagrangian constitutes a very well-motivated portal into hidden sectors for a variety of
reasons. First and foremost, the operator |H|? is the lowest-dimension gauge- and Lorentz-singlet
that can be constructed from SM fields, and is thus one of only a few possible candidates to
mediate the leading interactions between the SM and hidden-sector matter that is neutral under
all SM gauge groups (see e.g. [186, 193-196]). For a hidden sector made of scalar fields, the portal
operators appearing in Eq. (3.1.1) are renormalizable, meaning that if the interactions between the
extra scalar and the Higgs boson were generated at very high scales such as the GUT, or even
Planck scale, then they may remain as a relevant interaction down to the energy scales probed
by experiments today. And also, as it is believed that dark matter is neutral under all SM gauge
interactions, and the Higgs portal can provide a bridge between the SM and neutral sectors, it is
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natural to speculate that scalars coupled through the Higgs portal may play a role in dark sector
physics, or perhaps themselves constitute the dark matter within the present day Universe.!

The physics of the scalar portal model differs substantially whether the linear coupling «; is
present or whether it is forbidden by an exact Z5 symmetry. In the latter case, the new particles
must be pair-produced, as discussed in Section 3.3. In the former case, that we shall treat in detail
in Section 3.2, the scalar S mixes with the Higgs boson after electroweak symmetry breaking and
this mixing induces a coupling of S to all SM particles. Note that when S acquires a vacuum
expectation value and spontaneously breaks the Zy symmetry, then a linear mixing between the
scalar and the Higgs boson is also induced.

3.1.2 Hidden Valleys

The Hidden Valley scenario [193] is a central motivation for SHiP, because it commonly predicts one
or more long-lived particles — of low mass and zero charge, and potentially of any spin and parity.
The scenario encompasses a broad class of models with a low mass hidden sector, called a “Hidden
Valley.” The Hidden Valley is coupled to the Standard Model either through a heavy mediator
(such as a Z’, Higgs, or a heavy fermion or scalar like a leptoquark or neutralino), through a light
weakly coupled mediator (such as a kinetically mixed U(1) or a light scalar with small couplings
to SM states), or through a loop of heavy particles (such as quirks or a particle/sparticle pair).
The states in the hidden sector may have a wide variety of dynamics, ranging from new strong
interactions [193] (and dual descriptions thereof) to supersymmetry [197]. There may be multiple
gauge groups in the hidden sector, as well as stable states that could be the dark matter.

Hidden Valleys have inspired the construction of low mass dark matter sectors. This includes
MeV [89, 111, 198] and, later, GeV dark sectors [109] with dark forces having a Sommerfeld en-
hancement. They are a natural conceptual framework for Asymmetric Dark Matter [199]. The Dark
pions model discussed in Section 3.6 provides a concrete realization of such models. Hidden Valleys
also arise in the context of “dark” solutions to naturalness, also known as “neutral naturalness”
models, such as the Twin Higgs [188] and folded supersymmetry [189], where the top partner does
not carry Standard Model color. Although the hidden sector of the original Twin Higgs did not
give directly observable signals, variations [200] do generate observable long-lived particles in much
of their parameter space.

One of the initial interests in the Hidden Valley was for decay of heavy mediators (e.g. a Z’
or the Higgs) into low-mass Hidden Valley states that are charged under a dark confining gauge
group. As a result of the confinement, the dark states hadronize, and because of their low mass, a
high multiplicity results. A figure depicting the process is shown in Fig. 3.1. The states that are
produced may be either stable or long lived. Those that decay but have long lifetimes on detector
scales will give rise to displaced vertices. Many such displaced vertices may appear in a given
event due to the high multiplicities and different bound states that result from the hadronization
(each of which may have its own lifetime). An example of a Hidden Valley bound state decaying
to the Standard Model is shown in Fig. 3.2. Other particles, stabilized by a flavor or other global
symmetry, may be good dark matter candidates.

The 2, scalar portal model of Section 3.3 is an explicit (and minimal) realization of the Hidden
Valley scenario with the Higgs boson being the heavy mediator that is dominantly responsible for
(pair-)production of the low-mass hidden sector states. In more general models, the light hidden
sector states can of course also be produced singly in different kinematical configurations.

Supersymmetry also can play an important role in Hidden Valleys. It was first pointed out
in [89, 197] that a supersymmetric hidden sector could lead to extended cascade decays, as the

1We will also consider light scalar masses however that for mg < mj, some tuning is required to keep S light as
the Higgs portal operator generates a weak-scale mass for S with O(1) couplings. This tuning is implicitly assumed
throughout.



Figure 3.1: An example of a process in a confining Hidden Valley. In a proton-proton collision
a resonance Z' is produced, which in turn decays to particles U, U in the Hidden Valley. Hidden
strong interactions generate confinement and hidden hadrons result, some of which decay through
an off-shell Z or Z’ to Standard Model particles, potentially with macroscopic decay lengths.

Y

Figure 3.2: A Hidden Valley vector meson, whether fundamental or composite, may decay to
Standard Model leptons or quarks. Here a composite p-meson of a hidden confining group mixes
with a dark photon, which in turn can decay to Standard Model muons via its mixing with the
ordinary photon.

lightest ordinary supersymmetric particle decays into the hidden sector. Such a process is shown
in Fig. 3.3. This can lead both to displaced vertices, a higher number of final states and reduced
missing energy. (Similar effects can arise in other solutions to the naturalness puzzle, such as extra
dimensions, if they have new global symmetries.) The implications for a model of dark matter was
studied in detail in [201].

Hidden Valleys subsequently provided the framework for thinking about how to construct dark
matter from low mass hidden sectors. T'wo early examples occurred for the case of MeV dark matter.
The idea was to construct a dark sector with a dark photon to which dark matter annihilates [111].
If this sector is supersymmetric and the dark photon kinetically mixes with the visible one [89], such
a light sector is naturally light. As in [197] the lightest ordinary supersymmetric particle decays
into the hidden sector. These models provided the tools for the kinetically mixed dark photon
which was the basis of the models of [109, 202]. The dark photon is one of the classes of models
that SHiP is searching for.

Once one considers a complex dark sector, many new avenues open up for new processes, such as
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Figure 3.3: An example of a process in a supersymmetric Hidden Valley. At left is a typical su-
persymmetric event, which in minimal supersymmetry would terminate with two stable neutralinos
x. Instead these decay to Hidden Valley particles, some of which decay to Standard Model quarks
or leptons. The R is the lightest R-parity-odd particle. The decays of the x" and/or one or more
Hidden Valley particles may be displaced.

dark baryogengesis [203], see Fig. 3.4. SHiP may be able to detect the dark Higgs states responsible
for a dark phase transition to generate the particle-anti-particle asymmetry in the Universe. These
processes appear naturally within the content of Asymmetric Dark Matter.

Connector
Higher Dimension Operator
or Electroweak Sphalerons

Dark Sector

First Order Phase Transition with
Dark Sphalerons

Visible Sector
Feeds Off Dark Sector Asymmetry

Figure 3.4: In a Hidden Valley with asymmetric dark matter, the dark baryon asymmetry created
in a first-order phase transition in a Hidden Valley can be transferred to the Standard Model
sector [203].

Dark solutions to naturalness typically have Hidden Valleys and often have observable long-
lived particles. Such models [188, 200, 204-206] require (1) mixing of visible and twin Higgses
(allowing the Higgs boson(s) to mediate between the hidden sector and the visible sector) and (2)
new gauge groups, at least one of which typically confines and generates hadrons that can decay
via Higgs mixing [207]. This can lead to new phenomena such as shown in Fig. 3.5. Dark photons
with very small kinetic mixing, and therefore long lifetimes, are also possible in these models. The
full range of signals, including the role of dark photons and extra Goldstone modes in production
rates, has as yet been little explored.

It is important to emphasize that the phenomenology of Hidden Valleys is often not captured by
a simplified model of a single new long-lived particle. In models with multiple hidden particles, the
long-lived particles observable at SHiP may not be directly produced. As suggested in Figs. 3.1,
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Figure 3.5: Example of a Twin Higgs collider event [200]. The SM-like Higgs h decays through
a loop of twin tops into a pair of twin gluons ¢, which subsequently hadronize to produce various
twin glueballs G. These glueballs states decay to Standard Model fermions with a wide range of
lifetimes.

3.3 and 3.5, they may instead may be daughters of the originally produced hidden particle(s),
generated by prompt decays, showering or hadronization [193]. This has three important and
general consequences.

e Since the produced particle is not the observed long-lived particle, the coupling determining
the production rate need not be correlated with the coupling that determines the lifetime. This
potentially allows enhanced rates at SHiP, and different kinematics, compared to one-particle
simplified models.

e Multiple particles may be produced in decays (or other dynamics, such as hadronization)
leading to two or even more displaced vertices in a single SHiP event.

e To the extent they rely on one-particle simplified models, widely quoted limits from previous
experiments on these long-lived particles are substantially altered or inapplicable.

Taken together, these possibilities broaden both the reach of SHiP and the classes of phenomena
for which it should search. In addition to the possibility of multiple displaced vertices per event
(which in some cases may be very closely spaced), one might also encounter vertices with > 2 tracks
(e.g. ptu~mt7w™), or vertices with accompanying missing energy (so that the tracks do not form a
resonance).

At the LHC the long-lived particles are usually not produced directly, but emerge in cascade
decays of heavy mediators. Because its centre of mass energy is merely 28 GeV, SHiP cannot
produced directly EW scale mediators between the hadronic sector and the Hidden Valleys. And
production from highly off-shell mediator is also expected not to be copious (see Section 3.3 for
an explicit example of Higgs portal hidden valley). However, if the hidden valley is endowed with
very light particles, production of these new states at the SHiP will be possible. Probably the
most promising scenario would be light hidden particles with the same quantum numbers as the
mediator. In this case these particles can be singly produced at SHiP due to their tiny (but non-
vanishing) coupling to the hadrons. These particles can also be produced in rare decays of B- and
D-mesons, which is especially important for the mediators which predominantly couple to the heavy
generations of quarks (e.g. the Higgs boson). Pair production of sufficiently light particles is also
possible at SHiP, for instance in exotic decays of B- and D-mesons (for an explicit example, see
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Section 3.3) or in off-shell dark-vector production. However, pair production does not mean the
final state will contain two Hidden Valley particles only, since the produced particles may undergo
non-trivial Hidden Valley dynamics, in which they decay, shower or hadronize into a more complex
final state with different particles than those originally produced.

The tremendous variety of phenomena that can arise in Hidden Valleys, combined with the
potential importance of Hidden Valleys in the greatest problems in particle physics already men-
tioned above, as dark matter, naturalness, baryogenesis, and others, helps motivate a program of
experiments looking for dark sector particles. Since lifetimes of Hidden Valley particles are often
macroscopically long, an experiment such as SHiP forms an essential part of that program.

3.1.3 Light scalars in supersymmetry

Light scalars with masses below 50 GeV and weak couplings to SM are not possible in the minimal-
supersymetric standard model (MSSM) given current experimental constraints. Such scenarios are
however realised in well-motivated extensions of the MSSM.

3.1.3.1 Singlet extensions

The simplest extension of the MSSM consists in adding one chiral singlet superfield. The corre-
sponding superpotential reads

1 1
Wanmssm = Wassm + ASH Hy + S + §u552 - gﬁS?’ : (3.1.2)

This model, known as the GNMSSM, follows from an underlying Zf symmetry which is broken
down to R-parity [208-211]. It has been shown to be consistent with grand unification [209] and,
unlike the scale-invariant singlet extension with a Z3, (the NMSSM), does not suffer from a domain
wall or tadpole problem.

In the limit &, p2 < v?, A < pg/v and Ak < p2/v3, the GNMSSM can naturally accomodate
a light scalar with mass mgs ~ us [212]. Here v denotes the electroweak vev and we assumed that
the scale of the singlet soft terms does not exceed mgs. The mixing of the light scalar and the SM
Higgs is mostly controlled by the A-coupling. Light singlet scalars often come together with light
singlinos in a similar mass range. These are good candidates for the dark matter in our Universe.
We are going to discuss this later in more detail.

3.1.3.2 Additional Abelian gauge groups

Models with additional Abelian gauge groups not only introduce an extra gauge boson. Often also
additional scalars are added which are needed to break the new U(1). There is a wide range of
U(1) extensions of the MSSM, see for instance Ref. [213]. In the case that the new gauge couplings
are assumed to be of similar size as the SM ones, there are limits on the mass of the Z’ of about
2.5 TeV. However, the new scalars can still be signficantly lighter than that. This can happen for
instance in the B-L-SSM [214, 215]. In this model the MSSM particle content is extended by three
right-handed neutrino superfields v to cancel the B — L gauge anomalies and two bileptons 7, n’
to break the B — L. The new terms in the superpotential are

Wha.L-ssm = Wwumssm + YVZZ/RHu + YII/R?]VR + ,LL/7]?7/ (3.1.3)

The bilepton mass eigenstates have similar features as the Higgs fields: one usually becomes heavy,
while the other one remains light. The mass of the lighter state can be as low as a few GeV which is
not spoiled by radiative corrections. The only mixing between the bileptons and the Higgs doublets
at tree-level is generated by gauge-kinetic mixing [216]. Therefore, this mixing is naturally small.
In these models several new dark matter candidate arise compared to the MSSM. The LSP can



be a light neutralino which is mainly a gaugino of the new sector or a bileptino. However, also
sneutrino LSPs are possible. These are mainly right-handed states and therefore not in conflict with
direct detection limits. For both possibilites light singlets could play a crucial part in explaining
the relic density: for neutralinos there can be resonance effects, while sneutrinos always annihilate
very efficiently into light bileptons if this is kinematically allowed [217].

3.1.3.3 Models with R-parity violation
If R-parity is broken dynamically like in the prSSM [218, 219]

W,wssm = Wussm + YVHulI/R + A Z/RHqu + é(l/R)?’ (3.1.4)
there is a mixing between the Higgs doublets and the sneutrinos. If three generations of right-
handed neutrino superfields are assumed, actually three, potentially different, couplings A; between
the Higgs doublets and singlets are present in contrast to other singlet extensions. This model
shares many features with singlet extensions without R-parity violation and one finds also regions
with light singlets which are consistent with all observations today [220].

3.2 Linear scalar portals: Higgs-scalar mixing

We first focuss our attention to scalar portal models with a linear mixing between the light scalar
S and the Higgs boson:

L= Lo+ %aﬂsaﬂs + (1S + aS?)(HTH) + \05% + A58 + A 8%, (3.2.1)

with a; # 0. Notice that a Z; symmetric model also effectively induces a linear mixing between the
scalar S and the Higgs boson if S develops a vacuum expectation value: a3 = 4a(S). Cosmological
considerations restrict the range of phenomenogically viable values of the portal coupling «, see
Section 3.7.

A low-energy effective Lagrangian of the form (3.2.1) is naturally obtained in the supersym-
metric models discussed previously. In the supersymmetric case, an additional singlet fermion and
singlet pseudoscalar enter the theory. The possible role of the singlet fermion as a dark matter
candidate is discussed in the next section. However, there are also other interesting aspects of light
singlets.

Especially, if the singlets are lighter than mesons like T or B stringent bounds arise as we will
see. In that case the mesons can decay into on-shell singlets. These singlets not necessarily escape
the detector but could further decay into SM final states. Hence, the partial widths of singlets into
leptons or lighter mesons are very important.

Assuming that the mass of the scalar is substantially below the electroweak scale, the Higgs
boson can be integrated out. The low-energy effective Lagrangian reads

m —
L= Lo — LS Ff + Loar (3.2.2)
where v ~ 246 GeV denotes the electroweak vev and f stands for a SM fermion with mass m;.
Self interactions of S are contained in L. The effective coupling g, originates from the mixing of
the light scalar with the SM Higgs. For instance, in the limit of small mixing and for light singlet
masses, mg < my, the mixing angle is given by

a1 v

, =sinf ~ 60~ —. 3.2.3
g =sind == (323)
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Both the production mechanisms and decay pattern (branching ratios) are exactly the same as
would be for the SM Higgs boson of the same mass. The production cross sections and the decay
rates are only overall suppressed by g2 as compared to the Higgs boson case. For detailed study
see [221]. Note, that calculation of the decay parameters is complicated for the mass around 2 GeV
due to emergence of a large number of hadronic resonances. The decay branching ratios and lifetime
(which is inversely proportional to the squared mixing angle) in the mass interval relevant for SHiP
are presented in Fig. 3.6.
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Figure 3.6: Left panel: decay branching ratios function of the scalar mass mg. Reproduced from
Ref. [222]. Right panel: scalar lifetime as a function of its mass mg for constant mixing angle with
the Higgs boson #? = 1076, Lifetime for other mixing angles is obtained by the simple rescaling of
the graph.

The mixing angle determines the decay length of S, which should be on the order of the
distance between the target and the detector for S to be detectable. If there are no additional
light states, S will decay to SM particles. If mg is below the electron threshold, i.e. mg < 2me,
S can still decay to two photons. Above the electron threshold, but below the hadronic threshold,
i.e. 2m, < mg < 2m,, the scalar can decay to electrons and/or muons (see Fig. 3.7), with a width
given by

_ 2,2 am2\ %2
-W(l m«) . (3.2.4)

D(S = th) = =5

As the scalar coupling is proportionally to the mass of the fermion, the lifetime of the scalar can
be macroscopic for different characteristic values of the mixing angle depending on whether it is
heavier or lighter than twice the muon mass,

0.02\? /50 MeV
< - ) ( ) for mg < 2m,,
¢Tg ~ 50m X I/ NS (3.2.5)
<5><10 ) <250MeV) for e > 9
9x mg § -

For even heavier scalars, additional hadronic decay channels are open, although there are significant
theoretical uncertainties in the computation of their rates [223-226]. The spectator model [227]



Figure 3.7: Left: The decay of the singlet to leptons, S — £7£~. Right: The b—s—S flavor-changing
penguin, leading to production of S via decays such as B — K S.

provides a good estimates of ratio of the partial widths of the scalar S:

FHJFM* : Fﬂ-ﬂ . FKK : FT]’] : FDD : r.,.+.,.7 . Fgg
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=m? 35 : 3(mi, +m3)Bs 31—3m§ﬁ§’( : 31—3m§BZ’ :

asmg

2
25 ) (6 - 268 — ) (3.2.6)

mish w26} (
with Txy = '(S = XY) and 8, = /1 — 4m2/m% ©(ms — 2m,,) where we use the step-function
0.

One may expect a sizable branching ratio to dimuon pairs. Therefore, provided these scalars
can be produced in sufficient quantity, one can search for the striking signal of a dilepton pair in
the SHiP detector.

Another aspect of light singlets is that they open new decay channels for the SM Higgs, see
Section 3.3. The process h — S.S can trigger multi-lepton final states for which strong limits come
from LEP searches. These limits can be translated into limits on the mixing angles between the
doublet and singlet scalars [228]. Here we will mainly concentrate on the mass range mg < 10 GeV,
where the light scalar can be produced in meson decays. In this case the searches for rare decays
typically give stronger constraints on which we shall focus in the following.

3.2.1 Existing experimental limits

There are stringent constraints on new light states coupling to SM particles. Of particular interest
in this context are experimental searches for rare meson decays, because the presence of a new
light scalar mediator S will in general lead to a large enhancement in the rates of flavour-changing
processes such as K —» 7S, D — nS or B — K S [229, 230].

These transitions are induced through the flavor changing penguins, e.g., b—s—S (where s is the
strange quark) for B — K .S decays, etc., as shown in Fig. 3.7. Upon integrating out the W boson
and top quark, we can write the effective b—s—S coupling as [231]

3V2G Emi Vi Vi myy

Lo ot 9. S5Lbp + h.c. (3.2.7)

From Eq. (3.2.7), it is straightforward to compute the branching ratios for B — K S, and we refer
the reader to [229, 231] for explicit formulae. Similar computations can be performed for the decays
of Kaons to S.

Flavour observables therefore provide an unique opportunity to constrain the interactions of
the dark sector with SM particles via a light mediators. In Fig. 3.8 we show current constraints on
a light scalar particle with Yukawa-like couplings to SM states. These bounds come from a variety
of rare decays of T and B mesons as well as from kaons. In addition the bound due to CHARM,
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Figure 3.8: Currently excluded parameter space for a light scalar with Yukawa-like couplings.

a previous proton fixed target experiment, is shown. The treatment of the experimental contraints
in order to arrive at these bounds has been identical to the treatment in [232] with the difference
that pseudoscalars®have been considered there. In practice this means that the flavour changing
couplings as well as the branching ratios and total width had to be adapted to the scalar case.

3.2.2 What SHiP can do

The main production mechanism for light scalars with Yukawa-like couplings at SHiP comes from
B-meson and kaon decays. Note that although very light scalars are predominantly produced via
kaon decays due to the larger production cross section of kaons, SHiP is designed such that kaons
will typically be stopped in the target before decaying, so that the fraction of scalars emitted in
the direction of the detector is much smaller. We estimate the fraction of kaons which decay before
absorption and therefore contribute to the production of scalars boosted towards the detector to
be 0.2%.

To estimate the number of scalars produced in kaon and B-meson decays we first estimate the
total number of kaons and B-mesons produced, using Ng x = Npo10p,K/0pn With o,y the total
cross section for proton nucleon collisions and Npyp = 2-102° the total number of protons on target
for SHiP. We take o,n ~ 10 mb and assume o = 20mb and op = 3.6nb, such that in total about
8- 10'7 kaons and 7 - 10'® B mesons will be produced.

The number of scalars produced in B-meson decays is then simply given by N¢ = Ngx BR(B —

2Pseudoscalars are considered in Chapter 5 where one can also find some more details on the employed procedure.
Comparing Figs. 3.9 and 5.2 we find that the difference in parity has only a subdominant effect.
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Figure 3.9: Projected sensitivity of SHiP for a scalar S with Yukawa-like couplings to all SM
fermions, in comparison to the existing bounds. The decays S — ee, uu, 7w and K K are considered.
Both S production from B and K decays are considered with the assumption that all B mesons
but only 0.2% of the kaons decay before being stopped. Also shown are contours of constant DM
nucleon cross section, where we assumed that S acts as the mediator between DM and nucleons
(see Section 3.5 for details).

S+ X,) [221, 230] and similarly for the kaons.> Here B — S + X is the inclusive decay, where X
can be any strange meson and the decay rate reads [233]

1 (m2 —m2)°
F(B — S+ Xs) = g%“lfbﬁ B (328)
b

with hfb the scalar component of the induced flavour changing coupling.

The number of decays in the detector region can then be calculated by multiplying the number
Ng of scalars produced with the probability that the scalar decays inside the detector. In addition
the branching ratio of the scalar into observable final states has to be taken into account. We take

these states to be yvy,eTe™,uTu~, 7w and KK. If the detector is placed at a distance | (to be
taken equal to 70 m) and has a length Al (to be taken equal to 55m), the number of events in the

l I+ Al
Nget ~ Ng {exp <_’Y/8C7'S> — exp <_’YﬁCTS>] , (3.2.9)

where 7g = Fgl is the lifetime of the scalar and v = Eg/mg is its relativistic gamma factor.

detector region is

3We make the assumption here that the B-mesons still have a sufficiently large boost that the majority of the
scalars produced in the decays will travel in the direction of the detector.
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We take Eg ~ 25 GeV (see Ref. [234]) and assume that SHiP will observe no background
events, so that it can rule out all parameters that predict Nget > 3. The projected exclusion region
(together with the current bounds on light scalars from above) is shown in Fig. 3.9. The shape of
the exclusion region can be understood from the requirement that the scalar should neither decay
too quickly nor too slowly in order to give an observable signal. The kaon decays dominate below
the my — m, threshold while the B decays dominate above this threshold. Despite the huge kaon
production cross-section, the impact of the kaons in the SHiP sensitivity is largely reduced by the
fact that most of them are stopped in the target before decaying.

Assuming that S mediates the interactions between DM and nucleons, see Section 3.5, we can
compare the expected sensitivity of SHiP with the sensitivity of DM direct detection experiments.
Current LUX bounds reside in the range o,, < 10~**c¢m?-107%%cm? for DM masses m,, ~ 5-10 GeV.

As can be seen in Fig. 3.9, SHiP is expected to probe a regime of scalar masses and couplings
currently not accessible to any accelerator or DM experiment.

3.3 Z; scalar portals: pair-production of light hidden particles and exotic
Higgs decays

We now turn our attention to scalar portals where the scalar S does not develop a vacuum expec-
tation value and cannot mix with the Higgs boson:

1
L= Lsym + 5(9”58#5 + aS?(HTH) + X252 + My S™. (3.3.1)

It is natural that the hidden/dark sector will also be composed of additional fermions and gauge
bosons that can also couple to the SM Higgs bosons with higher-dimensional portals:

1 _
AL = X|H|2¢¢ , (3.3.2)
for a BSM fermion 1 and
1
AL = EmZ’ZD \H|*Zp, 2t , (3.3.3)

for a gauge boson after dark symmetry breaking.

This Z, scalar portal models are an explicit (and minimal) realization of the Hidden Valley sce-
narios discussed in Section 3.1.2 with the Higgs boson being the heavy mediator that is dominantly
responsible for (pair-)production of the low-mass hidden sector states.

In the presence of BSM states below the Higgs mass, such Higgs portal couplings will generally
mediate exotic decays of the 125 GeV Higgs boson into BSM states. Due to the small width of the
SM Higgs boson, these decays can easily have O(10%) branching fractions; see [235] for an overview
of Higgs portal couplings and a discussion of the signature space in related models.

The 28 GeV center-of-mass energy at SHiP is much too low to produce on-shell Higgs bosons.
However, sensitivity to exotic Higgs decays arises in two ways: production of exotic decay final
states through an off-shell higgs, or single on-shell production of light BSM states that inherit SM
couplings through mixing. In each case, the main signal of Higgs-portal-coupled hidden sectors at
SHiP is the production of light BSM states in the decay of heavy mesons, mediated by interactions
of the form (3.3.1)—(3.3.3). The resulting signatures depend in detail on the spectrum and decays
of the new BSM states.

As discussed in Section 3.2, when the BSM scalar mixes with the Higgs boson, it can be singly
produced at SHiP, and decays back to the SM through the same Higgs portal coupling that governs
its production. This also arises when a light pseudo-scalar mixes with the C'P-odd component
of a two-Higgs doublet model. In more general cases the BSM states decay back to the SM via



a different coupling, as in the case of dark vector bosons Zp [41, 43, 88], or they may decay to
additional BSM state(s), as in the Hidden Valley models [193, 197, 207, 236-238], see Section 3.1.2.
Hidden sector cascades can result in long-lived particles in many ways. The original state may be
long-lived, thanks to approximate symmetries and/or near-degeneracies in the hidden sector, and
thus decay within the SHiP detector to an additional BSM state plus one or more SM particles.
Alternatively, the original particle may decay promptly within the hidden sector to new states that
are much less strongly coupled to the SM than their parent.

To keep our discussion general, in the present section we consider the production of BSM states
through the Higgs portal couplings of Egs. (3.3.1)—(3.3.3). We assume that the new states do not
mix with SM states and thus must be pair-produced, and that their decay is governed by additional
physics beyond the Higgs portal coupling. This serves as a useful means of estimating the discovery
reach of SHiP to generic low-mass hidden sectors, and placing SHiP in comparison to other probes
of the Higgs portal such as the LHC.

3.3.1 Probing Exotic Higgs Decays at SHiP

For simplicity, we consider the production of a single SM singlet X, which may be a real scalar
or pseudo-scalar, a Dirac fermion, or a dark photon. The interactions of Egs. (3.3.1)—(3.3.3) then
yield exotic decays of the Higgs boson

h— XX, (3.34)

and mediate pair production of X at SHiP through off-shell h exchange. After electroweak symmetry
breaking, the relevant interaction terms in the Lagrangian are

gnxx vhXX (scalar) ,
AL =< ghxx hXX (fermion) , (3.3.5)
2
ghxx “XhX, X" (gauge boson),

all of which give Br(h — X X) ~ 0.1 for grxx ~ 1072, In order to generate visible signals at SHiP,
the hidden sector X particles must have decays involving at least one SM particle. We make no
assumptions about how this occurs, but express all our results in terms of the proper decay length
cr of X into SM particles. Decays to hidden sector particles are also possible, but we ignore this
complication for the sake of this signal estimate, expressing the number of X particles decaying in
the SHiP (or LHC) detector as

NX :Nx(mx,CTx). (336)

This minimal set of theoretical assumptions allows us to compare SHiP’s discovery potential
for low-mass hidden sectors to that of a high-energy collider like the LHC in a relatively model-
independent manner. In parameterizing the couplings g xx separately from the lifetime of X, we
implicitly assume that different couplings are responsible for production and decay of the hidden-
sector X particles (though of course one can interpret our results for the case where both arise
from a single coupling). This allows us to investigate the case where SHiP is most sensitive — that
of long-lived particles with appreciable production cross sections. There are many well-motivated
theories where this scenario is realized.

A well-known example is the broken U(1) extension of the SM, where mixing between the dark
Higgs s and the SM-like Higgs leads to h*) — ZpZp production as well as s*) — ZpZp, while
kinetic mixing between the dark U (1) and hypercharge allows the Zp to decay to SM fermions.* The
ability of high-energy colliders to probe this scenario has been explored in [239], which demonstrated
reach for extremely small values of the kinetic mixing parameter €. Our results below will be good

4The discovery potential of SHiP to the pure kinetic mixing case has been explored in [159].
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Figure 3.10: Feynman diagram responsible for the production of X through exotic decays of B
mesons, B - KXX.

estimates for this hidden sector when both the dark scalar and dark photon have similar masses
< GeV. This Higgsed U(1) theory is a simple and minimal example of a multi-particle hidden
sector. More general hidden valley models [193, 197, 207, 236-238], see Section 3.1.2, may contain a
plethora of light states with a common mass scale, giving rise to rich phenomenology with possibly
long-lived hidden-sector particles. For instance, a confining hidden sector could generate hidden
mesons which, as in QCD, can be very long-lived owing to (e.g.) approximate flavor symmetries.
The scalar Higgs portal coupling of Eq. (3.1.1) could pair-produce light hidden-sector mesons, which
could eventually decay to (e.g.) lighter mesons via an off-shell i, or back to SM particles through
non-renormalizable interactions. This is an example of a scenario to which SHiP has excellent
discovery potential, for a range of masses and decay lengths which we will establish below.

3.3.2 What SHiP can do

In this section we estimate the number of produced X particles that decay within the detector
volume of SHiP and compare it to the corresponding signal yield at the LHC. This will reveal
regions of parameter space where SHiP has superior discovery potential. All signal rates scale
linearly with Br(h — X X) in the limit where this branching ratio is small.

3.3.2.1 Hidden sector scalars

For mx < 2GeV, the dominant X production mechanism at SHiP is through the decays B —
K®) X X. This process occurs through the penguin-like diagram of Fig. 3.10. The large top Yukawa
coupling partially offsets the loop suppression, and the diagram is no more CKM-suppressed than
the dominant SM b decay. This makes rare B decays a prime place to discover new light states
X [240, 241].

The branching ratio for B — K X X has been calculated in [240]. In our notation, it is
Br(B* — KT XX) ~ (1.2 x 1074 g2y x F(mx), (3.3.7)

where F(my) is ~ 1 for mx = 0.1GeV and =~ 0.65 for mx = 1GeV [242].5 Isospin predicts a
similar exotic branching ratio for B®, B® mesons as well. To estimate the production of X particles
at SHiP, we simulate pp — bb in MadGraph [243], extract the B¥, B°, and B° mesons from each
event, and decay them to the three-body final state K *) X X according to phase space. This allows
us to compute the distribution of boosts of X in the lab frame as a function of its mass. For the
purposes of this estimate we take the SHiP detector to be 50 m long, with a circular 5m diameter
cross section starting at a distance of 60 m from the target. We then define the geometric acceptance
€geom as the fraction of X particles with momentum at an angle 6 < 0,2 = 2.5/60 from the beam

5The small (< 10%) differences between BT — K+XX and B* — KT*XX can be safely neglected in our
estimations.



axis. The boost distribution of all surviving X particles is then convolved with the probability of
decaying within the SHiP detector. We estimate this probability via

Ly Lo
Pyecay(L1, La) = - - . 3.
decay( 1 2) €xXp ( bCTx> exXp ( bCTx> (3 3 8)

where c7x is the proper decay length, b = |px|/mx, L1 = 50m, and Ly, = 110m. The exponential
dependence means that detector geometry sensitively affects the number of observed signal events.

For the luminosity of the fixed-target experiment we use
ﬁSHiP - NPOT . ntungsten . Leff ~ 2.3 X 108 fb_la (339)

where Npor = 2 x 10, and nungsten = 1.15 x 10**cm ™2 is the number density of protons in
Tungsten. The effective target length is taken to be L.g =~ 1m. These approximations will give
signal yields to within a factor of ~ 2. The number of X particles decaying in the SHiP detector is
then given by

Nx =L -0ppp-Br(BT = KTWXX) - (ng) -2 €geom - Paccays (3.3.10)

where (npg) is the average number of B*, BY, and B° mesons per event.

A corresponding signal may also be observed in exotic decays of B mesons at the LHC. We
estimate the event yield at LHC analogously to the yield at SHiP, generating pp — bb events in
MadGraph and decaying By mesons according to three-body phase space to estimate the boost
distribution. We again use the Madgraph cross-section for bb production; neglecting K-factors is
consistent within the O(1) precision of our estimates. We estimate the potentially visible signal
to be those X’s which decay within the tracker at the LHC multipurpose experiments, a length of
approximately 1m, so that P&elgacy is given by Eq. (3.3.8) with L; = 0 and Ly = 1 m. The fraction
of X particles with |n| < 2.5 constitutes the geometric acceptance ¢“f€ of the LHC.

geom

When X is too heavy to be pair produced in B meson decay, gluon-fusion production through
pp — h* — X X remains a possible production mechanism. This is to be compared to the signal
yield from exotic Higgs decays in gluon fusion at the LHC. The exotic partial width of a Higgs to
two scalars is given at tree-level by

1 2 2 2
Thoxx = —20XXY  [1_ 40X (3.3.11)
8t my mj,

The LHC signal is greatly enhanced by the small Higgs width, while the SHiP signal is greatly
suppressed by the off-shell Higgs propagator. We estimate the signal yields using the complex
scalar + dark vector extension MadGraph model of [239] to simulate gluon fusion production of
two scalars at /s = 14TeV for the LHC and at /s = 28 GeV for SHiP. As before, we select X
particles within the respective geometric acceptances of both detectors, and estimate signal yields
by convolving the resulting boost distribution with the probability that an X with given proper
decay length will decay within the detector volume. This yields for the LHC

NYHC =L 0pposn - Br(h = XX) -2+ eeilC e - ik (3.3.12)
where £ is the integrated luminosity. For the cross section oy, we use the 14 TeV result given
by the Higgs cross section working group [244]. Meanwhile the SHiP yield is

SHiP __ . SHiP SHiP
NX = ‘CSHIP Opp—XX 2- egeometric " Ldecay> (3313)
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Figure 3.11: Estimated number of 0.1 GeV (left) and 1 GeV (right) X (pseudo-)scalar particles,
produced via an off-shell A* in either gluon fusion or B-meson decay, that decay within the SHiP
and LHC detector volumes. For the LHC and HL-LHC, 300 and 3000fb~! of luminosity was
assumed. All event rates are proportional to Br(h — XX) (up to Br? corrections), which is set
to 10% in this figure. SHiP has superior signal yield to the LHC and has greater sensitivity to
long-lived particles than does the HL-LHC. Combined with the likely superior detection efficiency
of the dedicated fixed-target experiment, this shows that SHiP is very well-suited to discovering

long-lived hidden-sector (pseudo-)scalars with masses < 2 GeV.

where Lgyip is the SHiP luminosity, and the cross section op,_, x x is obtained from Madgraph and
can be easily rescaled as a function of Br(h — X X). We find that when X is too heavy to be
produced in rare B decays, the number of X particles decaying in the detector is at least three
orders of magnitude larger at the LHC than at SHiP, even for the best-case decay length.

Figure 3.11 shows the estimated signal yields as a function of decay length for mx = 0.1 and
1GeV and Br(h — X X) = 10%, which will not be excluded by the LHC. Note that the number of
X-particles decaying within the detector volume at SHiP is within an O(1) factor of the HL-LHCS,
and will far exceed decays observed at the 14 TeV LHC with 300 fb~'. Furthermore, depending on
the way that X decays, the detection efficiency in the high-background environment of the LHC may
be significantly lower than at the dedicated SHiP experiment which is designed to look for such

signals. This makes SHiP very well suited to detecting hidden-sector scalars and pseudoscalars
coupled through the Higgs portal, provided they have a mass of < GeV and a decay length of

ctx 2 0.1m.

Precision Higgs couplings measurements at the HL-LHC and ILC will be sensitive to any non-
SM decays with branching ratios larger than O(1%) and O(0.1%) [245, 246]. Since signal yield scales
approximately linearly with exotic Higgs branching ratios, Fig. 3.11 shows that there is potential
for sizable SHiP and HL-LHC signals from h — X X even for branching ratios of ~ 107°.

6This coincidence is due to the number of B-hadrons produced at the HL-LHC being within an order of magnitude
of the number produced at SHiP, since with SHiP’s design parameters, the typical number of Xs decaying within
the region of interest at LHC is also coincidentally within roughly an order of magnitude of those decaying in SHiP’s

detector. This result thus depends sensitively on SHiP’s detector geometry.




3.3.2.2 Hidden sector fermions and vectors

The sensitivity of SHIiP to exotic fermions coupled via Eq. (3.3.2) is less striking. For a given exotic
Higgs decay branching fraction, the branching ratio of B — K4 is suppressed by (p/v)? relative
to the scalar case, where p = pp — pi is the momentum transfer in the decay. In this case exotic
Higgs decays at the LHC will prove to be a better probe of this coupling.

The coupling of the Higgs to dark vector bosons via Eq. (3.3.3) alone leads to even more stringent
suppressions of the B — K X X branching fraction, as the branching ratio scales like (mz,, /mp)*
compared to the scalar case. However, if the dark sector includes a scalar S that is responsible
for generating the dark vector’s mass, then Higgs-S mixing naturally generates the interactions of
Eq. (3.3.3) while also allowing for pair production of Zp through an off-shell S. This process occurs
at the same order in the small Higgs-S mixing as the off-shell Higgs-portal, and is kinematically
unsuppressed when mg ~ mz,, which is a natural expectation. (Compare to mz ~ my ~ my
in the SM.) In this case, our results for the (pseudo-)scalar case may be approximately applied to
dark vectors as well, meaning SHiP can have superior sensitivity to the LHC.

3.4 Pseudoscalar portals

Adding a second Higgs doublet to the SM Higgs sector is one of the simplest extensions of the
Standard Model Higgs sector compatible with the observed value of the p-parameter near unity.
Such extensions are required by many well-motivated theories, most notably supersymmetry [247]
and axion solutions to the strong CP problem [248, 249]. Unacceptably large tree-level flavor
changing neutral currents may be avoided by requiring that all fermions with a given set of quantum
numbers couple to only one Higgs doublet. This defines four types of two-Higgs-doublet models
(2HDMs): Type I, where all fermion species couple to one Higgs doublet, Hs; Type II, where down-
type quarks and leptons couple to one Higgs doublet H; and up-type quarks to another, Hy; Type
III, where quarks couple to Hs and leptons to Hy; and Type IV, where down-type quarks couple to
H, and up-type quarks and leptons couple to Hs. In these 2HDMSs, the couplings of Higgs bosons
to the fermions and electroweak bosons of the SM are controlled by two mixing angles, « and (3, as
reviewed in e.g. [235, 250-252].

Many models further extend this Higgs sector to include a complex SM singlet scalar .S, which
can only have renormalizable couplings to the Higgs doublets. In particular, the next-to-minimal
supersymmetric SM (NMSSM) adds a singlet chiral superfield to the field content of the MSSM
in order to dynamically generate the p term in the MSSM superpotential; see [253] for a review.
The presence of the singlet allows for additional quartic and cubic couplings in the SUSY Higgs
potential, which can open new parameter space for electroweak baryogenesis (as reviewed in [185])
and add tree-level contributions to the Higgs mass [254—256]. In more generality, the presence of an
additional Higgs doublet allows an important extension to the Higgs portal mechanism, where SM
singlet pseudoscalars a can obtain couplings to SM states through mixing with the pseudoscalar A°
in the extended Higgs sector, and thereby opening up a new potential class of interactions between
the SM and low-mass hidden sectors’. For definiteness, we will focus on NMSSM-like models, but
similar results apply in other types of singlet-extended 2HDMs.

The scalar potential in the NMSSM is determined by the superpotential

W = \SH, Hy + §53 (3.4.1)

"This has sometimes been called the “axion portal” [257]. In this section we focus on a particular model motivated
by the NMSSM. The more generic case of a pseudoscalar axion-like particle is discussed in Chapter 5.
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and the soft supersymmetry-breaking terms
2 2 2 2 2 g2 1 3
Vot = ma|Hy|” + mg|Hal* + mg|S|” + (—AANSH Hy + gliA,.iS +h.c.), (3.4.2)

together with the D-term potential for H, and Hy. The resulting potential has two important
global symmetry limits, both of which yield a light pseudoscalar when the global symmetry is
spontaneously broken by the vacuum expectation values of the Higgs fields.

When Ay, A, — 0, the scalar potential has a global U(1)g symmetry where S — €S,
H, — e®H,, and Hy — ¢'“H, [258—-260]. In this limit, the interaction that controls the mixing
between the imaginary part of S with the C'P-odd boson AY in the MSSM Higgs sector is

6L = —|k* (S’H H} +h.c.). (3.4.3)

When instead the S self-couplings vanish, x, A, — 0, the potential realizes a global U(1)pg
symmetry, H, — ¢ “H,, Hy — ¢/ *Hy, and S — e~2%S [261-264]. Here the pseudoscalar mixing
is controlled by the interaction

0L = —)A, (SHqu + h.C.) . (3.4.4)

In both cases the light axion obtains a small mass from small explicit breaking of the global sym-
metry. The light axion that appears in the spectrum has couplings to SM states governed by the
mixing angle between Im S and A°,

2 PQ

TR (3.4.5)

v
tanf = —— sin 23 x {
V2fa

Below we will discuss SHiP’s prospects for discovering R-axions of the specific model introduced
above (in Chapter 5 we discuss the more general case of axion-like particles). It is worth noting
that in the PQ limit, the mostly singlet-like scalar s and singlino § are also light [262, 265, 266],
and could present additional discovery opportunities for SHiP.

Light pseudoscalars can be produced in meson decays, most notably in B — K*)a. These b — s
transitions are mediated by the penguin-like diagrams shown in the left panel of Fig. 3.13 [231, 267—
269]. The contribution of the charged Higgs loop to the full decay amplitude is important for
obtaining a finite result, and consequently the B — Ka branching ratio depends on the charged
Higgs mass mpy+ as well as the couplings of a. The effective operator [267-269] that mediates the
meson decay is
_ 9PVEV mi

3 _
0= 12877 md, (X1 cot 8+ X cot 6) Opa sy*Prb, (3.4.6)

where X7, Xy are functions of mpg, my, and my. Here we estimate SHiP’s sensitivity to a’s
produced in B decays; for sufficiently light a’s, additional sensitivity may be possible from analogous
exotic K decays. We generate bb events in MadGraph [243] and shower and hadronize them in
Pythia. We use MadGraph’s leading order result for the bb production cross-section at SHiP.
Subsequently we extract the resulting B, B%, and B mesons and decay them to K (*)a final states
according to phase space. We take the branching ratio Br(B — K(*)a) to be the same for all By
mesons, and use hadronic form factors from [242]. We show Br(B — Ka) as a function of mp and
fo in Fig. 3.12; for fixed m, = 300 MeV; Br(B — K*a) is similar. Note that the branching fraction
vanishes along a line in these plots, where the two terms in parentheses in Eq. (3.4.6) exactly
cancel. Note also that the a production cross-section decreases with increasing tan 3, following the
decreasing coupling of the a to the top quark.
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Figure 3.12: The branching ratio Br(B™ — K*a), for m, = 300MeV and tan 3 = 1 (left) and

tan 8 = 5 (right). Contours range from 10713 (yellow) to 1075 (dark blue) in logarithmic increments
of 1071,

We estimate the number of decays within the SHiP detector as follows: we take the SHiP
detector to have a circular cross section 5 m in diameter starting at a distance of 60 m from the
target, and estimate the geometric acceptance as the fraction of as with momentum at an angle
0 < Omax = 2.5/60 from the beam axis. The boost distribution of the surviving a’s is then convolved
with the probability of decaying within the SHiP detector, which is approximately

Ly Ly
P, Ly, Lo) = el - 3.4.7
decay( 1, 2) exp < bCT) exp ( bCT) ( )
where c7 is the proper decay length, b = |p,|/ma = BaYa, L1 = 50 m, and Ly = 110 m. For the
luminosity we assume 2 x 102 protons on a tungsten target with an effective target length of 1
meter.
We consider pseudo-scalars decaying to pairs of light leptons, for which the partial width is

4 2 2
sin® 8 mj 4m;
F(CL — KZ) = ma16—ﬂ_ f_g — 2

a

(3.4.8)

For pseudoscalars with m, = 400 MeV, the decay a — 37 opens up, and becomes increasingly
important at higher masses, along with other hadronic channels. For simplicity we consider leptonic
decays only, and correspondingly restrict our attention to m, < 500 MeV. Neglected hadronic decay
channels will decrease the pseudoscalar lifetime at a given mass, which in turn will slightly increase
the maximum value of f, that can be probed. We estimate SHiP’s reach for axions by requiring at
least three events where an axion decays within SHiP’s detector. Our results are shown in the right
panel of Fig. 3.13 for my = 200 GeV. Increasing values of the charged Higgs mass will slightly
decrease the upper boundary of the region of sensitivity, thanks to the corresponding decrease in
Br(B — Ka) shown in Fig. 3.12. SHiP thus has sensitivity to a very large region within singlet
parameter space, with reach extending to pseudoscalars much more weakly coupled to the Standard
Model than those that can be tested at BaBar [270] or the LHC [271].
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Figure 3.13: Left: Feynman diagrams governing the production of light pseudoscalars in B decays.
Right: Estimated SHiP sensitivity to pseudoscalars in the m,—f, plane, for tan 8 = 1 (blue, solid),
tan 8 = 5 (cyan, dashed), and tan /5 = 15 (purple, dotted). The charged Higgs mass has been
fixed to my+ = 200 GeV. For each value of tan 8 the region between the two lines yields at least
three events where pseudoscalars decay within the detector according to the estimated event yield
described in the text.

3.5 Scalar portals and Dark Matter

Light scalars may certainly provide an interesting connection to the puzzle of dark matter (DM). It
is quite conceivable that dark matter resides in the form of a SM singlet particle which is protected
against decay by a (discrete) symmetry. In this case, a light scalar could mediate the interactions
between DM and the SM (see Section 3.5.1) or even constitute the DM abundance itself if is a
stable particle as a result of a discrete symmetry (see Section 3.5.2).

3.5.1 Scalar as a mediator between DM and the SM

The Lagrangian for the minimal model reads

X R
L=Loy— 2 ;”f STf = 5rS%x, (3.5.1)

where x denotes the dark matter particle which we assume to be a Majorana fermion, while S
stands for the mediator. The coupling of the scalar to SM fermions f arises from mixing with the
SM Higgs as discussed in Section 3.2.

In the hot early universe, the dark matter fermions are in thermal equilibrium due to their
interactions with the SM bath. DM pairs can directly annihilate into SM particles via an inter-
mediate scalar S. Alternatively, if kinematically allowed, they can annihilate into pairs of scalars,
which subsequently decay to SM particles. As far as the experimental constraints on the scalar S
are concerned, only its interactions with the SM are relevant. Indeed, the coupling g, is subject to
strong bounds and, hence, processes involving this coupling must be suppressed. Therefore, we shall
assume that the second class of processes dominates. The annihilation cross section for yx — S
can be estimated as [212]

4 4 Q2,2 4
OVt~ oy 02 = X S22 oy SmeSJerSUQ (3.5.2)
rel — 01 Upe] — 2% X S (2m2_m2>4 rel » 0.
X S
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where v,] denotes the relative velocity between two dark matter particles. Notice that this process
is p-wave suppressed due to the CP properties of the initial and final state particles. Imposing
that the relic density of x matches the observed dark matter density ,h% = 0.1199 [272], we can
determine x. More specifically for p-wave suppressed annihilations and m, = 5-10GeV the DM
relic density is achieved for oy ~ 1.6 - 1072%cm? /s (see e.g. [273]). The coupling x which yields the
correct relic density for a given mass mg is shown in Fig. 3.14. Unless there is a strong phase space
suppression, the result only weakly depends on the dark matter mass. For m, ~ 5-10 GeV, we find
k>~ 0.1.

Direct dark matter detection experiments search for the coherent scattering of DM particles on
nuclei. In the simple model, we presented, a sizeable (spin-independent) DM nucleon cross section
o, can arise via exchange of the scalar mediator. We find

2 2 /GeV\!
o = 10790¢m? (i) (g—*) 3.5.3
7 o1/ Voot \Umg ) (3:5:3)
which is valid for mediator masses larger than the momentum transfer in the scattering, i.e. mg 2
100 MeV (somewhat depending on the target material). For smaller masses 1/ mflg has to be replaced

by 1/(¢* + mgs)z. Notice that the cross section is strongly enhanced for small mediator masses due
to the m§4 dependence and becomes constant for mediator masses smaller than the momentum

transfer.

Imposing the correct dark matter relic density, we can directly relate the coupling g, to the
DM nucleon cross section. Hence, in this simplistic dark matter model, the most recent constraints
on o, from the LUX experiment can be translated into limits on g,. In Fig. 3.9, we have depicted
contours of constant o,, as a function of the mediator mass. We assumed x = 0.1 as expected for
my = 5-10GeV (see above). The LUX constraints depend strongly on the DM mass. The two
contours of o, = 107%%cm? and o,, = 107** cm? shown in the figure correspond to the current LUX
limit at m, ~ 5GeV and m, ~ 10 GeV respectively.

Finally we note that pseudoscalars discussed in Chapter 5 can also act as messengers to the
DM sector. Direct detection limits are weaker in this case.

3.5.2 Scalar as a DM candidate

We now want to speculate that perhaps the scalar S constitutes the dark matter within the present
day Universe, S being a stable particle as a result of a Z; symmetry in his interactions. We shall
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Figure 3.15: The Higgs portal coupling required to saturate the observed DM density is shown in
black. The region below the black line overproduces dark matter, and thus to agree with cosmolog-
ical observations an additional late-time dilution of the DM density is required, or S must be made
unstable by breaking the Zs stabilization symmetry. The strongest direct detection constraints
from LUX [275] and SuperCDMS [276] are also shown. The LHC constraints on additional Higgs
decays h — SS are shown in dashed red. Any region above this line is in tension with the LHC
Higgs observations. The Higgs constraints may be weakened somewhat if it is assumed that Higgs
couplings to SM states are increased, to counteract the reduction in signal from invisible decays.
The dot-dashed purple line shows the result of assume a doubling of SM Higgs couplings.

now consider this possibility in more detail and follow closely the recent review [274]. The scalar
portal Lagrangian that we consider reduces to

LD aS?*H|* . (3.5.4)

In the early Universe the scalar S will be in thermal equilibrium with SM particles due to the
Higgs portal coupling. This coupling enables S-annihilations to occur through an s-channel Higgs
into SM states such as light fermions, SS — h* — ff, vector bosons SS — h* — V'V, and Higgs
pairs SS — hh. As the Universe cools and expands these annihilations become less frequent and
eventually ‘freeze-out’, such that the co-moving density of dark matter remains constant. Taking
these effects into account the model becomes very predictive and it is possible to calculate the relic
density of dark matter. The Higgs portal coupling required to generate the observed dark matter
density is shown in Fig. 3.15. Unfortunately there is no simple formula for the relic abundance in the
region near the Higgs pole (mg > 50 GeV in Fig. 3.15) or in the region where certain annihilations
occur close to a mass threshold, such as around mg ~ 8 GeV for annihilation into bottom quarks.
However in the intermediate region 10 < mg < 50 GeV the relic abundance scales approximately
as the inverse of the squared coupling, i.e. Qh%(30GeV) ~ 0.11 (%)2.

This dark matter could be detected in Direct Detection experiments by searching for dark
matter scattering on nuclei, which in this case occurs through a t-channel Higgs boson. The cross
section for Higgs portal dark matter with spin-independent scattering on a nucleon of mass m,,
is [274]

202 2.2
o fy, pems

2.2
T mpmyg

osr = (3.5.5)



where p is the reduced mass of the nucleon and dark matter and fy ~ 0.29 [277] is the Higgs-
nucleon coupling. In Fig. 3.15 we plot constraints from the LUX experiment [275] and also at the
very low mass range from a dedicated SuperCDMS analysis [276]. The plotted constraints assume
the DM abundance is equal to the observed abundance (2ppsh? = 0.11). In the excluded region the
model actually leads to a DM abundance which is too large, thus the exclusions are conservative in
assuming that the dark matter abundance has been diluted after freeze-out to realize the observed
abundance. If the model is taken at face value, without assuming some dilution, then regions of
parameter space below mg < 56 GeV which are excluded by direct detection are also excluded by
cosmological observations. It is clear that these constraints are in significant tension with a Higgs
portal dark matter candidate.

There are additional constraints from the LHC. If 2mg < my, then the Higgs boson may decay
into the neutral scalar with a decay width given by Eq. (3.3.11) with g, XX = a. By comparison,
the decay width of the Higgs boson is predicted to be I';, = 4.07 MeV in the SM. If it is assumed that
the Higgs couplings to all SM states are precisely as predicted in the SM then LHC observations of
the Higgs boson already place strong bounds on the invisible decay width of the Higgs boson, placing
the branching ratio at BRg < 19% [278]. This then translates into a bound on the parameter space,
as shown in Fig. 3.15.

As can be seen from Fig. 3.15 these constraints already rule out the simplest thermal Higgs
portal dark matter candidate of mass mgs < 55 GeV. However this does not imply that the Higgs
portal is not relevant for dark matter, and simple modifications of the model may allow for a wide
variety of dark matter models. A comprehensive review of the fixed target phenomenology is given
in [157, 230].

Here we will consider a model based on the dark matter ‘Freeze-In’ mechanism [279]. It may
be that the Zs symmetry which stabilizes the scalar S is broken by some small amount through
operators that couple the scalar to the Higgs and also potentially to other stable neutral dark matter
candidates 1. The relevant Lagrangian is now

LD aS|H|?> + aS?*|H|? + kSY). (3.5.6)

As the couplings a;; and k break the Z5 symmetry they can be technically very small, with a; < myp,
while the quartic coupling respects the Z, symmetry and can still be O(1072) while remaining
consistent with known bounds. If the re-heat temperature of the Universe after inflation is above
the weak scale then the Zs-symmetric scalar quartic coupling will maintain thermal equilibrium
between the Standard Model particles and the scalar S. However, if the Yukawa coupling s between
the scalar and the dark matter candidate v is very small, x ~ 1072, then in the early Universe
¥ is out of equilibrium with S and all other fields. Interestingly this class of model realizes the
so-called ‘Freeze-In’ mechanism and the infrequent production of ¢ in the early Universe from its
feeble coupling to S can realize the observed dark matter abundance for .

As discussed in the previous sections, once produced the scalar may also decay into Standard
Model states due to the trilinear scalar coupling a;. This model motivates o to be small thus
it is likely that the dominant production mechanism would be pair production due to the quartic
coupling followed by decay due to «;. The phenomenology of a light scalar with a small mixing
with the Higgs has been discussed in Sections 3.2 and 3.3 and the phenomenology of this model
would be similar to these cases with the exception that if m, < mg/2 there may also be decays
to the new dark matter candidates S — 1t). These additional decay channels may suppress the
observable decays after the scalar has been produced. Throughout we will assume x ~ 10712 such
that these decays are greatly subdominant, and the full decay width is given approximately by

Ly(ms) = g2 Tn(ms), (3.5.7)
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where T',(mg) is the decay width of the SM Higgs boson at mass mg, and g, ~ ajv/m3 is the
small mixing angle between the Higgs boson and the scalar S, see Eq. (3.2.3).

Thus we see that this model uses the Higgs portal coupling in order to realize a model of
‘Freeze-In’ dark matter and motivates a scalar which is long-lived due to small breaking of a Z,
symmetry. In this case, as S is unstable and does not constitute the dark matter, the constraints
on S from the thermal abundance and direct detection limits shown in Fig. 3.15 no longer apply,
and only the invisible Higgs width constraint is important

3.6 Dark pions

Composite dark matter (DM) models are a viable alternative to the WIMP paradigm. A popular
class of models (see e.g. [280-282]) has a dark sector that is QCD like, with stable baryonic reso-
nances as DM candidates which carry a conserved DM number, see Section 3.1.2. In those models
the lightest bound states are often the pseudo-Goldstone bosons of chiral symmetry breaking in the
dark sector, so called dark pions. These dark pions are not necessarily stable, since they do not
carry DM charge. Instead they may decay back to SM particles in a variety of ways, depending on
how the dark sector communicates with the SM.

3.6.1 The model and scales

For definiteness, consider an extension of the SM gauge group to G = Ggm X SU(Ny). For sim-
plicity we will restrict ourselves to Ny = 3, although this is of limited importance in the following.
Furthermore we introduce Nyp dark quarks ¢p which are fundamentals of SU(Ny) and neutral
with respect to Gsm. For Nyp small enough, the SU(Ny) gauge theory will be confining in the
infrared, at a scale Ap. Motivated by the idea of asymmetric DM [283, 284], we take Ap to be in
the few to 10s of GeV range.®

We assume that the dark sector communicates with the SM only through mediators X with
masses Mx > Ap, in the spirit of the Hidden Valley models [193] described in Section 3.1.2.
Absence of direct and indirect evidence for new physics also suggests Mx > v, where v = 246 GeV
is the weak scale. The two kinds of mediators we will consider in the following are A) a Z’ that
couples to dark quarks and some combination of SM fermions with a coupling strength ¢’ and B) a
bi-fundamental scalar ® which carries QCD and SU(Ny4) charges, and which has Yukawa couplings
of the form y;;®¢p iqsm,;-

3.6.2 Dark pion lifetime and decay modes

Integrating out the mediator, we obtain dimension six couplings between the dark quarks and SM
fermions:

2

Legr = X;f; (@oTap) (fsmI fsm) (3.6.1)
X

with some Dirac structure I'. This allows a decay of dark pions into SM fermion pairs. For I' = ~,,,
the decay width goes as [282, 285]

CgﬁgffTQrDm?f

F(ﬂ'Dﬁff): 327TM§(

Mzp , (362)

8For models that predict this, see e.g. [282].



where frp and m,p are the dark pion decay constant and mass, g; is the number of degrees of
freedom of f, and we neglect a phase space factor. This corresponds to a lifetime c7y of

1 (GeV)3 o (0.1GeV)? o My
Condf  fripmap m} (TeV)*

cTo =2 m X (3.6.3)

In analogy with QCD we will consider m,p ~ fxp ~ Ap/(4w). The dominant decay channels
depend on the flavour structure of the couplings, and on the dark pion masses. In the case where
on-shell decays to pairs of SM fermions are not kinematically accessible (e.g. if there are no couplings
to leptons), the dominant decay can be into photon pairs, in analogy with neutral pion decays in
the SM. In any case there will be a region of parameter space where the dark pion lifetime is of
order meters or longer, such that their decays could be observed in the SHIP detector.

3.6.3 What SHiP could do?

There are two contributions to dark pion production at SHIP. First, the effective operator (3.6.1)
leads to direct production of dark quark pairs, provided there is a nonzero coupling to first or second
generation SM quarks. The dark quarks will shower and hadronize, producing several dark pions
in the process. The production cross section can be calculated easily, the dark parton shower can
be simulated using a modified version of PYTHIA 8 [285, 286].

In addition, dark pions can also be produced from decays of SM mesons, provided they are
sufficiently light. If sufficient phase space is available, multiple dark pions may be produced. The
two production modes probe different combinations of the couplings of the dark quarks to SM
quarks.

There are several regions of parameter space where dark pion lifetimes are such that they will
reach the SHIP detector before decaying. Possible decay modes include decays to di-photons, to
SM hadrons and also to pairs of SM leptons. Therefore the SHIP experiment will be able to place
limits on dark pion production cross sections as a function of the lifetime.

On the theory side, it will be necessary to better understand the allowed parameter space, in
particular taking into account constraints from flavour physics. This will allow to place bounds on
specific models of dark pions and on the mediator scale. Furthermore simulations of the production
of dark pions will be needed to obtain their kinematic distributions, which affect detector efficiencies
and the laboratory lifetime.

3.7 Scalar portals and inflation

In this section we are going to give an example of a portal model, based on the linear scalar portal
of Section 3.2, that provides a connection of the inflationary physics and particle physics, leading
to a light inflaton particle whose cosmologically interesting parameter region can be constrained by
the SHIP experiment.

3.7.1 Light inflatons

The visible part of our expanding Universe seems to be spatially flat, homogeneous and isotropic.
These facts are quite puzzling given the history of the Universe, where radiation and matter domi-
nation stages play a very important role. At these stages of expansion the scale factor a(t) grows
as a(t) o< t* with o < 1, and hence the physical distances |  a(t) grow slower than the size of
the causally connected region (dubbed cosmological horizon), Iy o t. Inside a volume of size Iy
the physical processes can be correlated (e.g. recombination happens simultaneously everywhere
in this region), but separate horizon volumes are causally disconnected, starting from the moment
of Big Bang. This implies, in particular, that the plasma temperatures can be expected to differ
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significantly in these volumes, while, in reality, in the visible Universe it is the same with per mille
accuracy. There are other illustrations of the problems we have started with, disguised under the
names of flatness, entropy, initial perturbations problems, see e.g. [287] for detailed discussion.
The most widely accepted solution is an early-time inflationary stage preceding the hot Uni-
verse. At that stage the Universe experiences almost exponential (or at least accelerated) expansion,
which makes it flat, homogeneous and isotropic. Usually a scalar field (dubbed inflaton) is present
in the model, whose dynamics is responsible for the rapid expansion. Quite remarkably, the ampli-
tude of quantum fluctuations of this field (or one of the possibly accompanying scalar fields) gets
frozen as the wavelength stretches over horizon. Thus, when the inflation finally terminates, they
form classical gaussian fluctuations of the scalar field, which later (after the Universe’s reheating,
etc.) source the matter spatial inhomogeneities and scalar curvature perturbations. With properly
chosen model parameters, these inhomogeneities nicely describe the cosmic microwave background
radiation (CMB) anisotropy and serve as seeds of the large scale structure formation in the late
Universe. The parameters of these perturbations can be deduced from CMB observations [288].
An implementation of the inflationary stage requires some modification of the SM and/or
General Relativity. If the new scalar degree of freedom S needed to drive inflation is introduced into
the particle physics sector, it must couple to the SM fields to assure the post-inflationary reheating
of the Universe (i.e. production of the SM particles in the early Universe, which subsequently
thermalize) and successful transfer of the inflaton fluctuations into adiabatic matter perturbations.
It is natural to expect that the inflaton and the Higgs boson will interact via the renormalizable

scalar portal operator
Ling = aS*HH. (3.7.1)

The dimensionless parameter a is bounded from above and from below [289]. It cannot be very
small, otherwise the reheating is inefficient, i.e. the reheating temperature Tye, is too small. The
widely recognized limit for the reheating is about several MeV is related to the onset of Big Bang
(primordial) Nucleosynthesis. Yet many models would require having Ty above the electroweak
scale, to obtain dark matter abundance and baryogenesis (e.g., for the model (3.7.2) this implies
a > 0.7 x 10711 [289]). Further, a cannot be large, (say a < +/0.18 ~ 10~7 [222], for the particular
model (3.7.2)) otherwise the quantum corrections, originating from (3.7.1), change the inflaton
potential in such a way that the primordial density perturbations generated at inflation become
large and strongly scale dependent, what is incompatible with observations.

The upper and lower limits on « are rather general and relevant for any inflationary model. If
only a renormalizable model is accepted, then only quadratic, cubic and quartic self-couplings are
allowed in the inflaton potential. The former two contain dimensionful parameters with reference
energy scale (determined by normalizing the perturbation spectrum to CMB anisotropy) much
above the electromagnetic scale, which would contribute to the gauge hierarchy problem, lifting up
the SM Higgs boson mass (for discussion see e.g. [290, 291]). It seems preferable to avoid introducing
a new high energy scale in particle physics, and hence no new heavy degrees of freedom. Therefore,
models with light inflaton are justified, and below we consider a minimal example of this type.

The Lagrangian of the model is a generalization of the scalar portal model considered in Sec-
tion 3.2 with an explicit non-minimal interaction of the scalar field S to gravity

(0,5)*  m2s?
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where the first term is the SM Lagrangian except of the Brout-Englert-Higgs (BEH) field potential,
R is the scalar curvature, Mp is the reduced Planck mass, and the dimensionless parameters taking
positive values are A, 5, «, &, for the Higgs boson selfcoupling, inflaton selfcoupling, Higgs-inflaton
portal, and the inflaton non-minimal coupling to gravity, respectively. The last term is required by



renormalization of scalar field in the external gravitational background (of course, gravity itself is
still non-renormalizable). Similar term may be written for the BEH as well, we ignore it because,
while in perturbative regime, it changes neither inflation®, nor low-energy phenomenology of the
model.

Only one dimensionful parameter, mg, is introduced in the particle physics part of (3.7.2). It
determines the mass scale of all the particles, and therefore it should be approximately of the order
of the electroweak scale. This assumption is made for simplification of the theory and has roots
in the attempts to have a scale invariant fundamental theory (for example, one can consider the
inflaton as a messenger of scale symmetry breaking from some hidden sector). Indeed, while at
(trans)planckian values of the fields the inflaton self-interaction leads to the inflationary stage'C.
The primordial perturbations depend on the values of 8 and £&. The requirement of the normalization
of the scalar density perturbations defines § approximately as'!

_ 3m° A% (1+6€)(1+ 66+ 8(N +1)¢)?

g 2 (14+8(N+1E(N+1)3 7

(3.7.3)

see Fig. 3.16. Then the observed inflationary parameters can be parametrised by £ [222]. These
predictions are given in Fig. 3.16 together with the latest observational constraints [288, 296]. Note,
that if measurement of r is made, then both parameters £ and 8 become defined uniquely.

At small field values, the inflaton field gains non-zero vacuum expectation value (S) = mg/v/
that spontaneously breaks the Z5 symmetry S — —.S5, and in turn generates a vacuum expectation

value for the SM Higgs [221],
v ={(S) 1/270[ =mg i—; ~ 246 GeV.

Two scalar excitations about the vacuum have masses

mp = V2 v~ 126GeV and m, =my QE (3.7.4)

@
Since f is determined by cosmology, the inflaton mass is defined by mixing « responsible for post-
inflationary reheating of the Universe. This coupling is bounded from above and below as explained
right after Eq. (3.7.2), that yields upper and lower limits on the inflaton mass. It happens to be

naturally light, say for £ = 0 it is confined between about 270 MeV and 1.8 GeV [221].

As already explained in Section 3.2, the vev of S induces, after electroweak symmetry breaking,
a linear mixing between the Higgs boson and the inflaton. In other words the massive states h and
X with masses mj; and m, are slightly rotated as compared to the “flavor” states H and S. This
mixing defines the phenomenology of light inflaton y, which can be produced in scattering of the
SM particles and can decay into SM particles, as presented in detail in Section 3.2. The lower bound
on inflaton mass m, 2 270 MeV comes from the analysis [221] of published data of the CHARM
experiment [234], where the inflaton might be produced in kaon decays after the beam target. For
a heavier inflaton the best production mechanism is 2-body decay of the B-mesons with branching

9 At large non-minimal coupling for the Higgs field, &g > 1, the BEH field can lead to the inflationary stage on its
own, the mechanism is called Higgs inflation [292]. See also [293—-295] for analysis of the models with several fields
with large non-minimal coupling.

10The inflation develops along the valley AHTH = «.S?, so the term in brackets in (3.7.2) is nullified and contributes
nothing to the energy density at inflation.
Hthis equation has a typo in [222].
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Figure 3.16: Left panel: Cosmologically allowed regions (68% and 95% confidence level) in (scalar
tilt ny — 1, tensor-to-scalar power ratio r) parameter space [288], and the light inflaton model
predictions for various values of £. Right panel: Relation between the £ and S parameters determined
from the observed normalization of the primordial density perturbations. Parameter § is in turn
related to the Higgs-inflaton mixing. Reproduced from Ref. [222].

ratios [221, 222]
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Thus light inflaton can be searched for at B-factories, like LHCb and Belle II.

The relevant region of the model parameter space is presented in Fig. 3.17. Following the
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Figure 3.17: Allowed (blank) and forbidden (shaded) regions of model parameter space. The gray
shaded region is the estimate of the SHIP sensitivity. Left plot: lines of constant inflaton lifetime
are superimposed. Right plot: lines of constant tensor-to-scalar ratio r are superimposed.

discussion of Section 3.2, it is clear that, for a fixed-target experiment like SHiP, the interesting
region of the model parameter space is that where the Higgs-inflaton mixing 6 is not very small (so
that the production rate is sizable), and the decay length is not very short (which in turn requires
that the mass is not too large). So, thought the latter is (much) smaller than the distance from
the target to the detector, ~ 100m, the inflaton production rate is sufficiently large to compete
with the exponential suppression of the inflaton flux in the detector. The detailed description of



the bounds indicated in Fig. 3.17 can be found in [221, 222]. The estimate of the SHIP sensitivity
is performed similar to the analysis of the CHARM in [221], but with the distance to the detector
equal to 50m. Note, that the main constraint in this region comes from the decay exponent, so
change in the experiment luminosity introduces only minor improvement.

The model (3.7.2) may be supplemented with three sterile neutrinos Ny, I = 1,2,3 of type
I seesaw model, see Section 4.3.1, so that the inflaton coupling provides the mechanism of their
production in the early Universe and the inflaton vev gives them violating lepton number Majorana
masses. In particular, for the ¥YMSM discussed in Section 4.8, the inflaton can help to populate
the Universe with dark matter particles [119], which are the lightest of the three sterile neutrinos
N;. Remarkably, this mechanism is consistent with an explanation of the anomalous 3.5keV line
observed by X-ray orbital telescopes [297, 298] as a radiative decay of TkeV sterile neutrino dark
matter [299]. It is worth noting, that in case the DM line is confirmed and tensor-to-scalar ratio r is
defined by CMB observations, all the parameters in the model (3.7.2) become fixed from cosmology,
and definite predictions for the particle physics search can be made.

Finally, we should note that the assumption of the specific pattern of the scale symmetry
breaking, made in (3.7.2), may be modified by introducing the Higgs mass term H'H, inflaton
cubic selfcoupling S2, and inflaton-Higgs coupling SHTH. In this case wider region of parameters
m,, and ¢ may be allowed from cosmological requirements. One still expects that the masses of
the particles would be in the electroweak region, the inflaton decay pattern will coincide with that
of the Higgs boson, and the Higgs-inflaton mixing angle will be of the similar order, however the
exact relation with cosmology would depend on the three new parameters. These possibilities may
be addressed by future studies of scale invariant extensions of the SM.
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Chapter 4

Neutrino portal

4.1 Heavy neutral leptons

The neutrino portal is defined as coupling of one or several fermions neutral with respect to the
Standard Model gauge interactions Ny (I =1,2,... ) to the gauge-invariant operator (L, - ®):

‘CNeutrino portal — Fa[ (Eoz ‘ (i))NI + h.c. 3 (411)

where F,; is a dimensionless Yukawa coupling (complex in general), L, is the left lepton doublet
(a is the flavour index o = {e, u, 7}); ® is the Higgs doublet and @, = €,,Pp. Only the right-chiral
components of the fermions N7 couples to the Standard Model sector.t

v

0
to the quadratic mixing of neutrinos with the new particles N;. From a phenomenological point

In the Higgs phase ® can be replaced by its vev and therefore ® = % ( ) , the term (4.1.1) leads

of view, particles N; can be produced instead of neutrinos in any final state where kinematically
allowed (see Fig. 4.2 below) and therefore they are often called heavy (right-handed) neutrinos or
sterile neutrinos (owning to their lack of the SM charges as opposed to ordinary or active neutrinos)
or gauge-singlet fermions or heavy neutral leptons (HNLs). If N' = 3 each SM neutrino gets its
right-chiral counterpart as all other fermions of the Standard Model have and the three generations
structure of the SM is retained, see Fig. 4.1. The fermions N; can have any mass M7, independent of
the value of the Yukawa constants Fi,y in (4.1.1) (see below and in the Section 4.3 for the discussion
of possible origins of neutrino masses).

If the masses M are sufficiently light, they can be searched in accelerator experiments (as
discussed below in Sec. 4.4, see also [313] and “Heavy Neutral Leptons” section of PDG [156]).
The existing searches use a model-independent phenomenological approach, assuming that only a
single HNL is kinematically accessible, while any other HNLs, if present in the theory, are sufficiently
heavy and do not affect the analysis. Thus, there are only two free parameters to be constrained
in this approach: the mass M of the relevant HNL and its interaction with an active neutrino of
flavour @ governed by the Yukawa coupling F,;. In the absence of a signal, upper limits are set
on the mixing parameter |F,;|? as a function of the HNL mass M; for a given flavor «, usually

'In this chapter we follow the logic based on a model-independent portal interaction (4.1.1) in the bottom-up
fashion, starting from the simplest phenomenology of HNLs and then discussing the possible roles HNLs can play in
different models. Historically, the motivation for considering right-handed neutrinos was coming from ideas on left-
right symmetry, spontaneous parity violation and grand unification [300-309]. The chiral electroweak group SU(2)r, x
U(1) was proposed to be extended to the left-right symmetric one SU(2)p x SU(2)g X U(1)p_L, necessitating to
complement the fermionic content of the theory by N’s. The smallness of active neutrino masses was a result of
what is currently known as the see-saw mechanism [304-309]: the heavy Majorana N’s lead to light v. A great bit
of phenomenology of HNL’s, was studied already in 1980s in Refs. [310-312].
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Figure 4.1: The fermions of the Standard Model are replicated in three “generations”. There are
3 types of neutrinos: ve, v, vr. In the Standard Model these neutrinos are massless and always
left-chiral. The right-chiral counterparts N1, Ny, N3 are added. They do not feel the electric, weak
or strong forces (thus “sterile neutrinos”).

assuming that the mixing elements for other flavours are zero. Although this assumption may not
be valid in concrete models, it enables us to derive generic bounds on the mixing parameter without
referring to any particular texture or model-building aspects. These bounds have to be translated
or scaled appropriately in the context of a given model.

Apart from direct experimental probes, one can also search for HNLs indirectly, e.g. via their
contributions to the lepton flavour violating processes (see Sec. 4.5.3).

The right-handed N; can be combined with the left handed v, to form the 4-component Dirac
spinors. The term (4.1.1) then becomes the Dirac mass term. If the N; transform under global
U(1) symmetry, corresponding to the lepton number of the Standard Model, the Dirac mass term
preserves this symmetry and does not prevent to build an extension of the SM where the lepton
number is conserved.

Alternatively, since Nj carry no Standard Model gauge charges, one can write for them Majo-

rana masses:
HNL Majorana mass term = MINICNI +h.c.. (4.1.2)

where NIC is a charge-conjugated fermion. For energies below the masses of HNLs, this leads to
the appearance of the dimension 5 “Weinberg operator” [314] in the effective Lagrangian of active
neutrinos: e

(LS - &)(3 - L)

A

(where LY is a charge-conjugation of the left lepton doublet, L, and A is a parameter having the
dimension of mass and defined by M; and F,r, and at least some of ¢o3 ~ 1). In case of N =1
HNL the scale is given by A ~ M/|F|?. Therefore, for any value of A, HNLs can have their masses
in a very wide range, depending on the magnitude of Yukawa couplings, up to M; ~ A where

A»C'osc = Cap (413)

Yukawa couplings become |F'| ~ 1 and the theory is not in the weak coupling regime anymore.

In the Higgs phase the operator (4.1.3) leads to the Majorana masses and changes of flavour
of the active neutrinos. Naively this means that for a given HNL mass there is an upper bound
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on Yukawa coupling such the contribution to the neutrino mass matrix via (4.1.3) should not be
too large. However, for A’ > 2 contributions of different HNLs can cancel each other, and in fact
the Yukawa couplings can be large. To understand this, let us consider the following toy-model.
Let two Majorana fermions N; and Ny have equal Majorana masses M7 = M, and arbitrary
Yukawa couplings F,1 < 1 but F,2 = 0. One can combine N7 and N, into a single Dirac fermion
U = (Ny, N{) with the Dirac mass M; UV and carrying lepton number 1. In such a system the
total lepton number is conserved and the operator (4.1.3) is forbidden, making neutrino masses
equal to zero, regardless of the values of F,;. See [315, 316] and Secs. 4.3.2.2 and 4.3.3.3 where
more general cases are analysed. Neutrino masses will only appear if F,0 # 0 and/or the Majorana
mass term AMWCV are introduced. Therefore any range of values of | F,1| can be made consistent
with the experimental data from active neutrino oscillations. However, if an HNL with Yukawa
is found, one can conclude that there must exist other HNLs or some
other new physics (see also Fig. 4.5 below).

coupling exceeding MaugMr
p v

Experimental data tells us that neutrinos are indeed massive and can change flavours (Secs. 4.2).
We do not know the exact masses of the active neutrinos, but we know that the sum of neutrino
masses should be > 0.05 eV and that there are at least three mass eigenstates (two mass differences),
see Sec. 4.2.2. The Majorana nature of active neutrino masses is tested with neutrinoless double
beta decay experiments (Sec. 4.5.1). It is natural to assume that it is the interactions (4.1.1)—
(4.1.2) that are responsible for this. We can immediately derive several conclusions of this assump-
tion:

(a) The smallness of neutrino masses means that A ~ 10'® GeV.

(b) The number of Ny, should be N' > 2 to explain the two observed mass differences for
active neutrinos — Am2 and AmZ,, (see Table 4.1 on page 67 below). If N’ = 2, the lightest
mass eigenstate of active neutrinos is zero. The current experimental bounds on the masses of
individual neutrinos (e.g. from those from the kinematics of tritium S-decay [156, 317, 318]) as well
as cosmological bounds on the sum of neutrino masses (e.g. [319, 320]) allow for three non-zero
mass eigenstates. If all three active neutrinos are massive, we would need N > 3.

(¢) For any number of HNLs there is a lower bound on the sum of the Yukawa couplings

Min Y. m 6 >om Mo
Fo?> 2452 —55x%x10710 ud = 4.1.4
;' ar]” 2 =55 5510 [0.1eV] [1GeV] (4.14)

where Y m, is the sum of active neutrino masses, and My, is a minimal mass among all HNLs
that contribute to neutrino oscillations. If all HNLs have similar masses, Eq. (4.1.4) provides the
bottom line for searches for the HNLs. If only N' = 2 HNLs contribute to the neutrino masses, there
is a stronger than (4.1.4) lower limit on the sum over flavours Y [Fu1|? for each Ny separately (as
one HNL is not sufficient to explain two mass differences). If there are N' = 3 HNLs, but one of
them happens to be the dark matter particle, its Yukawa couplings with the Standard Model
should be sufficiently small to satisfy the experimental bounds on stability of dark matter particles
(this dark matter candidate, discussed in Section 4.7). In this case the contribution of dark matter
HNL to neutrino masses is negligible [321, 322] and again there is a lower bound on the sum of
|Faz]? for each I of all the other HNLs (like in the A" = 2 case). In the more general case with 3 or
more HNLs, contributing to neutrino masses, this lower bound can be relaxed [323-325].

Of course, the requirement that the active neutrino masses come exclusively from HNLs is
only an assumption, as other mechanisms for active neutrino mass generation are possible (see e.g.
Section 4.3.3 below, for review see e.g. [326]). If they operate, the properties of HNLs may be
decoupled from neutrino masses, making their parameters less constrained.

It turns out that sterile neutrinos not only can explain the neutrino masses and provide a
dark matter candidate, but also provide a mechanism of generation of baryon asymmetry of



Figure 4.2: Production (left) and subsequent decay (right) of the particle Nj.

the Universe (see Section 4.6.1 for the formulation of the problem). Moreover, the same parti-
cles can be responsible for both neutrino masses and matter-antimatter asymmetry generation.
HNLs with the masses ranging from O(MeV) to O(10'2 GeV) provide mechanisms of generation of
matter-antimatter asymmetry, described in Sections 4.6.2—4.6.4.2 below. In particular, the suc-
cessful baryogenesis is possible when HNL have experimentally accessible masses (Sections 4.3.2.2,
4.3.2.3). This opens an exciting possibility of direct experimental resolution of these BSM puzzles
by finding HNLs experimentally. The phenomenology of neutrino oscillations provides (under cer-
tain assumptions, discussed above) the lower bound on Yukawa couplings, while the requirement
of successful baryogenesis provides an upper bound on their values.

Right-handed neutrinos can appear as a part of a wider theory, for example as a part of the
fermion representation of a gauge group in GUT theories, see Section 4.3.2.1. Interestingly HNLs
can be postulated as the only new particles beyond the Standard Model up to a very high energy
scale, providing explanations of all major observational BSM phenomena (Section 4.8 below). This
brings the questions of the complete UV theory (discussed in Section 4.8.3). The SM supplemented
by 3 HNLs, with Majorana mass terms for all of them, and all possible Yukawa couplings with the
Higgs boson and left-handed lepton doublets has an intriguing property of charge quantisation. The
Majorana mass term (4.1.2) means that the hypercharge of N is zero and therefore hypercharges of
left lepton double and Higgs field are the same. As a result of this, the requirement of cancellation
of gauge chiral anomalies has a unique solution in terms of charges [327], quantised exactly as it is
observed. In other words, the charge quantisation may be a requirement of the self-consistency of
the theory, rather than a consequence of a larger symmetry, as in Grand Unified Theories.

4.2 Active neutrino phenomenology

Neutrino physics provides strong motivation for the existence of HNLs. Although properties of
HNLs cannot be fully fixed by data from low-energy neutrino experiments, it serves as a source of
important constraints. Therefore we review main results of neutrino theory and experiments below.

4.2.1 Three-flavour neutrino oscillations. A theoretical overview

A decade of revolutionary neutrino experiments has established that the SM neutrinos are massive
and mix like quarks do. The measurement of their tiny masses has been possible thanks to neutrino
oscillations, a quantum phenomenon first conjectured by Pontecorvo [328]. Neutrinos are produced
and detected via weak processes, therefore by definition they are produced or detected as flavour
states (ie. the states that couple to the e, u and 7 leptons respectively). However, such states
of a definite flavour are superpositions of the vacuum Hamiltonian eigenstates or mass eigenstates
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(V17V2>V3):

Ve V1
v, | = Upuns (012,613, 023,90, a1, 00) | 12 | . (4.2.1)
Vr V3

In complete analogy to the quark sector, the relation between the two bases is a unitary rotation
matrix Upymns, the famous Pontecorvo-Maki-Nakagawa-Sakata [329], which generically depends on
three Euler angles, (6;2,6013,023), a Dirac CP violating phase, §, and two more Majorana phases
(a1, ), in case neutrinos are Majorana particles,

€12€13 512€13 size” % 10 0
_ s is ;
Upmns = | —c23512 — S23¢12513€"  Ca3Ci2 — S23512513€"°  Sa3C13 | X et 0 (4.2.2)
$93512 — C23C12513€"0  —s23C12 — C23512513€%  Cozci3 0 0 e

with Sij = sin@ij, Cij = COS 91‘]’.

Neutrinos are so weakly interacting that they can keep quantum coherence over macroscopic
distances. If a neutrino of flavour « is produced with energy FE, the probability to detect a different
flavour § down the beam line at a distance L in vacuum is a sum of oscillatory terms in L/FE with
wavelengths that depend on the neutrino mass differences as:

P(va = vg) = 6ap — 4 _Re[UsUpiUa; U] sin® <(J4Ez)>
i<j

. oo [ (m?=m?)L
-2 Zlm[UaiUﬁanjUﬁj] sin (JQEZ . (4.2.3)
i<j

The amplitudes of the different terms contain information on different combinations of the mixing-
matrix elements. The possibility to measure the mass differences in vacuum relies on performing
experiments with E/L ~ O(|m7 —mZ|). Much larger values imply that the oscillation is suppressed,
while for much smaller values the oscillations cannot be resolved and only an average can be mea-
sured. The latter depends on the mixings but quantum coherence is lost, and with it, the sensitivity
to the mass differences. The last term in eq. (4.2.3) is CP-odd (changes sign for antineutrinos),
and is therefore sensitive to the imaginary entries of the mixing matrix. It can be shown how-
ever that only the Dirac phase § contributes to it, and CPT symmetry implies that it vanishes for
disappearance probabilities, ie. when § = a.

4.2.2 Present experimental status of neutrino masses and mixings

The original indications of flavour transitions in neutrinos came from counting too few solar electron
neutrinos [330]. The effect was conclusively settled by the SNO experiment [331] that measured
for the first time a flux of muon and/or tau neutrinos coming from the Sun. SuperKamiokande on
the other hand measured a distinct oscillatory pattern in the muon neutrino atmospheric flux as
a function of the zenith angle [332]. Both oscillations have been confirmed by experiments in the
laboratory. The solar oscillation was confirmed by the reactor neutrino experiment KamLAND [333]
that observed the oscillatory pattern in the disappearance of reactor neutrinos at L ~ O(100km),
while the atmospheric one was confirmed by the MINOS [334] and K2K][335] experiments that
observed the oscillatory pattern in the disappearance of neutrino muons produced in an accelerator
and detected a few hundred kms down the beam line. In 2012, the reactor experiments Daya
Bay [336], RENO [337] and Double-Chooz [338], together with the accelerator experiment T2K
[339], proved (in two very different energy ranges) that electron neutrinos also oscillate with the



| AmZ(eV?) | Am2 eV | 012(°) | 03(°) | 613(°) | 6(°)
NH [ 7.5(2) x107° | 2.46(5) x10~2 | 33.5(8) [ 42.373 . [ 8.5(2) | 306727
IH idem -2.45(5) x10~® | idem | 49.57L3 | idem | 254F53

Table 4.1: Results from a global fit to all neutrino data from [340] for normal hierarchy (NH)

mz > my,ma (Am2,,, = m3 —m?) and inverted one (IH) mg < my, mg (Am2,,, = m3 —m3).

atmospheric wavelength even if with a much smaller amplitude than muon neutrinos. This result
confirmed the three-fold-mixing way of neutrinos and provided the measurement of the last and
smaller mixing angle of the mixing matrix, Upyns. The present status of the global fits of all
neutrino data obtained in [340] are summarised in Table 4.1. There remain two approximate
degeneracies that need to be resolved: the octant of the angle 653 (resulting from an approximate
symmetry 023 — w/4 — f3) and the ordering of the mass eigenstates: normal hierarchy (NH) for
ms > my,my (Am2,,, = m3 —m?) or an inverted hierarchy (IH) for mz < mi,ms (Am2,,, =
m3 —m3 ) . There is at present no evidence for leptonic CP violation, although the global fits are
already hinting at a quadrant of the CP phase . The new NOVA experiment that has just started
taking data might give the first hints of the neutrino ordering thanks to the longer baseline.

The determination of these unknowns, as well as the absolute neutrino mass scale and the
Majorana nature of neutrinos is essential to pin down the missing values of the neutrino mass
matrix, to establish the existence of a matter-antimatter asymmetry in the lepton sector, and to
constrain models of neutrino masses. Fortunately, the prospects to perform these measurements in
the future are excellent.

In summary, the standard three-neutrino scenario explains well a wealth of neutrino data from
solar, atmospheric, reactor and accelerator neutrino experiments in terms of two distinct mass
splittings, the so-called solar, Am?97 and atmospheric, Am?2, | and three mixing angles.

However, along with the success of the three-neutrino scenario, described in the previous Sec-
tion, several distinct experiments have revealed anomalies that cannot be accommodated into this
picture and can be interpreted as oscillations of three active neutrinos of the Standard Model into

additional light (sterile) states [341-346]. They are reviewed in the Section 4.2.3 below.

4.2.3 Short-Baseline neutrino anomalies

The LSND anomaly [341], which first manifested itself in the mid 1990’s [347], is related to the
presence of an excess, at almost the four sigma level, of 7,.-like events coming from a pion-decay-at-
rest beam, which is a well-characterized source of v, v., an 7, but not v, (7* — ptv,, followed
by ut — etv,.p,). The LSND anomaly can be interpreted as a nonzero probability (of order 0.1%)
that a 7, will behave as a .. The associated L/E (baseline over neutrino energy) values are around
0.5 m/MeV.

The MiniBooNE experiment was designed to explore the region of parameter space preferred
by the neutrino oscillation interpretation of the LSND anomaly. It covers L/E values between
0.1 m/MeV and 2 m/MeV. The first results from MiniBooNE [348] analyzed data from positive-
pion-decay-in-flight, 7 — u*v,, and placed bounds on the probability that a v, would oscillate
into a v, which were in modest disagreement with LSND data. The analysis of more data [342]
revealed an excess of v -like events at low energies, L/E 2 1 m/MeV. MiniBooNE also analyzed data
from negative-pion-decay-in-fllight, 7= — p~7,, [343]. These data, not as statistically powerful as
those from LSND or those from the MiniBooNE neutrino running, are consistent with the neutrino
oscillation interpretation of the LSND data and are consistent with the excess observed by the
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MiniBooNE neutrino data. Recent combined analysis of LSND and MiniBooNE data reveal that
these are consistent with the hypothesis that there are more than three neutrino mass eigenstates.

Quite independently from the LSND-MiniBooNE developments, recent reevaluations of the
neutrino flux from nuclear reactors [344] (later scrutinized and confirmed in [349]) led to a reanalysis
of older short-baseline reactor neutrino data [345] which revealed a (more or less) energy independent
suppression of the expected flux, which can be interpreted as a survival probability of 7, around
95%. The different experiments span L/E values from 1 m/MeV to 20 m/MeV. Finally, v. data
from radioactive sources [346], used to calibrate the gallium solar neutrino experiments, also point
to a deficit of v, for L/E values consistent with those of LSND and the reactor anomaly.

Combined, these can be interpreted as evidence for more than three neutrinos, with a new
oscillation length proportional to a new mass-squared difference around 1 eV? (for recent analyses,
see [350-353]). Given that the number of active neutrinos is known to be three [354], the extra
degrees of freedom must be sterile neutrinos (i.e. should not interact with the Z° boson). The
“goodness of fit” of the sterile neutrino hypothesis is not very strong, mostly due to the fact that
searches for v, and v, disappearance at similar L/E have not revealed any effects [350-353]. The
hypothesis that there are two extra states is modestly preferred over the hypothesis that there
is only one new light sterile neutrino, for a couple of reasons. Two extra neutrinos allow for new
sources of CP-invariance violation to which the current short-baseline experiments are sensitive, and
two extra neutrinos allow for two different mass-squared differences, which can “interfere” with one
another and allow one to evade more efficiently the constrains from short-baseline disappearance
data. Fig. 4.3 depicts allowed regions of the five-neutrino parameter space, from [352]. We refer
to [352] (see also [350, 351, 353]) for more information and details. It is important to state that
new neutrinos with masses around 1 eV and large active components, such as the ones required
to explain the short-baseline anomalies, are disfavored by data from cosmic surveys, which are
consistent with only three light, neutrino-like degrees of freedom. If the existence of more than
three light neutrinos is confirmed by laboratory experiments we will be forced to conclude that our
understanding of the thermal history of the university is incomplete, or that there is new physics
beyond small neutrino masses and new sterile degrees of freedom.

While our understanding of these so-called short-baseline anomalies remains clouded, there are
several experimental proposals aimed at definitively testing the sterile-neutrino interpretation (for
an overview see, for example, [355]). It is possible that, in five to ten years, experiments will reveal,
beyond reasonable doubt, the existence of new neutrino degrees of freedom.

The eV-Seesaw is severely constrained by data from cosmic surveys and big-bang nucleosynthe-
sis (see [356] for a recent detailed analysis). At face value, cosmological constraints require all but
one of the Seesaw right-handed neutrinos to have masses higher than 100 MeV, while the remaining
one is only allowed to be very light in the limit that the lightest, mostly active neutrino is also
very light (mass less than roughly 1073 eV) [356]. These constraints, however, can be modified,
alleviated, or eliminated if our understanding of the thermal history of the universe, or that of
fundamental particle physics, is incomplete. For a concrete scenarios see, for example, [357-359].

4.2.4 Future neutrino experiments

Future neutrino oscillation experiments can measure the octant, the ordering and discover leptonic
CP violation thanks to the sizeable value of 6135. Three strategies are being pursued in this re-
gard. On the one hand, the huge statistics of atmospheric neutrino events that can be detected
in megaton-scale atmospheric neutrino detectors such as the planned Hyper-Kamiokande [360] or
future, more finely-instrumented sections of the IceCube or KM3NeT neutrino telescopes, PINGU
[361] and ORCA respectively, could provide very valuable information on the octant degeneracy
and the neutrino ordering. Next generation LBL reactor neutrino detectors located at O(50)km
from powerful reactors, such as the JUNO project, could significantly improve the precision of Am?D
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Figure 4.3: Five-neutrino fit to all oscillations data, from [352]. In the left-hand panel are depicted
the allowed regions in the plane of Am?, and Am?; in 3+2 (upper-left part) and 1+3+1 (lower-
right part) mass schemes. Also depicted are the regions for appearance data (light blue) and
disappearance data (light green) at 95% CL (2 dof), and global data (dark and light red) at 95%
and 99% CL (2 dof). In the right-hand panel are depicted the allowed regions for 342 in the plane
of |UeqU,4| versus |UesU,s|, for fixed values of Am?, and Am?; at 90% and 99% CL (2 dof). Also
depicted are the regions for appearance data (blue), disappearance data (green), and the global
data (red). See [352] for details.

and the angle 02, as well as provide information on the neutrino ordering through the interference
of atmospheric and solar oscillations. Finally, the construction of LBL accelerator neutrino super
beams shooting at O(10)kton-scale detectors located at distances above 1000km, such as envisioned
in the LBNF project, could provide a superb measurement of the neutrino ordering, by exploiting
the MSW effect in the propagation of neutrinos through the earth. They will also significantly
improve the sensitivity to d, and can discover leptonic CP violation (at 3¢) for up to 70% of the
possible values of § [362].

Concerning the absolute neutrino mass scale, cosmology is already constraining the sum of the
three neutrino masses in the sub-ev range. A similar sensitivity is expected in the next generation
of B-decay experiment (KATRIN [363]). The crucial question of whether neutrinos are Majorana
particles could be answered in the next-generation of neutrino less double-beta decay experiments
that could cover the whole allowed phase space in the case of TH.

4.3 HNLs and neutrino masses

4.3.1 Seesaw formula

If the neutrinos are Majorana particles, the phenomenology of their oscillations (Section 4.2.2) can
be described via Weinberg’s operator (4.1.3). This operator of mass dimension 5 can be resolved in
many different ways (for a review see e.g. [326]). The simplest way to mediate the interaction (4.1.3)
is via the neutrino portal (4.1.1). The Standard Model Lagrangian Lgy gets extended by N right-
handed neutrinos Ny:

~ M
L=Lsm+ iN[aN[ — <Fa1LaN1<I) + 7INICN[ + h.C.) (4.3.1)
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(for notations see Eq. (4.1.1)). The particles N are neutral with respect to all the gauge interactions
of the Standard Model (such particles are often called sterile neutrinos or gauge-singlet fermions).
In the Higgs phase the combination (Eaé) = U4, and therefore the neutrino portal interactions lead
to the v, — N;y mixing. As a result charge eigenstates of the Lagrangian (4.3.1) do not coincide
with the mass eigenstates. The latter are obtained by diagonalizing the matrix

_ 0 mp
MD,N = <m4g‘ﬁl>, (4.3.2)

where mp is 3 x A/ Dirac mass matrix, (mp)ar = Fasv, v = V2(®) and M; is N x N matrix of
Majorana masses. In the limit mp < My, one can easily see that the Lagrangian (4.3.1), indeed,
leads to the Weinberg’s operator (4.1.3) for neutrinos with

Caiv = (My)a,g = — ZI:(mD)a]]\;I(mD)gj. (4.3.3)

The smallness of the Dirac mass term as compared to the Majorana masses M; means that the
active neutrino masses (3 eigenvalues of the matrix (M, ).3) become much smaller than the scale
M; and the electroweak scale. This mechanism is therefore known as the seesaw mechanism [304,
308, 364, 365], see also [366] and refs. therein.? Other A eigenstates of the matrix (4.3.2) almost
coincide with N; up to a small admixture of v,. The smallness of this admixture is characterized by
the dimensionless ratio of the Dirac and Majorana masses (known as mizing angle or active-sterile
mixing):

v2|FaI|2

UQIE
M7

(03

<1 (4.3.4)

The small weak charge, proportional to UZ;, that mass eigenstates N; acquire, allows to probe
experimentally for these heavy neutral leptons.

Adding N new particles Ny to the Lagrangian Lgy adds
Number of HNL parameters =7 x N' — 3 (4.3.5)

new parameters to the Lagrangian. These parameters can be chosen as follows: A real Majorana
masses My plus 3 x N' complex Yukawa couplings F,, ; minus 3 phases absorbed in redefinitions of
Ve, Vy, Vr. The PMNS matrix (4.2.2) plus three mass eigenstates mq, ms, mg of the active neutrino
sector provide 9 parameters that can be determined experimentally. This shows that one needs
N > 2 to explain the neutrino oscillations via heavy neutral leptons.

To see how neutrino oscillation data limit the HNL parameters, let us first look at the simplest
(unrealistic) toy model with one HNL, N7. In this case only one combination of neutrino flavours
gets massive and its mass, m,, allows to limit the sum of the Yukawa couplings, |F}|:

2 , M
|F % = Z |For|? = (4.1 X 10_8> < mn > (1 G;V) One HNL case. (4.3.6)

Matm

We see that |F;| becomes smaller as M; becomes lighter. On the other hand, the mixing element

2This mechanism is often called Type-I seesaw mechanism because there are other ways to “resolve” the Wein-
berg’s operator (see e.g. [326, 367]). For example, in Type-II seesaw mechanism an extra SU(2) triplet scalar is
introduced [309, 368-370], in type-III seesaw mechanism an extra fermion in the adjoint of SU(2) is added to the
model [371].



of HNL in the weak interaction is given by

y 1 GeV
U?=5.0x10""" (T:?) ( Me ) One HNL case (4.3.7)
atm N

which is also very small and the dependence on the HNL mass, M is opposite to Eq. (4.3.6).

In order to explain two mass differences AmZ,,, and Am?), one needs N' > 2. As it turns out,
in such cases much larger values of |F| and U? are possible. Even in the simplest case of two HNLs
having the same mass My, the mixing angle is expressed via one free parameter X, > 1 (in the

notations of [372]) that gives the following equation for U? =Y, U2, [315, 323, 372]

, 1 X\’
U? = ZQ:VTm(XE’ + X;Z) ~5x 109 <J\C;e\/) (100> Two degenerate HNLs (4.3.8)
N N

where ) m, = Kk X Matm, i.e. & ~ 1 for NH and x ~ 2 for IH. One sees that U? can be much larger
that the naive estimation (4.3.7).

In case of two HNLs with different masses, the following inequality takes place for each mizing
angle U? (as one can derive from [321]):

me

mom 1 m » NH
2 MeMs = Matm ) Matm 4.3.9
L= e+ ms My~ My 1 (4.3.9)
5 I

where mg3 > mg > 0 — two highest mass eigenstates of active neutrinos (c.f. Sec. 4.2.1).

Similar (and more complicated) relation between U? and neutrino matrix parameters exist
N > 3, see [324, 325]. In all cases the following inequality holds

Zy my

U? >
o 3(M1)max

(4.3.10)
(as one can derive from [321]).

The Lagrangian (4.3.1) remains perturbative with Yukawa coupling | Fi,;| < 1 which corresponds
to the scale A ~ 10'5 GeV in the Weinberg’s operator (4.3.3). Actually, the analysis shows that the
theory stays perturbative up to M; < 106 GeV [373]. In the opposite limit M; — 0 the neutrinos
become massive Dirac fermions and the smallness of their masses is explained by small Yukawa
coupling: F,; ~ 107!, The Lagrangian has in this case an exact, global, non-anomalous U (1)5_7,
symmetry.®> This symmetry is broken when both the F,; and the M; are nonvanishing, a fact that
teaches us that any value of M is technically natural [374], as defined by *tHooft [375].

If M; is non-zero the neutrino mass is proportional to |F,;| (rather than F,;) implying that
F,; need not take as small a value as it does in the absence of the Majorana mass. With Ny
being SM singlet, it can have mass not restricted by physics of the SM (apart from the region
M; ~ 10719 — 1 eV, that is ruled out by the neutrino oscillation data, see Section 4.3.2.4 for
details).

4.3.2 Seesaw scales

Heavy neutral leptons are an important window into the nature of physics associated with the origin
of neutrino masses. A critical starting point for searches is to know the scale of M;. To describe the
place of the interesting mass ranges among all possibles values of M, we will review below several

3This is the only global symmetry, exact at both classical and quantum level, admitted by the Standard Model
Lagrangian L.
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possible choices and theoretical hints related to that particular values of HNL mass. We discuss
this below.

4.3.2.1 GUT-scale seesaw

Two key ingredients of the seesaw formula (4.3.3) are (i) the existence of the singlet Ny and (ii)
breaking of B — L symmetry implied by the Majorana mass M;. One needs to look for plausible
models that incorporate these two features. Two models that automatically imply the existence of
N’s and also B — L breaking leading to Majorana mass for them are:
e a left-right symmetric extension of the SM
and
e SO(10) grand unified theory where the basic spinor representation is 16-dimensional and fits
all SM fermions of one generation plus a right handed neutrino V.
Both models have B — L as a local symmetry whose breaking, needed to recover the standard model
at low energies, leads to Majorana mass for the N;’s in the seesaw matrix. These are, therefore,
prime candidates as theories of massive neutrinos. In the SO(10) type theories, fermion unification
implies that Yukawa couplings for leptons and quarks are same or of similar order of magnitude,
which means that seesaw scale M; ~ 10'* GeV. While GUT seesaw models are quite elegant and
predictive [376-382] experimentally testing them is not easy as constraints on Yukawa couplings
essentially prevent right handed neutrinos from being much lighter than 10'* GeV and as a result,
their low energy effects are unobservable. In the presence of supersymmetry, they can lead to
observable lepton flavor changing processes e.g. 1 — e+ +y; however, such rates go as Mg, gB where
Mgsp is the supersymmetry breaking scale. With supersymmetry breaking being pushed higher
by LHC searches, in most supersymmetric models, such rates are unobservable.

In summary: although GUT scale seesaw models predict HNLs that couple to the Standard
Model with the Yukawa couplings |F| ~ O(1), their high masses make direct experimental tests
impossible. Their contributions to the lepton flavour violating processes is also strongly suppressed.
However, as we will see below (Section 4.3.2.2) HNLs can have significant Yukawa couplings to the
SM neutrinos even for much smaller masses O(TeV), opening a possibility to probe for these particles
at the current and future accelerators and via lepton flavour violating processes. Alternatively, fixed
target experiments with intense proton beams [35] can be sensitive for HNL with masses below few
GeV. The corresponding HNLs models are discussed in Section 4.3.2.3. Future collider experiments
with very large number of produced vector bosons can be sensitive to heavier HNLs with masses
up to My [383].

4.3.2.2 TeV-scale seesaw

From the mass formula for the light neutrinos (4.3.3), it naively follows |F|? ~ maum M;/v? ~
1079M;. This translates into a Yukawa coupling |F| = O(107%) for M; ~ TeV, and therefore,
although TeV-scale masses are within the range of current accelerators, such low Yukawa couplings
would induce too suppressed low energy effects to be observed (unless the right-handed neutrino
has additional interactions beyond the Standard Model groups, for instance when it is charged
under U(1)g_r). However for the physically relevant case A/ > 2 the structure of seesaw mass
matrices allows for sizable Yukawa couplings with the right-handed neutrinos having TeV mass
(for a simplified discussion see Sec. 4.1). To identify this class of scenarios we first note that
there is a continuous family of Dirac neutrino masses which solves the seesaw equation (4.3.2)
M, = —MpMy'MPE, given by [384]:

Mp = iU*\/D,,Q\/DyVT (4.3.11)



where U is the unitary matrix which diagonalizes M,, M, = U*D,UT, V the matrix which
diagonalizes My, My = V*DyV1 and Q is an arbitrary complex orthogonal matrix: Q0T = 1.
In the case of two right-handed neutrinos, the matrix € reads [385]:

0 0 cosf +sinf
Ong = cosf =sind |, O = | —sinf £cosh |, (4.3.12)
—sinf +cosf 0 0

for normal hierarchy (NH) and inverted hierarchy (IH), respectively. It is now possible to exploit
the freedom in the choice of Q to generate a sizable mp with entries in U of O(0.1), in D, of

O(1071% eV) and in Dy of O(10® GeV). Decomposing the complex parameter § = w — i and
taking £ > 1 one finds:

eiw€§ 00 eiw€§ 1 :FZ
1 £1 00

Thus, by adjusting £ it is possible to construct a viable see-saw scenario with TeV mass right-handed
neutrinos and arbitrarily large Dirac masses [315, 316, 386-388]. It is also important to note that
the matrix € introduces in general new sources of flavour structure in Mp which are unrelated to
the flavour mixing observed in neutrino oscillation experiments. However, in the limit £ > 1 the
extra flavour structure is fixed, thus rendering a fairly predictive scenario.

The necessary and sufficient condition for the leptonic weak neutral current to be diagonal in
mass eigenstates is that all leptons of a given charge and chirality must have the same weak T
and T3 [389]. Sterile neutrinos generically violate the condition of Ref. [389], so the neutral weak
current is, in general nondiagonal. A large Dirac neutrino mass can significantly modify the charged
current (CC) and neutral current (NC) leptonic interactions, due to the large mixing between left-
and right-handed neutrinos. The CC and NC interactions involving the light Majorana neutrinos
have the form:

v g 5 g - 1

Yo = —\ﬁﬁa'yp Urep),,; viW? + h.c. >~ _\ﬁéa% [(1 - 2(RV)(RV)T> U] N v;W? 4+ h.¢4,3.14)
v 9 g _

No = =307 [U{fepmep} y v ZP + h.c. ~ ~ 50, T [UT (1= (RV)(RV)') U], v; 27 +43:15)

with R* ~ M DMA_/Il. Furthermore, the left-right neutrino mixing gives rise to sizable CC and NC
couplings of the heavy Majorana neutrinos N; to the W and Z bosons:

LY.~ — 9 7y (RV)ai(l —v5)N;WP +hec., 4.3.16

cc 2\/5 ’Yp( ) ( 75) C ( )

LN~ —29 Ty (RV)aiNi Z° + h.c.. (4.3.17)
Cw

Thus, the combination RV encodes the effects of the heavy neutrinos in low energy phenomenol-

ogy. Using the parametrization discussed above, this matrix can be cast as RV ~ —iUiepv/ D, 2%/ D;,l
[390], which can be explicitly written in terms of the largest neutrino Yukawa eigenvalue, |F'|, the
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heavy neutrino masses and the low energy neutrino parameters. The result is [388]:

1
|(Rv>a1|2 = 2:!;}\/[2 m2+m ‘Ua3+l\/ ma/m Ua2 , NH, (4.3.18)
1 2 1 02
|(Rv>a1|2 = 2y]\4—2 my +m2 ‘Ua2 +'L\/ ml/ Ual ~ y |Ua2+ZUa1| (4319)
M
(RV)az = +i (RV)ar\/ 37 - (4.3.20)
2

The neutral and charged current interactions of the TeV mass right-handed neutrinos with the
Standard Model leptons lead to lepton flavor violating processes such as rare leptonic decays or u-e
conversion in nuclei, with a rate that could be at the reach of experiments depending on the value
of the Yukawa coupling [388, 391-393] (see Sec. 4.5.3 for details).

Direct searches of HNLs with masses in the range 10 GeV — 1 TeV are discussed in Sec. 4.4.3.

4.3.2.3 GeV-scale seesaw

Let us now discuss the seesaw scenario induced by GeV-scale right-handed neutrinos.

This case is interesting because HNLs with such masses can be efficiently searched for with
the existing experimental technologies. In fact, a large number of experiments have been done for
searching HNLs in the considered mass range (for reviews see [313, 394, 395]). In addition, in the
realistic situation with A" > 2, the predicted range of U? is widened by the above enhancement
factor(s) and can overlap the domain which is probed by the current and near future experiments.

An important motivation for the GeV-scale seesaw scenario is that HNLs for masses of active
neutrinos can also generate the baryon asymmetry of the universe by the mechanism via HNL
oscillations [396, 397]. Since HNLs at the GeV-scale possess only the Yukawa interaction at the
unbroken phase in the early universe and its couplings are very suppressed as mentioned above, they
can be out of equilibrium state. Then, the CP violation in the production and evolution of HNLs
with oscillation effects generates the asymmetry of left-handed leptons which is partially converted
into the baryon asymmetry of the universe. The successful baryogenesis requires an upper bound on
the Yukawa couplings (to avoid fast washout of the baryon asymmetry due to the rapid scatterings
of HNLs). This upper bound is more strong for N' = 2 case (Sec. 4.6.4.1) and gets relaxed if more
HNLs contribute to the neutrino masses. The details of this baryogenesis scenario will be described
in Section 4.6.4.

The GeV-scale seesaw is also motivated by various aspects of particle physics and astrophysics.
For instance, HNLs with 0.2 GeV can play an important role in supernova explosions [398]. (See
a review [399] for HNLs in astrophysics.) HNLs at GeV scale are also important for lepton number
violation (see the discussion in 4.8.2), flavor violation [400], lepton universality violation [310, 311,
401-403] and neutrinoless double beta decay [372, 404-407].

Let us now move on to the current status of the GeV-scale HNLs. Since the weak interaction
of HNLs is characterized by the mixing element U,;, we shall consider the possible region of the
mixings and also the masses.

First of all, as it was already mentioned in Sec. 4.3.1, the successful seesaw mechanism requires
that the mixing elements should be in a certain region. For example, in the simplest case with
N =2, U? has the lower bound for the quasi-degenerate HNLs as shown in (4.3.8). The possible
value of U? can be different depending on the number A" and mass spectrum of HNLs.

This effective coupling does not spoil the main fundamental electroweak observables in neutrino
sector, e.g. Z-boson invisible width 'z _;nvis (as long as My < Myz). Indeed, both almost-active
(simply active herein after) and almost-sterile (simply sterile herein after) states contribute now,
but the coupling of active states gets reduced by the same amount, that determines the coupling of



sterile states, so the net result remains intact, i.e. the same F%I\ﬂinvis as in SM, because, although the

width I'z_, 5 becomes suppressed, additional decay channels Z — Nv, Z — vN,and Z — NN add
up to the same total amount so that I'z_.invis = F%l\iinvis.
so far have set upper bounds on the interaction strength U? due to the negative results. We
should mention again the HNLs can be produced by decays of heavier mesons and weak bosons

like the ordinary neutrinos through the neutrino mixing (see Sec. 4.4.2 for details and discussion of

Secondly, various search experiments

various production and decay channels). By using those processes mainly two techniques have been
performed in previous search experiments. The first is a peak search (Sec. 4.4.1), which focuses
on the two-body decays of charged mesons and searches the peak corresponding to the HNLs in
the energy spectrum of the daughter charged leptons. This is based on the fact that the energy
of the daughter lepton is determined only by masses of particles in the two-body decay. This
puts upper bounds scaling with U2. The second is beam-dumps (Sec. 4.4.2), in which HNLs are
produced similarly by two-body decays of charged mesons and HNL’s decays into charged particles
are searched in a detector far from the production point. The results of this type of experiment leads
to upper bounds scaling as U*. Concrete upper bounds from search experiments are summerized
in Refs. [313, 394, 395]. In addition, LHCb [408] and Belle collaborations [409] also reported the
bound obtained from B meson decays (Sec. 4.4.3). Moreover, the sensitivity of the search for
HNLs originated by the atmosphere [410] or the existing facilities of the accelerator-based neutrino
experiments [411] were evaluated.

Thirdly, cosmological observations also restrict HNLs. In the early universe HNLs induce the
hadronic decays, the speedup of the expansion of the universe due to the additional energy and
the modification of the proton-neutron conversion rate by active neutrino productions. If these
phenomena occur around the big bang nucleosynthesis (BBN) era, the abundances of light elements
would be altered too much (see Sec. 4.5.4). In order to avoid such a situation BBN puts an upper
bound on the lifetime [412-414], which leads to the lower bounds on |Uys|. Moreover, if HNLs are
responsible to generate the BAU the interaction strength is restricted further in order to realize the
observed amount [415]. When U? is too small, the sufficient asymmetry can’t be generated because
of the suppression of HNL oscillations and interactions between left-handed leptons and HNLs. On
the contrary, the too large U? leads so rapid equilibration that the generated asymmetry vanishes
due to the washout effect.

It is interesting to note that we may obtain a limited region of U? by combining the above two
constraints, namely the upper bounds from the search experiments as well as the baryogenesis and
the lower bounds from BBN and neutrino masses [395]. However, the explicit values of these bounds
are strongly dependent on the setup of HNLs and the general expressions are difficult to estimate.
As an example, the parameter space allowed from such above constraints have been evaluated in
the vMSM framework (Sec. 4.8). The results in [416] are summarized in Fig. 4.17. (See also Fig. 4.4
for the recent analysis in [403].)

4.3.2.4 eV-scale Seesaw

For non-zero values of My, the Seesaw Lagrangian predicts that the neutrinos are Majorana
fermions, and that there exists more neutrinos than the three active ones that have already been
accounted for. If M; < 1 MeV, these extra neutrinos are light sterile neutrinos that can only be
directly probed by neutrino-related experiments, including searches for kinematical effects of neu-
trino masses, searches for neutrinoless double-beta decay, and the observation of the daughters of
heavy neutrino decays (for an overview see, for example, [313, 417]). In the case of neutrinoless
double-beta decay, the prediction is that, in spite of the fact that there are more neutrinos and that
all are Majorana fermions, the expected rate vanishes with very good precision as long as all My
values are smaller than about 50 MeV [374, 418].
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Figure 4.4: Allowed region in the My-U? plane for the NH case (left panel) and IH case (right
panel) from [03]. Allowed regions are shown by the shaded regions with red-solid line or red-dashed
line for the case with the cosmological lifetime bound Tn, , < 0.1 sec or T, , < 1 sec, respectively.
The hatched regions are excluded by the bounds from BNL-E949 experiment.

Consequences of M values well below 1 MeV can “only” be observed in neutrino oscillation
experiments (other options include the search for neutrinoless double-beta decay and precision mea-
surements of S-decay energy spectra. See, for example, [418-421].) In the extreme case M; < mqr,
the neutrinos are pseudo-Dirac fermions. In this scenario, all neutrino mass states are “doubled”,
i.e., for every massive neutrino state there is a second state with almost exactly the same mass,
and all mass-eigenstates are “50-50” mixtures of active and sterile neutrinos [422]. The new mass-
squared differences are proportional to M7, and solar neutrino data constrain M; < 1072 eV
[422, 423].

For M; > m,g, it is possible to place an experimental lower bound on M;. This is easy to
understand. As M decreases, the active—sterile mixing angles U, increase for fixed light neu-
trino masses (remember |Uyr|? o< |F,r|?/M;) while the oscillation lengths proportional to the new
neutrino mass states increase (i.e., the new mass-squared differences are of order M?). Oscillation
experiments rule out new mass-squared differences below 10~! eV?2, and do not tolerate new mixing
angles above 107!, Roughly speaking, M; < 1 eV [374, 418, 423] are ruled out: hence the generic
name “eV-Seesaw” for scenarios with the lowest possible M that still satisfies M; > m,;. Fig. 4.5
depicts naive expected value of the active-sterile mixing angles (sin?6,) as a function of M; (in
the figure My ), for different values of the light neutrino masses m,. The excluded My values are
highlighted in the Fig. 4.5 [422]. The eV-Seesaw is severely constrained by data from cosmic surveys
and big-bang nucleosynthesis (see [356] for a recent detailed analysis). At face value, cosmological
constraints require all but one of the Seesaw right-handed neutrinos to have masses higher than
100 MeV, while the remaining one is only allowed to be very light in the limit that the lightest,
mostly active neutrino is also very light (mass less than roughly 1073 eV) [356]. These constraints,
however, can be modified, alleviated, or eliminated if our understanding of the thermal history of
the universe, or that of fundamental particle physics, is incomplete. For a concrete scenarios see,
for example, [357-359].

The eV-region (i.e., M; ~ [1,10] eV?) is particularly interesting, for several of reasons. First and
foremost, for those values of M; the predicted values of U,; are within reach of next-generation
experiments. Hence this region will be probed experimentally in the next decade. Second, for
M; ~ 1 eV, it is possible to explain the so-called short-baseline anomalies, discussed in detail in
Sec. 4.2.3, with Seesaw right-handed neutrinos. This means that if the short-baseline anomalies
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Figure 4.5: Naive expected value of the active-sterile mixing angle sin? 6,5 as a function of M; =
My, for different values of the light neutrino masses m,. The My values highlighted are excluded
by the neutrino oscillation data. From [422].

are indeed the consequence of new neutrino states, we may have already detected the existence of
right-handed neutrinos. If this is the case (third) the Seesaw Lagrangian allows, in principle, one
to test whether sterile neutrinos are, indeed, directly related to the mechanism behind the small
neutrino masses. The reason is as follows. The Seesaw Lagrangian does not allow generic values
for U,s. Instead, these are functions of the neutrino Yukawa couplings, the light neutrino masses
m,,, and the heavy neutrino masses M;. Detailed analysis have been performed in the literature,
both in the context of leptogenesis [384] and in the context of the eV-Seesaw [424]. In a nutshell,
once the neutrino masses are known — both the light and the heavy ones — the different U,; are
related. For a detailed discussion, we refer readers to, for example, [424], but provide a concrete
example here. If N' = 2 and ms > my = 1 eV, and the neutrino mass hierarchy is inverted
(m3 < m? < m3, following the usual PDG prescription [156]), the following predictions arise out of
the Seesaw Lagrangian, given current neutrino oscillation data:

e v, disappearance with an associated effective mixing angle sin? 20, > 0.02 should be observed.
This is with reach of proposed short-baseline 7, disappearance experiments [425, 426].

e v, disappearance with an associated effective mixing angle sin? 29,,, > 0.07, very close to
lower bounds from MINOS [427].

® v, < U, transitions with an associated effective mixing angle sin? Ve > 0.0004, consistent
with the sterile neutrino interpretation of the short-baseline anomalies, see Sec. 4.2.3.

e v, < v, transitions with an associated effective mixing angle sin? Jur > 0.001. A v, = v,
appearance search sensitive to probabilities larger than 0.1% for a mass-squared difference of
1 eV? would definitively rule out m4 = 1 eV if the neutrino mass hierarchy is inverted.

4.3.3 Beyond the minimal seesaw model

4.3.3.1 Left-right symmetric models

In the Left-Right (LR) symmetric theory [300-303, 428] the left-handedness of the low energy weak
interactions is attributed to spontaneous breaking of LR symmetry. This implies the existence
of right-handed (RH) neutrino which prophetically predicted a non-vanishing neutrino mass long
before experiment. The smallness of neutrino mass is related naturally to the near maximality of
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parity violation at low energies through the seesaw mechanism [304-308]. A curse in the days of
the massless neutrino dogma, turned eventually into a blessing.

The theory leads to neutrinoless double beta decay [429-431] through both light left-handed
(LH) and heavy right-handed (RH) neutrinos [308, 309], denoted v; and Ny, respectively. It also
predicts lepton number violation (LNV) at hadronic colliders, which can be used to probe directly
the Majorana nature of heavy neutrinos, through the KS process [432]. This process, in a form
of same sign charged di-leptons and two jets, without missing energy, is a generic feature of the
existence of RH neutrinos. In the minimal version of the theory, the possible observation of this
process and the measurements of the RH charged gauge meson and RH neutrino masses, allows
to make precise predictions [433, 434] (see also [435-441]) for the neutrinoless double beta decay
rate and the lepton flavor violating processes. Moreover, the knowledge of v and N; masses suffices
to predict Dirac Yukawa couplings and the associated decay rates of RH neutrinos [442]. The LR
symmetric theory allows to probe the origin of neutrino mass in the same manner that one does for
the charged fermions in the SM [443].

The Minimal Model. The Left-Right Symmetric Model, or Left-Right Standard Model
(LRSM) is based on the SU(2), x SU(2)g xU(1) g, gauge group augmented with a LR symmetry.
Quarks and leptons come in LR symmetric representations

QrL,r = (Z) , Alr= <V> : (4.3.21)
LR ¢/ LR

The formula for the electromagnetic charge becomes

B—-L
Qem = I3p + I3p + —5 (4.3.22)
The unphysical hyper-charge is traded for the gauged B — L, the global symmetry of the SM.

The Higgs sector of the LRSM consists of the following multiplets [304, 308]: the bi-doublet ®
and the SU(2)p g triplets Ay and Apg

B 0 ¢+ 7 A+/\@ AT+

The LR symmetry was chosen originally as a generalised parity P, although it could also be a
generalised charge conjugation C. Under these, the fields transform as follows

fr < fr fr < (fr)°
P:{ & of C:{ &« T (4.3.24)
Ap < Ag Ap < A%

where (fr)® = Cvof}; is the usual charge-conjugate spinor.

The first stage of symmetry breaking down to the SM symmetry takes the following form [303,
308]
(A% =0, (A%) =g (4.3.25)

with vp giving masses to the heavy charged and neutral gauge bosons Wg, Zg, right-handed neu-
trinos and all the scalars except for the usual Higgs doublet (the light doublet in the bi-doublet ).
Without assuming LR symmetry one gets for the Wg, Zr masses

My, =grvh, Mz, =2(9%+95_1) vk (4.3.26)



where gr and gp_1, gauge couplings correspond to SU(2)g and (B — L)/2, respectively. We get an
immediate strict limit Mz, 2 \/§MWR, which guarantees that Wx must be seen before Zr. This
is true no matter how high the scale of LR symmetry breaking.

In what follows we will use the LR symmetric gauge couplings relevant for the minimal model
g =gr = gr- One gets then a simplified expression

0
= 2SO e~ B M 4.3.27
R \/m Wr \[ Wr ( )

The new neutral gauge boson Zp is substantially heavier that its charged counterpart Wg, which

Mz

makes it unlikely to be discovered at the LHC (see more below).

Next, the neutral components of ® develop vevs and break the SM symmetry down to U(1)em
(®) = v diag(cos B3, — sin Be ™) (4.3.28)

where v is real and positive and 8 < 7/4, 0 < a < 2w. This gives the mass to the LH charged gauge
boson Wy, (which can be identified with the W, since the L-R mixing is rather small), quarks and
charged leptons, and to the Higgs boson. This also triggers a small, induced vev for the Ay which
leads to the so called seesaw II source of neutrino mass [444],[309],[368].

Yukawa sector and the RH quark mixing matrix. The LR symmetry restricts severely
the Yukawa couplings. In the case of quarks the Yukawas are either hermitian for generalised parity
or symmetric for generalised charge conjugation. In the latter case this guarantees the equality
of left and right quark mixing angles, with five extra arbitrary phases in the RH current. The
case of P is more restrictive since the complex vev of (4.3.28) makes quark mass matrices non-
hermitian. The search for the RH quark mixing matrix Vi has been a great challenge for now forty
years, and only recently the following analytic form valid in the entire parameter space was finally
obtained [445, 446]

(VemaV])ie (Vi) n (VL) i (Vima Ve )i

(VR)ij = (VL)ij —184t28 tB(VL)ijJr JrO(Sit%ﬂ) (4.3.29)
Remarkably, in spite of near maximal LR symmetry breaking at low energies, the LH and RH
mixing angles end up being almost exactly the same, while the new RH phases depend on a single
parameter s,tag which measures the departure from the hermiticity of quark mass matrices.

Limits on the LR scale. Thus, independently of its nature, the LR symmetry guarantees
almost the same production strength for Wgr and Wy, which in turn implies that the lower limits
on the W’ mass set by CMS and ATLAS (assuming the equal production rates) apply directly to
the Wg. In particular for a large range of N masses My, 2 3 TeV [447].

In recent years there has been a resurgence of interest in the phenomenology of this theory. It
has been known for a long time that the K — Kg mass difference implies a lower limit on My,
on the order of a few TeV [448, 449], so that before the advent of the LHC there was little interest
in studying in-depth experimental predictions. The limit on the scale was sharpened in recent
years [450—452] and it depends on the choice of the LR symmetry. In the case of C the limit is
about 3 TeV, while the case of P is more complicated. From the study of the electric dipole moment
of the neutron, the limit was raised to about 7 TeV [453]; however without taking into account the
strong CP violation. Meanwhile new studies also improved the chiral perturbation results for this
process [454-458] and recently [458] claimed a limit of about 20 TeV by studying carefully the
strong CP. This limit depends though on the UV completion of the theory [458], so that strictly
one has My, 2 3TeV, independent of what happens at high energy. Similar limit emerges from
the LHC direct searches for the RH neutrino masses relevant for the KS process. From (4.3.27) this
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> 5TeV, which makes it hard for Zg to be seen at the LHC.

implies Mz, 2

Moreover, one can obtain a lower limit on the second scalar doublet residing in the bi-doublet
®, correlated to the mass of Wg, on the order of 10-15 TeV or so [451, 459]. It should be remarked
that its heaviness is natural since it gets the mass at the first stage of symmetry breaking, together
with VVR7 ZR and NI [460]

Leptonic sector. In the seesaw picture the Majorana neutrino mass matrix is given by [309]

1

M, :ML—MSM—N

Mp, (4.3.30)
where Mp is the neutrino Dirac mass matrix, while M; M&VL /My, and My o« My, are the
symmetric Majorana mass matrices of left- and right-handed neutrinos, respectively. The above
formula connects the smallness of neutrino mass to the scale of parity restoration at high energies.

Since C can be gauged in four dimensions (in the SO(10) grand unified theory it is an automatic
finite gauge transformation), in what follows we will opt for it unless specified accordingly. This in

turn implies symmetric Dirac mass matrices Mp = Mg. Thus Mp can be obtained [442] directly
from (4.3.30)

M, = =My (4.3.31)
Mp = My -2 — —M,, (4.3.32)

and thereby one can determine the mixing between light and heavy neutrinos [442]. Since M, and
My can be measured, at least in principle, the only real is unknown is v;. The essential point is
that the knowledge of Mp, or equivalently Yp allows for a direct probe of the Higgs-Weinberg origin
of the neutrino mass, in analogy with the charged fermions in the SM. Simply, one can predict the
associated Higgs (or W) decays into Ny, or vice versa if N; are heavy enough [442].

The situation in the case of P is more subtle, but similar constraints emerge and again Dirac
Yukawas get determined [461]. Actually the situation is even maybe more interesting since the
system is even more constrained, just as in the quark sector where the RH mixing matrix is much
more constrained that in the case C. However, we have managed to obtain analytic formulas only
for the two-generation case, the three generation case is under study [461].

Lepton Number Violation. The Majorana nature of ¥ and N implies Lepton Number
Violation (LNV). The low energy process is the text-book example of neutrinoless double beta
decay. In this theory it is induced by the usual exchange of light Majorana neutrinos and the W
boson, and also by its RH analog exchange of N; and Wx as noticed already in [308]. The new
contribution can easily dominate the usual neutrino one, and moreover, if neutrino masses turn out
to be small, it may be necessary in case this process gets observed in near future. If that were to
happen, the Wg mass would have to lie tantalisingly close to the LHC reach [433, 434].

The total Ov35 rate can be described by the effective mass parameter [433]

Mg |—¢| 2 ¢ [(VR)ult My, (k)
+N uee ( ) |4M‘§V MN .

where k is a measure of the neutrino virtuality, M, and My are the mass matrices of light and

2

(4.3.33)

heavy neutrinos, respectively.

Even more exciting is the KS process, the high energy version of neutrino-less double beta decay:
the hadronic collider production of N with the subsequent LNV decay into two same charged
leptons [432], as in the Fig. 4.6. The KS process is based on the usual Drell-Yan production



Figure 4.6: Production of lepton number violating same sign di-leptons through the production
and subsequent decay of NV, the KS process. In the LR model the dominant effect is through the
on-shell production of Wg; it can occur also through the v — N mixing and the usual W exchange,
but that requires huge Mp.

mechanism for the charged gauge bosons; what is new is the possibility of establishing directly the
Majorana nature of N since then both same and opposite sign charged leptons decay products occur
with the same probability. It should be stressed that this has become the paradigm for LNV at the
hadronic colliders, and it occurs in basically any theory that leads to Majorana light neutrinos.

One can in principle probe both Wg and N masses, and also the RH leptonic mixing angles [462,
463], the analog of the PMNS ones. The detailed studies for the LHC were performed in [464, 465]
where it was argued that high luminosity of 300 fb™' reach goes all the way to 5 — 6 TeV (for a
roadmap at the LHC, see [466]). Moreover, one can measure the chirality of N; couplings and
establish their RH nature [464, 467]. For reviews of this subject, see [468-470]. Since the theory
predicts neutrino Dirac Yukawa, this suffices to probe the origin of neutrino masses through the
seesaw and the Higgs mechanism.

A question could be asked as what happens if the N masses are small, so small that one ends
up effectively with the case of Dirac neutrinos. It requires extremely small Dirac Yukawas for
neutrinos, not natural and hard to achieve in the minimal model [471]. For this reason we ignore
this possibility; after all the seesaw mechanism emerged as a solution to this unappealing and
un-natural scenario.

Probing the Dirac Yukawa couplings at Colliders [442]. As we argued before, the LR
symmetric theory not only led to the seesaw mechanism, but it allows for its probe. Through the
KS process the RH neutrino mass matrix can be determined in principle, and in order to complete
the job all one needs is to measure the neutrino Dirac mass matrix Mp. Since the LH and RH
neutrinos mix through Mp, it suffices to look for the N decays into SM particles, as in Fig. 4.7.

The crucial thing is that N, besides decaying through virtual Wx as discussed above, decays
also into the left-handed charged lepton through Mp/My.

In a physically interesting case when N is heavier than Wy, which facilitates its search through
the KS process, the decay into left-handed leptons proceeds through the on-shell production of Wy,
For the sake of illustration we choose an example of Vz = V' in which case one can estimate the
ratio of N decays in the Wy, and Wg channels [442]

4
UNoesii 03 My, |or  my

(4.3.34)
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which is about a permil for naturally small vy,. The branching ratios for the Higgs-Weinberg and
SM gauge bosons are shown in Fig. 4.7 (the SM bosons W, Z, h can decay into a lighter N, but the
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Figure 4.7: Branching ratio for the decay of heavy N to the Higgs-Weinberg and SM gauge
bosons, proceeding via Dirac couplings, exemplified v, = 0 and Vg = V;*. The solid (dashed) line
corresponds to My, = 6(3) TeV.

small couplings make the corresponding branching ratios too tiny to matter at this point).

The issue here is how to observe these rare channels. Ideally, one should measure the chirality
of the outgoing charged lepton [464, 467] and/or establish the kinematics of the two jets associated
with the on-shell production of Wy. This may be a long shot, but could still be feasible for the
LHC with a luminosity in the hundreds of fb~!. The bottom line is that this probes in principle
all the matrix elements of Mp, once the heavy neutrinos are identified through their dominant Wg
mediated decays. This offers a clear program of bringing the issue of the origin of neutrino mass to
the same level of other fermion masses in the SM.

We wish to stress once again that in the LRSM model the neutrino Dirac mass matrix is
predicted to take generic seesaw values (4.3.32), except at singular points when the square root is
not well defined and can take large values [442]. We shy away from these pathologies, since they
are not stable. They can also be achieved by discrete symmetries, but again the symmetries must
be exact, which is a mathematical and not a physical possibility (exact global symmetries are not
well defined, since there are no zeroes in experiment). This was studied in [438] and argued that
production and subsequent decay of N through the W boson can of course be dominant. However, as
we argue here this is by no means necessary in order to measure Mp; if anything, the N production
through W facilitates the necessary determination of My . In any case, the essential point is the
possibility of directly producing RH neutrinos and probing their Majorana nature independently
of the details of production and decays of N in the KS process. The smoking-gun signature is
universal: same sign di-leptons and di-jets.

One will wish of course, to probe also the origin of N masses which requires the production
of A% and its decays to two N’s. However, A% may be too heavy to be produced at the LHC in
which case one may look for its effects through the mixing with the SM higgs. This was recently
studied in [472].

Dark matter. Just as in the ¥MSM, one can have a warm dark matter in a form of a light
sterile neutrino N7 with a mass around keV [473, 474]. Clearly, there must be a possibility of heavy
Wg [473], but it is interesting that there is a narrow window for My, ~ 5TeV [474], accessible to



the LHC. In any case the masses and mixings of Ny are completely predicted [474]

001 my, ~ keV,
Vi~ l010], MmN, ~ Mg+ My, (4.3.35)
100 MNg ~ Mg + Me.

In other words, one ends up with a flavor-diagonal RH leptonic mixing matrix. The N; are too
light for the KS process to be operative, and at the LHC they are seen as the missing energy. The
Yukawa Dirac couplings get predicted from (4.3.32). The bottom line is the exciting prediction for
the Wgr to be seen at the LHC.

Baryogenesis. A question often asked: can LRSM account for baryogenesis? First of all,
can the usual leptogenesis through the out-of-equilibrium decays of N work here? Well, for heavy
enough Wg it obviously must work due to the decoupling arguments; however for light Wx the
B — L violating process involving the Ny remain in equilibrium and wash out the B — L number of
the universe. A careful analysis shows that the leptogenesis can work for My, > 20 TeV [475], far
above the LHC reach.

Since B + L is washed out by sphalerons, one has a situation where any initial lepton and
baryon numbers are washed out, and must be produced during or after the EW phase transition.
This is to be contrasted with the SM where the question of genesis cannot be answered, since it
depends on the initial B — L number.

What about the EW baryogenesis? The second SM scalar doublet from the bi-doublet ®,
which normally suffices, effectively decouples however at the usual EW phase transition due to
its large mass. The only hope are light enough Ay, p fields which would allow for the first order
phase transition [476]. There are basically no lower limits on their masses, so that this is definitely
feasible; the only question whether there is enough CP violation in their couplings to the SM Higgs
field (the light component of the bi-doublet). This is now under investigation.

Discrete symmetry breaking: domain wall problem. It is well known that the spon-
taneous breaking of a discrete symmetry leads to an infamous domain wall problem, which needs
to be solved one way or another. A canonical way out is imagined to be inflation, but for a LHC
accessible scale of LR symmetry it may not be available. One possibility may be provided by the
phenomenon of symmetry non-restoration at high temperature [477, 478] which impedes the pro-
duction of domain walls [479, 480], or at least makes it happen at very high temperature [481], so
that the inflation can safely take place. Even if this were not to work [482], the naturally expected
tiny breaking of global symmetries by Planck scale effects can be shown to suffice to rid of the
domain walls [483].

Large scale of LR symmetry breaking. One can always imagine that My, is large enough
so that W is decoupled at low energies. If the same is true of all other states of the theory, except
for Ny, we end up with the analog situation of the SM augmented with the seesaw mechanism, but
with a residual LR symmetry. One loses though a plethora of physical phenomena that result from
the gauge structure of the LRSM. In such a case the N} states would have to be produced through
the Dirac Yukawa couplings which allow them to couple to the W boson [313, 484-491]. However,
as long as the LR breaking scale is not astronomical, these Yukawas are too small to allow for the
observable KS process.

A way out is to give up completely the LR symmetry, although it was originally the raison
d’étre for the existence of RH neutrinos. In this case the Dirac Yukawas are not determined by the
seesaw formula, and depend on the arbitrary complex orthogonal matrix O, whose elements can be
as large as one wishes [384]. The KS process is then possible, but with large Dirac Yukawas the
smallness of neutrino mass becomes an accident, contrary to the idea of the seesaw as a natural
explanation behind small neutrino mass. It is also possible that N; induce neutrinoless double beta
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decay [492], if one is willing to pay this big price.

In short, one trades a complete and predictive theory of neutrino mass and associated phe-
nomena for an a posteriori tailor-made model based on pure phenomenological considerations. One
can fix the Yukawa Dirac couplings though by asking for dark matter and baryogenesis on top of
neutrino mass, as in the vMSM. It is often argued that the YMSM is the minimal scheme behind
these phenomena; true if you use a number of states and not the structural predictions as a measure
of minimality.

4.3.3.2 Left-right symmetric models with GeV-scale HNLs

At low energies the consequences of LR symmetric models are related mainly to right-handed
currents mediated by W bosons. If the right-handed neutrinos have a Majorana mass, they could
be observed at the LHC as sterile neutrinos and the Majorana nature can be proved by searching for
like-sign leptons plus two jets [447, 493] *. On the other hand, neutrinoless double beta decay (0v3/3)
and the LFV decay i — ey may also prove parameters associated with LR symmetric models. The
experimental results of 033 give limits for 135Xe [497] and "*Ge [498] in excess of 10%° ys, which
correspond to a lower limit on the Wg mass of roughly my,, 2 7 TeV [451, 499, 500], for masses
my ~ 1 GeV and gr = g1 However, this limit is only sensitive to the mixing of heavy neutrinos
N in the electron sector. Moreover, the non-observation of y — ey imposes also constraints on LR
symmetric models, however for masses my ~ GeV these bounds are very weak and not comparable
to those coming from OvSl [462].

The SHiP experiment, which is sensitive to heavy neutrinos with masses of the order my ~ GeV
and large decay lengths, could probe LR symmetric models in a parametric region different than
the LHC and OvSg3. In particular, the production Dy — puN and the subsequent decay of a heavy
neutrino N — pum shown in Fig. 4.2, can be produced in a LR symmetric model through the
mediation of a Wx boson, as it is shown in Fig. 4.8.

In the “manifest” LR symmetry scenario, i. e. ggr = gr, the decay length can be written as a
function of the masses my and my, [496]

L=cjr, ~127 <1Gev>5 ( MW )4 [m]. (4.3.36)

my 1 TeV

Therefore, for masses myy,, of the order of TeV, the decay length is large enough to be detected by
SHiP. Here we have assumed a maximal mixing of the heavy neutrino N in the muon sector.

The number of signal events at SHiP are suppressed by a factor of (myy, /mw,)®. This is
because the production of heavy neutrinos D, — puN is suppressed by (myy, /mw,,)* and since only
a small part of heavy neutrinos N, proportional to 7'];1, decays inside the detector, an additional
suppression (mw, /mw,)* appears. From the experimental point of view, this process gives the
same signal in a LR symmetric model or in a sterile neutrino extension of the SM, where instead,
the number of signal events are suppressed by a factor of |U,|*. Therefore, the SHiP limits on the
mass mw, (see Fig. 4.9) can be extracted from the SHiP limits on |U,|?, shown in Fig. 4.11, by
doing the simple conversion |U,r|? — (mw, /mw,)*.

Currently the LHC has imposed limits on the mass my, 2 3.0 TeV [447] in a mass range
mpy ~ (0.2 —2.0) TeV. These limits are expected to be extended in future searches up to mw,, 2
6 TeV [468]. On the other hand, the SHiP experiment could access masses up to my, ~ 15 TeV for
heavy neutrinos with masses my ~ 1 GeV (see Fig. 4.9), making it interesting and complementary
to LHC results. °

4Generic processes of this kind have been discussed in [494, 495] as tree-level high-energy completions of lepton
number violation operators that generate neutrinoless double beta decay. Moreover, the authors of Ref. [496] studied
the possibility of searching for heavy neutrinos at the LHC using displaced vertices.

5A detailed study of LR symmetric models in meson and tau decays will be given in a future paper.



Figure 4.8: Heavy neutrino production (a) and decay (b) at SHiP according to the LR symmetric
model.

4.3.3.3 Inverse seesaw and GeV scale singlet fermions

In contrast to type I seesaw, if the SM singlet fermions introduced to understand neutrino masses
are Dirac fermions i.e. the singlet fermions come in pairs that form a Dirac mass, then the situation
is very different. To see this, we introduce two SM singlet fermions (N, S) per family and write the
following Lagrangian:

Liss = F(L-®)N+MyN®S 4+ uS°S + hec. (4.3.37)

This leads to (v, N, S) mass matrix of the form:

0 Fv 0
MynNs = Fv 0 My (4.3.38)
0 My p

Neutrino mass formula in this case is (again, denoting mp = Fv):
m, ~mpMy'uMy'mp (4.3.39)

This is known as the inverse seesaw formula for neutrino masses [501, 502]. In this model, the
light neutrinos are Majorana fermions but the lepton number violating scale is given by p which
takes a small value (of order keV or less). This mechanism is therefore structurally very different
from type I seesaw and as such allows lighter (~ GeV) singlet neutrinos more easily. This lightness
enhances the testability of this scenarios in areas such as lepton flavor violation [503-505], leptonic
non-unitarity [506]. These models can also be embedded in SO(10) grand unified theories without
any obvious need for fine tuning of coupling parameters to obtain light neutrino masses [507].

It is worth pointing out that inverse seesaw for neutrinos emerges in a natural way in a class
of mirror models for dark matter, that were considered recently [508] in a framework where the
presence of a heavy right handed neutrino portal to the dark sector explains why the matter and
dark matter abundances are of same order. Both the matter and dark matter asymmetry originates
from conventional high scale leptogenesis mediated by the heavy right handed neutrino connecting
both sectors [509]. A consequence of this set-up is that the neutrinos of the mirror sector end up
as light sterile neutrinos with two of them having masses in the 100 MeV to GeV range that mix
with the active neutrinos. Due to the presence of a mass for the heavy right handed neutrinos
connecting the mirror sector to the visible sector, the active neutrino masses arise in the model out
of radiative one loop effects suggested in [510, 511]. These models can be tested via the searches
for MeV to GeV singlet fermions.
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Figure 4.9: Comparison between constraints on LR model from CMS [447] versus HNLs searches
at SHiP (from [34]). For details, see text.

4.3.3.4 Seesaw I vs inverse seesaw singlet neutrinos at SHiP

In this section, we look at its possible tests for both type I and inverse seesaw singlet neutrinos at
the SHiP experiment, whose goal is to look for light singlet neutrinos with mass of order one GeV or
less in the decay of D-mesons produced at the CERN SPS. In principle in both the cases, the singlet
lepton can be in the in the GeV mass range. However, in the case of type I seesaw, this would
require |F'| ~ 1077 whereas, the situation is much less constrained in the inverse seesaw (ISS) case.
In the later ISS scenario, the smallness of neutrino mass is dictated by the small parameter p. If we
choose p ~ eV, then, we could entertain mp ~ My. Even within the grand unified scenario [507],
where a plausible choice by quark-lepton unification, one would expect Dirac masses of the order
of quark masses, (mp)1,2,3 ~ Muy,ct, there would be at least two singlet neutrinos with masses of
order GeV. However, if mp ~ My, in the ISS case, it would lead to large corrections to leptonic
non-unitarity on which there are strong limits [506]. For instance, the limit on (mp)i1/Mn, < 0.05
which would require that My, > 20m,, or larger than 100 MeV.

Coming now to the decay final states, the final states in D-decays can provide a way to distin-
guish between type I and inverse seesaw scenarios. The goal is to look for D — (K~, 77 )+et + N
with N subsequently decaying to charged leptons. So in the overall set up, one would look for a
dilepton final state. In the case of type I seesaw, the N, will decay with equal branching ratio
to both e*, so that one would expect both like sign and unlike sign dileptons (e~e®) with equal
frequency due to maximal breaking of lepton number. On the other hand, in the case of inverse
seesaw, N will decay only to e~ since the theory mostly conserves lepton number expect for the



tiny breaking by p. One would therefore expect only unlike sign dileptons in the D-decay. To
estimate the N decay rates, one may look at the current bounds on Ug4 in Ref. [313]. Specially
important to notice that near 0.5 — 1 GeV, type I singlet lepton will have a mixing severely con-
strained |U,4| < 107* due to neutrinoless double beta decay whereas no such constraint exists on
the ISS singlet neutrino. It is only constrained by the peak searches to be < 1072 or so.

4.3.4 Possible origins of the keV-MeV-GeV scale of HNL masses

Here and below, we use the terms “heavy neutral lepton” and “intermediate-mass neutrino” inter-
changeably. In the conventional approach to understanding the observed light neutrino masses, one
assumes a grand unified theory (GUT). It is also conventional to assume that this is a supersym-
metric GUT, since this makes possible gauge coupling unification and can solve the gauge hierarchy
problem of the Standard Model (SM). In this approach, Yukawa couplings generate GUT-scale
masses for three electroweak-singlet neutrinos, together with a set of Dirac mass terms of order the
electroweak (EW) scale and below linking the EW-doublet neutrinos and EW-singlet neutrinos.
The diagonalization of the resultant joint Majorana-Dirac mass matrix gives rise to a splitting in
the mass eigenvalues of the resultant neutrino mass eigenstates, with one set having GUT-scale
masses and the other set having masses given by the eigenvalues of the matrix M = MpMp 1Mg,
where Mp and Mpg are the Dirac and right-handed Majorana mass matrices. These light neutrino
eigenvalues are generically of the form m, ~ m2D /mp, where mp and mp denote relevant entries
in the mass matrices Mp and Mpg. For example, with the normal mass hierarchy, for the third
generation, with mg ~ 105 GeV and mp ~ 2.2 x 10> GeV, one gets m,, ~ 0.05 eV, in agree-
ment with the inference of m,, ~ 0.05 eV from the measured |Am2,| ~ 2.5 x 1073 eV?2, where
Amg; =m?2 — m,%j.
However, an important property of the seesaw mechanism is that it is invariant under the
rescaling
Mp — ZMD, MR — ZzMR (4340)

where z denotes the rescaling factor. Consequently, one can fit the measured value of |AmZ,|
mentioned above, and the other measured neutrino mass squared difference, Am2, = 0.8 x10~* eV?,
with values of entries in the matrices Mp and Mgz much lower than the values in the conventional
GUT seesaw. Such a theory is commonly called a low-scale seesaw model.

An explicit model with a low-scale seesaw was presented in [512, 513] and discussed further
in [514-516]. This was a theory with dynamical electroweak symmetry breaking (EWSB). In such
models, EWSB occurs as a consequence of the formation of a bilinear condensate of EW-nonsinglet
fermions subject to a new gauge interaction, whose coupling gets strong at the TeV scale. To be
viable, such models are constructed so that the renormalization group behavior of the new gauge
interaction has an approximate infrared fixed point and resultant quasi-scale-invariant behavior.
This quasi-dilation symmetry is broken spontaneously by the formation of the bilinear condensate
of the new fermions, yielding a light approximate Nambu-Goldstone boson, the dilaton. In these
models the 125 GeV Higgs-like scalar boson observed by the ATLAS and CMS experiments at the
Large Hadron Collider (LHC) at CERN is a composite particle with a large dilaton component.
Although current LHC measurements of the production and decay of the Higgs-like scalar are
consistent with it being the fundamental Higgs boson of the Standard Model, they also allow some
deviations from SM predictions at the 10-30 percent level, so that a composite structure for this
particle remains a possibility. More data from the future runs of the LHC will constrain this
compositeness possibility further.

In the model of [512, 513], the quark, charged lepton, and neutrino masses are generated
dynamically by loop diagrams involving exchanges of a variety of different massive gauge bosons
resulting from the breaking of a gauge symmetry in which the generational quantum number is
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gauged. This generational symmetry breaks in three stages, corresponding by inverse powers to
the three families of SM quarks and leptons. Thus, diagrams involving virtual exchanges of vector
bosons whose masses result from the highest generational gauge symmetry breaking scale, Ay ~ 103
TeV, are responsible for the masses of the u and d quarks and the electron, while diagrams involving
virtual exchanges of vector bosons whose masses result from the lowest breaking scale, A3 ~ few
TeV, are responsible for the masses of ¢ and b quarks and the 7 lepton, and similarly with the second
generation and a breaking scale Ay ~ 10?2 GeV. The Majorana masses of the largely EW-singlet
neutrinos also arise via loop diagrams, and at least one of these could be of order the GeV scale.
The low-scale seesaw of [512, 513] results because there is similar suppression of Dirac neutrino
masses for the neutrinos, so that, in accordance with the general rescaling property (4.3.40), the
model can fit the observed neutrino masses and mixing. Although the model of [512, 513] is not
fully realistic, its low-scale neutrino mass seesaw is of considerable interest and is testable in the
SHiP experiment. The intermediate-mass neutrinos, when expressed as linear combinations of weak
eigenstates, are mainly EW-singlets (“sterile”). That is, the associated couplings |Ue;|, |U,1l|, and
|U, 1| are predicted to be quite small.

The models with keV-GeV sterile neutrino emerge in a straightforward manner if the right-
handed neutrinos are charged under a new symmetry broken at the PeV scale [517]. Sterile neutrinos
with the MeV-GeV masses generically appear in the low scale gauged U(1)p;, extension of the
standard model [518] or other gauge extensions of the Standard Model [473]. The origin of HNL
with the mass > 100 MeV are discussed in the context of the extended double seesaw model for
neutrino mass spectrum and low scale leptogenesis [519] Sub-GeV sterile neutrinos that arise in
the 5-dimensional Randall-Sundrum-like models [520, 521]). Ref. [522] discusses leptogenesis and
neutrino oscillations in the classically conformal Standard Model with the Higgs portal. GeV-
scale Majorana masses are induced by the Coleman-Weinberg field and lead to the generation of
active neutrino masses through the standard see-saw mechanism (mass range 200MeV — 500GeV is
possible). A number of theoretical explanations based on the underlying symmetries was put forward
to predict the spectrum with HNLs in both keV and GeV masses in radiative seesaw models [523],
or by imposing additional global symmetries [315, 524-527]. Intermediate-mass neutrinos also have
important astrophysical and cosmological consequences (see e.g. [399, 528] or the books [529, 530]
for reviews).

4.4 Direct HNL searches

Sterile neutrinos mix with active ones, so that mass and gauge (flavour) states in the neutral fermion
sector are misaligned. At small mixing the almost-active-neutrino mass states contain tiny amount
of sterile neutrinos. Therefore, the mass eigenstates in sterile neutrinos effectively couple to SM
particles through the weak interactions provided by the small but nonzero mixing U, s, Eq. (4.3.4).
Actually because of this mixing HNLs participate in any weak processes the active neutrino do, but
the strength is accordingly suppressed by the sterile-active mixzing angles, and kinematics reflects the
fact that sterile neutrinos are appreciably massive particles. For a particular weak process one can
select a region in the phase space where an associated to sterile neutrino kinematics feature gets
mostly pronounced. These features are exploited in direct searches for sterile neutrinos.

4.4.1 Direct signatures of HNL: kink searches; peak searches

The models with sifficiently light sterile neutrinos may be probed in nuclei 5-decays, e.g.

T — *He+e+ (7,N)



The natural observable here is the spectrum of outgoing electrons, which is proportional to the
following kinematical factor [531, 532]

Uer|? \/(Eo —E.)? — M?+ (1 - |Ues|?) (Bo — Ee) (4.4.1)

with electron energy F. and the S-spectrum endpoint Ey. At E. < Eg+ M only the second term
in (4.4.1) contributes, which comes from decays into active neutrino, while at higher energies E,
sterile neutrinos contribute as well. Thus at critical energy F, = Fy+ M one expects a kink in the
electron spectrum. Its absence places an upper limit on sterile-electron neutrino mixing |Uez|? for a
given mass of sterile neutrino M. The relevant mass range here is below MeV, that is beyond the
scope of SHiP. The present limits and references may be found in [156], see also Fig. 2 in Ref. [313].

Sterile neutrinos of masses above MeV range are searched for in weak decays of charged heavy
leptons (u, 7) and hadrons (mesons and heavy flavor baryons). The most promising here are two-
body decays of electrically charged mesons into charged leptons and neutrino (dubbed leptonic
decays), X — [N, suggested for testing sterile neutrino models in 1980s [310, 531]. There for a
fixed meson momentum one expects two peaks in the charged lepton spectrum: one is for active
neutrino in the final state, while another one is for sterile neutrino in the final state®. In the meson
rest frame the charged lepton spectrum is monotonic with two lines at 3-momenta

(O =302 ) (0 + 2007+ i)
2Mx

M% +m?
e = T 515 d e =
p 2 Mx a1 D

Note that for sterile neutrino heavier than the charged lepton the lepton mass in the chirality
suppression factor inherent in leptonic decay rate is replaced with sterile neutrino mass [531],
which makes electron and muon final states equally interesting. Searches for the second peaks in
charge lepton spectrum have been performed at KEK, SIN/PSI, TRIUMF and BNL in the channels
K — uN [533-535]; K — eN [536]; m — uN [537-539]; m — eN [540-543]; see also [156] for more
references. The present limits on active-sterile mixing in the mass range relevant for SHiP are
outlined in Figs.4.10, 4.11. At small neutrino masses precise measurement of pion partial decay
width into electron and neutrino (called u-e universality) done in TRIUMF [542, 544] by observing
the electrons of “standard energy” E,. ~ M, /2 also places limits on mixing of HNLs with electron
neutrinos.

There are also limits on the model parameters from 3-body decays of muons where sterile
neutrino contribution may distort the spectrum of Michel electrons, see Ref. [311, 545] for discussion.
For 7-lepton more promising are two-body decays into mesons, like 7 — N7, NK, which may be
probed at B-factories. It was argued [546] that multihadronic states can be utilized in the peak
searches with 7-leptons as well, see Fig. 4.12.

4.4.2 Direct signatures of HNL: fixed target experiments

Sterile neutrinos can be produced in 3-body meson decays into light (pseudoscalar or vector) meson,
neutrino and charged lepton (dubbed semileptonic decay). Formulas for the decay rates can be
found in [395]. However, in practice, it is rather difficult to recognize the contribution of sterile
neutrino into the continuos spectra of SM particles in the final state, since only part of the phase
space density is usually available for study, and the theoretical SM predictions suffer from QCD
uncertainties. Similar problems persist for heavy baryon weak decays into sterile neutrino [547].
Another method to probe sterile neutrino models is searches for sterile neutrino decays. Indeed,
sterile neutrinos are unstable because of the very same mixing with active neutrinos. The decay

60bviously there could be several peaks for several sterile neutrinos of different masses.
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rate is that typical for all the weak decays multiplied by the squared mixing angle,
]-—‘N%wcak X |U0J|2 G%‘ MIS’

where we neglected the masses of final state particles. Even for O(1eV) sterile neutrino the decay
into 3 active neutrinos is kinematically allowed. Heavier neutrino may decay into the final state
with two charged leptons,

Ny —sete v, ptp v, pfeTv, v v, ete, (4.4.2)
and final states with hadrons,
N; = nFe | 7tu®, KTeT | K*nFu, etc. (4.4.3)

For the list of decay rates see e.g.[395, 548].

Then two different types of experimental installations are capable of searching for sterile neu-
trino decays. The first type is an experiment, where both sterile neutrino production and decay
happen inside a single detector volume. A sterile neutrino is electrically neutral, so its propagation
in the detetctor media is unobservable. What is observable is the mixture of two states: parti-
cles accompanying sterile neutrino production (e.g. muon for K — uN) and products of sterile
neutrino decays (e.g. pion and muon for N — 7wu), mimicking the many-body decay of the initial
hadron (e.g. K — mup). Obviously, the invariant mass of decay product (e.g. mwu-pair) equals
M. This signal must be recognized and two features may help. First, sterile neutrino can decay
at some finite distance from the production point, which gives a signature of displaced secondary
vertez (e.g. for the example above among the triples wuu the signal ones are those with 7u coming
from a single point at some distance from K-meson decay). Second, since sterile neutrino, being
Majorana fermion and hence selfconjugated state, violates C-symmetry and L-symmetry, the ac-
companying particles and decay products may form final states which are rare or forbidden within
the SM physics given the type of initial particle (in our example those are states with the same sign
leptons, K+ — 7Fputpu®).

The typical example of this type of experiments is a collider, and all the searches performed there
are of this type, see Sec. 4.4.3. For sterile neutrino of O(1) GeV mass the limit from Belle experiment
is an example [409]: sterile neutrinos were supposed to appear in leptonic and semileptonic decay of
one of two B-mesons coming from Y(4s) resonance, and the decay channels 7% 4T and 7Te* have
been accounted for. For an analysis of similar limits valid for sterile neutrinos of sub-GeV range,
see e.g. [394].

If the sterile neutrino decay length is shorter than the detector size the number of signal events
is suppressed as

Ng o |[Uqaz]* .

In the opposite case, when the decay length [ exceeds the detector size Lg, so that sterile neutrinos
decay mostly outside the detector, the number of events is more strongly suppressed,

!
Ng o |Uar]? % Lﬂ o |Uat]* .
d

With decreasing mixing the sterile neutrino lifetime grows, so for a finite-size detector one naturally
arrives at the second case. Obviously, this significantly diminishes the sensitivity of the direct search
experiments to the mixing angles.

One may overcome |U, I|4 by increasing the statistics of initial hadrons (i.e. increase the pro-
duction) which is achieved at a fixed-target experiment exploiting a high current proton beam.



Each scattering produces hadrons, which subsequently decay, sometimes into sterile neutrinos. Un-
fortunately, the multiparticle production inherent in hadron scatterings yields enormous amount of
secondary hadrons and leptons, which forms heavy background mimicking the signal events. The
natural way out is adopting the appropriate beam-dump absorbing strongly and electromagneti-
cally interacting particles. Then at some distance downstream the beam-line one deploys a detector
where freely propagating through the beam dump sterile neutrinos can decay. These experiments
form the second type of installations capable of testing the models with sterile neutrinos. The signal
events are very clear: two charged particles appearing from nowhere. The signature is two tracks
coming from a single point. The invariant mass of the two particles equals sterile neutrino mass, if
they come from a two-body decay, see (4.4.3) for examples.

Several beam-dump experiments have been installed at Fermilab (E613, FMMF, NuTeV), IHEP,
and many more at CERN (PS191, CDHS, CHARM, CHARMII, BEBC, NOMAD, WA66, NA3),
see [156] for complete set of references. The present limits are outlined in Figs. 4.10, 4.11, 4.12.

4.4.3 Direct Signatures of HNL: Collider Searches

HNLs in the GeV-TeV mass range can be directly probed at collider experiments; for a review, see
e.g. [549]. For M; below the Z-boson mass, 95% C.L. direct limits on the mixing parameter |Up;|?
were set by L3 [550] and DELPHI [551] collaborations, searching for Z decay to HNLs through NC
interactions in the LEP1 data. These limits are shown by the contour labeled ‘L3’ (pink, dashed) in
Figures 4.10 and 4.11, and by the contours labeled ‘DELPHI’ (dark green, dashed) in Figures 4.10-
4.12. For higher masses, a direct search was performed in e*e™ annihilation at LEP [552, 553],
where a single HNL can be produced via its mixing with active neutrinos: eTe™ — Njv,, and
can subsequently decay via NC or CC interaction: Ny — (W, vy Z, veH, if kinematically allowed.
Concentrating on the decay channel Ny — eW with W — jets, which would lead to a single
isolated electron plus hadronic jets, the L3 collaboration put a 95% C.L. upper limit on the mixing
parameter |Ugs|? in a HNL mass range between 80 and 205 GeV [553], as shown by the (red,
solid) contour labeled ‘LEP2’ in Figure 4.10. Similar limits can be obtained [554] by using the
ete” = W-WT — vl (tv data at LEP-II [555]. The LEP searches were mainly limited by the
maximum available center-of-mass energy /s = 208 GeV. Future lepton colliders can significantly
improve the sensitivity and extend it to higher mass regions, as illustrated in Figure 4.10 by the
projected limit labeled ‘ILC’, which was obtained assuming a /s = 500 GeV ILC with luminosity
of 500 b~ [549, 556].

After the inauguration of the LHC era, the CMS and ATLAS collaborations have performed
direct searches for the on-shell production of HNLs above the Z-threshold. Assuming the HNLs to
be Majorana particles, they have looked for the smoking gun lepton-number violating signature of
same-sign dilepton plus jets with no missing transverse energy: pp — W* — N{* — (% 5j [432,
485-487, 557-559]. The previous searches with 4.7 fb~! data at /s = 7 TeV LHC set limits on |Up;|?
(with £ = e, u) for HNL masses up to 300 GeV [560, 561]. More recently, these limits were extended
for masses up to 500 GeV with 20 fb~! data at /s = 8 TeV [562, 563], as shown by the contours
labeled ‘CMS’ (red, solid) and ‘ATLAS’ (blue, solid) in Figure 4.11 (and for electron channel, by
the contour labeled ‘ATLAS’ in Figure 4.10). Similar limits have been derived for the case of Dirac
HNLs [564], using the trilepton channel: pp — W* — N{* — (T(F¢* + F [488, 565-569] and
analyzing the recent trilepton data from the /s = 8 TeV LHC [570].

For M; ~ 100 GeV, the direct limits in the muon sector are comparable to the indirect limits
on |U,r|? < 1072 imposed by the electroweak precision data (EWPD) [554, 571-575] and LHC
Higgs data [576]. The 90% C.L. indirect constraints from a recent global fit to electroweak precision
observables and leptonic non-unitarity parameters [554] are shown in Figures 4.10-4.12 (dark brown,
dotted contours labeled ‘EWPD’).
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With the run-II phase of the LHC starting later this year with more energy and higher luminos-
ity, the direct search limits could be extended for HNL masses up to a TeV or so. It is worth noting
here that all the direct searches at the LHC so far have only considered the simplest production
process for HNLs through an s-channel W-exchange [313, 485487, 557-559]. However, there exists
another, infra-red enhanced, production mode involving ¢t-channel exchange of W bosons and pho-
tons [577], which gives a dominant contribution to the HNL production cross section for higher M;
and at higher v/s. This is mainly because of the fact that with increasing HNL mass, the production
cross section for the t-channel process drops at a rate slower than that of the s-channel process,
though the exact cross-over point depends crucially on the selection cut for the pr of the additional
jet associated with the virtuality of the ¢-channel photon [491, 577]. In any case, including the
infra-red enhancement effect could further enhance the HNL signal sensitivity at the next run of
the LHC [549, 577]. As an illustration, we have shown in Figures 4.10 and 4.11 projected conserva-
tive limits with 300 fb~! data at \/s = 14 TeV (blue, dashed contours labeled ‘LHC 14’), assuming
that the cross-section limits are at least as good as the existing ones at /s = 8 TeV, as reported in
Ref. [563]. The direct collider limits for M} < 100 GeV are not likely to improve significantly with
higher collision energy, due to the increased pile-up effects, thus obfuscating the low-pr leptons
produced by the decay of a low-mass HNL. Instead, a displaced vertex search might be useful to
probe the low-mass range between 3-80 GeV for mixing values 10~7 < |Uyr|? < 1072 [496].

B-physics experiments offer a complementary probe of the low-mass region. In particular, the
LHCb experiment has searched for a heavy Majorana neutrino produced in the B~ — ntpu=pu~
decay mode and set 95% C.L. upper limits on |U,7|?> = 1072 — 1072 in the HNL mass range 250
MeV to 5 GeV using 3 fb~! of integrated luminosity collected at /s = 7 and 8 TeV [408], as shown
by the (yellow, solid) contour labeled ‘LHCb’ in Figure 4.11. Similarly, the Belle experiment has
set 90% C.L. upper limits on both |U.r|? and |U,/|? in the HNL mass range 500 MeV to 5 GeV,
as shown by the (green, solid) contours labeled ‘Belle’ in Figures 4.10 and 4.11, obtained using
the decay mode B — X/{Nj followed by Ny — ¢r (with £ = e, p) in a data sample of 772 million
BB pairs [409]. These limits are expected to improve significantly, as more data is accumulated in
future B-factories.

Finally, we note that there exist no direct collider searches for HNLs involving tau lepton final
states. This is mainly due to the experimental challenges of 7 reconstruction at a hadron collider.
The only existing constraints on |U,;|? in the GeV-range are from the Z-decay experiments at
DELPHI [551], as shown in Figure 4.12. Future B-factories with a large dataset of ~ 10 million 7~
decays could offer a powerful probe of the HNLs in the tau sector. This is illustrated in Figure 4.12
by the projected 95% C.L. limits, as shown by the red solid (conservative) and dashed (optimistic)
contours, obtained from a recent Monte-Carlo simulation [546].

The complementary searches in the proposed SHiP experiment at the intensity frontier will
dramatically improve the HNL sensitivity in the low-mass regime for all flavors, as can be seen
from its projected 90% C.L. limits [35] in Figures 4.10-4.12. For a direct comparison with the
existing limits, these projection limits have been derived in a model-independent manner, assuming
a single-flavor dominance. For comparison, we also show the corresponding projected sensitivity
from another proposed intensity-frontier experiment, namely, the FCC-ee [383]. Here we have
assumed 102 Z-boson decays occurring between 10-100 cm from the interaction point. Increasing
the number of Z-bosons and/or the range of decay length could further enhance these sensitivity
limits.
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Figure 4.10: Limits on the mixing between the electron neutrino and a single HNL in the mass
range 100 MeV - 500 GeV. The (gray, dotted) contour labeled ‘BBN’ corresponds to an HNL lifetime
> 1 sec, which is disfavored by BBN [395, 414, 528]. The (brown, dashed) line labeled ‘Seesaw’
shows the scale of mixing naively expected in the canonical seesaw (see Section 4.3.2.3). The (dotted,
dark brown) contour labeled ‘EWPD’ is the 90% C.L. exclusion limit from electroweak precision
data [554]. The contours labeled ‘m — e’ (yellow, solid) [542, 544] and ‘K — ev’ (black, solid) [536]
are excluded at 90% C.L. by peak searches (see Section 4.4.1). Those labeled ‘PS191’ (magenta,
dot-dashed) [578], ‘CHARM’ (dark blue, dot-dashed) [579], ‘NA3’ (light yellow, solid) [580] and
‘JINR’ [581] are excluded at 90% C.L. from beam-dump experiments (see Section 4.4.2). The
(cyan, solid) contour labeled ‘K — eer’ is the exclusion region at 90% C.L. from K-meson decay
search with a detector size of 10 m [313]. The (green, solid) contour labeled ‘Belle’ is the exclusion
region at 90% C.L from HNL searches in B-meson decays at Belle [409]. The contours labeled
‘L3’ (pink, dashed) [550] and ‘DELPHI’ (dark green, dashed) [551] are excluded at 95% C.L. by
analyzing the LEP data for Z-boson decay to HNLs. The (red, solid) contour labeled ‘LEP2’ is
excluded at 95% C.L. by direct searches for HNL at LEP [553]. The (blue, solid) contour labeled
‘ATLAS’ is excluded at 95% C.L. from direct searches by ATLAS at /s = 8 TeV LHC [563]. The
(blue, dashed) curve labeled ‘LHC 14’ is a projected exclusion limit from the /s = 14 TeV LHC
with 300 fb~! data [549]. The (purple, solid) contour labeled ‘ILC’ is a projected sensitivity at
v/ =500 GeV ILC with 500 fb=! data [549, 556]. The (light blue, solid) contour labeled ‘LBNE’ is
the expected 5-year sensitivity of the LBNE near detector with an exposure of 5 x 102! protons on
target for a detector length of 30 m and assuming a normal hierarchy of neutrinos [582]. The (dark
green, solid) contour labeled ‘FCC-ee’ is the projected reach of FCC-ee for 102 Z decays occurring
between 10-100 cm from the interaction vertex [383]. The (violet, solid) contour labeled ‘SHiP’ is
the projected reach of SHiP at 90% C.L. [35, 583].
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Figure 4.11: Limits on the mixing between the muon neutrino and a single HNL in the mass
range 100 MeV - 500 GeV. The (gray, dotted) contour labeled BBN corresponds to an HNL lifetime
> 1 sec, which is disfavored by BBN [395, 414, 528]. The (brown, dashed) line labeled ‘Seesaw’
shows the scale of mixing naively expected in the canonical seesaw (see Section 4.3.2.3). The
(dotted, dark brown) contour labeled ‘EWPD’ is the 90% C.L. exclusion limit from electroweak
precision data [554]. The contour labeled ‘K — pv’ (black, solid) is excluded at 90% C.L. by
peak searches [535, 536]. Those labeled ‘PS191° (magenta, dot-dashed) [578], ‘NA3’ (light yellow,
solid) [580], ‘BEBC’ (orange, dotted) [584], ‘FMMEF’ (light cyan, dashed) [585], ‘NuTeV’ (purple,
dashed) [586] and ‘CHARM’ (dark blue, dot-dashed) [587] are excluded at 90% C.L. from beam-
dump experiments. The (cyan, solid) contour labeled ‘K — pun’ is the exclusion region at 90% C.L.
from K-meson decay search with a detector size of 10 m [313]. The (green, solid) contour labeled
‘Belle’ is the exclusion region at 90% C.L from HNL searches in B-meson decays at Belle [409].
The (yellow, solid) contour labeleld ‘LHCD’ is the exclusion region at 95% C.L from HNL searches
in B-meson decays at LHCb [408]. The (dark blue, dot-dashed) contour labeled ‘CHARM-IT’ [588]
is excluded at 90% C.L. from the search for direct HNL production with a wide-band neutrino
beam at CERN. The (pink, dashed) contour labeled ‘L3’ [550] and (dark green, dashed) labeled
‘DELPHT’ [551] are excluded at 95% C.L. by analyzing the LEP data for Z-boson decay to HNL.
The (blue, solid) contour labeled ‘ATLAS’ [563] and (red, solid) labeled ‘CMS’ [589] are excluded
at 95% C.L. from direct searches at /s = 8 TeV LHC. The (blue, dashed) curve labeled ‘LHC 14’
is a projected exclusion limit from the /s = 14 TeV LHC with 300 fb~! data [549]. The (light
blue, solid) contour labeled ‘LBNE’ is the expected 5-year sensitivity of the LBNE near detector
with an exposure of 5 x 10?! protons on target for a detector length of 30 m and assuming a normal
hierarchy of neutrinos [582]. The (dark green, solid) contour labeled ‘FCC-ee’ is the projected reach
of FCC-ee for 10'2 Z decays and 10-100 cm decay length [383]. The (violet, solid) contour labeled
‘SHiP’ is the projected reach of SHiP at 90% C.L. [35].
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Figure 4.12: Limits on the mixing between the tau neutrino and a single HNL in the mass range
100 MeV - 500 GeV. The (gray, dotted) contour labeled BBN corresponds to an HNL lifetime > 1
sec, which is disfavored by BBN [395, 414, 528]. The (brown, dashed) line labeled ‘Seesaw’ shows
the scale of mixing naively expected in the canonical seesaw (see Section 4.3.2.3). The (dotted,
dark brown) contour labeled ‘EWPD’ is the 90% C.L. exclusion limit from electroweak precision
data [554]. The (dark blue, dot-dashed) contour labeled ‘CHARM’ [590] and (purple, solid) contour
labeled ‘NOMAD’ [591] are excluded at 90% C.L. from the search for direct HNL production. The
(dark green, dashed) contour labeled ‘DELPHI’ [551] is excluded at 95% C.L. by analyzing the
LEP data for Z-boson decay to HNL. The (red, solid and dashed) contours labeled ‘B-factory’
are the conservative and optimistic projected limits at 90% C.L. from ~ 10 million 7-decays at a
future B-factory [546]. The (dark green, solid) contour labeled ‘FCC-ee’ is the projected reach of
FCC-ee for 102 Z and 10-100 cm decay length [383]. The (violet, solid) contour labeled ‘SHiP’ is
the projected reach of SHiP at 90% C.L. [35].
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4.5 Indirect HNL probes

4.5.1 Neutrinoless double beta decay for non-seesaw HNL

The experimental search of baryon/lepton number violations is a major entrance door to extensions
of the Standard Model and offers us a chance of addressing the question of the origin of matter. In
particular, the evidences of neutrino oscillations motivate further testing of the lepton number via
the search for neutrinoless double beta decay (0vB0).

It is plausible to assume the Ov3p3 rate to be dominated by the exchange of the 3 ordinary
neutrinos with Majorana mass. Such a mechanism is usually the leading one in theories where the
scale of new physics is much larger than the electroweak scale.

Within this scenario, next generation experiments will be able to probe Majorana effective
mass values greater than (70 — 100) meV in optimistic assumptions [592], but the bound on the
cosmological mass of 140meV [320] already implies mgg < 39meV (55meV) for normal (inverted)
mass hierarchy.

Therefore, the observation of a Ov34 signal in the next generation of experiments would indicate
that some other mechanisms compatible with a faster decay rate are at work. This possibility has
been noted a long time ago [593, 594], and it is currently regarded with renewed interest, see e. g.
[313, 433, 492].

In fact, a fast decay rate could be attributed to the same particles that are added to the
standard model spectrum to explain oscillations, e. g. heavy neutrinos. This hypothesis, along with
the radiative stability of the tree-level neutrino masses, implies that the heavy neutrino masses
cannot exceed 10 GeV or so [492]. Indeed, within the conventional seesaw model, the amplitudes of
light and heavy neutrino exchange are linked. Naively, the former is proportional to m,, /(100 MeV)?
where m, = m% /My, while the latter to m% /M3, thus suggesting that heavy neutrinos give a
small contribution when My > 100 MeV. This is not true if the flavor structure implies that
the seesaw contribution to neutrino mass is suppressed. In this context one can assume that the
exchange of M > 100 MeV saturates the Ov33 decay rate, also reproducing the ordinary neutrino
masses. But one cannot exceed My ~ 10 GeV without spoiling the seesaw model, since this would
mean that the one-loop contribution dominates the neutrino mass. Heavy neutrinos masses and
mixing angles, compatible with the rate of Ov3f3, depend on the nuclear matrix elements of the
transition (compare e.g. [313] and [492]). Thus, nuclear physics has an impact on the limits that
are relevant for a direct search for heavy neutrinos with accelerators.

Recent studies outlined the following conclusions about nuclear matrix elements calculations:

1. Each scheme of calculation can estimate its intrinsic uncertainty. This is usually found to
be small in modern computations (about 16% for light neutrino exchange and about 28% for
heavy neutrino exchange, [595]).

2. The free nucleon couplings are likely to be lowered in the nuclear medium (quenching, [596])
diminishing Ov33 matrix elements by (A~%!%)2 where A is the mass number, [597].

In a conservative treatment, these two factors of uncertainty should be taken into account.
It has to be noticed that if the Ov35 is due to a pointlike (dimension-9) operator, as for heavy
neutrino exchange, 2 nucleons are in the same point. Therefore, the effect of a hard core repulsion,
estimated modeling the short range correlations, plays an important role in the determination of
the uncertainties. A significant step forward has been recently made, pushing down this source of
theoretical error of about an order of magnitude, [595]. The error quoted in point 1. already takes
it into account.



Using the nuclear matrix elements evaluated with the IBM-2 model [595] and focussing on the
case of heavy neutrino exchange, one gets for "Ge:

104 £29 (point 1.)

(4.5.1)
2246 (point 1. 4+ point 2.)

M (Ge) = {

Therefore, it can be seen that if we consider the different reasons of increase and of decrease of the
value of the matrix element, we get a very wide range.

From the experimental point of view, the limits on Ov3S indicate that the mixings of heavy
neutrinos |Ues|? are small. The present lower limit on the decay half-life for Ge is 3.0-102° yr [498].
Using the phase space factor from [598], one gets:

U
2 3

where my, is the proton mass and the heavy neutrino masses My are assumed to be 2 GeV.

C10-8 1025 3
- 7.8-107° [ 104 } . [3 10 yr] (45.2)
mp ///(Ge) T1/2

Note that Fig. 4.13 illustrates the case of a single heavy neutrino. However, in the full case,
e.g. in Eq. (4.5.2), the various contributions may lead to to cancellations among them, just as it
can happen in the case of light neutrino exchange. A specific example when this happens can be
found in Sec. 4.5.2.

However, the bound is still uncertain. It weakens by one order of magnitude if the axial vector
coupling constant is strongly quenched in the nuclear medium, as it can be seen from Fig. 4.13.
This plot shows the case of the mixing for "®Ge assuming that a single heavy neutrino dominates
the amplitude. The two regimes of heavy and light neutrino exchange are matched as suggested
by [599]. The colored bands reflect the different sources of theoretical uncertainty.

Therefore, for some regions of the parameter space, the limits obtained more than 15 years ago
with accelerators are more restrictive than the current limits coming from Ov3f search. Further
direct exploration of the mass region around the GeV can thus provide a competitive approach to
search for heavy neutrinos.

4.5.2 Neutrinoless double beta decay for two seesaw HNLs

The generic case of neutrinoless double decay may be rather complicated and require analysis of
all possible lepton number violating physics. For example, if the model has additional heavy sterile
neutrinos which do not participate in the see-saw generation of the active neutrino masses (i.e.
there are more than three sterile neutrinos or some type II or III see-saw generates active neutrino
masses) non-observation of fast O3/ decay can bound their masses, as described in Section 4.5.1.
Here we constrain the model to the pure type I seesaw.

The neutrinoless double beta decay width is usually given by the formula
Lovpp = G - |M?| - [mf)%, (4.5.3)

where G is an exactly calculable phase space factor, and M is the nuclear matrix element is,
schematically

M2 = [(f10 - F(r)[i)]*. (4.5.4)

In this expression ¢ and f are initial and final states of the nucleus, O is some hadronic operator,
and F'(r) represents the neutrino potential. Neglecting the structure of energy levels (which is
of the order of 10 MeV) and neutrino mass in comparison to the characteristic neutrino virtual
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Figure 4.13: Bounds on the mixing between the electron neutrino and a single heavy neutrino
from the combination of bounds obtained with Ge 0v38 experiments [498] using the representation
introduced in [599]. This limit is not valid for seesaw HNLs because of the different cancellations
discussed in Sec. 4.5.2. The bands correspond to the uncertainties discussed in the text. The dashed

contours indicate the mass regions excluded by some of the accelerator experiments considered in
[313]: CHARM (90% C. L., [587]), DELPHI (95% C. L., [551]), PS191 (90% C.L., [578]), TRIUMF
(90% C. L., [542, 544]).

momentum (about 100 MeV) the neutrino contribution is given by

1% v 1

This corresponds to the usual Majorana type neutrino contribution.

In the pure see-saw case, the contribution to the neutrinoless double beta decay goes by exchange
of the heavy states M;. Thus instead of simple Majorana propogator m/k? for light neutrino this
gives two massless electron neutrino propagators, two Yukawas, one massive propagator

iFeIUMIde :z?’: R /Mp(Favo\t M (155)
£ k2 (k2 — M3) K2 My ) K2-MZ)° "

I=1

Alternatively, in the mass diagonal basis, this can be understood as the sum of contributions of
light ’active’ neutrinos (first term) and heavy ’sterile’ neutrinos (second term). Note, that these
terms have opposite signs (because of opposite CP parity), leading to cancellation of the terms in
the formula if the typical nuclear momentum can be neglected compared to Mj.

These means that instead of the Majorana mass mjg in the (4.5.3) we should write effective



Majorana mass

Im5| = : (4.5.7)

i F€2[U2 1 e—M;r 1
My r T r
I=1

where (-) means average over nuclear distribution function.

Let us analyze this formula in more detail. First, in case of heavy Majorana masses, M; > A ~
1 GeV, one can neglect the second term. Thus the mass dependence factorizes in this expression,
and one arrives to the usual result for light Majorana active neutrinos,

1)2 t
XI:FeIMFIe

where the last expression sums over the active neutrino mass states.

: (4.5.8)

mgp =

2
E miUPMNS,ei
i

In the opposite limit of small Majorana masses M; one can neglect the mass in the exponent
of the denominator of the second term, and both terms cancel. Note that because of the see-saw
mechanism the phases of contributions to the effective double beta decay mass from active and
sterile neutrinos (first and second terms in (4.5.6)) are automatically opposite.

Slightly simplifying the discussion (neglecting the effects of the nuclear matrix elements for the
neutrino masses close to the typical momentum transfer 100 MeV) the discussion is summarized by
the observation that there is the cancellation

> omiU%+ > MU+ > MU =0, (4.5.9)

active light heavy

while the observed rate of the Ov33 decay is controlled by

mgs = Y mUZ%+ Y MUZ|. (4.5.10)

active light

Here “light” and “heavy” correspond to the sterile neutrinos with M smaller or larger than
100 MeV. First term in (4.5.10) corresponds to the contribution of the active states, and can
be guessed from the knowledge of the neutrino mixing angles, mass differences and active neutrino
mass scale. The second term gives the contribution of the light right handed neutrinos, and can
be significant only if some of the masses M; are above and some are below the typical nuclear
momentum transfer [405, 600, 601].

Let us consider the specific case of ¥YMSM (see Section 4.8) the situation is simplified by the
following two observations:

e One sterile neutrino is DM with mass M; = O(10) keV and mixing angle bound by (4.7.1)

e Apart from the DM neutrino there are only two sterile neutrinos with M3 3 = O(10) GeV,
with some level of degeneracy AM /M < 1 required by the leptogenesys, c.f. Section 4.6.4.

One can easily see, that though M; is a “light” sterile neutrino, its contribution to (4.5.10) is
negligible [404, 602]. As far as the other two sterile neutrinos are degenerate in mass, they either
both do not contribute significantly to the Ov3g if they are heavy. They can cancel (partially)
the contribution of the active neutrinos, if they are light [372] (c.f. (4.5.9)), but this situation is
bound in the pure YMSM by the BBN, which requires the heavy neutrino to decay before BBN
(c.f. Section 4.5.4)

Thus, in ¥MSM the Ov35 decay can be calculated only from the contributions of the active
neutrinos, assuming strongly hierarchical neutrino spectrum (which is again guaranteed by the DM
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requirement [321]). From the most recent oscillation measurements the bounds for the mass in the
OvBf in the vMSM are [603]

1.5 meV < mjj < 3.9 meV, (4.5.11)
17 meV < myh < 49 meV, (4.5.12)

for the normal and inverse mass hierarchies of the active neutrinos. There is no mechanism within
vMSM to make the decay faster, but it may be suppressed for Ms 3 ~ 0.1 GeV, [372, 603].

4.5.3 Charged lepton flavour violating processes

The search for charged lepton flavor violation (CLFV) is expected to know in the next few years a
real step forward. This concerns a long series of processes with a 4 — e, 7 — p or 7 — e transition.
For ;1 — e processes an improvement of up to 4 to 6 orders of magnitude could be expected, in
particular for the ;1 — eee [604] decay and u to e conversion in atomic nuclei [605]-[606]. Important
improvements are also expected for the p — ey decay [607]. On the theory side such transitions
could be induced by a large variety of beyond the SM physics models. This new physics could lead
to observable rates even if the associated energy scale is in some cases as large as few thousands of
TeV. In this section we briefly review the possibility to get observable rates from processes mediated
by heavy neutral leptons, and more generally from the physics associated to the neutrino masses.
It is well known that neutrino oscillations guarantee non-vanishing CLFV but at a very suppressed
level. Beyond this experimentally unreachable contribution we will review the possibilities that the
seesaw states, that are generally expected to be at the origin of the neutrino masses, could induce
rates that are not suppressed by the smallness of these masses. This offers an opportunity to probe
better the yet unknown neutrino mass origin. It is known that the 3 possible seesaw neutrino
mass origins (with fermion singlets, scalar triplet(s) of fermion triplets, see Section 2.2), cannot be
distinguished only from the knowledge of the neutrino mass matrix, as they all lead to the same
dim-5 neutrino mass effective interactions (and all can lead to any flavor structure for it). Instead
they lead to totally different dimension 6 interactions, i.e. to a different CLFV phenomenology. The
relevant dimension 6 operator induced by the exchange of heavy seesaw state(s) are for the 3 seesaw

options
LIF-1 = a5 Ladid (@' Ly) (4.5.13)
LEF-1r = cagor(LpvuLs)(Lar*Ly) (4.5.14)
L& rrr = cag Lot $il)(¢1 7% Lg) (4.5.15)

with ¢45° = (VigizYn)as, ci5h, = (1/2mA)YA Ya,, and €55 = (V4

Ys)ap respectively
(where the various notations have been defined in Section 2.2).

These dimension 6 effects are in general expected to be far too faint to be observed soon.
For example using the naive type-I seesaw expectation Yﬁ, ~ m,mpy/v?, for my ~ 10 GeV
(my ~ 100 GeV) one gets typically Br(u — ey) ~ 10752 (10726). However this naive seesaw
expectation used here to relate Yukawa couplings to neutrino masses has no reason to be necessarily
valid. The cigﬁ coeflicients involve the Yukawa couplings in a YNYJI, /mny L conserving combination,
whereas the c?=? coefficients involve them in a YL Y /m%; L violating one. Since both combinations
differ on the basis of a symmetry they have no reason to be related in such a simple way. It turns out
that the fermion seesaw states can have masses and Yukawa interactions without breaking lepton
number, see e.g. Refs. [608, 609]. This means that, without adding any new particles or interactions,
the seesaw framework could have an approximately lepton number conserving structure with large
Yukawa couplings which do lead to large CLFV rates (if the seesaw scale is not too high) without
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Figure 4.14: Left pannel: Br(u — ev)/Br(u — eee) and RiZE,. = R, /Br(n — eee) as

a function of the right-handed neutrino mass scale my, for © — e conversion in various nuclei,
from Ref. [392, 612]. Middle pannel: from Ref. [392], present bounds and future sensitivity on
|Zi€ Ys,,Ys: | for scenarios characterized by one right-handed neutrino mass scale. The solid
lines are obtained from present experimental upper bounds: from Rfi)e < 4.3 10712 [613] and
Br(p — ey) < 5.7-10713 [614], Br(u — eee) < 10712 [615]. The dashed lines are obtained from the
expected experimental sensitivities: from RT?, < 107'® [605, 616], R’ < 1076 [605]-[606] and
Br(p — ey) < 1071 [607], Br(u — eee) < 10716 [604]. Right panel: from [392], 1> UeNiU;NJ
(with Ujn, = in,jiv/M ~, the mixing angles with v = 174 GeV) versus mass sensitivity regions for
present (continuous curves) and future (dashed curves) e — u flavour experiments. Black, red, green
and blue curves result from Br(u — evy), Br(p — eee), R;:‘Le and R", , respectively. The regions
already excluded by non-unitarity limits, 7 and K peak searches, 7, K, D, Z decay searches, BBN,
SN1987A and LHC collider searches (dotted lines) are also indicated. Shaded areas signal the
regions already excluded experimentally. The right panel shows the nice future complementarity
between CLFV experiments and SHiP.

inducing too large neutrino masses. A particularity of these setups is that they predict that the
heavy neutral lepton which do induce large CLFV rate are quasi-degenerate in mass. This will play
an important role for the testability of these setups below. Same structures can also be considered
for the type-III case. For the type-II case the decoupling of the dimension 6 and 5 coefficient
is manifest from the start, as the coefficient are proportional to YA and Yapa/ma respectively.
Large YA couplings with small ua coupling and not too large ma gives large CLFV rates and small
neutrino masses.

Let’s start with the singlet heavy neutral lepton CLFV predictions. In this setup all CLFV
processes are necessarily induced at the loop level because flavor violation occurs only at the level
of the neutral leptons, requiring at least one internal W boson inside a loop diagram. For analytical
calculation of the u — ey, pt — eee and pu — e rates see Refs. [304]-[610], Ref. [611].and Ref. [392]
respectively (and Refs. therein). To establish the existence of heavy neutral lepton the use of a
single CLF'V rate is by no means enough, as neither the dimension-6 coefficients, nor the seesaw scale
can be known from neutrino mass matrix constraints alone. (This is possible tough for particular
minimal flavor violation patterns [387, 612]). As pointed out in Refs. [612] and [392], the most
promising possibility of tests is to consider ratios of two CLFV processes involving a same [ — [’
transition. As said above in the seesaw configurations that do lead to observable CLFV rates the
heavy neutral leptons at the origin of these large rates are quasi-degenerate in mass. As a result it
is easy to see that the dimension 6 coefficients factorize out from the ratio, leaving a dependence
only in the single my scale. This allows for a long series of possible tests.

In Fig. 4.14 (left panel) are plotted the various ratios one gets for the various CLFV processes,
for mpy > 100 GeV. First of all, for the Br(u — e7y) to Br(u — eee) ratio, one observes [392, 612] a
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monotonous function that is always larger than ~ 2.5 (for values of my that do give an observable
rate), which means that the measurement of this ratio would basically allow for a determination of
my, or for an exclusion of the scenario if a ratio smaller than ~ 2.5 is found. In fact the observation
of a single rate could already be sufficient to exclude the model, if together with the experimental
upper bound on the other one, it leads to a ratio incompatible with the expectations of Fig. 4.14.
A same discussion holds for the other ratios [392] given in Fig. 4.14, except for the fact that the
R,]LV ", . conversion rates (which depend crucially on the nuclei considered) turn out to vanish for a
particular value of my, see Refs [391, 392]. Consequently the ratios are not monotonous functions
of my. The value of my which gives a vanishing Rfy _,. depends on the nuclei considered. This
illustrates how important it would be to search for u — e conversion, not only with one nuclei, but

with several of them.

Fig. 4.14 (middle panel) shows the lower bounds resulting for the Yukawa couplings, if the
various rates are required to be large enough to be observed in planned experiments. It also shows
the upper bounds which hold today on these quantities from the non-observation of these processes.
This figure illustrates well the impact of future 1 — e conversion measurements/bounds, as they will
become increasingly dominant in exploring flavor physics in the p — e charged lepton sector. Values
of the Yukawa couplings as low as 1072, 1073 and 10~* could be probed, for my = 100 TeV, 1 TeV
and 100 GeV, respectively, with Titanium experiments being the most sensitive. These bounds
can be rephrased as upper bounds on the my scale for fixed values of the Yukawa couplings. For
example if the later are of order unity, we get my < 2000 TeV, my < 300 TeV, my < 100 TeV,
my < 300 TeV from RY', | RAL . Br(u — ey), Br(u — eee) respectively. Overall, this exercise
shows that future experiments may in principle probe heavy neutral leptons beyond the ~ 1000 TeV
scale, and that u — e conversion future experiments could become with time the most sensitive
ones. For a similar discussion on CLFV processes involving a 7, including the experimentally very
promising 7 — uuu process, see Ref. [612, 617].

The sensitivity of CLFV processes to heavy neutral lepton singlets lighter than 100 GeV is also
outstanding. On the right panel of Fig. 4.14 we give the sensitivity of the various CLFV processes
down to the 10 MeV scale. It shows that above the GeV scale future CLFV processes, in particular
1 — e conversion experiments will go below the sensitivity of any present constraint. Possibilities
to observe a ratio of 2 same CLFV processes involving a same flavor transition do exist down to
~ 50 TeV if this ratio involves the pt — ey or u — eee process. Below 100 GeV the RZLQ/R:?I_W is
predicted to be equal to 2, which can be checked down to ~ 5 GeV.

There is a crucial difference between the type-I and type-I1I seesaw models for what concerns
CLFV processes. While in the type-I case there is flavor mixing only at the level of the neutral
leptons, for the type-III case there is flavor mixing directly at the level of the charged leptons.
For instance a p~-e~ transition can proceed directly through charged lepton/charged ¥ mixing,

i.e. through the M*LE*Le’ chain, with the Y index referring to a vertex involving a Yukawa
coupling (i.e. the insertion of a SM scalar boson or its vev). As a result, if for the type-I case all
processes necessarily occurs at the loop level, for the type-III case the [ — 3 and 1 — e conversion
process in atomic nuclei proceed at tree level. Only u — ey still has to proceed at loop level because
the QED coupling remains flavor diagonal in the charged fermion mass eigenstate basis (unlike Z
couplings, see Refs. [608, 618]). The tree level processes obviously do not induce logarithmic terms.
Moreover it turns out that for u — ey there is no logarithmic term either [608, 618]. As a result the
ratio of 2 same flavor transition processes are predicted to a fixed value! The measurement of such a
ratio could then easily rule-out or strongly support the type-III scenario as possible explanation of
these processes. We find Br(u — ey) = 1.3-107%- Br(pu — eee) = 3.1-10~*- RI*, .. Larger y — eee
and 1 — e conversion rates, as compared to the y — e rate, are characteristic of this model unlike
for the majority of other beyond the standard model scenarios that can lead to observable CLFV



rates. See Ref. [608, 618] for the ratios involving a 7 lepton.

Finally for what concerns the type-II seesaw model it presents a situation intermediate to the
type I and III cases, as 4 — eee proceeds at tree level whereas © — ey and u — e conversion
proceeds at one loop. For predictions of ratios of 2 CLFV rates in this case see Ref. [617].

In conclusion clear possibilities of observing CLFV processes associated to heavy neutral lep-
tons (or other seesaw states which display quite different patterns) do exist. These processes are
competitive probes of heavy neutral leptons all the way from the GeV scale up to beyond 1000 TeV.
The crucial way to distinguish the seesaw models, and which also allows for a determination of the
seesaw mass scale, is to measure the ratio of 2 CLFV processes invilving a same [ — I’ transition.

4.5.4 HNL and primordial nucleosynthesis

The primordial nucleosynthesis (BBN) describes the formation of all the light elements, such as
deuterium, helium, lithium etc, at a time when the universe was between 1 second and few minutes
old, and went from a temperature of 3 MeV to 50 keV. When one changes the properties of the
universe around 1 second one affects the predicted abundance of helium and deuterium, which can
then be compared to present astronomical observations [156]

The existence of HNL may affect the BBN in various way. The most important is throught
the increased energy density of the Universe. A higher energy density gives a faster expansion
rate, and this implies that the weak reaction rates between neutrons and protons (n,p, v, e) will
become slow in comparison to the expansion rate. Thus the neutron-to-proton ratio, r, = n,/n,,
will freeze out at a higher value. Since 7, is directly linked to the observable deuterium and helium
abundances, this gives us the possibility of testing the existence of HNL using observations of the
light elements [619].

Very generally, two properties are required of the HNL in order to affect the BBN: ¢) it must be
produced in sufficient abundance before the time of BBN, and 4i) it must not have decayed much
before the time of BBN. The first implies that very small mixing angles will not affect the BBN
(typically U? > 102 for M = 100 MeV). The second implies that large mixing angles also do not
affect BBN (typically U? < 10~% for M = 100 MeV). This renders BBN constraints complementary
to direct experimental searches [323].

The calculation of the effect of HNL on BBN is divided into 4 mass regions separated at 2 MeV,
140 MeV, and 500 MeV.

Below 2 MeV. BBN effectively excludes these small masses. For such masses the lifetime is
around 7 = 100 sec/ ((M /2MeV)° U 2), which implies that the lifetime is longer than the BBN time

of a few minutes, even for mixing U? ~ 1. The relativistic HNL would increase the expansion rate,
leading to a higher helium abundance than observed.

Between 2 MeV and 140 MeV. In this mass range detailed calculations have shown, that
BBN constrain a wide band in U?2. These calculations include both the effect of the increased energy
density (which increases rp), the decay produced, non-thermal spectrum of the electron neutrinos
which preserves equilibrium between neutrons and protons for longer (decreasing r,), and finally
decays into the electromagnetic part of the primeval plasma will reduce the relative contribution of
the energy density of the light neutrions and hence diminish r, [412-414]. The result is that mixing
angles are allowed above U? > 0.4 @ NHL mass of 10 MeV and above U? > 4 x 10~® @ NHL mass of
140 MeV. The main reason is that when the HNL decays sufficiently early, the thermal equilibrium
between the neutrinos and the electromagnetic sector erases all signs of the NHL. When translated
into decaytime, the excluded region goes between 2 and 1/20 second for masses between 10 and 140
MeV respectively.

Also very small mixing angles are allowed, since they would lead to very small energy density
of the HNL at the time of BBN. An estimate of this effect gives the constraint U2 (M/50MeV)?® =
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Between 140 MeV and 500 MeV. At these masses one must include the decay channels
including the charged and neutral pions [413, 620, 621]. An estimate on the effect hereof on BBN was
made in [413]. The pion from, v, — 7y + v, decays into 2 photons, which heats the electromagnetic
component of the plasma, which diminishes the role of the active neutrinos. This leads to an
underproduction of helium. The result is that lifetimes larger than approximately 7 = 0.1sec are
excluded, which can be translated into an excluded region for large masses and mixing angles.

Above 500 MeV. At these high masses new decay channels open up (including kaons, eta,
etc), and the calculations become significantly more complicated [620]. No reliable estimate on the
effect on BBN appears in the literature.

4.6 HNL and baryon asymmetry of the Universe

One of the most important arguments for the existence of physics beyond the Standard Model
is baryon asymmetry of the Universe (BAU). A number of attempts to explain BAU within the
Standard Model were made some 20 years ago, when no experimental evidence for physics beyond
the SM existed [622-625]. They failed because of two reasons. First, the Kobayashi-Maskawa CP-
violation happened to be too small to account for baryogenesis [622, 626, 627]. Second, it has been
shown that the non-equilibrium first order electroweak phase transition, necessary for baryogenesis
in the SM, can only occur if the Higgs mass is smaller than My ~ 72 GeV [628, 629] (see also
[630]).

A convincing experimental proof of incompleteness of the Standard Model came at the end of
nineties and is associated with observation of neutrino oscillations (see Section 4.2 for an overview).
It calls for extension of the SM in the neutrino sector, and thus to existence of new leptonic
states, new sources of CP-violation and new possibilities for baryogenesis. Guided by the principle
of “minimality” (explain the maximum number of physical effects with the smallest number of
new particles introduced) we will discuss below the prospects for baryogenesis motivated by the
discoveries in neutrino physics and associated with HNLs. Many other mechanisms, suggested in
the literature, will not be discussed here (for reviews see, e.g. [631-637].).

We will start with a short overview of Sakharov conditions and then describe the physics of
baryogenesis for different choices of HNL masses: the GUT scale, the TeV scale, and finally the
GeV scale, relevant for the SHiP experiment .

4.6.1 Sakharov conditions. Leptogenesis

The night sky is decorated with stars, and a wide range of observations, from ~-ray spectra [638] to
the Cosmic Microwave Background(CMB) [272] passing via primordial nuclear abundances [156],
agree that all stars are made of matter. This universal excess of matter over anti-matter is refered
to as the “Baryon Asymmetry of the Universe” (BAU), because the lightest baryons are the con-
stituents of matter, the neutron and the proton. This means that matter and baryon asymmetries
are proportional, whereas a large and different lepton asymmetry could be present in the Cosmic
Neutrino Background. The best current determination of the baryon minus anti-baryon number
density np, normalised to the entropy density s, is from the CMB (PLANCK [272]):

”?B = (8.59£0.13) x 10711 (1o). (4.6.1)

Today, s >~ 7n.,, so for every 1600 million photons, there is a baryon.

The origin of the BAU is a puzzle for modern physics. It is improbable that the Universe was
born with an asymmetry, because the coherence of large-scale CMB fluctuations strongly suggests
the Universe underwent a period of inflation, during which any original asymmetry would have been



diluted to irrelevance. To separate baryons from antibaryons on scales of order our Universe today,
in a baryon-symmetric Universe, is at least as difficult as generating an asymmetry. So one is left
with the option of generating the BAU after inflation. However, there is no known way to do so in
the standard models of particle physics and cosmology. So the BAU shares the rare distinction of
indicating Beyond the Standard Model physics, and a multitude of models ( see,eg [632, 639-643])
have been proposed to explain the number given in equation (4.6.1).

Fortunately, generating the BAU is like making a cake: there may be many recipes, but a few
key ingredients ensure success. For the BAU, these were succinctly given by Sakharov [644] long
ago, and are refered to as “Sakharov conditions”:

1. Baryon number (B) violation
To evolve from a state with B = 0, to a state with B # 0, requires B violation.

B violation can be obtained by adding to the Lagrangian interactions that change B. In the
case of interactions which change B by one unit, it can be challenging to obtain a sufficient
BAU in the first few seconds of the Universe, while respecting the lower limit on the proton
lifetime [645]: 7, > 8.2 x 1033 years for the process p — mpet. Alternatively, the Standard
Model has non-perturbative B4+L violation [646] as a consequence of the chiral anomaly.
These interactions change B and L by one unit in each generation (so AB = AL = 3), are
exponentially suppressed in the Universe today, but relatively fast before [647] and during the
Electroweak Phase Transition [648].

2. C and CP violation
Particles and anti-particles must behave differently — otherwise particles and antiparticles
could simultaneously use the B violation to make cancelling B and anti-B asymetries. Since
some Standard Model particles are transformed to their antiparticle by C, and some by CP,
violation of both is required.

This can be obtained from the phases of fields or couplings.

3. departure from thermal equilibrium
In thermal equilibrium, there are no asymmetries in unconserved quantum numbers, and B is
not conserved by condition 1. So generating the BAU is a dynamical process; phase transitions
and the expansion of the Universe are sources of non-equilibrium.

The Standard Models of particle physics and cosmology verify the Sakharov conditions: there is
non-perturbative B+L violation, and CP violation in the CKM matrix, however the non-equilibrium
(from the Universe expansion or the electroweak phase transition) appears insufficient. In particular,
all perturbative SM interactions are in equilibrium at the electroweak scale, the electroweak phase
transition is a cross-over (so there are no bubble walls to provide dynamics), and the B+L violation
turns off after the phase transition [648].

Using the SM of particle physics to generate the BAU in alternate cosmologies could be pos-
sible [649, 650]. The more popular approach is to extend the Standard Model of particle physics,
in standard cosmology. Such models usually contain a large number of new parameters, but the
BAU is only one number. So it is judicious to study the BAU in models that are motivated for
other reasons. For instance, supersymmetric models contain many scalars to address the hierarchy
problem, and the Affleck-Dine mechanism [651] uses the dynamics of these B- or L-carrying scalar
fields to generate the BAU. Or leptogenesis [652] is a class of mechanisms, which use the L violation
present in Majorana neutrino mass models.

Leptogenesis is defined here to include all scenarios which produce a lepton (anti-)asymmetry
via CP-violating out-of-equilibrium processes, and rely on the SM non-perturbative B+L violation,
in equilibrium, to partially transform the lepton deficit into a baryon excess. Leptogenesis therefore
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Figure 4.15: The diagrams contributing to the CP asymmetry €. The flavour of the internal
lepton Lg is summed. The internal Lg and Higgs ® are on-shell. The X represents a Majorana
mass insertion. Line direction is “left-handedness”, assigning to scalars the handedness of their
SUSY partners.

occurs before/at the electroweak phase transition. A minor attraction is that there are no AB =1
interactions, so no concerns with proton decay. More importantly, a natural way to understand why
neutrinos are much lighter than other SM fermions, is to suppose that their masses are Majorana,
that is, L-violating. So in such extensions of the SM, the first Sakharov condition comes for free.

Leptogenesis was proposed by Fukugita and Yanagida [652] in the type I seesaw, and has been
extensively studied in type I (for reviews, see e.g. [643, 653]), type II [370, 654, 655], and type
III [656, 657] seesaws, mostly using Boltzmann Equations as pioneered by [658]. Recent interest
has focussed on improving the credibility and accuracy by calculating interaction rates at finite
temperature [659-665], and by obtaining quantum equation of motion [666-668]. The next sections
summarise the scenario in the type I seesaw with hierarchical heavy singlets, and degenerate singlets
at various mass scales.

4.6.2 Thermal leptogenesis

Consider the type I seesaw model in three generations, containing heavy gauge singlet neutrinos with
a hierarchical spectrum (10° GeV < M; < My < M3 < 10! GeV), and whose only interactions are
the Yukawa F,;Lo®N;. The Yukawa matrix F' is taken complex; recall also that the combination
of Majorana masses M; and the Yukawa couplings F' is L violating. This area of parameter space is
GUT-motivated, because F' is comparable to other SM Yukawa matrices. However, there are loop
contributions to the Higgs mass, 6m32, ~ m, M; /(4mv?) which greatly exceed the measured Higgs
mass, and which somehow must be cancelled.

After inflation, suppose that the Universe reheats to a bath of particles with gauge interactions
(no heavy singlets Ny), of temperature Tyepear, such that 10° GeV S My S Treheat S Ma. This
ensures that the dynamics of leptogenesis are simple, allowing credible analytic estimates.

A population of Nis will develop due to their Yukawa interactions. This is a non-equilibrium
process, so assuming there are phases in F', asymmetries will simultaneously be generated in the
distinguishable flavours of SM lepton doublets. The finite temperature production rate requires
resummation even at leading order, and has been calculated in [663-665].

If the interaction rate of the Nysis & H (H = the Hubble expansion rate), as is possible, then
an equilibrium distribution of Nis will be produced, and the asymmetries in lepton doublets will
be washed out. This “strong washout” area of parameter space is predictive, because pre-existing
asymmetries vanish, so the BAU will be generated in the decay of Ny (see e.g. [669]).

When the temperature of the expanding Universe drops below M7, the equilibrium N; abun-
dance crashes exponentially, so the N7 population goes away. Individual Nis decay to a Higgs and
lepton, or anti-Higgs and anti-lepton. The CP asymmetry in doublet flavour « arising from the



treexloop diagrams for the decay of Nj (see figure 4.15) can be written, at T = 0, as

o _ DN = ®Lo) —T(N; = PLy) _ 1 Zlm

- 55 J(FF) 1 F, 4.6.2
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(see [660] for a finite temperature calculation), where z; = M3/M?, and, within the SM [670],

9(z) = Va 11:U+1—(1+$)ln(1+x>}:2}— 3 5

z 2z 623/

The asymmetries in distinguishable lepton flavours should be evolved individually in Boltzmann
equations. A flavour is “distinguishable”, if its charged lepton Yukawa is in equilibrium, which
is true for the 7 Yukawa at the temperatures 10° < T < 10'2 GeV considered here (see [643]
for flavoured Boltzmann equations). So the flavour index « runs over 7,0, where o is a linear

T (4.6.3)

combination of p and e.

These CP asymmetries are in general uncorrelated to the phases of the lepton mixing matrix
at low energy [671]. However, there is an upper bound [672, 673]

ler] = 1) €8] < 3mapn My /(8702 (4.6.4)

which applies for M; <« May 3, because in this case the Ny, N3 propagators in the loop can be
approximated as contact interactions (so effectively, the dimension-five light neutrino mass operator
sits in the loop).

In the strong washout scenario, a deficit of lepton number L, from the decay of N7, will no
longer be washed out by the inverse decays, once these go out of equilibrium, which occurs at a
temperature Ty, defined such that I'(®L, — N1) < H(To). This is the third Sakharov condition.
So the final asymmetry in flavour o can be estimated as

Lo =gy nN(Tra) o T(V1— PLa)ny

(03

s s YT THT=M) s

Using ['(®L, — Ny) ~ e M/TieT(N; — ®L,,), and ny(Tja)) =~ e~ 1/Trep,, gives the second
approximation. More accurate estimates can be obtained by solving the Boltzmann equations,
or, for some parameter ranges, the equations for two-point functions obtained in closed-time-path
quantum field theory.

The non-perturbative Standard Model B+L violating processes are expected to be in equi-
librium, and fast, at the temperatures considered here. So the lepton asymmetries generated in
N7 interactions are immediately redistributed among other SM particles, resulting in a baryon
asymmetry today

np _ 12135((3) S e

s 37 4mig, Ml

where n, = T'(Ny, — ®L,)/H is the “efficiency factor”, and g, = 106 is the number of degrees of
freedom in the SM plasma. The coefficient of the sum is ~ 1.4 x 1073, so since 1, < 1, one needs
€ 2 107 to reproduce the observed asymmetry. Combined with eqn (4.6.4), this implies that
M, 2 10° GeV, for thermal leptogenesis with hierarchical singlet masses.

That the same Yukawa interactions are responsable for the production and decay of the Nys,
distinguishes the minimal seesaw leptogenesis from other out-of-equilibrum-decay scenarios, such as
the decay of GUT bosons. If the initial heavy particle distribution is generated by gauge interactions,
then the asymmetry is generated only in decay, and if the decay is out-of-equilibrium, there is no
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washout. However, if washout is neglected in leptogenesis, then the doublet asymmetry generated
with the heavy singlets, will exactly cancel the anti-asymmetry generated in their decays, so the
final asymmetry is zero.

This scenario works naturally for Treneqr > 10° GeV, but is challenging to confirm, because the
high-scale Lagrangian has 18 parameters beyond the SM, whereas at low energy, we can at best
measure three neutrino masses, three mixing angles and three phases. However, this scenario could
be ruled out, if cosmological observations determined that Tepeqr < 102 GeV [674, 675]. A lower
scale for M would be more testable.

4.6.3 Resonant Leptogenesis

The GUT-scale leptogenesis scenario (Sec. 4.6.2) runs into certain difficulties, if one attempts to
explain the flatness of the Universe and other cosmological data [676] within supergravity models
of inflation. To avoid overproduction of gravitinos G whose late decays may ruin the successful
predictions of BBN, the reheat temperature T}, of the Universe should be lower than 10°-10° GeV,
for mg = 8-0.2 TeV [677-680]. This implies that the heavy Majorana neutrinos should accordingly
have masses as low as Tien < 109 GeV, thereby rendering the relation of these particles with
GUT-scale physics less natural. On the other hand, it proves very difficult to directly probe the
heavy-neutrino sector of such a model at high-energy colliders, e.g. at the LHC or in any other
foreseeable experiment.

A potentially interesting and phenomenological testable scenario that circumvents the above
problems may be obtained within the framework of Resonant Leptogenesis (RL) [681], where the
isosinglet Majorana mass scale could be lowered well below TeV scale. The key aspect of RL is that
self-energy effects dominate the leptonic asymmetries [670, 682, 683], when two heavy Majorana
neutrinos happen to have a small mass difference with respect to their actual masses (for earlier
works on resonant baryogenesis see [684]). If this mass difference becomes comparable to the heavy
neutrino widths, a resonant enhancement of the leptonic asymmetries takes place that may reach
values O(1) [681, 685, 686]. An indispensable feature of RL models is that flavour effects due to
the light-to-heavy neutrino Yukawa couplings [687-689] play a dramatic role and can modify the
predictions for the BAU by many orders of magnitude [687, 688]. Most importantly, these flavour
effects enable the modelling [688] of minimal RL scenarios with electroweak-scale heavy Majorana
neutrinos that could be tested at the LHC [313, 316, 485, 577, 690] and in other non-accelerator
experiments, while maintaining agreement with the low-energy neutrino data.

Many variants of RL have been proposed in the literature, which include:

e Soft RL [691, 692]. In this scenario, leptogenesis results from sneutrino decays in the MSSM.
CP-violating soft SUSY-breaking parameters may split the degeneracy within a single gener-
ation of right-handed sneutrino states, which leads to a resonant enhancement of the leptonic
asymmetries.

e Radiative RL [693-695]. In this case, the heavy Majorana neutrinos are exactly degenerate
at the GUT scale. Then, small mass differences among the heavy Majorana neutrino states
are generated via renormalization group (RG) running from the GUT scale down to the
leptogenesis scale. These small mass differences give rise to RL.

o Leptogenesis via sterile neutrino oscillations [396, 397, 696]. This scenario relies on the
possibility that sterile neutrinos with masses well below the Fermi scale, typically in the range
of 1 to 10 GeV, maintain the coherence of their CP asymmetric oscillations and produce an
enhanced leptonic asymmetry which is of O(F 2 ;) but with the proper amount needed to create
the observed BAU. This scenario can be tested by the SHIP experiment and is discussed in
more detail in the subsequent sections.



Making use of the corresponding terminology of the dynamics of the K°K? system in the
medium, there are three distinct mechanisms that contribute to the CP-violating leptonic decays
of the heavy Majorana neutrinos:

e c/-type CP wviolation. In this case, the required CP violation arises from the interference of
the tree-level graph Ny — L,® with the absorptive part of the vertex correction. The &’-type
leptonic asymmetry is given by

Im (FT F)2 Iy M?
r_ 1 -7 = 4.6.5
&‘NI (FT F)II (FT F)JJ MI f M]2 ) ( )
where
FiF
8T

is the tree-level decay width of Ny, and f(z) = —/(2)(1 + z) In[(1 + z)/2] is the Fukugita—
Yanagida loop function [697], which is part of the function g(x) that appeared in Eq. (4.6.3)
of the previous section.

e c-type CP wiolation. This is due to off-diagonal absorptive transitions from one heavy neutrino
to another which lead to CP-mixed sterile neutrino states. Based on an effective LSZ-type
formalism [681, 685], the e-type leptonic asymmetry is found to be

N T (FTF) (FTF),, \M, (M} — M3)? + M}T3

Note that E%if dominate over the ey, when |[M; — M| < My ;. In the limit My — My, the
would-be singularity is regularized by the decay width of the heavy neutrino N;.

e Regenerative CP wiolation. This third source of CP violation occurs via the regeneration
of the heavy sterile neutrinos from the thermal plasma. In analogy to the phenomenon of
regeneration of Kg states in the medium [698], the inverse decays create different coherences of
heavy netrino states from the ones involved in the direct decays, leading to oscillations [699,
700]. The leptonic asymmetry due to these sterile-neutrino oscillations is O(F2%;) and is
approximately given by

0SC Im ('FJr F)%J (FJ (M12 — Mg) M M,

£ , 4.6.7
Nt (FTF)r (FTF) ;g MJ> (M} — M3)? + MR (Tn, + 'y, )? (4.6.7)

where My = (My, +My,)/2. Note that the CP-violating source due to 33 has the same sign
with the one arising from &%, giving rise to an enhancement of a factor of ~ 2 in scenarios
of resonant leptogenesis. Recently, these results have independently been confirmed in [700]
by an approach based on the CTP KadanoffBaym formalism. Still, the situation remains
somewhat debatable, as in Refs. [667, 701], where e-type CP-violation and CP-violation from

mixing are identified, no enhancement by a factor ~ 2 is reported.

The inclusion of phenomena due to charged-lepton decoherence and heavy-neutrino flavour
oscillations may increase the predictions for the BAU by up to one order of magnitude in RL
models, according to a recent study based on a fully flavour-covariant formalism [699].

4.6.4 Leptogenesis via HNL oscillations

In this subsection we are going to describe how the baryon asymmetry is generated via oscillation
of relatively light right-handed neutrinos, described in Sec. 4.3.2.3, following [396, 397]. In the con-
sidering mass range of right-handed neutrinos, say My < O(10) GeV, the lepton-number violation
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due to Majorana masses is negligible at the baryogenesis temperatures T > Ty, ~ 100 GeV (Typp is
the temperature when the rapid baryon number violation due to the sphaleron process is switched
off.). It is, therefore, crucial that the lepton asymmetry is distributed into left-handed leptons L.,
and right-handed neutrinos N; rather than the generation of the total asymmetry as in the case of
the conventional leptogenesis scenario [697]. In this case, the asymmetry stored in the left-handed
sector is partially transferred into the baryon asymmetry due to the sphaleron transitions which
are rapid for T' > Ty, [647].

The generation of these asymmetries are described by the kinetic equations for matrices of
densities py of right-handed neutrinos and chemical potentials p, of left-handed neutrinos [397]
(see also [415, 702, 703])

d , 3 .
% = —ilHY + Vi, pn] = SHFTF o = o} 4 39F  F (4.6.8)
d:u’l/a /7 *

dt = _V(FFT)DLQ,U/VQ - Z[FPNFT -F pNFT]aa My,

3 .
+%[FpNFT — F*pF ), (4.6.9)

where HY, denote the free Hamiltonian, Viy = (T/16)FTF, and v = 3h2T/(647) [396]. The kinetic
equation for py is obtained by replacing F' — F* and p,, — —p, in (4.6.8).

These equations incorporate the medium effects of surrounding hot plasma, i.e., the thermal
potential Vi which induces the coherent oscillations of right-handed neutrinos and the decoherent
terms which describe the production and destruction of Ny [396]. Furthermore, they contain the
terms which express the exchange of asymmetries between left and right-handed sectors [397].

The inclusion of such terms by [397] is crucial in the following respects. The one important point
is that such terms make the baryogenesis effective even if the number of right-handed neutrinos
is N' = 2. The other one is that the yield of baryon asymmetry does depend on the parameters
of active neutrinos. This is because such terms depend on the neutrino Yukawa couplings in a
very complicated way (rather than the simple F'F) and hence they depend on, for example, the
values of the PMNS mixing matrix. Therefore, the CP violations of active neutrino physics can be
directly related with the cosmic baryon asymmetry in this framework. This is a distinct feature of
the mechanism compared with the simple leptogenesis scenario [697].

The coupled equations (4.6.8) and (4.6.9) can be solved not only numerically, but also ana-
lytically by using the perturbative expansion of the Yukawa coupling constants F' [397]. At the
order O(F?) right-handed neutrinos are created due to the production term and start to oscillate
due to the mixing induced by the effective potential. The temperature of such an oscillation is
determined from the mass-squared difference of right-handed neutrinos. Then, at the order O(F*),
the third term in the right-hand side of (4.6.9) generate the asymmetries of left-handed leptons due
to the CP violation in the leptonic sector. the total asymemtry in the left-handed leptons is zero
> e = 0 at this order, but becomes non-vanishing at the order O(F°) because of the exchange
of asymmetries between left- and right-handed leptons. Therefore, the baryon asymmetry in this
mechanism is generated at O(F©).

The yield of baryon asymmetry depends on the Yukawa couplings and the masses of right-
handed neutrinos. Especially, the mass differences are important to determine the time of their
flavor oscillations which is essential in this mechanism. As shown below, when two right-handed
neutrinos participate the baryogenesis (as in the YMSM), enough baryon asymmetry can be gener-
ated if the mass difference is sufficiently small.

We should comment that in the description above the momentum dependence of the matrices
of densities is approximately taken into account. This issue has been discussed in Ref. [703] and it
is found that the final value of the yield of baryon asymmetry does not change much by the correct



treatment of the momentum dependence.

4.6.4.1 Leptogenesis via oscillations with two HNLs

Now we are at the position to discuss the baryogenesis in the vMSM with three right-handed
neutrinos (HNLs) N' = 3. In this case the lightest HNL N is a candidate of dark matter. This
particle is allowed to possess very suppressed Yukawa couplings (see the discussion in Section 2.2.5),
and then N7 gives only a minor contribution to the seesaw mass matrix of active neutrinos [321, 322]
and also the generation of baryon asymmetry [397] via the mechanism [396, 397]. Therefore, Ny
and N3 are responsible to these origins and the masses and mixings of active neutrinos and the
baryon asymmetry of the universe correlate to each other through physics of No and Nj.

To ensure the successful seesaw mechanism, the Yukawa couplings of No and N3 can be
parametrized as in Eq. (4.3.11). We can choose to work in the basis where the right-handed neutrino
mass matrix is diagonal, then V =1 and Dy = diag(Mas, M3), which we take My = My — AM/2
and M3 = My + AM/2. Moreover, we assume that the couplings of Ny are zero F,; = 0 for
simplicity, and hence the masses of active neutrinos are ms > mo > m; = 0 for the NH case and
mo > mq > ms = 0 for the IH case.

The CP violation in leptonic sector is essential for the considering baryogenesis. There are
three violating parameters in the Yukawa couplings of N, 3, the Dirac and Majorana phases, §
and 1 and the complex parameter 6. When F,; = 0, the number of Majorana phase in Uppngs is
equal to unity (rather than two in the case with three massive active neutrinos), and we can take
a1 = n and ay = 0 without loss of generality. It should be emphasized that all these parameters can
contribute to the yield of the baryon asymmetry. This is because the communication terms between
left-handed and right-handed leptons do depend on the PMNS matrix. Therefore, in the vYMSM the
CP violating phases of active neutrinos which may probed in the future neutrino experiments can
directly connect with the baryon asymmetry of the universe. For instance, when the CP violation
in the HNL sector is absent (i.e., Im é), the dependence of § and 7 in the baryon asymmetry is
explicitly presented in Ref. [702].

The complex parameter é, which is denoted by —w in Ref. [372], is a very important parameter
in the considering baryogenesis. As demonstrated in Ref. [372], its imaginary part determines
the typical magnitudes of the Yukawa couplings since |Fo;| « X, = exp(Imw) = exp(—Im6)
for X, > 1. Note that the Yukawa couplings can be enhanced by larger X, even keeping the
masses of active neutrinos as the observational values (which can be seen in the parameterization in
Eq. (4.3.11)). Although the production of asymmetry is boosted due to such enhanced couplings,
the baryon asymmetry eventually receives the wash-out effects since Ny and N3 get in equilibrium
for larger X,. Thus, the successful baryogenesis requires the certain range of X, and it can be
translated into the range of the mixing through

2 M -
U? = 2](41; (X2 +X.%. (4.6.10)
See Fig. 4.17. Similar discussion can be done for the masses of Ny and N3, since the seesaw
mechanism shows the proportionality |Fir| o< My.
The flavor oscillation between Ny and N3 is essential for baryogenesis in the ¥MSM, which
starts at the cosmic temperature Tog. as

(4.6.11)

My 1/3 AM/My 1/3
1 GeV 104 '

Toee =~ 2.3 x 10* GeV <

The yield of asymmetry depends significantly on 7,5 and so AM. When the wash-out effect is
negligible, its dependence is found to be ng o T2 for The > Tipn and np o T3, for Tpse < Tsph,

osc
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Figure 4.16: The region of My and AM accounting for the cosmic baryon asymmetry from
Ref. [406]. The observational data can be explained in the regions inside the (red) solid and (blue)
dashed lines for the NH and IH cases, respectively.

and hence the most effective baryogenesis occurs when Tos. ~ Typn which requires AM < My as
we will show below.

Let us then discuss the domain of the parameter space of the ¥MSM in which the observed
value of np (as well as the results of the neutrino oscillations) can be explained. The lower bound
on the masses of No and N3 are found in Refs. [406, 415] The recent analysis [406] shows that
My > 2.1 MeV (0.7 MeV) for the NH (IH) case, respectively. (Cf. Fig. 4.16.) It is very interesting
that baryogenesis in the vYMSM can work even when the masses of HNLs are small as MeV scale
if the mass difference is sufficiently small. On the other hand, the upper bound on My < 17 GeV
can be obtained to avoid the thermalization of Ny and N3 for T > Ty, [396, 397]. Therefore,
enough baryon asymmetry can be generated in the ¥MSM via the mechanism of oscillation of the
quasi-degenerate NHLs, Ny and N3, when My = O(1) MeV-0O(10) GeV.

We should note that a part of the above mass range is excluded by various experimental
constraints from direct search of No and N3 and also by the cosmological constraint on the late
decays of Ny and Nj. See the analysis in Refs. [395, 403, 406]. The former (latter) constraints put
the upper (lower) bound on the mixing U?, respectively, and hence we can obtain a certain range
of the allowed region in the My-U? plane. (Cf. Fig. 4.17.) The recent analysis in Ref. [403] shows
the lower bound on My becomes severer as My > 173 MeV (264 MeV) for the NH (IH) case,
respectively. (Cf. Fig. 4.4.)

4.6.4.2 Leptogenesis via oscillations with three HNLs

The number N of HNLs that can be added to the SM is a free parameter: In contrast to the light
neutrinos, the heavy right handed neutrinos are SM gauge singlets, and there are no restrictions
from any anomaly cancellation. If the seesaw mechanism is the sole origin of neutrino masses,
N > 2 is necessary because two non-zero mass differences between the light SM neutrinos have
been observed, and the seesaw mechanism requires one RH neutrino per observed non-zero light
neutrino mass. Leptogenesis from neutrino oscillations [396] as described in section 4.6.4 also
requires A > 2 for any oscillations to occur. Most studies have been focused on the case N’ = 2 (or
even N/ = 1), either for simplicity or because only two out of three HNLs contribute to neutrino
mass generations and leptogenesis, see e.g. Refs. [323, 372, 403, 406, 408-411, 414, 416, 704] and
Refs. [313, 528, 549, 554, 705, 706] for a summary. The latter situation is e.g. realised in the
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Figure 4.17: Constraints on the N2 3 masses Mz 3 ~ M and mixing U? = tr(HTO) from baryogenesis;
upper panel - normal hierarchy, lower panel - inverted hierarchy. In the region between the solid blue
“BAU” lines, the observed BAU can be generated. The regions below the solid black “seesaw” line and
dashed black “BBN” line are excluded by neutrino oscillation experiments and BBN, respectively. The
areas above the green lines of different shade are excluded by direct search experiments, as indicated in
the plot. The solid lines are exclusion plots for all choices of vYMSM parameters, for the dashed lines the
phases were chosen to maximize the BAU, consistent with the blue lines. The uncertainties in theoretical
computations may move the lines up or down by a factor of few ~ 2 — 3. From [416].

vMSM [397] described in section 4.8 because the lightest HNL N is assumed to be a Dark Matter
candidate; bounds on the DM lifetime require its mixings U2, to be so feeble that it effectively
decouples, and the vMSM is equivalent to N' = 2 as far as baryogenesis and neutrino masses are
concerned. However, in the seesaw framework A > 3 is required if the lightest neutrino turns out
to be massive.

The interpretation of experimental constraints and cosmological considerations both strongly
depend on A and the mass of the lightest neutrino [325, 706]. For instance, for N' = 3 there is no
lower bound on Y U2, from neutrino oscillation data if the lightest neutrino is massless. On the
other hand, if its mass is near the upper limit of 0.23 eV from cosmology [319], then there is a lower
bound U? > 1071 [325], see Fig. 4.18, which is near the anticipated SHiP sensitivity. Moreover, the
range of N; parameters for which leptogenesis can be realised with M; below the electroweak scale
turns out to be very different for A’ = 2 and A/ = 3. For N/ = 2 the two masses masses M; and My
have to be quasi-degenerate in order to explain the observed BAU [707], see [681, 686] (leptogenesis
during Ny decay) and [324, 397, 415, 416, 703, 704, 708] (leptogenesis during N; production).
Moreover, leptogenesis with N = 2 requires that the Yukawa coupling constants F,; are very tiny,
making it very challenging to find the Ny in existing experiments [316, 388, 416, 704]. This provides
strong motivation for SHiP. With A/ = 3 both of these restrictions can be overcome [709-711]; in
this case leptogenesis does not require a mass degeneracy [709], and the parameter region where the
BAU can be explained is within reach of the existing experiments LHCb and BELLE [710]. This
is illustrated in figure 4.19 for the observable Uﬁg. However, B-factories can only improve existing
bounds if the N; have masses between the D-meson and B-meson mass. Even in this mass range,
they can probably only find the Ny if their mixings U?2; are less than two orders of magnitude below
the current bounds [710]. SHiP could probe much smaller mixings and exclude most of the viable
parameter space below the D-meson mass shown in Fig. 4.18 if the lightest neutrino is massive.
At larger masses, ATLAS and CMS [712] or future high energy colliders [383, 549, 554, 713] could
complement SHiP.

At first sight it seems surprising that leptogenesis in the case N/ = 3 is phenomenologically so
different from N = 2. The reason lies in the fact that leptogenesis with M; < Ty, is primarily
driven by lepton flavour violating processes, while total lepton number violation is suppressed by
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Figure 4.18: For N' = 3, there is no lower bound on the mixings UZ; of a given HNL N; with
the individual active flavours [324, 325]. However, their sum U} = Y U2, is bound from below
by BBN. If the lightest neutrino is relatively heavy, then there is also a lower bound from neutrino
oscillation data. The dark blue dots in the left and right panel show the smallest U? for given M;
found in a numerical scan performed in Ref. [325] that are consistent with neutrino oscillation data,
BBN, neutrinoless double 3-decay, i — ey and past collider searches in the A' = 3 scenario. In the
left panel the lightest neutrino is massless, and the only lower bound comes from BBN. In the right
panel the lightest neutrino has a mass at the cosmological upper limit 0.23 eV. The light blue dots
show the largest mixing found to be consistent with the above requirements. The red line shows
the collider bound from direct searches alone.
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Figure 4.19: The red line shows the maximal mixing U, 32 consistent with baryogenesis found in
[710], i.e. below the line there exist parameter choices for which the observed BAU can be generated.
Here the massesM; = 1 GeV and M3 = 3 GeV are fixed while M5 is varied. The resonant cases
My ~ M, and My ~ Mj were excluded, which allows to use standard methods to describe the
propagation of the N; even in the early universe [709, 714-716]. The small mass splitting in the
degenerate case introduces a new oscillation time scale, which can give rise to resonant phenomena
that require special treatment [667, 700, 701, 717] and possibly in the laboratory [718, 719]. The
scatter is a result of the Monte Carlo method and not physical. It indicates that we have not found
the global maxima, but the density of valid points decreases rapidly for larger |U,2|?. The gray area
represents bounds from the past experiments PS191 [578], NuTeV [586] (both re-analysed in [323]),
NA3 [580], CHARMII [588] and DELPHI [551] (as given in [313]). They are stronger than those
from violation of lepton universality [401, 402, 549, 554, 573, 720], see [313, 705] for a discussion
of other experimental constraints. The blue lines indicate the current bounds from LHCb [408]
(dotted) and BELLE [409] (dashed), which will improve in the future.



M;/T. A sizable lepton number violation can only be realised with a resonant enhancement caused
by a mass degeneracy % > 1. The source of lepton flavour violation, on the other hand,
I J

|J\/I?2:7M§\’ which for M7y < My is large at temperatures T > Ty,p, even if % ~ 1.
This argument applies in principle to both cases, ' = 2 and N' = 3. However, the generation of the
asymmetries at T' > Ty, and their washout at T' 2 Ty are driven by the same Yukawa interactions
F,r. Hence, the Yukawa interactions F,; have to be large enough to generate significant lepton
asymmetries L, at T > Ti,n, but small enough to prevent the complete washout of all L, before

T = Tipn. This is most easily achieved if individual elements F,; are sufficiently different in size that

scales as

one active flavour a couples much more weakly to the Ny than the other two, leading to a flavour
asymmetric washout that allows the asymmetry in that flavour to survive until 7' = Ty,y,. For N' = 2
this is difficult to achieve because the strengths of the active-sterile couplings F,; in all flavours
are tied together, as they are essentially governed by just one parameter [324, 372, 395, 696, 708].
In the popular Casas-Ibarra parametrisation (4.3.11) [384] this is the imaginary part of the one
complex “Euler angle” w in the “rotation matrix” . This generally leads to very small baryon
asymmetries because a large asymmetry generation at T' > Ty, is necessarily antagonised by a
large washout at T' 2 Tspn in all flavours, and the observed BAU can only be explained if it is
resonantly enhanced by a degeneracy in the masses at the level < 1073 [416, 708]. The situation
changes drastically in the A/ = 3 scenario. The reason is that in this case there are three complex
angles w;; in §. This enlarged parameter space contains considerable regions in which the individual
|For| are vastly different. If the Ny-mixings with two active flavours are relatively large (allowing
for an efficient asymmetry production without mass degeneracy) while mixing with the third one
is small (and prevents a complete washout of the asymmetry prior to sphaleron freezeout), then
the N that can generate the BAU are within reach of existing experiments [710]. However, for the
parameters shown in figure 4.19, “large” |F,;| > 10~7 can only be made consistent with the small
observed neutrino masses if there are cancellations amongst the different elements of (4.3.3) that
keep the physical mass eigenvalues small. From a theoretical viewpoint this may be considered as
“tuning”, and it has been argued that the region with small mixings is more “natural” [708]. As far
as baryogenesis is concerned, the required amount of “tuning” can be reduced if the HNLs couple to
other new degrees of freedom in addition to the SM particles, such as an additional Higgs doublet
[708, 709]. This leads to larger thermal production rates in the early universe while still keeping
neutrino masses small.

The scenario outlined above works particularly well if the M; are in the GeV range; smaller
masses are excluded by the combination of bounds from big bang nucleosynthesis and direct searches
of past experiments [325, 415, 416, 704], larger masses are strongly disfavoured because the seesaw
relation (4.3.3) naturally leads to larger F,; and a more efficient washout. Theoretically this
choice can be motivated by e.g. classical scale invariance [522], in the framework of the “inverse
seesaw” [501, 502], “no new scale”-considerations [721] or by applying Ockham’s razor to the number
of new particles required to explain the known phenomena beyond the SM [397]. In this mass
range, the Ny can be produced and studied in meson decays [395]. Though B-factories can probe
a part of the leptogenesis parameter space with U? > 10~ [710], SHiP would be by far the most
powerful instrument to probe the scenario of baryogenesis from neutrino oscillations with A" = 3. In
particular, with its expected sensitivity SHiP could enter deeply into the “natural” parameter region
of smaller U? where no significant tuning is required to keep the neutrino masses small within the
minimal type-I seesaw framework. Besides, we emphasise that baryogenesis via HNLs can be easily
accommodated within some of the most plausible and simple extensions of the SM [522, 708, 709].
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Figure 4.20: Decay channels of the sterile neutrino with the mass below twice the electron mass.
Right panel shows radiative decay channel that allows to look for the signal of sterile neutrino dark
matter in the spectra of dark matter dominated objects.

4.7 HNL and dark matter

The nature of dark matter remains one of the most intriguing questions of modern physics. There
is a body of strong and convincing evidence which points at the existence of a new substance,
universally distributed in objects of all scales and providing a contribution to the total energy
density of the Universe at the level of about 25%. Various attempts to explain this phenomenon by
the presence of macroscopic compact objects (such as, for example, old stars) or by modifications
of the laws of gravity (or of dynamics) failed to provide a consistent description of all the observed
phenomena. Therefore, a microscopic origin of dark matter phenomenon (i.e. a new particle or
particles) remains the most plausible hypothesis.

The only electrically neutral and long-lived particle in the Standard Model are neutrinos. As
the experiments show that neutrinos have mass, they could play the role of dark matter particles.
Neutrinos are involved in weak interactions that keep these particles in the early Universe in thermal
equilibrium down to the temperatures of few MeV. At smaller temperatures, the interaction rate
of weak reactions drops below the expansion rate of the Universe and neutrinos “freeze out” from
the equilibrium. Therefore, a background of relic neutrinos was created just before primordial
nucleosynthesis. As interaction strength and, therefore, decoupling temperature and concentration
of these particles are known, their present day density is fully defined by the sum of the masses for
all neutrino flavours. To constitute the whole DM this mass should be about 11.5 eV (see e.g. [722]).
This mass is in conflict with current experimental data (see Section 4.2.2). However even in the
past when such a sum of neutrino masses was not excluded by particle physics data, another
problem signified that neutrinos could constitute only a fraction of DM. Indeed, if DM particle is
a fermion, the phase-space number density of the faintest galaxies should not exceed the density
of degenerate Fermi gas. Provided that DM mass density is bounded from below observationally,
this puts a lower bound on the mass of fermionic DM particles to be a few hundreds of eV (the
so-called “Tremaine-Gunn bound” [723]).” Therefore, cosmological and astrophysical requirements
to neutrino dark matter contradict to each other. Therefore, the DM particle hypothesis necessarily
implies an extension of the Standard Model.

"There are appreciable astronomical uncertainties in deducing phase-space density from astronomical observations
and under reasonable assumptions they can be changed by a factor ~ 2, see e.g. [724]. Depending on how the
uncertainties are treated, this bound ranges from 0.4 keV [724] to 1 keV [725].



The sterile neutrino allows to resolve the contradiction that have ruled out active neutrinos
as dark matter candidate. Its interaction with the Standard Model particles is similar to that of
active neutrino, but suppressed by the mixing angle U?. Therefore number density of the relic
sterile neutrino background can be much lower and account for the correct DM abundance in
the much larger range of masses of the particle, easily satisfying Tremaine-Gunn bound. The
production through mixing with active neutrinos always contributes to the relic sterile neutrino
abundance [116, 118, 726, 727]. If a large lepton asymmetry or new particles and fields are present
in the model then additional production mechanism are possible [117, 119, 120, 728, 729] (see
[399, 528, 730] for review).

4.7.1 Bounds on HNL as dark matter. No assumptions on production mechanism

The sterile neutrino has finite lifetime. It can decay to 3 active (anti)neutrinos (Figure 4.20). To
be a dark matter candidate its lifetime should be greater than the lifetime of the Universe, which
implies [726]

(4.7.1)

5
U2 <4x1078 (50 keV)

My

In fact, due to the existence of the subdominant radiative decay channel N — v + v (Figure 4.20,
right panel) it should be even longer. The decay width is [731, 732]

—30 1
QQG% 2 M}?{ 5.55 x 10 sec ) { U2 ] [MN r
== = or

Ty = v
N=y 25674 10-8| | 1keV

(4.7.2)
3.66 x 108 keV

and the energy of the emitted photon is fixed to be £, = %M ~ which means that one expects
a monochromatic line in the spectra of dark matter-dominated objects (galaxies and galaxy clus-
ters) [726, 733, 734]. Even if Eq. (4.7.1) is satisfied, the huge amount of dark matter particles in
galaxies will give rise to a strong signal that would be immediately observed. Even the first look
at the diffuse extragalactic X-ray background tells us that this limit is stronger than Eq. (4.7.1)
roughly by a factor of 3 x 10 [322, 735].

The bound on dark matter decay signal can be made even stronger if one looks at high dark
matter overdensities i.e. nearby galaxies and galaxy clusters. In the keV-MeV mass range the
search of the DM decay signal was conducted using space telescopes: XMM-Newton [735, 737-743],
Chandra [744-750], Suzaku [751, 752], Swift [753], INTEGRAL [754, 755] and HEAO-1 [735] cosmic
missions, as well as rocket-borne X-ray microcalorimeter [756] (see also [757] for extension for higher
energies). The resulting bounds are shown in Fig. 4.21, left panel.

This means that the contribution of the sterile neutrino dark matter particle to the neutrino
masses and oscillations is negligible and if the neutrino oscillations are to be explained by sterile
neutrinos, at least two more heavy neutrinos, interacting much stronger that the dark matter one,
should be present in the model [321, 322].

4.7.2 Bounds on DM HNL if produced via mixing with active neutrinos only

The X-ray bounds provide a upper limit on the mixing angle U? for each value of the mass My
under the only assumption that all dark matter is made of sterile neutrinos. In addition to that
in the minimal model where sterile neutrino dark matter is produced solely via its mixing with
active neutrinos, the abundance of DM is a unique function of DM mass, mixing angle U? and
the lepton asymmetry present at the plasma at the time of production. Due to thermal effects the
effective coupling between active and sterile neutrinos becomes temperature-dependent and reaches
its maximum at temperatures of few hundreds MeV. The value of the lepton asymmetry at these
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Figure 4.21: Constraints of DM particles made of HNLs under the assumption that HNLs consti-

tute 100% of dark matter.

temperatures depends on the initial conditions. if lepton asymmetry is assumed to be zero at the

moment of DM production, the requirement of correct DM abundance imposes a unique between
DM mass and its lifetime. Combined with X-ray constraints on the lifetime, this give an upper
bound on the mass My < O(2 — 4) keV. Therefore the remaining window for such a DM becomes
narrow as the universal (Tremaine-Gunn) lower bound is ~ 0(0.5 — 1) keV.

If the mixing angle is above the line of non-resonant production (black solid line in Figs. 4.21,
right panel) the dark matter mixes with the ordinary neutrinos too strongly and as a result is

overproduced.

Confronting this relation between M; and U? with X-ray bounds puts an upper bound on the

mass:

e M; < 4 keV, non-resonant production (Fig. 4.21, right panel)
e M; <50 keV, resonant production (Fig. 4.22).
The production via mixing predicts a specific shape of primordial phase-space distribution function

and the Tremaine-Gunn bound becomes stronger:

e its lower bound for M; for non-resonant production is between 1.7 keV [724] and 5.7 keV [725].

e M; > 1 keV, resonant production [724]

Moreover, as the primordial momentum distribution of DM particles is quasi-thermal in this
case, structure formation data favors heavier masses (although the systematic uncertainty there is

significant and hard to estimate).

HNLs produced via mixing with ordinary neutrinos are born relativistic and as they cool down
they erase small-scale density perturbations. The non-resonantly produced HNL DM behaves as
warm dark matter [727, 758], while the resonantly produced one is sufficiently colder and can be
approximated as cold-plus-warm dark matter [736, 759].



The measurement of the structures at small scales is done via the Lyman-a forest method [736,
759-761]. This method is very complicated, involves cosmological simulations of both clustering of
DM particles and complicated astrophysical properties in inter-galactic medium. The systematic
errors can be therefore quite significant and hard to estimate (see the discussion in [736]). The
current Lyman-a bounds can be summarized as follows:

e The conservative lower bound for non-resonantly produced particles is My 2 8 keV (99.7%

8

C.L.) [736]. This bound is based on a statistically large sample of SDSS quasars.
e My 2 2 keV for resonantly produced [759].

As a result, for non-resonant production the Lyman-« constraints comes at tension with the X-ray
constraints (even if systematic uncertainties are taken into account). Moreover even without taking
into account structure formation, X-ray bound is at tension with Tremaine-Gunn bound for the
non-resonant production mechanism [724, 725]. Non-zero values of initial lepton asymmetry remove
the tension and open up the whole parameter space up to the masses My ~ O(100) keV.

In summary: assumption of production of HNL DM via mixing with ordinary neutrino (and
no other new particles in the primordial plasma at temperatures below ~ 1 GeV) leads to the
conclusion that large lepton asymmetry should be present in the plasma at these temperatures.
Alternatively, one needs to assume other production mechanisms of HNL, for example HNLs can
be produced via decay of scalars [315, 729].

There can be different origins of large lepton asymmetry at temperature of interest (e.g. [696,
763]). Interestingly the required lepton asymmetry may be produced in the minimal model that
contains only 3 new particles: one sterile neutrino, N7, as a dark matter particle, and two others,
Ny, N3, responsible for neutrino masses (see Section 4.8 below). The value of lepton asymmetry
at the dark matter production epoch is defined by the properties of Ny and N3. Therefore X-ray
constraints on the properties of Nj, translated into possible range of value of lepton asymmetry,
select a certain part of the parameter space of Ny, N3. In particular, if the dark matter origin of
the 3.5 keV line is confirmed, it will imply definite range of values of the parameters of Ny, N3.
However, the value of the lepton asymmetry at the temperatures of interest may depend also on
the complicated dynamics of this asymmetry in primordial plasma. Therefore the explicit relation
between properties of N1 and No, N3 within the minimal model are still under investigation. When
fully established, this relation will provide a promising way to make cosmological predictions for
particle physics searches of HNLs.

4.7.3 3.5 keV line

Recently two groups have reported an unidentified spectral line at the energy F ~ 3.5 keV in the
stacked X-ray spectra of Andromeda galaxy, Perseus galaxy clusters, stacked galaxy clusters and
the Galactic Center of the Milky Way [297, 298, 764]. This result is being widely discussed in the
literature. Existing data do not allow to completely exclude the possibility that in some of the
objects this line may originate from an atomic transition [765-772]. However the distribution of
this signal over the sky and the ratios of its strengths observed in different objects are consistent
with predictions for decaying dark matter with the mass My ~ 7.1 + 0.1 keV.

8To emphasize the degree of uncertainty of the method, we mention that a stronger bound of M7 > 15 keV (99.7%
C.L.) has been claimed in [762] for a sample of 25 high resolution quasars. The same ref. [762] showed, however,
that by relaxing astrophysical assumptions about the thermal history of the intergalactic medium, this bound can
be relaxed down to about 9 keV, making it largely consistent with [736].
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Figure 4.22: The parameter space of sterile neutrino dark matter produced via mixing with the active
neutrinos (unshaded region). The two thick black lines bounding this region are production curves for non-
resonant production [727] (upper line, “NRP”) and for resonant production (RP) with the maximal lepton
asymmetry, attainable in the YMSM (lower line, marked “Lg*** = 1207) [416, 696, 728] (L is defined as the
ratio of the lepton density to the entropy density times 10° ). The thin coloured curves between these lines
represent production curves for different values of lepton asymmetry. The red shaded upper right corner
represents X-ray constraints [738, 740, 741, 751, 755] (rescaled by a factor of two to account for possible
systematic uncertainties in the determination of DM content). The black dashed-dotted line approximately
shows the RP models with the largest cold component. The region below 1 keV is ruled out according to
the phase-space density arguments [725] (see text for details). The point at ~ 7.1 keV corresponds to the
unidentified spectral detected in stacked X-ray spectra of galaxies and galaxy clusters [297, 298]. Thick
errorbars are +10 limits on the flux as determine from data. Thin errorbars correspond to the uncertainty
in the DM distribution.

4.8 vMSM

Let us explain here the framework of the so-called ¥MSM (neutrino Minimal Standard Model).
This is a simple extension of the SM by introducing N right-handed neutrinos Ny (I =1,2,--- ,N)
in order to explain the three observational phenomenon which cannot be explained by the SM, i.e.,
the non-zero masses of active neutrinos, the cosmic dark matter, and the baryon asymmetry of the
universe. These right-handed neutrinos are introduced with Majorana masses My

|mplar < M < O(10%) GeV, (4.8.1)

where the Dirac mass is given by [mplar = |[Far|(®). The first inequality between Dirac and
Majorana masses is imposed for the seesaw mechanism. The scale of Majorana mass for the seesaw
mechanism cannot be determined from active neutrino masses and can vary in a wide range (see
Sections 4.3.2.1-4.3.2.4). The possibility, discussed here, is to choose Majorana masses that are
comparable to or smaller than the electroweak scale O(10%) GeV, so that masses of HNLs are
comparable to or smaller than masses of quarks and charged leptons. Interestingly, even when HNLs
are lighter than the electroweak scale, enough baryon asymmetry can be generate via oscillations,
as discussed in Section 4.6.4.
The two mass scales, Am?2,
that there must be at least two massive states of active neutrinos which mass eigenvalues are

m and Am%, confirmed by various oscillation experiments require



different, and then the number of right-handed neutrino must be equal to or larger than two
(N > 2). Notice that the lightest active neutrino becomes exactly massless for the minimal choice
N =2.

We then discuss the possible candidate for dark matter in this framework. The candidate is
HNL with O(10) keV mass (see the discussions in Sec. 4.7) We might expect that HNLs needed to
explain Am2. and Am2 also may play the role of dark matter. However it is impossible because
of the following reasons. First, it is shown [321] that HNLs for masses of active neutrinos must has

sizable Yukawa couplings which produce too much dark matter particles by the Dodelson-Widrow

tm

mechanism [116], and then the present abundance exceeds the observed value. In addition, such
HNLs cannot be dark matter since they give too much X-rays from their radiative decays and
conflict with observations [322]. Therefore, we must introduce right-handed neutrino(s) for dark
matter in addition to at least two right-handed neutrinos for active neutrino masses. In this case
the number of right-handed neutrino must be N" > 3.

Finally, let us consider the baryogenesis in the YMSM. As explained in Section 4.6.4, HNLs with
GeV-scale masses can create the baryon asymmetry through the mechanism via oscillations [396,
397). Tt is interesting that even in the minimal option required for Am2,,  and Am%, say the two
HNLs case, the enough baryon asymmetry can be generate as demonstrated in Ref. [397].

tm

As aresult, the minimal number of right-handed neutrinos explaining the neutrino masses, dark
matter, and the baryon asymmetry at the same time is /' = 3. In this case the HNL Nj plays a role
of dark matter (see Section 4.7) and the heavier HNLs Ny and N5 are then responsible to the seesaw
mechanism and baryogenesis. The model with A/ = 3 introduces 18 new parameters in addition
to the parameters of the SM, which are three Majorana masses M; and 15 (physical) parameters
in the neutrino Yukawa couplings F, ;. The parameters associated with the heavier HNLs Ny and
N3 are 11. Among them 7 are parameters of active neutrinos (two mass-squared-differences and
three mixing angles of active neutrinos and one Dirac-type phase and one Majorana-type phase in
the PMNS matrix), and 4 are parameters of HNLs (their masses My 3 = My £+ AM/2 and one
complex parameter). The residual 7 parameters are for dark matter N; (mass of Ny, three its
mixing elements |Uy1| and three CP violating phases).

One important consequence of this model is that the lightest active neutrino is lighter than
O(107°) eV [321, 322]. This comes from the fact that the dark matter HNL is allowed to give a
tiny contribution to the seesaw. Therefore, the mass eigenvalues of heavier active neutrinos can be

identified from Amgtm

for the neutrinoless double beta decays in this framework (see the discussion 4.5.2).

and Am2® (the ordering of masses are still unknown). This point is crucial

As described in Section 4.6.4, the successful baryogenesis requires that Ny and N3 are quasi-
degenerate (AM/M < 1) and My is bounded from below. The constraints on Ny and N3 from
direct searches and cosmology make such bound on My more stringent. The most recent analy-
sis [403] shows that My > 173 MeV (264 MeV) for the NH (IH) case, respectively. Further, the
allowed range of mixing of Ny and N3 is summarized in Figure 4.17. The region for My and U? of
N and N3 indicates that experimental searches of Ny and N3 are very important [395].

4.8.1 Lepton asymmetry and dark matter production in the model with 3 HNL

It was shown in the Section 4.7 that bounds on dark matter HNL, produced solely from mixing with
active neutrinos require presence of large lepton asymmetry as initial conditions in the plasma.

In the presence of 3 HNLs (vMSM) the existence of lepton assymetry can be naturally gener-
ated as a consequence of baryogenesis or via out-of-equilibrium processes involving HNL at lower
temperatures.

Let us introduce an extra assumption: no production of Dark Matter HNL above tempera-
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tures of few TeV.? The interactions contained in Lagrangian (4.3.1) allow to generate large lepton
asymmetry at temperatures below T ~ 140 GeV. This may happen in distinct 3 regimes

I. at temperatures 7' ~ 50 — 100 GeV, when N> 3 come to thermal equilibrium
II. at temperatures T ~ few GeV, when Nj 3 go out of thermal equilibrium
II1. at temperatures T' < My 3 GeV, when Ny 3 start to decay

Let us assume that the Big Bang theory is valid below the temperatures of few TeV and that no
baryon asymmetry existed beforehand. Then lepton number is generated by No, N3. Baryon number
non-conservation due to sphalerons [321, 397, 415] results in conversion of this lepton number in
the baryon number (baryogenesis). To produce baryon asymmetry, the parameters of Ny 3 should
be in the region shown in Fig. 4.17.

While sphalerons are active at temperatures above T' > 140 GeV, the lepton asymmetry con-
tinues to be produced below this temperature and can reach quite high values (unrelated to the
baryon asymmetry [696]) — case I above. The question of the subsequent evolution of this lepton
asymmetry and what abundance it has at temperatures of HNL DM generation is under active
investigation [774]. If significant 1y, survives, this would allow to relate the properties of N3 3 with
(potentially observable) properties of Dark Matter.
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Figure 4.23: Constraints on the N2 3 masses M 3 ~ M and mixing U? = tr(676) in the vMSM leading to
sufficient production of lepton asymmetry in the regimes [ii], [iii], to enhance the DM production; left panel
— normal hierarchy, right panel — inverted hierarchy. In the region between the solid blue “BAU” lines, the
observed BAU can be generated. Inside the solid red “DM” line the lepton asymmetry at 7" = 100 MeV can
be large enough that the resonant enhancement of N1 production is sufficient to explain the observed Q2par
. The CP-violating phases were chosen to maximize the asymmetry at 7" = 100 MeV. The regions below
the solid black “seesaw” line and dashed black “BBN” line are excluded by neutrino oscillation experiments
and BBN, respectively. The areas above the green lines of different shade are excluded by direct search
experiments, as indicated in the plot. The solid lines are exclusion plots for all choices of YMSM parameters,
for the dashed lines the phases were chosen to maximize the late time asymmetry, consistent with the red
line. From [416].

The regimes [II] and [ITII] have been investigated in [416]. The results are shown in Figs. 4.22,
4.23. In Fig. 4.22, the new element in comparison with Fig. 4.21 appears — the bottom line
below which HNL DM cannot be produced without additional assumptions. In this regime a large
degeneracy (fine-tuning) between masses Ms and M3 is required |Ms — M3| < myuym and in addition

9This is quite a strong hypothesis even in the framework of the conjecture that there is no any new physics beyond
the YMSM up to the very high scale such as the Planck scale or inflationary scale. In particular, it is shown in [773]
that the DM HNL can be produced in sufficient amounts at the reheating of the Universe after Higgs inflation without
addidion of any new particles.



My 5 are limited from below by 1 — 2 GeV. There are several theoretical uncertainties involved in
computation of the bounds 4.23. These uncertainties may lead to a factor ~ 2 — 3 change in the
positions of red and blue curves. The comparison between Fig. 4.17 and Fig. 4.23 shows, that
the constraints on N3 3 are more tight, as it is more challenging to get large lepton asymmetry in
addition to the small baryon asymmetry.

In a non-minimal model, large lepton asymmetry required for resonant production of DM Ny
can be present in the plasma regardless the properties of N3 3. N7 can also play the role of DM, but
be produced not only from its interactions with the SM neutrinos but, for example, from inflaton
decay or other non-minimal interactions [120, 221, 222, 315, 729, 773], see [299] for a particular
discussion of 7keV sterile neutrino dark matter.

4.8.2 Lepton number violation in the vYMSM

Heavy neutral leptons with Majorana type mass naturally give rise to processes with lepton number
violation and charged lepton flavor violating processes as discussed in Sec.4.5.3. In vMSM, apart
of the standard for sterile neutrino models [ower limit on sterile-active mixing following from the
seesaw mechanism, [395, 704]

U?>5xrx1071 (Gev> (4.8.2)
My

there is also upper limit on the mixing, [603, 704]

3/2
Gev) (4.8.3)

U? <25 1077
X K X X <MN

associated with succesful generation of the baryon asymmetry of the Universe (BAU) via oscillations
between sterile and active neutrinos in primordial plasma as discussed in Sec. 4.6.4.1; these limits
are presented in Figs.4.17 for two possible mass hierarchies in the active neutrino sector: normal
(k = 1) and inverted (x = 2). For light HNL, My < 700 — 800 MeV the lower limit (4.8.2) is
superseded by the limits form Big Bang Nucleosynthesis: with smaller mixing neutrino decay after
onset of the light nuclei production in the early Universe, which may destort the process. This
BBN limit meets the limit from BAU (4.8.3), that places lower bound on sterile neutrino mass,
My 2 150 MeV. The upper bound on the sterile neutrino mass is not fixed, but the mechanism of
the leptogenesis via osciallations implies sterile neutrino mass below electroweak scale. Thus, the
vMSM parameter space is finite and hence can be fully explored.

Given the value of Mj, sterile neutrinos can participate in lepton flavor and lepton number
violating processes as real or virtual particle. We discuss them in turn below.

Real HNL contributions. If kinematically allowed, sterile neutrino may replace active neutrino
in all the weak processes paying the price of small mixing obeying the limits (4.8.3) and (4.8.2). In
particular, sterile neutrino can appear in weak decays of SM elementary and composite (mesons,
baryons) particles. Since the two heavy HNL are almost degenerate in ¥MSM, both contribute to
the processes, and corresponding branching ratios are suppressed by squared mixing angles summed

Br Z Uarl® .
I

Upper and lower limits on branching ratios of various decay rates have been calculated in Ref. [395]

over the sterile neutrinos,

(see also [547] for general formulas for semileptonic baryon decays). The most interesting numbers
are within 1077-1071! for M; ~ 500 MeV and decrease as o< 1/M? and oc 1/M; in accordance
with (4.8.3) and (4.8.2), respectively. Note that two-body meson leptonic decays going through the
chirallity-flipping are somewhat enhanced here, since the suppression factor is proportional to the
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heaviest of the final lepton mass, that can be the HNL mass. Generally the branching ratios of
heavy mesons are smaller than similar ones of the light mesons, since the former have more final
states to decay into.

HNL decay into SM particles (if kinematically allowed) via weak interactions induced by mixing
with active neutrinos. HNL lifetime is 7y = 0.1-107°s for M; ~ 1 GeVand the interval borders
decrease as o< 1/M? and o 1/M; in accordance with (4.8.3) and (4.8.2), respectively. Sterile
neutrino branching ratios are gouverned by flavor structure of sterile-active mixing. Sterile neutrino
decays look as production of SM particles out of nowhere and becomes a realistic process for fixed
target and collider experiments, where sterile neutrinos can be produced in decays of heavy unstable
particles participating in weak interactions. ¥MSM phenomenology at fixed target experiment has
been discussed in [395, 775]. For a detector of realistic size L the number of signal events from sterile
neutrino decays are suppressed by U2 x U2, since production is suppressed by U2, and only small part
of sterile neutrinos, ~ 7y L decays inside detector, which gives additional U2. Prospects of future
ete™ colliders in searches for ¥MSM sterile neutrino inspired lepton number violating processes
have been highlighted in [383]. The most promising is decays of weak bosons into sterile neutrinos
with their subsequent decays into charged SM particles within detector yet at some distance from
the colliding point, so that the background-free signature is argued to be the displaced vertex. The
number of such events are suppressed only by U?, and even for decreasing with mass mixing (4.8.3)
is reasonably high given the expected high statistics of Z-bosons at future ete~-machines.

Virtual HNL contributions. Virtual HNL contribute to the rare and forbidden in the SM
processes with amplitude suppressed by squared mixing, so that their contribution to the rates are
very strongly suppressed by |U\4 which starts with 10712 at best, provided eq. (4.8.3). The general
conclusion about HNL impact on such processes obtained in [603] is that it is extremely small,
usually much smaller than that of the active neutrinos, if any. This situation is illustratted in the
previous section devoted to neutrinoless double beta decay: at masses in exceed of 500 MeV the
chances to distinguish HNL contribution are negligibly small given the uncertainties of the hadronic
matrix elements entering the process amplitude.

Among the lepton flavor violating processes with virtual sterile neutrinos, the most promising
is p-e conversion in atoms with conversion rate starting at 10722 [400, 603] that is far below the
expected sensitivity of realistic experiments. Then p — eee is expected at the level below 10724,
Branching ratios for rare decays of 7-leptons are naturally even smaller.

One of the most prominent processes associated with virtual sterile neutrino exchange is pro-
duction of the same sign charged leptons, e.g. K* — nFeTe®. A well-known example of such a
process is neutrinoless double beta decay. The process is very attractive because of very clear sig-
nature easily recognized even with heavy hadronic background. Unfortunately, HNL contribution
in ¥YMSM is expected to be miniscule. SImilar situation with same sign hadrons iin final state. Say,
for M; = 5GeV the decay branching rate of 7+ — eTntzat is expected at the level below 10730,
which shows that indirect searches for HNL are hopeless within ¥MSM framework.

4.8.3 Inflation, vacuum stability, dark energy and naturalness in the vYMSM

In addition to explanation of neutrino masses and oscillations, of providing the dark matter candi-
date, and of ensuring the generation of the baryon asymmetry of the Universe, any particle theory
pretending to describe Nature up to the scale of quantum gravity should be able to provide a
mechanism of cosmological inflation and of the present accelerating expansion of the Universe. In
addition, it should address in same way the hierarchy problem and the naturalness issues.

We will provide here a short overview of the minimal models, based on the ¥YMSM, dealing with
these extra problems.



Inflation. The most economical way to incorporate inflation to ¥YMSM (and to the Standard
Model) is through the non-minimal coupling of the SM Higgs field to gravitational Ricci scalar R
[292], %R. The presence of the non-minimal coupling modifies the Ah* behaviour of the Higgs
potential in the Einstein frame, making it flat at large values of the Higgs field. The standard
inflationary computations allow to fix the unknown parameter £ in terms of the scalar self-coupling
as & = 49000v/\ whereas the scalar spectral index and for the tensor-to-scalar ratio are [292]
ng = 0.97, 7 = 0.003. Moreover, as is the case for most single field inflationary models, the
perturbations are Gaussian. All these predictions are consistent with Planck results. After the
slow-roll the Higgs field starts to oscillate and produce particles of the SM, heating the Universe
up to the temperatures ~ 104 GeV [776, 777]. Different aspects of the Higgs inflation (radiative
corrections, higher-dimensional operators, self-consistency, etc) were discussed in a large number of
papers, for an overview see [778] and references therein.

Dark energy in the vYMSM. The most minimal way to describe the accelerated expansion
of the Universe at the present epoch in any theory, including the ¥MSM, is simply to add the
cosmological constant A. The extremely small value of A remains without explanation (this is
exactly the cosmological constant problem), but this “solution” fits all the cosmological data.

Yet another proposal is based on quantum scale-invariant extension of the vMSM with gravity
[779, 780]. For this end all dimensionful parameters are replaced by the dynamical dilaton field,
M2 — 6% A = Bxt, M3 — ax?, and My — fnx?, where & ~ 1, and 8, «, fy are all very
small. The spontaneous breakdown of scale symmetry leads to a non-zero vacuum expectation value
of the dilaton field and generates the Planck constant, mass of the Higgs boson, and HNL masses.
The dilaton interacts with the matter-fields only through derivatives and thus evades all constraints
coming from the search of the “fifth force”. The smallness of the cosmological constant comes from
the smallness of the dilaton self-coupling g <& 1, what, as previously, has no explanation. In the
case § = 0 (absence of the cosmological constant) the dynamical dark energy may come from the
dilaton field, if the theory is based on the unimodular gravity [779].

Hierarchy problem, naturalness, and the vMSM. The vMSM (as well as the SM) coupled
to gravity suffers from the lack of explanation why the Fermi scale is so small in comparison with
the Planck scale (the celebrated Higgs hierarchy problem). In its scale-invariant version discussed
above this is converted to the absence of explanation why the dilaton-Higgs coupling « is so small.
So, the vYMSM does not provide a solution to the hierarchy problem. Nevertheless, it does address
the naturalness issues. As has been shown in [780], if « is chosen to be small, it remains small in
all orders of scale-invariant perturbation theory, and, therefore, the value of a (the Higgs mass) is
not fine tuned. The key point is the masslessness of the graviton in any dilaton background and
the absence of particles with masses much higher than the Fermi scale. It remains to be seen if this
argument survives beyond perturbation theory.

It is also interesting to note that the quantisation of electric charges in the YMSM is a require-
ment of self-consistency and comes from the condition of cancellation of gauge and gravitational
anomalies [781]. Contrary to Grand Unification, also insuring the electric charge quantisation, this
does not imply the existence of any particles with masses between the Fermi and Planck scales,
which appear in the loops and may lead to the problem with the naturalness.

Vacuum stability and the vMSM. The experimentally measured values of the Higgs mass
and of the top Yukawa coupling lead to quite a peculiar behaviour of the scalar self-coupling A
in the SM (and also in the ¥MSM, since HNLs couplings are small and can be safely neglected),
see Fig. 4.24. This constant decreases with energy, reaches its minimum at energies close to the
Planck scale, and then increases [782]. Depending on the values of the Higgs mass and top Yukawa
coupling allowed by experiments, A can cross zero at energies as small as 10'° GeV and remain
negative around the Planck scale, or be positive at any energy, or just touch zero at an energy
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Figure 4.24: Renormalization group running of the Higgs coupling constant A for the Higgs mass
My, = 125.7 GeV and several values of the top quark Yukawa y;(u = 173.2GeV).
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Figure 4.25: The figure shows the borderline between the regions of absolute stability and metasta-
bility of the SM vacuum on the plane of the Higgs boson mass and top quark Yukawa coupling
in the MS scheme taken at y = 173.2 GeV. The diagonal line stands for the critical value of the
top Yukawa coupling y§™* as a function of the Higgs mass and the dashed lines account for the
uncertainty associated to the error in the strong coupling constant «s. The SM vacuum is abso-
lutely stable to the left of these lines and metastable to the right. The filled ellipses correspond to
experimental values of y; extracted from the latest CMS determination [786] of the Monte-Carlo top
quark mass M; = 172.38+£0.10 (stat) & 0.65 (syst) GeV, if this is identified with the pole mass. The
Higgs mass My = 125.02 & 0.27 (stat) & 0.15 (syst) GeV is taken from CMS measurements [787].
Dashed ellipses encode the shifts associated to the ambiguous relation between pole and Monte
Carlo masses. See [788] and references therein for more discussion.

scale close to the Planck one [30-32, 783-785]. The behaviour of the Higgs self-coupling is closely
related to the problem of stability of the SM vacuum: if A is negative in some domain of energies,
the effective potential of the scalar field without gravity develops a second, deeper minimum at the
scalar field values of the order of Planck scale. In this case the SM vacuum becomes metastable. The
situation is uncertain: the SM vacuum can be absolutely stable or metastable within experimental
and theoretical error-bars, see Fig. 4.25.

If the SM vacuum is indeed metastable, there is a danger of transition from our vacuum to
another, unwanted one, with Planck scale physics. Though the life-time of the SM vacuum exceeds
the age of the Universe by many orders of magnitude [789], it may happen that the Universe



evolution during or after inflation could drive the system out of our vacuum. To prevent this, some
kind of new physics should intervene to save the Universe from the collapse in the Planck vacuum.
In [778] has been demonstrated that the specific threshold effects in the SM (and in the vMSM)
with non-minimal coupling to gravity at the energy scale Mp /¢ may lead to relaxation of the system
in the SM metastable vacuum. No new heavy particles are needed for this to happen, keeping the
perturbative naturalness, discussed above, intact.

4.9 Conclusions

The motivation for existence of neutrino portal steams from both experiment and theory and points
out to existence of heavy neutral leptons. These particles may play essential role in cosmology,
providing a dark matter candidate and producing baryon asymmetry of the Universe. In neutrino
physics they provide the source of neutrino masses and mixings. If the masses of HNLs are smaller
than ~ 2 GeV, their direct searches are possible in decays of heavy mesons carrying strangeness,
charm or beauty, created in high intensity fixed target experiments such as SHiP. Heavier HNL’s can
be searched for in collider experiments at the LHC and in future experimental facilities like FCC-ee.
Virtual HNLs lead to lepton flavour number violation that can potentially be seen in the processes
like p — 3e, u — ey or 7 — 3u. They also generically imply the lepton number violation that can
manifest itself in neutrino-less double beta decays. It goes without saying that the discovery of such
particles or indirect indication of their existence would revolutionise our understanding of particle
physics and cosmology, whereas constraining their properties would help to elucidate different ideas
on physics beyond of the Standard Model.
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Chapter 5

ALPs and other PNGBs at SHiP

5.1 ALPs and why they are interesting

The discovery of the Higgs boson provides strong evidence that fundamental scalar bosons exist in
nature. It is thus a timely and well-motivated task to search for further light scalar or pseudoscalar
particles. The presence of such additional states are predicted by many extensions of the Higgs
sector (e.g. Two-Higgs Doublet Models [250] but also models with extra non-doublet scalars such
as the NMSSM see, e.g. [790]). Alternatively, they can arise as pseudo-Nambu-Goldstone bosons
(PNGB) of a spontaneously broken U(1) symmetry. In both cases, the new state can be light and
have highly suppressed couplings to Standard Model (SM) particles.

To be concrete let us motivate the properties of the particles we are interested in from the
example of PNGB of spontaneously broken global symmetries. These symmetries can be U(1)s or
other global symmetry groups which are often encountered in field theories, but it could also be
shift symmetries typically present in string theory models. For our purposes such PNGBs have two
crucial properties,

e Small couplings: Their interactions are suppressed by the scale of spontaneous symmetry
breaking f4 of the symmetry in question. If the latter is high, the interactions are very small.

e Small mass: If the symmetry is exact, the particles would be proper massless Goldstone
bosons. But even if there is a small explicit breaking of the symmetry (as there often is)
associated with a scale A their mass is typically suppressed by the scale of spontaneous
symmetry breaking, ma ~ A?/fa, and the PNGB can be very light, even if the underlying
physics scales A and fa are high.

The prime example of such a very light pseudo-Goldstone boson is the axion [248, 791-793]
introduced to solve the strong CP problem in QCD. It is a PNGB arising from a U(1) symmetry,
the so-called Peccei-Quinn symmetry, that is anomalously (and therefore explicitly) broken by the
axial anomaly of QCD. Depending on the model it features

e couplings to two gauge bosons ~ AFF /fa
e derivative couplings to SM fermions ~ (1/f40,4) fy*7°f.

These are the couplings we will focus on below. The mass of the axion is essentially fixed by the
QCD anomaly and the scale of spontaneous symmetry breaking with only a relatively small model
dependency.

Beyond the axion there exists a wide range of interesting (pseudo-)scalar particles which typi-
cally feature very similar interactions as the axion, but which may have different masses. We will
call those particles axion-like particles or ALPs.



5.1.1 ALP origins

ALPs — being pseudo Nambu-Goldstone bosons — are, like the axion, associated with the breaking of
approximate global symmetries; the differences being that the symmetry does not necessarily have
a QCD anomaly and the explicit breaking of the symmetry then gives the ALP its mass. Indeed,
an ALP can only have an appreciable coupling to QCD if its mass is significantly greater than that
of the axion, otherwise it would instead usurp the role of the QCD axion.

ALPs from string theory

String theory naturally provides significant motivation for ALPs, since string compactifications
contain many different candidates; see e.g. [794-796]. In particular it has been proposed that string
theory predicts an aziverse [797-799], a host of axion-like particles with masses potentially taking
values distributed across every scale of energy. For example in the LARGE volume scenario we
have two classes of axions, called local and non-local. The non-local ones have couplings to the
visible sector suppressed by the Planck mass (so are essentially unobservable) and are effectively
massless, while local ones have couplings suppressed by the string scale and masses exponentially
suppressed from either the Planck scale or the gravitino mass (depending on the origin of the mass
term); they can therefore have essentially any mass, but the couplings to the SM gauge groups are
fixed, giving fa ~ Mgtring, gai ~ %Maimng’ where the index 7 indicates the gauge group in question.
On the other hand, the couplings of local axions to matter fields are more model dependent, given
I\/Zf’jng (where g is a gauge coupling) or zero depending on the setup [799]. Due to
this model dependency one should aim to test both types of couplings (to gauge bosons and SM
fermions).

by either gay ~

Pseudoscalars in extended Higgs sectors

A class of models which contain a pseudoscalar that can be in the correct mass range and with
sufficiently strong couplings to be searched for by SHiP is that of extended Higgs sectors [232, 252,
800]. We also refer the reader to Section 3.4 where an explicit model of this based on the NMSSM
is considered.

If we add a (complex) singlet scalar (under the SM gauge groups) to the theory, then the
associated pseudoscalar has no direct couplings to the SM fields, only acquiring them through
mixing with the would-be Goldstone boson and any other pseudoscalars in the theory. It would
then couple at tree-level to quarks via their Yukawa couplings (and only with loop-suppressed
couplings to photons). This results in couplings to the SM fermions which are proportional to the
SM particle masses. This feature also occurs quite naturally for scalars mixing with the Higgs.
Indeed in experiments such as SHiP the scalar and pseudoscalar phenomenologies are quite similar,
as we can see by comparing Figs. 3.9 and 5.2.

Other motivations for light pseudoscalars

Besides string theory, ALPs may also appear in the context of quantum field theory on torsionful
manifolds [801-803]. In 4 dimensions the axion coupling is typically suppressed by the Planck
scale and therefore beyond the scope of current experiments. Nevertheless, in extra-dimensional
models [804, 805], the fundamental Planck scale might be significantly lower, leading to a sizeable
axion coupling. For instance, considering a fundamental Planck scale M, ~few TeV one gets an
axionic decay constant fs~few TeV which lies in the potentially observable regime.

An additional interesting motivation for PNGBs are spontaneously broken global flavour sym-
metries, resulting in so-called familons [806] (which could also be interesting dark matter candi-
dates [807, 808]). Familons naturally couple to SM fermions, typically with couplings of non-trivial
flavour structure.
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5.1.2 Connection to Dark Matter

ALPs also provide an interesting connection to the puzzle of dark matter (DM), because they
can mediate the interactions between the DM particle and SM states and allow for additional
annihilation channels relevant for the thermal freeze-out of DM. Indeed, it is a critical challenge
for any DM model to explain the observed DM relic abundance in terms of the interactions of the
DM particle. Direct detection experiments [275, 809-811] as well as bounds on the invisible width
of the SM Higgs [812, 813] challenge the idea that DM couples directly to a SM mediator.

An attractive possibility to relax these constraints is to assume the presence of an additional
new particle that mediates the interactions of DM while coupling only weakly to the visible sector.
In particular, if the new particle is a pseudoscalar event rates in direct detection experiments
are strongly suppressed so that some of the most stringent bounds on DM interactions can be
avoided [814, 815]. This is in stark contrast to the scalar case where direct detection (depending
on the putative dark matter mass) can lead to severe restrictions on the parameter space as shown
in Fig. 3.9. For the pseudoscalar this is not the case and a much wider parameter range is viable
(cf. Fig. 5.2).

As pointed out in the context of asymmetric DM [816], if the pseudoscalar mass is sub-GeV
it can furthermore evade detection at the Large Hadron Collider (LHC), for example from LHC
monojet searches. Another advantage of a very light pseudoscalar A is that it allows for the
possibility that DM can obtain the appropriate relic density from thermal freeze-out even if it
couples very weakly to SM particles. The reason is that, provided the pseudoscalar mass is less
than the mass of the DM particle x, the annihilation channel yy — AA, followed by decays of
the pseudoscalars into SM particles, potentially allows for the highly efficient annihilation of DM
particles. The only significant constraint is that the pseudoscalars produced in DM annihilations
must decay before BBN, which intriguingly provides a lower bound on the couplings between the
pseudoscalar and SM states.

Finally, light mediators for DM have also received great interest in the context of DM self-
interactions. Such self-interactions can potentially explain the discrepancies between N-body sim-
ulations of collisionless cold DM and the observations of small-scale structures and help solve the
cusp-core problem as well as the missing satellite problem [122]. Light mediators are particularly
interesting in this context, because they naturally lead to a velocity dependence in the momentum
transfer cross section which helps to evade constraints from high-velocity systems such as the Bullet
Cluster [150]. Moreover, for a light mediator there can be additional enhancements at low velocities
due to non-perturbative effects, which have been studied in a lot of detail recently [149, 154].

5.2 Interactions, phenomenological features and existing limits

The interactions between an ALP A and SM states are usually written in the form

Car - a; Cay i) (i) v
Lavrsw = D 55 Fr 0.4 =3 S R BIDE™ A (5.2.1)
! i
Cay Pl 5 a Chay = a3 Caz =
= E — fAH oA — — F,F""A—-——"G) G"™A+.. .,
g IO T T 87 Ja

where f = {q,¢,v}, ¢ = {u,d,s,¢,b,t}, £ = {e,p, 7}, and i = {¥,2,3}. In the second line we
focus on the gauge groups relevant below the electroweak scale and F),,, is the electromagnetic field
strength tensor, wa the field strength for the strong force. We have furthermore defined the dual
field strength tensors F* = %EMUPUF bo- We also have the definitions of ALP couplings to the gauge
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Figure 5.1: Excluded parameter regions for a pseudoscalar A with couplings to two photons/gauge
bosons. Compilation adapted and combined from [817-824]. The right panel focusses on the
(sub)GeV region of masses and shows the potential improvement that can be achieved with the
future modification of the SHiP detector, sensitive to all neutral final states (see footnote 1).

field strengths given by

gai = — AL (5.2.2)

An ALP, in a crucial difference to the QCD axion, has in addition a (significant) mass term in the
lagrangian. If the ALP has a coupling to QCD, then it will acquire a contribution to its mass from
QCD effects and mix with the QCD axion, but for the ALPs of interest to SHiP their mass will be
sufficiently large that this is not significant.

For on-shell fermions the ALP coupling to fermions can be rewritten using the equation of

motion:

. my . - v
EDZZgAfoAf’)’E)fa gAfE—CAff—A. (5.2.3)
f

5.3 ALPs coupled to two gauge bosons

Let us first consider an axion-like particle which couples to two gauge bosons, e.g. these could be
two photons or two gluons. Let us write the ALP coupling to gauge bosons i as

Lo —% AFQPED (5.3.1)
Then the partial width is
(G 2 03
(A — ii) :% (5.3.2)

where d(G) is the number of generators in the group.

Here we will focus on the exemplary case of a coupling purely to two photons. But more general
couplings to SM gauge bosons are of interest and offer opportunities for SHiP.

The current constraints on the two photon coupling are shown in Fig. 5.1. A zoom on the
region of interest for SHiP is shown in the right panel. We note that this is also the mass region of
interest in models where ALPs serve as mediators to a DM sector.
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5.3.1 Prospects for SHiP

To obtain an estimate of the sensitivity of SHiP, we have implemented the ALP-photon vertex
in CalcHEP 3.4 [825]. We find the dominant process to be Drell-Yan production of a photon
followed by Primakoff production of the ALP. To estimate the geometric acceptance for the detector,
we require the ALP to travel in a direction within 0.5 degrees from the direction of the initial
beam. If the total production cross section is o4, we can obtain the number of ALPs produced
at SHiP by comparing this cross section to the total proton nucleon cross section o,n ~ 10mb,
Ny = NpOT(UA/apN). For our estimate we use for the number of protons on target, Npor ~ 2-10%0.

The number of decays in the detector region can then be calculated by multiplying the number
N4 of ALPs produced with the probability that the ALP decays inside the detector. If the detector
is placed at a distance [ and has a length Al, the number of events in the detector region is

l I+ Al
Naet ~ Na [eXp <_7507A> — exp (_VBCTAH : (5.3.3)

where 74 = le is the ALP lifetime and v = E4/m4 is its relativistic gamma factor.
In practice, the energy F 4 of the ALPs produced at SHiP is not fixed. We therefore need to
determine the differential cross section do4/dE4 and integrate over the ALP energy to obtain

N, dog Ima (l+Al)mA
Nget ~ — - = ———— || dE,4 . 3.4
det 0 70 dEA [exp( EABCTA> exp( EAﬂCTA A (53 )

We take [ = 70 m, Al = 55 m. To indicate the interesting parameter region, we show in the right
panel of Fig. 5.1 the sensitivity for SHiP to observe 3 or more events.!

5.4 ALPs coupled to SM fermions

Similar to the case of scalars discussed in Section 3.2 flavor observables also provide a path to probe
pseudoscalars. While similar constraints have been studied for light vector mediators [46, 47], many
other cases remain relatively unexplored. Recently, some of us have presented? an exhaustive study
of the constraints on pseudoscalar ALPs from rare meson decays and fixed target experiments
for different coupling structures between the ALP and SM fermions [232]. Here, we will closely
follow [232] and use these findings to set the stage for our study of the prospects of SHiP for ALP
physics.

5.4.1 Interactions, phenomenological features and existing limits

The interactions between ALPs and SM matter states are usually written in the form
=3 %fwﬁfa A. (5.4.1)
— 2fa g

In the following we will concentrate on flavour-diagonal couplings. But in principle also flavour
non-diagonal couplings are possible and of interest as, e.g. in the case of familons [806].
For a pseudoscalar arising from an extended Higgs sector, one would conventionally write

L=—igyy “Lafyy, (5.4.2)
f

IThe SHiP detector in its current configuration, as described in [34] cannot detect all neutral final states. The
modifications of electromagnetic calorimeter’s design is required for the effective detection at the SHiP SPS facility
(currently under investigation).

2F. Kahlhoefer and K. Schmidt-Hoberg together with M. Dolan and C. McCabe



where m; is the fermion mass, v ~ 246 GeV is the vacuum expectation value (vev) of the SM
Higgs field and we introduce a factor of 7 so that the coupling gy is real. This coupling structure is
expected because the couplings of the pseudoscalar to SM fermions arise from mixing with the SM
Higgs boson and are therefore automatically proportional to the SM Yukawa couplings. For the
kinds of processes that we are interested in, both ways of writing the ALP-fermion interactions are
equivalent and one can be obtained from the other by integrating by parts, using the equations of
motion and setting gy = Cayv/fa. Following the conventions of [232], we will adopt the notation
from Eq. (5.4.2) in the following.

Since the effective coupling of ALPs to SM fermions is proportional to the mass of the SM
fermions an ALP is expected to couple only very weakly to electrons. Consequently, the production
rate from bremsstrahlung in electron beam dump experiments is very small. Proton beam dump
experiments, on the other hand, offer a unique opportunity to search for such particles. The reason
is that ALPs can be produced in rare decays of heavy mesons produced in the target. We will
therefore now briefly discuss the effective flavour-changing interactions of ALPs and the resulting
branching ratios for various rare decays.

5.4.1.1 ALP-pion mixing

Replacing® o# ((j'yufy572—3q) by m2 f. 7" it becomes clear that the interaction between ALPs and
quarks introduced above leads to a non-diagonal mass term of the form

CAf fr 2.0
ET a mLm A. (5.4.3)

Diagonalisation of the mass matrix then leads to ALP-pion mixing proportional to

Cay fr m?
= s 5.4.4
" 2fa m2—m? ( )

assuming that x < 1.* As a result, any physical process producing pions will have a non-zero
chance of producing ALPs as well. The respective production cross sections are simply related by

o4 = K00 . (5.4.5)

5.4.1.2 Effective flavour-changing interactions

Flavour changing interactions allow efficient production of ALPs from heavy meson decays. This
is most obvious for ALPs which have flavour changing interactions at tree-level. But even if the
initial ALP couplings appear flavour diagonal, flavour-changing neutral currents (FCNCs) arise
at the one-loop level from diagrams with heavy quarks and W-bosons (similar to those shown in
Fig. 3.7 but with A replacing S). We will be interested in the transitions b — s A and s — d A.
The relevant flavour-changing terms can be parameterised in the form

Lrone D hEAdpsg + b Adgsy, + hl Aspbr + hE Asrbr + hec. (5.4.6)

where g = (1 +£7°)/24¢.

In the approximation that the top-quark mass m; and the W-boson mass My, are large com-

3As a caveat we note that this replacement is justified only for m 4 < my. Above this mass results obtained via
ALP-pion mixing should be interpreted with caution.
4For m, ~ m 4 mixing will be large even if the off-diagonal terms are small.
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pared to all other masses one obtains

A —L ) Vi Vi
sb 4\/§7T sin(GW)2 v f( t) tbVts
Iy’ _ ams, ) Ve (5.4.7)
=—1 x ,
s 4427 sin(By )2 v K
where o = €2 /(47), Oy is the Weinberg angle, V' is the CKM matrix and
1 log x;
flxy) = (20— 2) |- + (5.4.8)

ze—1 " (2 - 1)

with z; = m?/ME,.

5.4.1.3 ALP-mediated rare decays

Using these results, we can now calculate the partial decay widths for flavour changing meson
decays. The most interesting decay in the present context is B — K A [233, 826]:

2
DB K A) = — e X2y mie,m) [ 18 (m)| ™~ i) s, 2 (5.4.9)
167 m3, TR 0 my — M b
where WL b
hs, = % (5.4.10)

For the form factor we use the parameterisation from [827]:

0.33
1—¢2/(38 GeV?)

0
o (4%) = : (5.4.11)
which should be accurate within 10%. To avoid these theoretical uncertainties, it is possible to study
the more inclusive decays B — X A, where X, can be any strange meson. One then finds [233]

1 2 932
T(B = X, A) = gwniflf‘)mfbﬁ . (5.4.12)
b

To obtain the branching ratios (BR) for rare meson decays into SM final states, we need to
divide these partial widths by the total meson decay width and multiply with the branching ratio
of the ALP into the appropriate final state. For example,

I'(B— Kputp”)
I'p
I'(B— KA)xBR(A— putu)

= +BR(B = K pFu7)sm
I'p

BR(B—-Kpuu )= ( |
5.4.13

where we have made use of the narrow width approximation in the second line. Since decays into
two pseudoscalar pions violate CP°, the ALP will decay almost exclusively into charged leptons
and photons, so that a clean experimental signal can be expected across the entire mass range
1MeV < my < 1GeV [232]. Decays into electrons dominate for ALP masses of about (1-100) MeV.
As the ALP mass approaches the u* ™ threshold, the branching ratio for A — v becomes sizeable,
while above the threshold the ut = decay channel is the most important one.

5Scalars on the other hand can decay into two pions.



Many searches for rare decays, for example B — Ku™pu~ at LHCD [828] rely on the reconstruc-
tion of the primary vertex and hence require the ALP to decay more or less instantaneously. For
ALPs with smaller couplings and longer lifetimes these searches therefore cease to be constraining
even though ALPs may still be produced in abundance. Beam-dump experiments in contrast are
particularly sensitive to long-lived light new states, which can travel through the hadron absorber
before decaying. Many beam-dump experiments operate using electron beams which, as already
mentioned, are not very sensitive to new light scalars or pseudoscalars with Yukawa-like couplings or
couplings only to quarks. This is where the proton beam of SHiP proves advantageous. Nevertheless
there are already a number of proton beam-dump results in the literature including CHARM [234],
NuCal [829] and E613 [830] as well as the recent DAESALUS [174] proposal. As we will see below,
SHiP can significantly extend the sensitivity beyond those.

5.4.2 Prospects at SHiP

There are two main ways to produce ALPs with quark couplings at SHiP: Direct ALP production
from ALP-pion mixing and indirect ALP production from B-meson decays. If a total number of
N, pions is produced in the direction of the detector, the corresponding number of ALPs produced
via ALP-pion mixing is simply given by N4 = x? N;. We estimate that there are about 4 pions
produced per proton nucleon interaction giving a total of N, ~ 8- 102%°.

For the production of ALPs via B-mesons we follow the same strategy as in Section 3.2 by
comparing the total cross sections for proton nucleon collisions o, ~ 10 mb with that of B-mesons
op ~ 3.6 nb. From this we obtain Ng = Nporop/o,ny = 7-10'3. For the number of ALPs
produced we then use No = Np x BR(B — A + X) [221, 230]°. These ALPs then need to decay
inside the detector volume. Note that, in agreement with the discussion of the decays of a light
pseudoscalar in [232], we take the branching ratio of the ALP into electrons, muons and photons
to be 100% for m4 < 2m... We note again the (small) difference to the scalar case where one also
has decays to pions.

As in [234] we use E4 ~ 25 GeV for the typical energy of the produced ALPs and assume
that SHiP will observe no background events, so that it can make a discovery with Nget > 3
events. The projected sensitivity region (together with current bounds on the ALP parameters) is
depicted in Fig. 5.2. For clarity we show separately the exclusion region resulting from ALP-pion
mixing (purple, dotted) and from B-meson decays (cyan, dot-dashed), as well as the combined
reach (blue, dashed). The probed region is determined by the requirement that the ALPs decay
inside the detector volume. Therefore their lifetimes should neither be too large (small coupling
and mass) nor too small (large coupling and mass). Along the lines of tis argument the feature
at mg ~ 210 MeV results from the rapidly decreasing lifetime of the ALP as decays into muons
become allowed.

Finally, we want to emphasise that, crucially, there is a lower bound on the coupling gy, so that
the interesting parameter range is finite (this is indicated by the red dotted line in Fig. 5.2). The key
observation is that the ALPs produced in the early Universe (e.g. from dark matter annihilation)
should decay before primordial nucleosynthesis in order to avoid changes to the expansion rate and
the entropy density during BBN or the destruction of certain elements. For ms < 2m, current
bounds (e.g. from CHARM) are still about two orders of magnitude away from this limit, but SHiP
would be able to shift this bound significantly.

Furthermore, SHiP is also sensitive to the case ma > myg — m,, where ALPs can only be
produced in B-meson decays. The resulting exclusion from SHiP is highly complementary to the
ones from conventional searches for rare decays, such as B — w%¢*t¢~, which require the ALPs

6As in Section 3.2 we assume that the B-mesons still have a sufficiently large boost that the majority of the ALPs
produced in the decays will travel in the direction of the detector.
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Figure 5.2: Projected sensitivity of SHiP for an ALP A with Yukawa-like couplings to all fermions,
in comparison to the existing bounds. The purple dotted line indicates the sensitivity resulting from
ALP-pion mixing, while the cyan dot-dashed line indicates the sensitivity from B-meson decays.
The combined sensitivity for both production mechanisms is shown in blue. The red dotted line
indicates the minimal coupling required to avoid constraints from BBN.

to decay instantaneously, while SHiP is most sensitive to long-lived states. Combining results
from SHiP and LHCb will be able to probe the entire parameter region 2m, < ma < 2m, and
gy > 107°. As discussed in [232], DM direct and indirect detection experiments can only typically
probe gy 2> 107! (assuming that the ALP-DM coupling is fixed by the relic density requirement).
SHiP therefore offers a unique possibility to probe a range of couplings that is inaccessible for both
low-background and collider searches.

5.5 Concluding remark

SHiP can probe significant untested regions in parameter space both for ALPs coupled to two gauge
bosons and for those coupled to SM fermions. Particularly interesting search channels include,

long lived

p— A+ X, A——— vy (5.5.1)

to probe couplings to gauge bosons, and

pp—)B—i—X—)A—l—K—i—X,AM)u"’u_ (5.5.2)

for the couplings to SM fermions. While the muon channel is a relatively simple search channel
for the SHiP, the all-neutral photon channel is more challenging. Encouraged by the prospects for
having significant reach for ALPs and other particles (see, e.g. next chapter) this is currently being
investigated (c.f. footnote 1).



The new area probed is especially relevant for the case of ALPs coupled to SM fermions because
it probes a significant part of the parameter space suggested by models where an ALP can act as
a mediator for DM.
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Chapter 6

SUSY

6.1 Introduction

Supersymmetry is one of the most popular, but also one of the best motivated extensions of the
Standard Model. Connecting bosons with fermions, by giving each boson a fermionic superpartner
and vice versa, its structure is theoretically appealing but it also helps to address or at least alleviate
some of the most significant challenges to the Standard Model, e.g. the hierarchy problem or grand
unification.

Of course, observation (e.g. the absence of a selectron with mass of 511 keV) tells us that
supersymmetry must be broken. Indeed supersymmetry softly broken at or slightly above the scale
of electroweak symmetry breaking would provide a natural way to address the hierarchy problem
of the Standard Model. In this situation one expects superpartners with masses in the 100 GeV
to few TeV range. This directly leads one to search for them at high energy colliders such as
the LHC [26, 27, 831-833]. Alternatively, heavy particles can also be detected via their effects in
loop processes and searches, in particular for flavor violating effects, have been performed using
for example B-mesons (see, e.g., [834]). While these searches are ongoing and hopes are high, in
particular for Run II of the LHC, one has to face the fact that existing searches pose significant
constraints on this scenario. Especially the idea of a very high degree of naturalness seems under
pressure.

In this situation it seems prudent to rethink our “natural” expectations of supersymmetry, go
beyond the simplest models assumptions (such as, e.g. the CMSSM, or R-parity conservation), and
explore suitable complementary search strategies. For example in the Standard Model the electron
is quite light compared to the electroweak scale. Therefore it may be sensible to also search for
SUSY particles a couple of orders of magnitude lighter than the mass of the W and Z bosons.
Indeed such lightness could be “accidental” or it could be due to some mechanism. In this chapter
we explore and survey some possibilities for light superpartners. Interestingly we find that there
are quite a variety of opportunities for light superpartners that to date have avoided detection.

The next step is, of course detection of these particles. As this is a physics case study for the
SHiP experiment we focus on this proposal and illuminate the potential of SHiP to search for SUSY
particles.

We note that actually there is a history of searching for SUSY at fixed target facilities [835].
While the required light gluinos for those searches are excluded by now, we show in the following
that there are still interesting opportunities for finding SUSY at fixed target facilities such as SHiP.

In this chapter we discuss a variety of SUSY particles and models, review their individual
motivations and discuss the discovery potential at SHiP. For convenience we highlight at the end
of each section the relevant search channel at SHiP.



6.2 A Very Light Supersymmetric Neutralino and R-Parity Violation

6.2.1 Motivation for a very light neutralino

Within the CMSSM the mass of the lightest neutralino, N?, is constrained to be [156]
Mgo > 46 GeV. (6.2.1)

However this assumes a supersymmetric GUT relation among the electroweak gaugino masses
5 1
M1 = gtan gwMg ~ ng, (622)

and then uses the LEP II chargino search. If the relation Eq. (6.2.2) is dropped, and M; and My
are left as free parameters, there is no laboratory bound on the neutralino mass and even a massless
neutralino is allowed [836, 837]. This can be understood as follows. Setting the determinant of the
MSSM neutralino mass matrix to zero and solving for M; we obtain [837]

Mo M2 sin(2f3) sin? Oy

M; = . 6.2.3
YT M, — MZ sin(23) cos? Ow ( )

Thus for every choice of the supersymmetric parameters Ms, u, tan 3, there is always an M; re-
sulting in at least one massless neutralino.! The resulting M; is typically a factor 50 or so smaller
than pu, Ms, and the lightest neutralino is almost pure bino. It therefore does not couple directly
to the Z9, evading LEP I bounds [836]. The pair production of neutralinos at a collider [838] then
necessarily involves virtual squarks or sleptons. If these are heavier than about 300 GeV the rate
is sufficiently small to avoid bounds.

The main bounds on the neutralino are then astrophysical from supernova [839] and white
dwarf cooling [840], or cosmological from the resulting dark matter energy density [837, 841, 842].
The supernova bounds [839] are evaded for neutralino masses above about 250 MeV. A massless
neutralino is allowed for selectron masses above 1275 GeV or below 320 GeV. For mgs > 1275 GeV
too few neutralinos are produced. For ms < 320 GeV the neutralinos are trapped in the supernova,
similar to neutrinos and must be included in the full supernova simulation. Since this has not been
done to-date the supernova does not give a reliable bound in this region.

Cosmologically the Cowsik-McClelland bound [843, 844] on a very light neutrino translates into
the upper neutralino mass bound [837]

Mo < 0.7eV. (6.2.4)

The neutralino in this case provides hot dark matter, but not enough to negatively affect structure
formation. The observed dark matter energy density must then originate elsewhere.

If one requires the lightest neutralino to provide the correct dark matter energy density one
obtains a lower mass bound, corresponding to the Lee—Weinberg bound [98, 845, 846]. The proper
bound is obtained by scanning over the supersymmetric parameter space, while dropping the re-
lation in Eq. (6.2.2) and taking into account the latest collider constraints on the supersymmetric
parameters.? This is thus an on-going process [847-851]. The most recent bound including the
Higgs—discovery data and also constraints from stau searches gives [841, 842, 852]

mpo > 24GeV . (6.2.5)

INote that we assumed here that My, Ma, pu € R; for complex parameters a solution need not exist [837].
2For a semi-analytical treatment see [837].
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Figure 6.1: Relevant Feynman Diagrams for D — N 4 ¢+

Therefore the mass range
0.7eV < Mg < 24 GeV , (6.2.6)

is excluded for a stable neutralino LSP as it gives too much dark matter. A neutralino LSP in this
mass range is only allowed if it decays, i.e. R-parity is violated.

Note that there is no particular motivation to expect M; to approximately satisfy Eq. (6.2.3),
resulting in a light neutralino. However, there is also no reason the neutralino must be heavy. Since
we have no convincing theory of supersymmetry breaking, which would predict M7, Ms, u, and
tan 3, experimental searches are our best bet.

6.2.2 R-parity Violation

When supersymmetrizing the Standard Model (SM), an extra Higgs doublet must be introduced
and then the particle content must be doubled. With this minimal particle content the most
general renormalizable superpotential, which governs the non-gauge interactions, is fixed by the
SU(3)xSU(2)xU(1) gauge symmetry to contain two sets of terms Wyrssyr = Wrpe + Wrpy with

Wrpe = (Ye)ij LiH1Ej + (Y4)ijQiH1Dj + (Yy)i;QiHaU; + pnHy Ho (6.2.7)
Wrpy = /\ijkLiLjEk + )\;JkLzQ]Dk + )\;IijiDjDk + k; L;Ho | (628)

in the notation of [853]. The terms in Eq. (6.2.7) correspond to the known Yukawa couplings in
the SM. The terms in Eq. (6.2.8) have no correspondence and violate lepton- or baryon number. If
all the latter terms are present and have significant couplings there is rapid proton decay which is
experimentally excluded. A further symmetry must be added to forbid at least a subset of the terms
Wrpyv. One standard approach is to use a discrete multiplicative symmetry R-parity, which forbids
all the terms in Wgpy, this is the widely considered MSSM. An alternative symmetry, e.g. baryon-
triality, see for example [854], just forbids the terms proportional to A[;;. Baryon-number is then
conserved and the proton is also stable. Both discrete symmetries are discrete gauge anomaly-free
[855, 856], and are thus theoretically equally well motivated.

The main features of an additional R-parity violating (RPV) term [857] are that the lightest
supersymmetric particle is no longer stable. It is thus not a dark matter candidate. This could
instead be the axino, or the axion [858] (cf. also Chapter 5). At colliders we would also not
expect to have significant amount of missing transverse momentum as a result of supersymmetric
production. Furthermore at colliders one can have resonant single production of supersymmetric
particles. As long as the nature of the dark matter particle is not known, and supersymmetry has
not been discovered at the LHC, R~parity conservation and RPV are equally well motivated.

6.2.3 Finding Neutralinos at SHiP via R—-Parity violation

In the following, we assume that there exists an R—parity violating interaction AW = X5, (L; -
Q2)D;. in the superpotential. Moreover we focus on production via the more numerous D mesons.
Production via B mesons is also possible and allows to extend the mass reach. We leave this option
for future more detailed studies.

For the case at hand, a D* meson produced at SHiP could decay into a neutralino and a
charged lepton via the diagrams in Fig. 6.1, if the neutralino is light enough. The respective partial



width for this decay reads

2 2 2 2
~ _ Ny 2 ., mi. (mpe — M50 —mg;)
L(D* — Ny + (5%) = Z15 + tan Oy Z4 |21 - P
( 1T ) 256 ( 12 + tan by ) mf I (me + ma)? |pN?|,
(6.2.9)
with pNO = Az 2(m3), %O,m”)/(QmDi) being the 3-momentum of the neutralino in the D¥

meson’s rest frame3. For a pure bino-like lightest neutralino, the neutralino mixing matrix elements
Z11 = 1,715 = 0, and vice versa for a pure wino lightest neutralino. We have not considered higgsino
admixtures, as the corresponding couplings are very small for the first two quark/lepton generations
we consider here. fp is the decay constant of the D meson which we set to 207 MeV according to
[156]. For the sake of simplicity we here assume all sfermion masses to have a common value m .

Comparing this partial width to the total width of the charged D-meson, I'2 t =6.33 x 10713 GeV
[156], one can find the branching ratio Br(D* — N{)Zi %) for the above decay of interest, which can
range between 107'° and 1072 for the considered range of parameters shown in Fig. 6.2.

The same R- parlty Vlolatmg operator yields a coupling which could induce subsequent decays
N 0 K vt K} % K vi, K%', which all have equal decay probability in the limit of negligible CP—
violating effects Decays into charged Kaons exist in addition if the operator AW’ = M. 5(L;-Q1) D2
(note the different order of the indices) is non-vanishing. The diagrams are similar to those shown
in Fig. 6.1. The corresponding decay widths for the lightest neutralino are then as follows

NO o K Vi o 3715 — tan by Z1y)? 1|2 it (Myp o) 6.2.10
LNy — S/LJFV) 512 (3Z12 — tan Ow Z11) f [ m%?(ms+md)2 il,  (6.2.10)
4 2 2 2
~ . 992 2 |)\ |2 mK+(mﬁo — Myt — mgi)
LD(NY = KT +05%) = =2 (Z15 + tan O Z 2 ’ 28
(N — + 05 2567r( 12 + tan Oy Z11) mf fi m%o(ms+mu)2 s
1
(6.2.11)

with p,: = (m%g —m%o)/(Qmﬁo) P = A7 (m2,, m%o, mzl)/(2mN0) and the decay constant of the
Kaon fx with value 156 MeV [156]. Depending on the size of the supersymmetric parameters, the
resulting proper decay length of the neutralino can range from O(mm) for A},, /m~ =10"%GeV 2
up to O(1000km), for Ay, /m% = 1072 GeV ™ 2,

To estimate the klnematlc properties of the neutralino, we use Pythia 8.1.7.5 [286]. We
generate proton—proton—collisions in the lab frame by setting E(p1) = 400 GeV and E(p2) = my,
the proton mass. Since we are here only interested in the properties of D* mesons, we exclusively
generate HardQCD: hardccbar matrix elements, which include the partonic interactions ¢g, gg — cc.
We find that 1 ¢ event on average creates 0.53 D* mesons. We demand exclusive decays D& —
]\N/'{)Ei’i, ]\7{) — KF4%7 to increase the Monte Carlo statistics? The lifetime of the D¥ is kept fixed
at the experimental value, whereas we set the lifetime of the neutralino to the numerical value
calculated from Egs. (6.2.10) and (6.2.11).

We are interested in the probability that a given neutralino candidate decays within the detector
at SHiP. We assume the distance target—detector to be L; .4 = 68.8m, the total length of the
detector to be Ly = 55m and an elliptic face with semiaxes 5 m and 2.5 m. For each neutralino
candidate, we determine the velocity 37 of the neutralino in the beam direction, the boost factor ;,

1
3)\2(a,b,¢) = Va2 + b2 + ¢ — 2ab — 2ac — 2bc
4Since the kinematics of the neutralino decay products are not important, we use the same single neutralino decay
mode for all scenarios and just change the total width formula according to the scenario.
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which relates the neutralino-rest frame to the lab frame, and the angle 6; between the neutralino’s
momentum and the beam axis. The average values of 4 ~ 30 and # ~ 60mrad show that their
consideration is important; the boost significantly increases the observed decay length in the lab
frame and the angles are such that the neutralinos can easily leave the detector in radial direction
before they decay, as it only covers polar angles in the range 25mrad to 100 mrad. Using this
information, we can find the probability for each such candidate to have a decay vertex with
coordinates z; € [Lt—d, Lt—q + L4) and p; € [0, Rd(%l)]. From averaging the probabilities of 5,000
individual Monte Carlo Events one finds an estimate for the overall fraction of neutralinos that

decay within the detector, rf{tecwr, with statistical uncertainty of less than 5%. From [35] we
expect =~ 9 x 106 produced cé pairs, which according to our Pythia study corresponds to roughly

Nproduced
Dt
we find the expected number of observable neutralino decays to be

=5 x 10'® produced D* mesons in 5 years of operation. Using the results from above,
N]%bserved _ gri)duced % BI’(Di N N{J[i,z) « r]d_\?etector. (6212)

The resulting event yields for different combinations of m g, and A’ /m? can be found in Fig. 6.2,
1
assuming the neutralino to be a pure bino.

6.2.4 Comparison with Previous Bounds

The best bounds we are currently aware of are from [859]. These bounds are at the 20 level

1o < 0.043— e Nypy < 0.18—3m (6.2.13)
121 U100 GeV 21 =700 GeV -

’ 0.021—18r__ L < 0.059—n

n2 < 100GeV 212 < 100 GeV

As can be seen, these bounds scale differently, than our event rates at SHiP. We have thus inserted
into Fig. 6.2 the bounds for fixed sfermion mass. To the left of the line is the new regime which
can be explored by SHiP.

6.2.5 Concluding remarks

Using the channels®
pp — D+ X — N0+ x, N0 lone lived, Kg/L+(z?Z (6.2.14)

pp = D+ X — N0 4 X, N0 melved, e 4 5

and similar channels for B meson decays, allows SHIP to significantly extend the discovery reach
for light neutralinos in a scenario with R-parity violation. This direct probe is complementary to
SUSY searches at the LHC and allows to (indirectly) probe sfermions in the region of a few 10s of
TeV.

5Similar to the photon channels discussed in Chapter 5 the first, neutral channel is quite challenging experimen-
tally.We note however, that it probes different couplings and that the experimental options are being investigated.
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Figure 6.2: Expected event yields after a runtime of 5 years for RPV-produced neutralinos decaying
into kaons and leptons with the decay vertex being inside the detector. Shown contour lines are
determined by interpolating results of 28 x 29 points. The horizontal lines correspond to the existing
bounds in Eq. (4.19) for fixed sfermion mass, as labelled. Previously excluded is always above the
horizontal line, below is the potentially new region tested by SHiP.

6.3 Light particles from the SUSY breaking sector

6.3.1 Origin of light sgoldstinos

Supersymmetry, if it exists, must be spontaneously broken. This happens when an auxiliary com-
ponent of some chiral superfield gains nonzero vacuum expectation value (vev). In a particular
model the situation may be more complicated, involving several chiral and/or vector superfields,
but for the purposes here it is sufficient to consider the simplest setup. The chiral superfield ® is
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called the Goldstone supermultiplet. It includes the auxiliary component Fg, with non-zero vev
(Fg)=F (6.3.1)

responsible for the SUSY breaking, the Majorana fermion—massless Goldstone particle—called
goldstino 1, and the spin-0 component ¢ forming scalar S and pseudoscalar P sgoldstinos [860].
Introducing the superspace with Grassmanian coordinates § and 6, one can write the Goldstone
superfield® as

= ¢+ V200 + Fu00. (6.3.2)

If supersymmetry is promoted to a local symmetry, supergravity, the gravitino éu (spin-3/2
superpartner of graviton) acquires a mass mg as a result of the super Higgs mechanism [862] and
the goldstino disappears from the spectrum becoming the longitudinal component of the gravitino,

~ ~ i 2
G,— G — \/> 0. 6.3.3
2 pt me V3 L ( )
The gravitino mass is then proportional to the supersymmetry breaking parameter,

8t F
mea =4/ — —.
¢ 3 Mp
In many simple cases, like O’Raifeartaigh and Fayet—Iliopolous models, scalar and pseudoscalar
sgoldstinos

1 1
= —= (60— o)
V2 V2
remain massless at tree level. Higher order corrections to the scalar effective potential contribute
to their masses. Their values are largely model dependent, and we keep them as free parameters

s (0+0"), P

mg and mp in what follows. For example they can be of the order of the gravitino mass [863] or
much heavier. For the SHiP experiment the interesting mass range is mgpy ~ 1 MeV — 10 GeV.

6.3.2 Sgoldstino couplings and phenomenology

To the leading order in 1/F, the goldstino % couples to all the fields through the Goldberger—
Treiman formula

1
Ly Iz JsusyOut (6.3.4)

where J& ;v is the supercurrent. Using the transformation (6.3.3) induces interactions between the
gravitino and other fields suppressed not by the inversed Planck mass, but by the inverse SUSY-
violating parameter 1/F. Therefore, for low scale of SUSY breaking Asysy ~ V'F, the gravitino
couples to other fields mostly through its longitudinal component, i.e. the goldstino.

The effective interactions of the sgoldstino can be obtained by making use of a supersymmetric
transformation of (6.3.4). Alternatively, following Ref. [864], one can use the spurion technique
for the Goldstone superfield ® to derive its coupling to the SM particles and their superpartners.”

6In any case a chiral superfield must participate in the supersymmetry breaking [861], and if many, ® is replaced
by a linear combination of the chiral superfields, which plays the same role that we attribute to the Goldstone
supermultiplet. In particular, the fermionic component of this linear combination is massless, that is the goldstino,
and the scalar components are sgoldstinos, if no strong mixing exists in the spin-0 sector.

7This procedure is transparent and provides the sgoldstino interaction terms to the leading order in 1/F valid in
many classes of supersymmetric models. In other cases, e.g. [865], the relation between sgoldstino couplings and the
soft supersymmetry breaking MSSM parameters may be more complicated as compared to what we obtain following
this procedure.



Namely, the effective interaction

My

- do* DWW, + h.c.

yields SUSY violating gaugino mass terms MyA\ + h.c., when the auxiliary component of ® (6.3.2)
is substituted by a nonzero vev (6.3.1). For sgoldstinos it provides couplings to the SM gauge
bosons. In particular, the interaction terms with photons and gluons read 3

1 M 1 M
Lejs= —LSFM 4+ ——= =L PP F, F 6.3.5
ff 2\[ F po + NG € urtp ( )
1 Ms; 1 Ms
- —=—85G" *G*% — P GG, 6.3.6
2\/5 F uy 4\[ F po ( )
where F;w is the electromagnetic field strength, G}, a = 1,...,8 refers to gluons, and M,, =

M, sin? Oy 4+ M, cos? Oy with My and M, denoting U(1)y and SU( Jw gaugino SUSY breaking
mass terms, and M3 stands for the gluino mass.
Similarly, the effective interaction

A Ad. Al
/d92 (FJ / CH,Q:US + - [ ®H4Q:DF + — <I>HdL1-EjC> +h.c. (6.3.7)

leads for (6.3.2), (6.3.1) to the soft supersymmetry breaking trilinear terms. After electroweak
symmetry breaking it provides with sgoldstino Yukawa-like couplings to the SM fermions,

m%R 2 B ’I’hLR 2 mLR 2 mLR 2
T (6.3.8)
V2F \/ 2F \/ 2F \f 2F
mLR 2 mLR 2
L, — bLYs¥L; (6.3.9)

\fF \fF

where 11, are leptons, ¥y, and ¢ p,, are up- and down-type quarks and ¢ runs over generations; the
SUSY violating entries in the slepton, up-squark and down-squark left-right squared mass matrices
are introduced as follows

SLR2 _ gl LR 2 _ Ad LR 2 _ qu
my, Ajjva,  mp Ajjva, g Aoy (6.3.10)

where vg and v, are vevs of the Brout—Englert—Higgs fields H; and H,,, respectively.

While the gravitino (goldstino) is R-odd, sgoldstinos are R-even, and hence (if kinematically
allowed) may be singly produced in collisions and decays of the SM particles and may decay into
pairs of the SM particles. Interaction Lagrangians (6.3.5)-(6.3.9) ensure that the rates of all these
processes are proportional to 1/F?2. This defines the sgoldstino phenomenology, whose main at-
traction is the unique possibility to determine the scale of supersymmetry breaking Agusy ~ V'F
in the whole theory. The sgoldstino couplings are proportional to the SUSY breaking MSSM soft
terms and inversely proportional to F'. Thus the higher the SM superpartner scale and the lower
the scale of SUSY breaking in the whole theory, the larger the sgoldstino couplings to the SM
particles. Among the models with relatively low scale of SUSY breaking are models with no-scale
supergravity [863, 868] and models with gauge mediation of supersymmetry breaking [869, 870].

The list of processes where light sgoldstinos may show up is long, since both flavor conserv-
ing and flavor violating couplings are present in the sgoldstino interaction sector. The latter

8See Refs. [866, 867] for complete set of interaction terms including all the MSSM soft parameters, and goldstino-
sgoldstino leading order couplings.

— 145 —



(6.3.8),(6.3.9) are proportional to the off-diagonal SUSY-violating entries in the slepton and squark
mass matrices, which are fixed by the pattern of the trilinear soft terms (6.3.10). The off-diagonal
mass terms and soft trilinear couplings give rise to the FCNC processes through the squark and
slepton virtual contribution to the SM rare processes. Their absence places limits on these cou-
plings, and hence the numerators in the sgoldstino coupling constants (6.3.8),(6.3.9) (which are the
ratios of the MSSM soft parameters and SUSY breaking parameter F') are strongly constrained. As
to the flavor conserving sgoldstino couplings to vector bosons, e.g. (6.3.5),(6.3.6), the largest are
those to the particles whose superpartners are the heaviest. Flavor conserving couplings to fermions
are proportional to the diagonal trilinear soft parameters (6.3.10). For the universal (or close to
universal) conditions for the soft SUSY breaking parameters, the trilinear terms are proportional
to the SM fermion Yukawas Yil(d’u), and hence

mER 2 = Alylvg = Alml . bR 2 = AV vy = A%, mER % = AMY e, = A'ml, (6.3.11)

i (]

I(d,
where mi( u)

order,

denotes the corresponding fermion mass. If the trilinear parameters are of the same

AL~ A AT

the strongest are couplings to the heaviest fermions.

The sgoldstino phenomenology depends on the sgoldstino mass scale and is governed by the
pattern of the MSSM soft terms. It has been thoroughly studied in the literature. Very light
sgoldstinos can play important roles in astrophysics and cosmology, and the absence of a visible
imprint left by the sgoldstino places strong limits on its couplings to the SM fields [866, 871]. At
the same time, relic sgoldstinos of 7 keV mass have been suggested [872] to explain the excess of
3.5keV X-rays [297, 298] observed by the orbital telescopes.

Heavier sgoldstinos can contribute to rare processes including flavor violation [866, 873]. They
can appear in lepton, meson and baryon decays [866], as well as Z-boson decays [874]. Sgoldstino
pair production in B-meson decays [875] has been recently searched for at the LHCb experiment
[876]. Note that the HyperCP anomalous events [877] in ¥ — putu~ with dimuon invariant mass
of 214.3+ 0.5 MeV can be explained as pseudoscalar sgoldstino production in the X-hyperon decay
through the flavor violating coupling, with subsequent sgoldstino decay into p*u~. The suggested
tests of the model in kaon [878] and B-mesons [879] physics have been performed with negative
results [880, 881], closing a part of the model parameter space.

Sgoldstinos can be directly produced in high energy collision processes. Sgoldstino phenomenol-
ogy at ete~-colliders has been addressed in [860, 874, 882]. The DELPHI Collaboration has per-
formed searches for a sgoldstino signal in the collected data revealing no hints [883]. Signatures
of massive sgoldstinos at the TeVatron have been considered in [884-886]. Heavy sgoldstinos are
produced mostly through gluon fusion [886]. Prospects of sgoldstino searches at LHC have been
discussed in [887, 888], including tests of possible sgoldstino mixing with the Higgs boson [889] and
of flavor violatings interaction with top-quark [890].

6.3.3 Sgoldstinos at SHiP

If kinematically allowed, sgoldstinos may be directly produced by 400 GeV protons scattering on a
target and indirectly through the decays of mesons and baryons emerging from proton scattering
and the subsequent hadron shower in the dump. The direct sgoldstino production here is naturally
dominated by the gluon fusion gg — S, gg — P. The coupling to gluons is expected to be the
strongest among the flavor conserving, since in many particular supersymmetric extensions of the
SM, the gluino is naturally the heaviest gaugino (as, e.g. in case of universal boundary conditions
for the soft terms, in models with gauge mediation of SUSY breaking, etc). The production cross
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Figure 6.3: SUSY breaking scale v/F probed by SHiP as a function of the sgoldstino mass mg <
mp in the lepton flavour violating case, Eq. (6.3.8). The down-squark left-right mass matrix element
was chosen mp? = (100 GeV)? and the gaugino mass Ms = 3TeV. The result scales with mp/2
and M3 as shown in Eq. (6.3.13).

section can be obtained by simple rescaling of the known results for the fusion of the SM Higgs
boson of the same mass, sgoldstino coupling to gluons is proportional to M3/F (6.3.6). The results
for scalar and pseudoscalar sgoldstinos of the same mass coincide.

Indirect sgoldstino production may go through the flavor conserving and flavor violating cou-
plings, constrained by the absence of rare processes and superpartners at the LHC. For the flavor
conserving case the dominant channel for O(1) GeV mass sgoldstino is B — KS(P), the same
one-loop process as would dominate the SM Higgs boson production of the same mass. For lighter
sgoldstinos K — 7S(P) dominates. In the flavor violating case the result depends on the cho-
sen pattern of the flavor violating model parameters. In particular, sgoldstinos of (sub)GeV mass
may be produced in the two body D-meson decays like Dy — K + S(P), D° — 7% + S(P), and
D* — 7t 4 S(P).

Sgoldstinos decay into the SM particles mostly through the flavor conserving couplings. Here
the final states are

+ - 0.0 4 .-

S(P) =y, ptp=, 7=, 7% efe ...

with hadronic channels (if open) presumably dominant (provided by heavy gluino mass and large
number of gluons). Indeed, for the ratio of sgoldstino decay rates into photons and gluons one
obtains from egs. (6.3.5),(6.3.6),

I'(S(P) — g9)
L(S(P) =)

M3 .
a2,

= (N2 1)

For the leptonic channels one finds with the universal diagonal trilinear terms (6.3.11)

[ (S(P)—efe”) m?
= <1,
T (S(P) = i) e

therefore the heavy fermions dominate. For the rates to fermions and gluons one obtains [860, 866]

D(S(P) =) A m
T'(S(P) — g9) 4 M2 m%(P)

If the sgoldstino decay rates are saturated by hadronic channels, sgoldstino lifetimes may be esti-
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mated as (for sgoldstino masses 2m, < mg < 2my the decay S — 77~ dominates)

. VE ) /3TeVY [1GevY
Ts(py =2x 107"%s x < ) < ) 2my < mgp) < 2mg (6.3.12)

10000 TeV M, ms ()

(for mg > 2my the lifetime becomes shorter by 40% due to additional channels S(P) — K°K°
and S(P) — KT K~). Here the difference between scalar and pseudoscalar sgoldstino is only due to
their masses, which are usually different. The same conclusion is true for all the processes, if parity
is violated by sgoldstino couplings, so both scalar and pseudoscalar sgoldstinos couple through the
parity odd and parity even interaction terms. If parity is conserved by sgoldstino couplings [891],
the phenomenology of scalar and pseudoscalar sgoldstinos, especially those involving meson decays,
differ.

For the reference values of the model parameters adopted in Eq. (6.3.12) sgoldstinos produced
by 400 GeV protons on target cover a distance of several kilometers before they decay. Hence the
corresponding signature—a couple of charged particles emerging at a single point with invariant
mass equal to that of the sgoldstino—may be searched for in the SHiP detector. For a 60 m length
detector with 2 x 102° PoTs one expects the following number of charged pion pairs appearing from
the light sgoldstino decays,

2
LR 2 10000 TeV / My, ¥/ mgp \A
N.o _ ~4x10* Dii s P om, 2
mn =410 ((100GeV)2> ( NG ><3TeV)<1GeV>’ Mx < MS(P) < 2MK
(6.3.13)

Here we take into account the Lorentz ~-factor for sgoldstino, produced in decays of 6.8 x 107
D-mesons (see Appendix A) via lepton flavour violating coupling Th%}i 2. The results of the detailed
MC simulations, taking into account the acceptance of the detector, are presented in Fig. 6.3. The
scaling of the sensitivity plot with mp%? and Mz remains the same as in Eq. (6.3.13) also for
mg > 2mg. We note that the reference numbers in (6.3.13) are all in agreement with present

experimental limits on MSSM parameters.

6.3.4 Concluding remarks

Sgoldstinos are a natural consequence of F-term SUSY breaking and their typical interaction
strength are directly linked to the scale at which SUSY is broken. Phenomenologically they share
features with scalars from Higgs portal models and pseudoscalar axion-like particles (ALPs) and
similar search strategies can be applied (cf. Chapters 3 and 5). Promising search channels at SHiP
include,

pp — S(gluon fusion), S long lived, TANAE Al o (6.3.14)

pp—=D+X >S+X', 8 M€+€_7W+W_77r07r07

and similar for the pseudoscalar P.

6.4 Light Dirac gauginos

6.4.1 Origins of Pseudo-Dirac fermions

A pseudo-Dirac fermion, where an originally Dirac fermion is split into two Majorana components, is
an interesting candidate for dark matter, since it allows co-annihilation between the eigenstates but
would appear as a Majorana particle for the purposes of direct and indirect detection experiments



— provided that the mass splitting is larger than the typical kinetic energy of the particles, of order
100 keV, but less than the energy of the thermal bath during freeze-out, typically a few GeV.

Pseudo-Dirac fermions can occur quite naturally in supersymmetric theories. For example in the
MSSM we could have a Higgsino which is pseudo-Dirac. However this is excluded for consideration
at the masses < 20GeV which are of interest to SHiP as it would be excluded by the Z-width
measurement.

A better candidate is a Dirac gaugino [892-896] which is an extension of the MSSM which is
well motivated by the existence of an (approximate) R-symmetry.

If the Dirac particle is predominantly bino-like then it will have weak enough interactions to
generate sufficient dark matter, and will also evade the Z-width constraint for models accessible by
SHiP. There are typically two classes of Dirac gaugino models: those which preserve an R-symmetry
[897-905] and those which allow a small breaking [906-913]. In the latter case, a minimal extension
of the Higgs sector is allowed, and the neutralino is split into (at least) six majorana fermions. The
splitting between the bino eigenstates induced by electroweak symmetry breaking is [894]

M2 2 2)\2 2
Am ~ —sin 23 z%w ( 5 gy) . (6.4.1)
K 9y

Hence if y ~TeV we have a mass splitting of the order of 2 GeV.

Typically even in models that do not have an explicit R-symmetry breaking on the field theo-
retical level such a breaking is naturally induced by gravitational effects. For example a splitting
Am 2 100 keV, required to have a genuine pseudo-Dirac candidate as regards direct-detection
experiments, is induced through anomaly mediation if the gravitino mass mz is given by

1672 Am

There are several possibilities how pseudo-Dirac particles could arise in supersymmetric models
with Dirac gauginos. Due to the variety of model-building possibilities we shall adopt in the
following an effective action approach along the lines of [895] and leave detailed investigation of
specific examples to future work.

6.4.2 Effective model, phenomenological features

For models of interest to SHiP, the pseudo-Dirac particle must be much lighter than other super-
symmetric particles — and also the electroweak gauge bosons. We can therefore integrate them out
and parametrise the leading couplings of the intially Dirac fermion ¥ to standard model fermions
1 as [895]

1 [— _
Line =75 [ U1 (crPr + cRPR)\I/} [ Fyu(cl Pr + chPr)f|. (6.4.3)

The LHC has already put limits on the strength of these interactions; from the point of view of the
LHC the splitting of the Dirac fermion into two components is irrelevant. From [914, 915] we find
that for light dark matter,
Cu,d
—XR <900 GeV. (6.4.4)
These are also the important bounds for the production of the particles in SHiP. On the other hand,
there is no reason that the couplings to up and down quarks must be the important couplings for
the dark matter relic abundance. In [895] an approximate formula for the relic density was given
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as

Qn2\ /4 my 1/2 Am
~0.8 TeV — —6— | . 6.4.5
Coar ¢ (o.n) (100 GeV) eXp{ m] (64.5)
Here
1
Ch =3ler +eal* Y (1ef + |chl?) (6.4.6)
f

where the sum is over all fermions relativistic at freezeout. Clearly for a light dark matter particle,
given the above collider bounds, either we should expect to have an overabundance of dark matter
or the annihilations should proceed to leptons rather than quarks. Both cases are possible. In the
first case a notional excess of dark matter is acceptable because a non-standard thermal history of
the universe — such as with a late-decaying particle that injects additional entropy and dilutes the
density to the observed value, e.g. in the “non-thermal WIMP miracle” [916] — would then render
such a scenario viable.

6.4.3 Origin of the effective model

Let us now consider the origin of the couplings present in the effective model in the context of TeV-
scale SUSY Dirac gaugino models (as opposed to Split-SUSY variants, such as [917-920], where
the dark matter properties are very different), where they can come through the Z, sfermion and
Higgs portals. We shall imagine that our dark matter candidate consists of neutral components
from SU(2) singlets b (which include the bino), triplets w (including the wino) and doublets r (such
as the higgsinos or R-higgsinos) so that we can write schematically

Prb=L,PLV + ..., Prw=L,P,V + .., PLT:LHPL\I/—F.... (647)

We note that for the purposes of SHiP it is perfectly acceptable to integrate out particles with
masses of the order of the Z or the Higgs mass and use the effective description (for LHC this may
not always be appropriate).

6.4.3.1 Z portal

Given the above interaction is vector-like and our Dirac particle is neutral, it is natural to consider
first the Z-portal for interactions between the dark matter and the visible sector. However, this is
strongly constrained by the Z-width; it is not possible to have a light pseudo-Dirac particle coming
from an SU(2) doublet such as a Higgsino. On the other hand, if there is some mixing between
a bino and Higgsino, then we can write the effective coupling between the Dirac fermion (before
splitting the eigenvalues) as

Lz pm = 22, Uy PLU. (6.4.8)

e
2SWCW
In the decomposition of our Dirac particle in (6.4.7) we have ¢z =23, Yiin- The Z-width then
constrains

lez| <0.1. (6.4.9)

For pure Z-portal dark matter with interactions of the above type, [921] found that dark matter
would always be overproduced for myg < 22 GeV when we satisfy the Z-width constraint. As

mentioned above, however, from the perspective of SHiP this merely means that the thermal history
of the universe in this case would be non-thermal.



6.4.3.2 Higgs portal

If the Pseudo-Dirac fermion couples to the Higgs then it annihilate via Higgs exchange, which will
determine the pattern of couplings to Standard Model fermions to be proportional to their masses.
If the Higgs sector preserves R-symmetry, then we can write the coupling of the Dirac fermion prior
to the mass splitting to be

Liggs b =HW(cyPr + ¢ PR)W. (6.4.10)

Here the couplings can have gauge current and superpotential origin.
The Higgs portal is constrained by the invisible Higgs width, from monojet searches [922] and
ttH production [923]; the latter gives a bound

Br(H — invisible) < 0.4, (6.4.11)

which, since the width of the Standard Model Higgs with a mass of 125 GeV is 4.04 x 1073 GeV,
translates into a bound (in the limit of the Dirac particle much lighter than the Higgs mass) of
Tn

my

<5 x 1074 (6.4.12)

ler|? <87 x 0.4/0.6 x

This leads to a massive overproduction of dark matter; for mg = 1 GeV we find

9 6 101

Qh? ~2.5 x 10° x S (6.4.13)
len|

As in the Z-portal case, this could still be interesting if the thermal history of the universe is

non-standard. However, the amount of entropy injection required here is much greater.

6.4.3.3 Sfermion portal

The natural possibility to consider is the scalar portal, which corresponds in SUSY theories to
squark or slepton exchange. In the Dirac basis, there are direct couplings of the sfermions f to the
gauginos of the form

Lscalar DM :f;*(aL’iFPL\I’ + aR’i@PRf) + h.c. (6414)

Let us consider an approximately R-symmetric theory. Then there is no mixing between left- and
right-handed sfermions, and in the decomposition of our Dirac particle in (6.4.7) we have either
ap;=0orar; =0. We then have a1, r); = V29yY Ly +/2g2TLy.

The sfermion portal is the most natural way of obtaining a reasonable relic density while evading
other constraints: the sleptons can be light (with masses of O(100) GeV), in contrast to the squarks
— as claimed in [896], the dark matter could be as light as 10 GeV without being overproduced for
a pure bino.

6.4.4 Detection at SHiP
6.4.4.1 Decays

One of the essential requirements for an experiment like SHiP is a particle with a macroscopic decay
length. If we consider the decays of our pseudo-Dirac particle, we shall assume that the dark matter
density is dominated by lepton interactions and therefore pairs of leptons will be produced. The
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decay length is [895]

_ E, A/Cpar \* /50 MeV \°
L + ~2 =2 . 4.1
(e = £747x1) 50 m x mo x (100 GeV) Am (6.4.15)

where x; and x2 denote the heavier and lighter components of the pseudo-Dirac fermion, respec-
tively.

Since the decay length is very sensitive to the mass splitting of the states — which then does
not affect any of our other observables — it is not possible to place definitive exclusions; but we may
make a detection!

6.4.4.2 Production

The production of light fermions coupled to the standard model by the effective operator (6.4.3) is
suppressed by the fraction of anti-up and anti-down quarks in the proton at low momenta. Taking

for sake of argument ¢z, = cg = ¢,ck =l = ch = cf = Cu,ds % = (2TeV)? with equal couplings
to up and down quarks, and mg = 1 GeV; we find 1
(2 TeV)? \?
— U4+ 0) ~2x 10 pb x [ 57— | . 6.4.16
olp+p— ¥+ T) o< (s ) (6.4.16)

This should be compared to the proton cross-section, which at the centre-of-mass energy of /s = 27
GeV is 40 mb (cf. [924]). Hence for 2 x 10%° protons on target we expect roughly 10* raw events.
We must then take the geometric factors and decays into account; we do this via a rough estimate
with a geometric factor of 8 x 1074, and taking the decay length in the lab frame to be 90 m for
reference, we have about 2 expected events — just enough to make a detection, and with much
weaker couplings than the direct LHC bounds. The prospects improve as we decrease the particle
mass; we plot in figure 6.4 the estimated optimistic SHiP reach in this approach over a range of
masses and couplings, and find good prospects for detection.

6.4.5 Concluding remarks

For pseudo-Dirac particles suitable for dark matter models the channel,

long lived

PP = X2+ X1,2, X2 —— X1+ {7 (6.4.17)

offers significant discovery potential beyond current LHC limits.
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Figure 6.4: Reach of SHiP for a pseudo-Dirac fermion ¥ and compared to existing constraints
from LHC.

6.5 SUSY vector portal I: Hidden Photinos

In this and the following section we will consider extensions of the MSSM by extra U(1) gauge
groups. Here, we will consider the case where the extra U(1) gauge boson is massless (and not
accompanied by any hidden matter). In the next section we will then turn to the case where the
gauge boson is massive an accompanied by Higgses. As we will discuss below, in the first case the
observable signal arises from the fermionic superpartner of the massless gauge boson, the hidden
photino, whereas in the second case interesting signals arise from the decay of the U(1) gauge boson
into the extra Higgses or extra neutralinos.

6.5.1 Motivation

A novel possibility for new light fermionic states coupled to the Standard Model arises in super-
symmetric extensions of the Standard Model with additional massless U(1) gauge sectors (cf. also
the Chapter 2 on dark vector particles). The gauge bosons of these additional U(1) factors may
kinetically mix with hypercharge, while the gauge fermions (hidden photinos) may mix with the
bino through both kinetic mixing and mass mixing. If there is light matter charged under these
U(1) factors, then the light matter inherits fractional electromagnetic charge and provides the pri-
mary means for probing the new sector. However, if there is no light matter charged under the
additional U(1) sectors, then the kinetic mixing between abelian gauge bosons is unphysical and
the only portal is the kinetic and mass mixing of the photinos [925, 926]. Hidden photinos may be
comparable in mass to, or significantly lighter than, MSSM neutralinos and couple through renor-
malizable couplings with small mixing angles, making them ideal candidates for exploration at a
fixed target experiment.

Beyond their phenomenological novelty, hidden photinos have a natural realization in string
theory. Realistic string constructions typically involve the compactification of extra dimensions
on manifolds with non-trivial topology, which is then reflected by the spectrum of light states
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after compactification. In particular [927, 928], dimensional reduction of Ramond-Ramond (RR)
n-forms gives rise to massless U(1) fields labeled by the independent cycles of dimension (n — 1).
For example, dimensional reduction of the RR four-form in Type IIB string theory gives rise to a
U(1) gauge group for every 3-cycle of the compactification manifold; the multitude of such cycles
in realistic compactifications leads to a potential plethora of RR U(1)’s. There are generically no
light states charged under these RR U(1)s, making them ideal sources of hidden photinos.

6.5.2 Features

Hidden photinos couple to the MSSM through kinetic and mass mixing with the bino. In a theory

with n additional U(1)s, the mass spectrum consists of four mostly-MSSM-like neutralinos N;

(i =1,...4) that are principally admixtures of the bino, wino, and neutral higgsinos and n mostly-

photino neutralinos 4, (a = 1,...n). These photinos couple to the MSSM through small mixings s

that are parametrically of the order of the kinetic mixing e times the ratio of photino mass to bino
mass, -
i

K~ eMl. (6.5.1)

Photino pairs couple to the Standard Model through the s-channel exchange of Z or Higgs
bosons and through the ¢-channel exchange of squarks and sleptons. These couplings are suppressed
by powers of k as well as possibly small mixings n ~ My /u, My /M o corresponding to further
suppression of photino-higgsino and photino-wino mixing.

If R-parity is conserved the lightest photino is stable. Heavier photinos decay into the lightest
photino via three-body decays primarily through an off-shell Z boson with lifetime

1 _9o\ 4 1 4 1 5
T(Ya = H1 + £707) ~30cm x ( Oﬁ ) (77> < O(SC::V> (6.5.2)

where dm is the inter-photino mass splitting. If R-parity is violated then even the lightest photino
can decay directly to the Standard Model. The lifetime depends on the details of the R-parity-
violating interaction, but in general the lifetime is enhanced by a factor of k™2 relative to the
equivalent three-body decay of a bino.

6.5.3 Existing bounds
6.5.3.1 Direct bounds

Direct bounds on hidden photinos come from precision measurements of the Z width and potentially
from direct production. LEP direct search limits on processes such as ete™ — Ny N, [929] place a
negligible constraint on photino masses and mixings. There are no meaningful bounds from LHC
Run 1, though photinos appearing in sparticle cascade decays may weaken the sensitivity of existing
searches for supersymmetry [930]. The invisible Z width, in contrast, provides a sensitive probe
of light photinos. In the presence of N photinos lighter than My /2, the contribution to the decay
width is ar VN
2.4, 4773 2

07 ~ & J5=Nwla M ~ 0.03MeV x N (ﬁ) (I) (6.5.3)
Given LEP bounds on the invisible Z width [354] this corresponds to a constraint on the mix-
ing parameters kn < 0.3/ V/N and represents the strongest constraint on photinos from precision
electroweak observables. Similarly, the contribution to the invisible Higgs width is

Gr k4 /2
O}, ~ ——— N2k4n?2 M2 ~01MeV x N2 (—) (2) . 5.4
e Mivima ~ 0.1 MeV (0.1) (1) (6:54)



Bounds on the Higgs invisible width on the order of 20% from Higgs coupling fits (e.g. [931]) provide
the somewhat stronger constraint x/7 < 0.17/V/N.

6.5.3.2 Cosmological bounds

If a hidden photino is stable and constitutes the LSP, then there are relatively strong constraints
coming from the observed dark matter relic abundance [925, 926]. Photinos are thermalized by
MSSM interactions provided x > 1076, in which case the thermal relic abundance of such a photino
dark matter candidate is typically too large by a factor of x~*. Even in the case that photinos
do not reach thermal equilibrium with the MSSM for x < 1079, out-of-equilibrium production
may overclose the universe unless x < 10711, Of course, these constraints may be ameliorated by
a low reheating temperature, a phase of thermal inflation at low energies, or decay of photinos
either into new hidden degrees of freedom or back into the Standard Model via R-parity-violating
couplings, and place no irreducible bound on hidden photinos. Another potential cosmological
bound on exceptionally light photinos with masses < 30 MeV comes from supernova cooling via
photino-strahlung, but this does not place a significant constraint on the parameter space for hidden
photinos.

6.5.4 What SHiP can do

The production of light photinos at low-energy experiments is much akin to the production of light
neutralinos, albeit with extra x* suppression due to mixing. Light photinos could be produced in
pairs at SHiP either through the two-body decay of mesons or through three-body decays such
as B — K#%%; the precise meson production modes depend on the flavor structure of the MSSM
sfermion sector, which determines the flavor structure of gg3¥ couplings via squark exchange. The
rates for production are akin to those for light neutralinos [932] with an additional suppression factor
~ k* for pair production (this can be reduced to ~ k2 if there is also a light ordinary neutralino
and one produces N 05). The signatures of photino pair production then depend on whether or not
R-parity is conserved.

6.5.4.1 R-parity conserving photinos

If R-parity is conserved then the lightest photino 77 is generically stable and we can have only pair
production of 47 in meson decays. However, it is also possible for mesons to decay first to heavier
photinos which in turn undergo three-body decays into lighter photinos, as in pair production of
4172 in meson decays followed by (possibly displaced) decay of the 32 via 32 — i1 or J2 — £03;.

To obtain a (very rough) estimate for the potential sensitivity at SHiP, let us consider the case
with several light photinos produced from the decay of charged B mesons (one could also consider
the even more numerous D mesons at a slight expense of a reduced mass reach). The production of
light neutralinos can be quite high if there exist flavor changing terms from SUSY breaking (even
in absence of these production is possible via loop diagrams) [932]. Indeed, high gluino masses as
required by the LHC measurements, weaken constraints on flavor changing terms. Optimistically
those could then be such that they maximize the production of photinos. As a guide let us take
the maximal allowed branching ratio for one of the B decay channels [933, 934]

BR(B~ - K~ +vp)=1410"°~1077, (6.5.5)

which is currently within the allowed regime. Analog to Section 5.4.2 we estimate that ~ 7 x 103
B mesons being produced at SHiP. Using a geometric factor of ~ 1073 for the produced hidden
photinos to be in the suitable detector region we would have about ~ 10° — 10% hidden photinos
inside the detector region. With x in the 1072-% region a significant number of those would decay
inside the detector volume, giving an intriguing possibility for a discovery.
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It should be said that this is, of course, a very optimistic estimate. The true branching fraction
and production rate depends on the detailed model parameters (superpartner masses and flavor
changing terms) and can and will in general be suppressed by x* (~ k2 in the case of a light
neutralino). Yet, at the same time before suppression by x* there are no hard constraints that
the branching fraction into hidden photinos could not even be bigger and only the x* suppression
brings it into the experimentally allowed region.

6.5.4.2 R-parity-violating photinos

R-parity violation is a compelling setting for hidden photinos, as cosmological bounds on photinos
are naturally avoided and LHC bounds on the scale of MSSM states may be lowered. In this
case, the phenomenology is much like that of R-parity violating neutralino decays. Production of
the lightest photino proceeds either in pair production or single production through meson decays
followed by three-body decay to Standard Model final states. In particular the latter proceeds along
very similar lines as the RPV scenario discussed in Section 6.2 and from there we are optimistic
that it yields a significant step into untested parameter regions.

6.5.5 Concluding remarks
Searches for the gauginos of extra “hidden” U(1l) gauge symmetries are a well motivated setup
offering interesting possibilities at SHiP. Of particular interest are channels such as,

~ long lived ~

pp > BT > K™ 4+77, v —— Y RN (6.5.6)
D* 40T

~ long lived
_—

pp = B+X —-7+X', 7

and similar channels with D mesons instead of the B mesons. While further more detailed studies
are clearly needed, estimates indicate that SHiP will have interesting sensitivity.

6.6 SUSY vector portal II: Novel Hidden Photon decays

In the previous section we have considered the case of an extra “hidden” U(1) gauge group with a
massless gauge boson. In this case the signals originate directly from the additional hidden photinos.
We will now turn to the alternative option where the extra U(1) gauge symmetry is broken and the
corresponding gauge boson is massive and therefore directly observable. In this case SUSY offers
interesting new channels and signatures compared to the case of a simple dark vector scenario as
diskussed in Chapter 2.

6.6.1 Setup

In much the same way that supersymmetry can stabilize the electroweak scale against large quantum
corrections, it can also stabilize the mass of a light Abelian vector boson [202]. To do so, there
must exist additional light particles beyond just the dark vector. These new particles can produce
new signals in lower-energy experiments at the intensity frontier [166].

Extending the vector portal to be supersymmetric implies that the dark vector X* of the exotic
U(1), gauge invariance must be accompanied by a dark gaugino fermion ¥%. Supersymmetry also
implies that the kinetic mixing interaction must be extended to include new interactions involving
the dark gaugino and any scalars charged under the dark gauge group or SM hypercharge:

> - %BWX‘“’ te |Blic-o7 + (h.c.)} +eD,Dy , (6.6.1)

where D; = ¢; >, q%]¢q|? sums over all the scalar fields in the theory weighted by their charge ¢’
under the corresponding U(1); factor, i = x, Y. The first term in Eq. (6.6.1) is the familiar vector



portal interaction, the second is a kinetic mixing between the dark gaugino and the hypercharge
gaugino E, and the third term is an extension of the Higgs portal interaction to the new scalar
fields required by supersymmetry.

In this section we will focus on a scenario where the dark photon gets a mass m, from a
dark Higgs mechanism [91]. This occurs when a scalar dark Higgs field charged under U(1),
develops a vacuum expectation value (VEV). A minimal supersymmetric realization of this consists
of two dark Higgs supermultiplets H and H' with equal and opposite U(1), charges +xg. Each
supermultiplet contains a complex scalar and a Weyl fermion. Scalar VEVs can be induced by the
D-term interaction of Eq. (6.6.1) or by soft supersymmetry breaking terms in the dark sector.

When both dark Higgs scalars develop VEVs, the Weyl fermion Higgsinos mix with the dark
gaugino, one of the dark Higgs scalars is eaten by dark vector, and the remaining Higgs scalars mix
amongst themselves. The physical states in this minimal Higgsed dark vector realization consist of
a single massive dark vector Z7, two real dark scalars h{ ,, one dark pseudoscalar A®, and three
Majorana dark neutralinos ]\7{‘;2’3. If R-parity is conserved, the lightest dark neutralino will be
stable and contribute to the dark matter density.

The natural size of the dark vector mass is of the same order as the soft supersymmetry breaking
terms in the dark sector. These can be much smaller than the corresponding terms in the visible
sector (which must be larger than about a TeV) if supersymmetry breaking is communicated less
efficiently to the dark sector [202]. However, the soft terms in the dark sector should be larger than
at least m?,;, 2 min{\/eMyz, em?.%,} due to the kinetic mixing interaction [91, 935].

soft ~
6.6.2 SHiP Sensitivity

The signals of this minimal supersymmetric dark vector theory in fixed-target experiments depend
on how the dark vector decays. There are four main cases [166]:

A. Z® — SM + SM: signals are similar to the non-supersymmetric dark vector (cf. Chapter 2).
B. Z*¥ — N{”ﬁf vector decays are invisible.

C. Z* — hiA”: scalars decay slowly to the SM and can give rise to displaced signals.

D. zZ* — N{CNQE can give displaced decays when the 3-body mode NQ” — ]\foZI* is slow.

Cases A and B are similar to minimal dark vector and minimal dark matter theories respectively,
so we will concentrate on cases C and D. For this, we will set o, = g2/4m = « and scale all the
dimensionful parameters of the theory as fixed ratios of the dark vector mass m, as in Ref. [166].

Adapting the same strategy and techniques as in [166] to the geometry of SHiP in the left
and right panels of Fig. 6.5 we show the reach of the SHiP experiment to cases C and D of this
minimal supersymmetric dark photon theory relative to other searches. A significant improvement
is achievable.

6.6.3 Concluding remarks

For SUSY models with an extra, spontaneously broken U(1) gauge symmetry SHiP offers significant
improvement over existing limits based on channels such as, e.g.

pp — Z%+ X — hT AT 4 X, Az lonslived,

pp = Z%+ X — NINF + X, N¥

hy + ¢t~ (6.6.2)

long lived = _
E Ny + 0t
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Figure 6.5: Sensitivity estimates for Cases C (left) and D (right) of the minimal supersymmetric
dark vector theory discussed in the text. Benchmark slopes are as in [166].

6.7 Axinos and saxions, ALPinos and sALPs

6.7.1 Motivation

As discussed in Chapter 5 axions and axion-like particles (ALP) are well motivated in string theory
but also in field theoretic settings with spontaneously broken global approximate symmetries. In a
supersymmetric version of axion models” (cf. Chapter 5), the axion A forms a supermultiplet with
a fermonic partner, axino fi, and a scalar partner, saxion s.

The interactions for these partner particles are typically very weak (often suppressed by the
large scale of spontaneous symmetry breaking f4) and therefore testing them requires a high pre-
cision/intensity experiment such as SHiP.

6.7.2 Phenomenology of saxions and axinos and possibilities at SHiP

The most direct constraints typically arise from searching for the axion itself (cf. Chapter 5 for
those constraints). However, if the axino and/or the saxion are relatively light it is interesting to
search for these particles directly.

Masses of axino and saxion are naively considered to be of the order of the gravitino mass,
however those can be lower in specific cases and take values between MeV and GeV [936-938].

6.7.2.1 Saxions

Since saxions are just the scalar partners of the corresponding pseudo-scalar axions they feature
interactions very similar to that of the axion itself. The interactions typically include couplings to
two axions as well as to two gauge bosons, e.g. photons and gluons,

8;} SFUVFS, 4 Cy o sG G
A

s
L= —(GMA)2 +C L S7fa v

V2fa

9For notational simplicity we will from now on talk about axions, axinos and saxions but unless specified otherwise
this includes ALPs, ALPinos and sALPs.

(6.7.1)




Figure 6.6: Feynman diagram for the R-parity violating production of an axino.

with some constants C' and C'3. This is essentially the scalar equivalent to the pseudo-scalar inter-
actions of ALPs discussed in Chapter 5 plus an additional interaction with two axions. In addition
we can also have (strongly model dependent) interactions with Standard Model fermions.

Let us briefly discuss the two main differences: the parity and the interaction with two axions.
For most direct experimental tests such as SHiP the difference in parity only leads to minor mod-
ifications (see, e.g., Figs. 3.9 and 5.2 where we consider scalars and pseudoscalars interacting with
SM fermions; we expect this level of similarity also for other couplings such as one to two gauge
bosons). The interaction with two axions is more important. If the axion mass is less than half
the saxion mass, the saxion can dominantly decay via s — AA. Depending on the value of f4 and
the mass of the axion this can be an invisible decay, or the axion A itself can decay into something
visible. If the decay is invisible this can lead to a significant reduction in the observed number of
events and a corresponding reduction in sensitivity. One can always consider this as the worst case
scenario for the sensitivity. Decays of the produced axions can only lead to additional events. Aside
from this modification we expect for saxions at SHiP very similar signatures and quantitatively also
similar improvements to those for ALPs, and we refer the reader to Chapter 5 for details.

6.7.2.2 Axino LSP with R-parity breaking

If R-parity is broken, an axino LSP can decay and produce signatures in the SHiP experiment. In
bilinear R-parity violation models, the light axinos dominantly decay to photon and neutrino with

a lifetime!® [939]
U z1& -2 mi \3 fa 2
rav i ( 101 ) (1OGeV) (105Ge\/) J (6.7.2)

with & = (#;)/v and (#;) being the sneutrino vev which parametrizes the size of R-parity violation.
In models with DSFZ type interactions axinos can additionally decay into e~ e*v with similar decay
rate. The QCD axino with f4 > 10°GeV is found to be hard to decay inside the SHiP experiment.
However, for general ALPinos, the corresponding Peccei-Quinn breaking f4 scale might be smaller.

With R-parity violation, a single axino can be produced together with a neutrino, e.g. from
two quarks via an s-channel Z boson as shown in Fig. 6.6.

6.7.2.3 Axinos with R-parity conservation

If R parity is conserved, supersymmetric particles must be produced in pairs and this, of course
also holds for the axinos. Typical R-parity conserving production channels are shown in Fig. 6.7.
Since the diagram on the left hand side is suppressed by two factors of f4, the corresponding
production is likely to be too small to be observed, and a light neutralino is required for direct

10Here we consider parameter values that are more appropriate for ALP models and not for the QCD axion.
Nevertheless we model the interactions (also for the superpartners) on those of the KSVZ axion. However, one
should take this with a grain of salt, as strong model dependencies are possible.
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Figure 6.7: Typical Feynman diagrams for axino/neutralino pair production from gluons (left) or
in association with a light neutralino (middle) or production of two light neutralinos. All of these
production channels also work if R-parity is unbroken. According to the number of axinos produced
the production amplitude is suppressed by 1/f%, 1/f4 and 1.

Figure 6.8: Neutralino to axino decay channels.

R-parity conserving production. In this case we can have axino/neutralino production (middle) or
neutralino pair production (right).

An interesting option then also opens up for the decay. The heavier of the two (either the
axino or the neutralino) can decay into the lighter one, as shown in Fig. 6.8, for the case when the
neutralino is heavier. The corresponding lifetime can be quite large and therefore suitable to the
SHiP setup since the relevant interaction is suppressed by fa. The decay shown on the right hand
side then leads to an interesting but also challenging mono-photon signature in SHiP. In addition
we can also have (somewhat suppressed) decays with two charged tracks as shown on the right hand
side of Fig. 6.8. If the axino is heavier, we can just reverse the roles of axino and neutralino in the
decay diagrams.

6.7.3 Concluding remarks

If axion/ALP models are embedded in a supersymmetric context two additional particles appear
that lend themselves to searches at SHiP. The first option is the saxion/sALP whose phenomeno-
logical features are qualitatively relatively close to that of the axion/ALP and can be searched at
SHiP with the strategies discussed in Chapter 5. However, if the decay of the saxion into two ax-
ions is kinematically allowed, it is typically dominant, which can lead to reductions in the observed
number of events with SM particles.

The fermionic axino/ALPino leads to different signatures and strategies. If R-parity is broken



possible channels include,

long lived
_—

pp — Av, A v 0T, (6.7.3)

op — AV, 121 long lived v+,

If R-parity is conserved interesting signatures exist if there is an additional light neutralino. In this
case one could have mono-photon signatures such as

o long lived

pp — N{)N{), Nl o S A4y, (6.7.4)

but also signals with charged track such as

pp — NONO, NO lomglived 74 p+p-, (6.7.5)

More studies are needed for quantitative statements on the sensitivity.

6.8 Additional Possibilities

In this section we briefly mention several other options that could lead to observable signatures at
SHiP, but which are in very early stages of discussion and need further investigation to determine
the sensitivity at SHiP and for comparison with existing limits.

6.8.1 Pair production of light neutralinos and decay to gravitino

In Section 6.2 we already discussed the possibility of light neutralinos. The focus was on R-parity
violating production and decays.

Even if R-parity is conserved, the neutralino is not necessarily the lightest superpartner. In
theories with gauge mediated supersymmetry breaking this is typically the gravitino. For example
the neutralino can decay into a photon and a gravitino (cf. [869]),

B 3 9 5 4
O Gy = 167TF5 o L <1OGeV> ( VF ) ©51)

m
szfymﬁ? k2K, M o 100 TeV

Here F is the scale of supersymmetry breaking, k is a coupling strength to the SUSY breaking
sector and x, encodes the relevant neutralino mixing angles for the neutralino-photon-gravitino
coupling.

Pair production of such light neutralinos could occur via squark exchange in the t-channel.
(On the parton level the diagrams are similar to what we will have in the case of flavor violating
production discussed in the next subsection and shown in Fig. 6.9, but due to the absence of flavor
violation, formation of intermediate mesons is not necessarily preferred.)

In this setup the channel of interest would be,

pp — ]V?ZVIO, ]V? long lived, G+, (6.8.2)

somewhat similar to the axino case discussed above.

6.8.2 Flavor violating production of light neutralinos

Flavor violating squark terms could lead to a significantly enhanced pair production of light neu-
tralinos. A possible diagram is shown in Fig. 6.9, where we have production from the decay of
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Figure 6.9: Neutralino pair production from neutral D mesons via flavor violating processes with
t-channel stop exchange.
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Figure 6.10: Direct neutralino pair production in a process with t-channel stop exchange. Com-
pared with production via mesons shown in Fig. 6.9 this can benefit from larger parton distribution
functions and from somewhat less constrained mixings between up- and top-squarks [940, 941].

D-mesons. Alternatively one could also have direct production of neutralino pairs as shown in
Fig. 6.10. The case of a stop exchange is particularly interesting since this can still be fairly light.

For R-parity conserving setups decay can proceed to a gravitino and a photon as discussed
above. If R-parity is violated we could have decays similar to those discussed in Section 6.2.

All in all we have potential channels,

pp — D°+ X — NON? + X, NV long lived, & ~ (R — parity conserved), (6.8.3)
pp — D°+ X — N{)Kf{] + X, Nf long ived, g+ +¢7 (R — parity violated),
and similar direct processes where the intermediate meson production and decay step is absent. It
will be interesting to see if SHiP can compete with or exceed constraints from B-physics for those

couplings.

6.9 SUSY at SHiP: Final remarks

Many supersymmetric models still allow for new light neutral particles in the MeV to few GeV range
which is accessible to SHiP. In these models SHiP often allows for significant discovery potential
beyond existing constraints.

Importantly supersymmetry not only provides additional theoretical motivation but also en-
courages to consider additional interesting but also challenging signatures in the SHiP detector. In



particular we can have the following decays of a long lived neutral particle,

X = 0t (6.9.1)
X = atn™

X — K47

X - K+ F

X 5 a044°

X = 7v+7

X >v+F

where especially the lower ones may be challenging. The above also shows that there are significant
opportunities in these neutral channels which strongly motivates the study of their experimental
sensitivity, which is currently under way.
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Chapter 7

Tau neutrino physics and other
precision measurements in SHiP

The high intensity proton beam dump experiment under consideration produces an high intensity
neutrino flux with all three flavors: electron, muon and tau neutrinos and antineutrinos. In this
section we will present a list of observables that could be measured exploiting the variety of such
a neutrino flux. The basic assumptions are that 2 x 102 protons with 400 GeV energy from the
SPS at CERN will be stopped in a target of Molybdenum and Tungsten, and that on the path
of the emerging flux of neutrinos there will be a neutrino detector, consisting for the most part of
lead, that allows to identify the flavor of all the three kinds of charged leptons produced in charged
current neutrino interactions and also the sign of the charge for tau and muon charged leptons,
as well as the other relevant kinematical variables of the Deep Inelastic Scattering (DIS) processes
for both the charged and the neutral current (CC and NC) interactions. We will further assume
that the neutrino detector will allow to identify the production and decay of charmed resonances.
As we will discuss later in this section, under these assumptions there will be the possibility to
measure tau neutrino charged current cross sections. This is currently the least known charged
current interaction vertex of the Standard Model (SM) with 7.5 events detected by the DONUT
collaboration [942] and 4 by the OPERA collaboration [943]. As we will see in section 7.1, with
the SHiP experiment the statistics of such events can be increased by three orders of magnitude
allowing to perform new studies of the cross sections both at the inclusive and differential level.
To the extent of performing detailed measurements of tau neutrino cross sections it is crucial to
asses the precision in the determination of the tau neutrino flux. This is discussed in section 7.1.1.
The SHiP experiment covers the DIS kinematics in a typical range of the Bjorken scaling variable
2 down to z ~ 5 x 107 for tau neutrinos with energy E, = 50 GeV and = ~ 5 x 10~2 for muon
neutrinos with energy E, = 20 GeV. Given the high rate of muon neutrinos and anti-neutrinos
DIS events expected, in section 7.2 we review the current status of deep-inelastic scattering with
emphasis on charged current interactions off unpolarized fixed targets. We address the most relevant
open questions in our fundamental understanding of the proton and discuss the physics potential of
neutrino-nucleon deep-inelastic scattering. Finally, we consider other limits that can be improved
exploiting the neutrino flux in SHiP; among them there are the limit on the tau neutrino magnetic
moment (section 7.3) and the limit on the production cross section of a weakly decaying charmed
baryon with five valence quarks (section 7.4). We will draw our conclusion in section 7.5.



7.1 Tau neutrino physics

Direct measurements of tau neutrino charged-current (CC) interactions are a fairly recent phe-
nomenon. The DONUT experiment reported 9 tau neutrino events with a background of 1.5 events
from their neutrino beam produced with the 800 GeV Tevatron beam at Fermilab [942]. Their cross
section measurement agrees well with the related muon neutrino CC cross section, however, their
statistical and systematic errors are each 33% of the best fit measurement respectively [942]. More
specifically, in the DONUT experiment it was not possible to identify the charge of the outgoing
tau lepton, for this reason the collaboration quoted the average of v, and v, charged current cross
sections as:

oy, = 0" EK(E), l=eu,1

of™t = 0.39 £ 0.13£0.13 x 107°® cm? GeV ™' (7.1.1)
where K (E) describes the kinematical suppression due to the tau mass and 05" has to be com-
pared with the average of v, and 7, charged current cross sections, that is 0.51 x 10738 cm? GeV ™',
As a final remark concerning the averaged tau neutrino cross section measured by the DONUT col-
laboration, we note that at the time of the analysis of Ref. [942] the charm quark fragmentation
in Dy and the Dy — 7v; decay branching ratio were known with less precision. Together with the
charm production cross section in proton-nucleon collisions, these are the three basic ingredients to
estimate the tau neutrino flux in a beam dump experiment as they enter directly as overal factors
in the normalization of the flux. The Dy — 7v, branching ratio, for example, in Ref. [942] was
assumed to be (6.4 +1.5)%, as suggested in the PDG of 2006, while recently it has been measured
with increased precision to be (5.54 4+ 0.24)%, as reported by the PDG of 2014 [156].

The OPERA experiment reported 4 tau neutrino events with practically no background [943].
In OPERA these events were found while searching for v, — v oscillation starting from an almost
pure muon neutrino flux. For this reason in OPERA only 7~ leptons have been detected and not 7.
Even if the OPERA collaboration could now publish a measurement of the v, cross section for the
first time, within SHiP there will be the possibility to measure separately v, and U, cross sections
in the same experiment and with higher precision, identifying for the first time also 7, interactions
through the detection of the positively charged tau leptons produced. According to our preliminary
estimations, the number of detectable tau neutrino and anti-neutrino charged current events in the
SHiP neutrino detector will be several thousands. Indeed, such a large sample of events will bring
opportunities to make new measurements of the structure functions in tau neutrino and antineutrino
charged current events. With the usual DIS variables: * = Q?/2p-q and y = p - q/p - k, where the
momentum assignments are:

v )o-(k) + N — 7/t + X
= (k= K)? = Q.

the tau neutrino and anti-neutrino charged current cross sections in terms of the structure functions
Fl, ceey F5 are [944]

d?a®) G*ME, 5 m2y m? Mz
= YR+ 1- 2y F
wdy ~ e\ Vet gt [( ) 0t ZEV)y} 2
2 2 2 2 2
Yy mTy mT(m‘r+Q ) mT
+ |y -2y - F Fy— F
{xy( 2 4E,,M] ST TARMZe YT EM YY)

where 4 F3 applies to neutrino scattering and —F3 to antineutrinos, M and m. are the nucleon and
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7 lepton masses respectively, E, is the initial neutrino energy and Gp is the Fermi constant. As
we will see, at the lower v, energies the SHiP experiment offers the first opportunity to measure
the structure functions F; and F5.

Albright-Jarlskog relations apply [944]

At the Born level, neglecting target mass corrections, the

F, =0, (7.1.4)
Fy
Fys = —. 1.
5 2x (7.1.5)

The QCD predictions for the DIS structure functions Fy and F5 are known up to NLO accuracy [945],
including full dependence on heavy-quark masses, though. The detailed relationships between the
five structure functions, including NLO QCD together with target mass and charm quark mass
corrections, are discussed, for example, in Refs. [945-948].

To evaluate neutrino-lead charged current scattering, we find the neutrino cross section per

nucleon via
Zoyy +(A—Z)ou,

A )

occ = (7.1.6)

and similarly for antineutrinos.

In evaluating the cross section, we have extrapolated the low @ structure functions according
to Ref. [949] below Q% = 2 GeV?2. To avoid double counting with quasi-elastic and few particle
production, a minimum hadronic final state invariant mass W is set. A frequent choice consist of
taking Winin = 1.4 GeV. A second choice, Wy, = m;, + m,, approximates single and few pion
production with the DIS cross section. We show both choices for W,,;, in the next few figures.
Fig. 7.1 (a) shows the v, CC cross section per nucleon per GeV as a function of energy for two
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Figure 7.1: The charged current cross section per nucleon, scaled by incident energy for (a) v,
and (b) 7, scattering with isoscalar nucleons (solid) and lead (dashed) targets. The upper solid and
dashed curves are for Wy,;, = m, 4+ m;, while the lower solid and dashed curves are for Wp,;, = 1.4
GeV.

targets: isoscalar nucleons (N, solid curves) and lead (Pb, dashed curves) for two choices of Wiy,
At E = 20 GeV, the cross section per nucleon on lead is almost 10% larger than on an isoscalar
target. The neutrino-neutron cross section is larger than the neutrino proton cross section since
the valence contribution v,.d — Tu is large. Fig. 7.1(b) shows that the cross section per nucleon
for v, scattering with lead is smaller than with isoscalar nucleon targets since v,u — 7d is the
dominant valence process. At low energies, the CC cross sections for v.p and 7. p are comparable.
The additional structure functions Fy; and F5 have an impact on the charged current cross section,
as shown in Fig. 7.2(a) and (b). This is primarily due to F5 ~ F5/(2x), reducing the cross section.
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Figure 7.2: The charged current cross section per nucleon, scaled by incident energy for (a) v,
and (b) 7, scattering with a lead target with W,;, = 1.4GeV. The dashed curve has Fy and Fj
set to zero, while the solid curve has the full expression for the target mass corrected (TMC) cross
section.

At E = 20 GeV, for tau neutrino CC scattering, the full expression for the cross section yields a
result about 30% lower than when these terms are neglected. At E = 200 GeV, the contribution
of these terms reduces the cross section by about 7%. For v, CC scattering, the solid line is about
53% lower than the dashed line for £ = 20 GeV and about 14% lower for 200 GeV. Target mass
corrections are included here. They amount to about a 7% correction for v, CC scattering at
E =10 GeV.

7.1.1 Flux of tau neutrinos

The precision on the tau neutrino cross section measurement is linked to the precision in the

estimation of the flux of neutrinos. As sketched in Fig. 7.3, the prompt flux of v, + 7, comes

v;

Figure 7.3: Example of D, decay chain producing a v, and a ;. 18% of the tau leptons decay to
a muon (see also Table 7.2), in all tau decay modes another tau neutrino is produced.

from the leptonic decay Dy, — Tv,, with a decay length of ctp, = 149.9 pum and branching ratio
B(Ds — 7v;) = (5.54 + 0.24)% [156]. In this decay channel, two tau neutrinos are produced: one
directly from the decay and the other from the “chain decay” Dy — 7 — v,. For a Dy with energy
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Ep, the lepton energy distributions are constant, constrained by

0 S Eu § (1 7RT)ED
R:Ep < E- < Ep ,

for R, = m2/m%. With m, ~ mp,_, the neutrino energy range is much lower than the tau energy
range: (E,) ~ 0.09Ep while (E;) ~ 0.91FEp. The tau itself decays promptly, cr, = 87.03 um, to
v, with approximately 1/3 of the tau energy going to the neutrino. Except for the lowest energies,
it is the chain decay Dy — 7 — v, that dominates the v, + 7, flux. Here, we estimate the prompt
tau neutrino plus antineutrino fluxes from Dy decays. We show, for comparison, the prompt muon
neutrino plus antineutrino fluxes from charmed hadrons using the same approximations. In the
illustrative results below, we use two approximations for particles produced, starting with a 400 GeV
proton beam incident on a series of two 58 cm targets, first molybdenum, then tungsten (combined
column depth 1,712 g/cm?). First we use the collinear approximation to get the energy distribution
of all of the charmed particles produced in the hadronic interaction. In a second approximation,
we account for the detector geometry of a 2m x 0.75m detector downstream 51.5m from the front
of the target. The fragmentation and decays then proceed in the collinear approximation. For
definiteness, we discuss Dy production, but this applies more generally to charmed hadrons h..
Given the differential cross section for target A, do(pA — D;X)/dEp, the number of neutrinos
produced per unit energy is approximately

dni
— dE,

B N, do
Gty 2/15 dEp, i%(bﬂb’&)g) X
v p s

(Ep., E,) . (7.1.9)
This approximate expression depends on N,, the number of protons on target, the total pA cross
section, and the differential energy distribution of the Dy (and its charge conjugate). The column
depth of either sample target is much larger than the interaction lengths of the incident proton
and the Dg, both of which are larger than the decay length of the D;. Regenerated protons,
emerging with lower energies from the first interaction, have been neglected in Eq. (7.1.9). As
discussed below, the factor of two accounts for the sum of neutrinos and antineutrinos, equal for
prompt decays since the energy distributions of ¢ and ¢ are equal, as are the subsequent decay
distributions. The summation of dn;/dFE, is over ¢ =direct or i =chain decay energy distributions.

Over the full energy range of E, that come from D, decays, Eq. (7.1.9) gives

. Eb =
NV.,-+17,- (EZ;’”” = 0) = / dEV¢VT+17-,- =4 x NprDSB(Ds — ’7'1/7-). (7110)
0 OpA
Here fp, is the fragmentation fraction for ¢ — D,. The factor of four accounts for ¢+ ¢ and the
two neutrinos associated with each D4 produced.

The interaction length of protons on a molybdenum target is Aparo = Anro/(Naoparo) = 156
g/cm? [156], giving a cross section per nucleon of o,n = 0prro/Ar, = 10.7 mb, corresponding
to an approximate A dependence of A%7!. The A dependence of the charm production cross
section is approximated by opa—p,x ~ Aopn—n,x for Ape = 95.95 [950, 951]. For D, production,
we use NLO QCD [952-954] as implemented in the numerical program of Cacciari et al. [955,
956], to calculate dopn—n.x/dE. and the Kniehl and Kramer fragmentation functions (LO at
the initial scale pg) [957] to convert to the hadronic energy distribution. The normalizations of
the fragmentation functions are rescaled to match the fragmentation fractions of Ref. [958]. In
particular, the fragmentation fraction for ¢ — D, is set to fp, = 0.077.

Inputs to the differential cross section are the charm mass, the factorization scale Mg, the



renormalization scale pp and the parton distribution functions. We take m. = 1.27 GeV [156]
and (Mp,ur) = (np,nr)m. with values guided by Ref. [959]. In Ref. [959], Nelson, Vogt and
Frawley vary the factorization and renormalization scales to determine the range of scales con-
sistent with fixed target and RHIC data on charm production. We use the scale combinations
(np,ng) = (1.25,1.48) (dashed), (2.1,1.6) (solid) and (4.65,1.71) (dot-dashed) that bracket the
data, as shown in Fig. 7.4(a), for protons incident on an isoscalar target. The data are shown
from the compilation in Ref. [960] and from HERA-B in Ref. [950]. With these choices for the
scale factors, the charm production cross section, evaluated with the CT10 NLO parton distribution
functions [961] range between 15.1-20.1 ub for /s = 27.4 GeV. For E}, = 400 GeV, using the central
(solid line) factorization scale, the charm production cross section per nucleon is o, N —ycex = 18.1 pb.
We stress that the procedure outlined above cannot be considered as a genuine QCD prediction in
the usual sense. This is because the overall normalization of the cross section is an input taken
from data that provide it with an uncertainty lower then the current theoretical uncertainty on the
cc cross section for high energy hadron collisions. Nevertheless, we consider NLO QCD corrections
reliable for correlating measurements at different energies first and, second, to correlate the overall
normalization of the charm production cross section with the tail of the energy distribution of the
charmed particles produced. For the incident proton beam energy of F, = 400 GeV (/s ~ 27.4
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Figure 7.4: (a) The charm production cross section opn_cz+x at NLO with m, = 1.27 GeV
using the CT10 parton distributions, as a function of 1/s. The central curve has factorization
and renormalization scales Mp = 2.10m, and ugr = 1.6m,, respectively. Data points are shown
from the compilation of fixed target results collected in Ref. [960] and from HERA-B [950]. (b)
The differential cross section do(pA — ccX)/dE. for the charmed quark, as a function of E.
for E, = 400 GeV. The upper solid line uses the central scale choices (Mp,ur) = (2.1,1.6)m,
and the collinear approximation, while the lower solid line uses the central scale choices with the
detector direction requirement for the charmed quark momentum vector. The dashed lines are for
(np,ngr) = (1.25,1.48) and (4.65,1.71) to represent a range of uncertainty in the NLO perturbative
evaluation with m. = 1.27 GeV.

GeV), the differential energy distributions of the outgoing charmed quark are shown in Fig. 7.4(b).
The upper curves show the energy distribution in the collinear approximation. The lower solid line
is the same distribution with the requirement that the charmed quark momentum vector intersects
the detector 51.5 m downstream from the front of the target. For E. ~ 10 GeV, the lowest dashed
curve is about ~ 20% lower than the solid curve. At 100 GeV, there is a wider range, from a few
percent higher than the solid curve, to ~ 30% lower. The scale dependences of the differential charm
production cross section contribute to the tau neutrino flux uncertainties. The D, and leptonic tau
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decay distributions have simple forms [962]. For example, D, decay to v, has

dndirect 1 dF(ED 7E1/) 1 E,
WMdixect (pp ) — 2 - F¥ , 111
dE, (Ep., Ev) I(Ep.) dE, Ep. P\ Ep. (7.1.11)
where
Fp (x) = B(Ds = v,7)/(1 = R;) x (1 — Ry — ) (7.1.12)

for R, = m2/m3%, . The energy distribution F}, is the same for neutrinos and antineutrinos.
For 7 decays to ne\utrinos7 the decay distribution of 7~ at rest differs from the decay distribution
of 77. Because of the opposite helicities of v, and 7, in the D, decay, the polarizations of 7~
and 71 are also opposite. The net effect is that in the laboratory frame, the neutrino energy
distribution in the chain decay Dy — 7 — U, is the same as for D; — 7= — v, in the absence
of depolarization [962, 963]. For the tau decay, in the energies of interest here, electromagnetic
energy loss is negligible (see, for example, Ref. [964, 965]), so the polarization of the produced
tau is retained in the evaluation of the tau decays. Therefore, the v, and the ©,; fluxes from both
the direct Dy — v, and the chain decays are identical. A summary of the function forms for
Dy, — 7 — v; can be found in Ref. [966]. We include the leptonic decays of the tau and the two
body decays of T — (m, p, a1)v)T, overall accounting for ~ 87% of the tau decays. The parameters
for the charm fragmentation and the PDG central values for the relevant branching ratios of the
tau lepton are reported in Appendix A.

Taking N, = 2 x 10%° protons, our results for the number of neutrinos per unit energy are
shown in Fig. 7.5. We use Eq. (7.1.9) to find ¢, for v = v, + 7, and v = v, + 7, from h, =
DY, D% D=, D;t, Aiﬁ, were we take the relativistic limit. Following Ref. [967], we approximate
the decays of the charmed mesons to v,, as approximate three-body decays. We take the v,, energy
distribution equal to the muon energy distribution parameterized in Ref. [967]. For the A., we
also approximate the decay by a three-body distribution. As indicated above, we use the collinear

approximation, and with Eq. (7.1.9), we account only for the first pA interaction to produce cc.

The Dy, — 7 — v, decay chain dominates the direct Dy — v, contribution above a few
GeV. With D, decays, the tau neutrino flux equals the tau antineutrino flux. The charmed hadron
contributions to the muon neutrino flux are similar in shape. The D* and the D°+D° contributions
to v, + ¥, are nearly equal.

Fig. 7.6 shows the integral of ¢, from E, = E™" — 400 GeV, N, (E™"), for v = v, + i/,
(lower curves) and v = v, + 1, (upper curves) for (ng,ng) = (2.1,1.6). Overall, in the collinear
approximation, these parameters give 5.7 x 10* v, + i, for N,, = 2 x 10%° protons for all neutrino
energies, and 1.8 x 10'° for E,, > 4 GeV.

The relative number of neutrinos of the two flavor shifts as a function of energy, and there
is a fairly strong dependence on factorization and renormalization scales. As an estimate of the
theoretical error in the flux predictions, the quantity ¢, as a function of E, for v = v, + v, for the
central scale choices M = 2.10m. and the scale variation given above are shown in Fig. 7.7. One
expects additional uncertainties associated with the choice of charmed quark mass and fragmenta-
tion functions, the latter especially at high neutrino energies where the flux is low. The additional
uncertainties from the fragmentation fraction (< 10%) and branching fraction for Dy — 7v, (< 5%)
are however small compared to the scale dependence. The ratio of v, /v, is much less sensitive to
the scale dependence than the absolute flux. For the integrated flux, the ratio differs by just a
few percent for E™" = 10 GeV and by about 20% for E™" = 50 GeV. Therefore, the relative
contributions by neutrino flavor of the prompt fluxes should help pin down the tau neutrino flux.
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Figure 7.5: The number of neutrinos plus antineutrinos per unit energy, ¢,+5, as a function of
energy for v+ v = v, + i, (lower curves) and v + v = v, + 1, (upper curves) for N, = 2 x 10%°
from charmed hadron decays, with Mp = 2.10m. and pur = 1.6m, for a molybdenum target. The
contribution from Dy — 7 — v, dominates the tau neutrino flux for most of the energy range. The
dashed lines use the collinear approximation, while the solid lines account for the detector direction
requirement for the charmed quark momentum vector.

7.1.2 Expected sensitivity

The theoretical uncertainty associated to the cross sections plotted in Fig. 7.2 are mainly related
to the scale choices, to the Parton Distribution Functions (PDF’s) uncertainty and the modeling of
the target mass corrections. Furthermore, the disentanglement of the nuclear effects will also be a
source of uncertainty in the extraction of the cross section from the measurements; we estimate that
these sources will give all together an uncertainty of ~ 10% or less for a large interval of relevant
neutrino energies. The largest source of uncertainty will be then given by the one on the knowledge
of the fluxes ~ 20%. To estimate the inclusive number of events that might be collected with the
neutrino detector, we take the convolution of the flux entering the surface of the detector with the
cross sections above.

Using the tau neutrino plus antineutrino fluxes of Fig. 7.7 including the detector geometry
restriction, the number of events is

N Emaz JE Lpy Lpy
evts — v (¢u + ¢D ) (7113)
Ermin AuPb ApPb

where ¢, = ¢y = ¢,1/2 for tau neutrinos. For M = 1 ton= 103 kg, and pp, = 11.35 g/cm3, the
depth of the detector is d = 5.87 cm for a cross sectional detector area of 2.0 m by 0.75 m. The
column depth of the lead is Lp, = dppp = 66.7 g/cm?. The interaction length of neutrinos in lead
is \upp = A/(Nao,4) for A =207 and Z = 82, with o,4/A given in Eq. (7.1.6).

Fig. 7.8 and 7.9 show the separate neutrino and antineutrino contributions to the integrand in
Eq. (7.1.13), and Fig. 7.10 shows the sum of the two terms. Fig. 7.11 shows the number of events for
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Figure 7.6: The integral of ¢, 4 as a function of E™" of the prompt tau and muon neutrino plus
anti-neutrino fluxes for N, = 2x10?° on a molybdenum target. The upper curves are v+ = v, +1,
and lower curves are v + U = v, + ¥, as in Fig. 7.5.

the central scale choice (solid lines in Figs. 7.8 and 7.9) integrated in 5 GeV bins from F =5 GeV
to E = 200 GeV. The sum of the number of events is 936 events for the central scale choice (685 tau
neutrino interactions and 252 tau antineutrino interactions). For (np,ng) = (4.65,1.71), there are
723 events (529 tau neutrino and 194 tau antineutrino), while for (np,ng) = (1.25,1.48) , we find
1151 events (840 tau neutrino and 311 tau antineutrino). The number of neutrino and antineutrino
interactions corresponding to Figs. 7.8 and 7.9, integrated over energy in 5 GeV intervals, is shown
in Fig. 7.11. The sum of the entries in each bin, from 5 GeV through the 195-200 GeV bin, gives
the total number of events quoted above.

We note that for a good range of neutrino energies among 10 and 50 GeV, where a significant
fraction of CC tau neutrino DIS interactions is expected, the theoretical uncertainty on the flux,
that is the largest one, can be estimated to be uniform of the order of 20%. We assume that the
current knowledge of the structure functions Fj, F» and F3 from previous precise experimental
measurements in v, and ¥, CC has a much smaller error, parametrized in terms of scale and
PDF uncertainties, to be lower then 10%. By subtracting the contribution of Fy, F» and F3 from
the expected number of events observed, that is about twice the expected contribution of F; and
F5, we deduce that in SHiP there will be the opportunity to asses the cumulative impact of the
structure functions Fy and Fjy differentially in the interval of energies among 10 and 50 GeV. In
the left panel of Fig. 7.12 we show the ratio of the averaged v, and 7, cross sections on lead as a
function of the incident neutrino energy, while in the right panel the same ratio is plotted for 7,
cross section only. Systematic uncertainties on these ratios are expected to cancel and, given the
relatively large number of events expected, we assume that the theoretical error is the dominant
source of uncertainty. Under these assumptions in the two plots we also included the lines for
one and two standard deviations from the hypothesis of no contribution from F; and Fj structure
functions. However, we point out that, even including radiative corrections, F} is not expected to
give an important contribution for the cross section in the Standard Model, indeed it contributes
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Figure 7.7: The flux ¢,45 as a function of E, for v + U = v, + U, for the central scale choices,
Mp = 2.10m. and pr = 1.6m, (solid line) for a molybdenum target and N, = 2 x 10%° protons.
The upper curves used the collinear approximation with other scale choices shown with the dashed
lines, while the lower curves account for the detector direction requirement for the charmed quark
momentum vector and other scale choices (dot-dashed lines).

—5% at 5 GeV, but only 1% at 10 GeV and further decreasing with energy. As a final remark we
stress here that the total number of events quoted above is affected by the geometrical acceptance
and the collinear approximation used. Including a more detailed description of the Dy — 7 — v,
chain would lower the expected number of events estimated here. On the other hand the collinear
approximation that we have adopted here does not spoil the relative theoretical uncertainties quoted.
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Figure 7.8: The quantity ¢, x L/X as a function of E,, for for the central scale choices, Mp = 2.10m,.
and pr = 1.6m,. (solid line). The scale choices (np,ng) = (1.25,1.48) and (4.65,1.71) are shown
with the dashed lines. The flux is evaluated for a molybdenum target and N, = 2 x 10%° protons
with the detector geometry restriction on the charmed quark momentum. The lead detector column
depth is taken to be L = 66.7 g/cm?.
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Figure 7.9: As in Fig. 7.8, for anti-neutrinos.
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Figure 7.10: The quantity ¢, x L/\, + ¢» X L/A; as a function of E, for for the central scale
choices, Mp = 2.10m. and pr = 1.6m. (solid line). The scale choices (ng,ng) = (1.25,1.48) and
(4.65,1.71) are shown with the dashed lines. The flux is evaluated for a molybdenum target and
N, =2x 10%° protons with the detector geometry restriction on the charmed quark momentum.
The lead detector column depth is taken to be L = 66.7 g/cm?.
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Figure 7.11: The number of events in each 5 GeV energy bin for F,, = 5 — 200 GeV for for the
central scale choices, Mp = 2.10m. and pur = 1.6m.. The scale choices (np,ng) = (1.25,1.48) and
(4.65,1.71) are shown with the dashed lines. The flux is evaluated for a molybdenum target and
N, = 2 x 10%° protons with the detector geometry restriction on the charmed quark momentum.
The lead detector column depth is taken to be L = 66.7 g/cm?.
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7.2 Deep inelastic muon and electron neutrino scattering

Historically, the formulation of QCD as the gauge theory of the strong interactions [968, 969] has
been closely related to the early deep-inelastic scattering (DIS) experiments and the observed scaling
violations in inclusive structure functions, which parametrize the hadronic interaction. Over time
experiments with lepton- and neutrino scattering off fixed targets at CERN, FNAL and SLAC as
well as collisions of electrons and positrons on protons at DESY’s HERA collider have provided
unique information on the nucleon structure. The available experimental data is of very high
precision. At the same time, it spans a large range in the kinematics of the Bjorken-z variable and
of the measured values of momentum transfer Q2 between the scattered lepton or neutrino and the
nucleon.

The current picture of the proton structure from DIS data is complemented by measurements
at the Large Hadron Collider (LHC) for a number of hadro-production processes. These include,
for instance, cross sections for the hadro-production of jets or differential distributions for the
production of W*- and Z-gauge bosons, possibly in association with charm quarks. These data
can contribute to our understanding of the flavor composition of the nucleon, it can constrain the
gluon distribution at large values of Bjorken-x and it is sensitive to the value of the strong coupling
constant as(Mz).

Dramatic further improvements in different ranges of kinematics can be expected from a number
of planned future colliders. The proposal for a Large Hadron Electron Collider (LHeC) to collide
an electron beam of 60 GeV, up to possibly 140 GeV, with the intense hadron beams of the LHC,
would allow for coverage of a kinematic range extended by a factor of twenty in Q2, and in the
inverse Bjorken-z, if compared to HERA, and with great physics potential [970] regarding high
precision DIS measurements.

The design of the planned electron-ion collider EIC aims instead at center-of-mass energies in
the range from 50 to 140 GeV, but allows to collide electrons and positrons with polarized protons
and with light to heavy nuclei at high luminosity. Major research themes of the EIC are the spin
and flavor structure of the proton as well as three-dimensional images of the nucleon structure [971].

The planned SHiP experiment [35] is distinct from these activities to the extend that it realizes
intense neutrino beams. Beyond establishing for first time the direct observation of tau anti-
neutrinos, the resulting neutrino-nucleon DIS interactions from intense electron and muon neutrino
beams will allow to study the strangeness of the nucleon. Besides the tau neutrino events discussed
in the previous subsection, the SHiP experiment is expected to collect O(2M) charged current
interactions from muon neutrinos and O(1M) from electron neutrinos, the latter with an average
energy of the interacting neutrinos around 30 GeV. Previous studies of the physics potential with
neutrino beams have focused on experiments at the front-end of a muon storage ring [972] and
date back to the pre-LHC era, so that an update is mandatory. In the following we will review the
status of perturbative QCD computations and the most important DIS measurements from muon
and electron neutrinos that can be performed in the SHiP experiment.

7.2.1 Status of perturbative QCD calculations

The key observables for tests of perturbative QCD are either inclusive structure functions or, in the
semi-inclusive case, differential cross sections, which describe the hard hadronic interaction in the
QCD improved parton model. The particle data group (PDG) [156] provides a summary of DIS,
including the definitions of kinematic variables.

Precision predictions in perturbative QCD rest on factorization. Sensitivity to the dynamics
at scales of the proton mass is separated from hard high-energy scattering at a large scale of the
momentum transfer Q2. In Fig. 7.13 this is illustrated for lepton-nucleon DIS in the one-boson
exchange approximation. With the help of factorization at a scale p the structure functions Fy
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Figure 7.13: QCD factorization of the cross section for the scattering of a deeply virtual gauge-
boson with (space-like) momentum ¢ (—¢? = Q% > 0) off a proton with momentum P in their
center-of-mass frame, see Eq. (7.2.1).

(k=2,3,L) can be expressed as convolutions of parton distributions (PDFs) f; (i = ¢, 7, ¢g) in the
nucleon and short-distance Wilson coefficient functions Cy, ;,

Be@) = X [ h (L) O (5@ (7.21)

i=q,3,9 V%

in so-called leading twist approximation up to power corrections of O(1/Q?). Such higher twist
contributions are relevant in the analysis of DIS data at low Q2 see, e.g., [973].

QCD factorization has also been established for differential distributions in DIS, e.g., for semi-
inclusive DIS where the cross section d?c /dzdQ? is subject to a decomposition similar to Eq. (7.2.1).
In the differential case, the hard parton scattering cross sections are augmented by an additional
prescription for any exclusive final state parton, e.g., a jet algorithm or fragmentation functions, in
order to ensure infrared finiteness.

The coefficient functions Cj; in Eq. (7.2.1) can be calculated perturbatively in powers of the
strong coupling constant a,

C =09 40,00 4+20P +a2C® 4 | (7.2.2)

where the expansion coefficients C©) are denoted as the leading order (LO), C") as the next-to-
leading order (NLO) and so on. The PDFs f; are non-perturbative objects describing the nucleon
momentum fraction x = Q2/(2P - q) (see Fig. 7.13) carried by the quark or gluon and have to
be determined in global fits to experimental data. Within perturbation theory, PDFs at different
scales are related, though, by the well-known evolution equations,

d 5 <f(h > Z / dZ < qiq; Z) P’I'Lg(z) > <fq;' (1‘/2’,[1,22) ) , (72.3)
dlnp folz Pyq;(2) Pyg(z) fo(@/z, p1%)
where the so-called splitting functions F;; enter to account for the different possible parton splittings

in the collinear limit. The F;; are umversal quantities in QCD and, like the C}, ;, can be computed
in a power series in ag,

P=a,P9+a2PD 4 a2pP® 4 . (7.2.4)

The QCD predictions for DIS observables have reached an unprecedented level of precision. The
Wilson coefficients Cj; and the splitting functions F;; are known to high enough orders in per-
turbation theory, so that the effect of radiative corrections on structure functions is well under



control. The splitting functions P;; in Eq. (7.2.4) are known to next-to-next-to-leading order
(NNLO) [974, 975] and, likewise, the coefficient functions Cy; [976-979] in Eq. (7.2.2). Moreover,
for photon and charged current W*-boson exchange, the hard corrections at order next-to-next-to-
next-to-leading order (N3LO) are also available [980-982].

For the production of heavy quarks in DIS, like charm, mass effects need to included. The
theoretical description of DIS heavy-quark production in the kinematical range of SHiP can be
based on the fixed-flavor-number (FFN) factorization scheme with three light quarks in the initial
state and the heavy-quarks appearing in the final state only. The respective Wilson coefficients
for the heavy-quark electro-production are known to NLO completely [983, 984] and approximately
to [985], the latter based on the massive operator matrix elements at three loop order [986, 987]. This
ensures the exact description of all logarithmically enhanced terms in the heavy-quark mass m up to
o3 n*(Q?/m?) with k = 1,...,3. Similarly, the heavy-quark coefficient functions for charm quark
production in charged current DIS are known exactly at NLO [988-990] and at asymptotic values
of Q% > m? at NNLO [991-993]. The exact quark mass dependence for charm quark production
in charged current DIS to NNLO is not available at present, though, it could, in principle, be
extracted from Ref. [994]. Available QCD theory predictions and experimental data for inclusive

p=2 GeV, n=4
5 3
10 |\ XG E xG
F o\ 2 e
75 = \ I .‘&.g
= r s
5 F T 1 | S
25 } ~ L - Lo S r N._‘.~‘~“~
O E L L \\\'\/H‘ L L \\HH‘ L L \\HH‘ L Ll 0 7\ L L L ‘ L L1 L ‘ L L L L ‘ L1 L L ‘ L L \..
107 1074 1078 102 X 0.05 0.1 0.15 0.2 025 y
02
B - -
1 B - et
Ko x(u+d)/2 015 FWg.. x(utd)/2
0.75 |~y SR SO
g T T 01 NS )
05 |- g S g NS
g i SN 005 | e

025 | | T f R SN
0 E L \\\HH‘ L L \\HH‘ L \\\HH‘ L Ll 0 :\ L L L ‘ L L1 L ‘ L L L L ‘ L1 L L ‘ L L L

0510 -5 1074 107 102 X 0.0 0.1 0.15 0.2 025 x
T L e 006

C e F
I -~ r - - N
06 I d N.,\ Xu 004 - x(d-u) ./;y ~\_\
* r >
0.4 '§l=’-‘**-\,ﬁ . 002 L TtV 4
- o . o oo o s s R = )

0.2 r Xd ‘)\\' \\\ 0 P=t=i=lnlmmmmmm— R\. 1
2 - ; N
0 : L ‘ L L ‘ \‘\l?‘h\z“!*":‘ _0'02 E L \\\HH‘ L \\\HH‘ L \\\HH‘ L L1

0.2 0.4 06 x 0™ 107 10 10" X
2
\ B .
15 E 01 BN (s+9/2
= N - F Qe X
1 B ~ X(st+9)/2 .
Bl 005 [P = ek,

05 B e i ~ St
. e T e X ‘0\._;:;‘ ..... r Loe,, *‘-..,__.‘..“

O E L L \\HH‘ L L \\HH‘ L L \T’H\‘ ‘.\"-\l'\' 0 7\ L L L ‘ L L1 L ‘ L L L L ‘ [ I L 1.-7.."“"
107 1074 107 102 X 0.05 0.1 0.15 0.2 025 y

Figure 7.14: The 1o band obtained for the 4-lavor NNLO ABM12 PDFs [995] at the scale of u = 2 GeV
versus z (shaded area) compared with the central fits obtained by JR09 [996] (solid lines), MSTW [997]
(dashed dots), NNPDF (v2.3) [998] (dashes), and CT10 [999] (dots). Plot taken from [995].

DIS allow to deduce important information about PDFs or the value of the strong coupling constant
as(Mz) as the non-perturbative input to QCD precision predictions. This is, of course, a situation
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that, generally, needs to be addressed beyond DIS, since experimental data from the (anti-)proton-
proton colliders Tevatron at FNAL and the LHC provide invaluable further constraints, e..g., on
the flavor composition of the proton. Analyses of the proton structure are, therefore, carried out
as global fits, which are typically accurate to NNLO in QCD. Results for such NNLO PDF sets
have been obtained by ABMI11 [973], ABM12 [995], CT10 [999], HERAPDF (v1.5) [1000, 1001],
JRO9 [996], MSTW [997], NNPDF (v2.3) [998] and the recent updates MMHT 2014[1002] and
NNPDF (v3.0)[1003]. Some of the results are displayed in Fig. 7.14. Given the current status of

u=3 GeV, n=3

[ NuTeV/CCFR

NuTeV/CCFR + NOMAD NuTeV/CCFR + CHORUS

1072 107" X 1072 10" X

Figure 7.15: The relative strange sea uncertainty obtained from variants of the ABM12 PDF analy-
sis [995] with only NuTeV and CCFR data [1004] employed to constrain the strange sea (grey area) and
with the solid lines displaying the relative change in the strange sea due to the NOMAD [1005] (left panel)
and CHORUS [1006] (right panel) data sets. The dots correspond to the strange sea uncertainty after
inclusion of the new data sets. Plot taken from [993].

perturbative QCD and the precision of the experimental data a future physics program of neutrino
nucleon DIS as in the SHiP experiment can help to address a number of very relevant questions. For
PDF's improvements can be made with respect to the flavor asymmetry of sea quarks, in particular
the strangeness. The information on the strange sea quark content of the nucleon shown in Fig. 7.14
relies almost entirely on the data by the NuTeV and CCFR experiments [1004] from charm di-muon
production in (anti)neutrino-iron DIS interactions. The recent publication of new data samples for
charm di-muon production in neutrino-iron DIS interactions by the NOMAD experiment [1005] and
for inclusive charm production in nuclear emulsions by the CHORUS experiment [1006] shown a
clear improvement of the situation as illustrated in Fig. 7.15. Note that, however, even if combining
NuTeV/CCFR data with the NOMAD or CHORUS data the bands shrink, the two new best fit
represented in Fig. 7.15 appear to go in opposite directions. For this reason we believe that only
with a new and large data sample we might have a definitive leap in our knowledge of the nucleon
strangeness.

7.2.2 Strangeness from heavy-quark DIS in CC interactions

Anti-charm production in charged current anti-neutrino interactions selects anti-strange quark in
the nucleon. This is because while d quarks are not privileged with respect to the 5 quarks in
the proton sea, the latter are favoured to produce charm by the Cabibbo angle. The process is



sketched in Fig. 7.16. Precise knowledge of the strangeness is an important information for many
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Figure 7.16: Diagram for anti-charm production in anti-neutrino charged current interactions.

precision tests of the SM as well as for BSM searches at the LHC. The W mass is a fundamental
parameter of the model and at the LHC W boson production proceeds for the 80% through the ud
channel and 20% through the ¢5 channel. For a detailed discussion about the strong impact of the
uncertainty of the strange quark content of the proton on W mass measurements see for example
Ref. [1007]. In Fig. 7.17 the current situation for the proton strangeness (s + §) is summarized
including uncertainty bands. Although the four PDF collaborations: NNPDF3.0, MMHT, CT10
and ABM12, use approximately the same data points, the final results are quite different in the x
range (0.001,0.1). The strange see quark determination by all the PDF groups relies mainly on the
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Figure 7.17: s + 5 distribution in the proton.

dimuon data collected by the NuTeV/CCFR collaboration. Despite the high number of charged
current v, and 7, events, 1.280.000 and 270.000 respectively, the detection of charm production was
limited by the selection based on the muon decay channel for the charmed resonances produced.
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Furthermore a cut of 5 GeV was imposed for the muon identification. For these reasons only 5.102
v, and 1.458 v, events were identified as charm production in charged current interactions.

The neutrino detector under consideration in SHiP would have a lower cut for the muon iden-
tification and, more important, would allow the detection of any decay of the produced charmed
hadrons. For these reasons, even if the number of expected CC muon neutrino events is compa-
rable with the ones detected by NuTeV/CCFR the charmed data collection in SHiP will be much
larger. Indeed, in the whole data taking of the SHiP experiment 1.8 million of v, and 0.6 million
of 7, events are expected [1008]. This would translate into the order of 70 thousands charm and
27 thousands anti-charm produced. Furthermore, the electron neutrino charged current are also
expected to contribute about 20 thousands induced charm production. Under these assumptions we
expect a considerable improvement in the knowledge of the nucleon strangeness. In the following
we consider only the contribution of the CC muon neutrino interactions.

To be more specific, we used a simulated data sample normalized to 2 x 102° POT to estimate
number and the distribution of muon neutrino interactions with charm production. We followed
closely the NuTeV analysis [1004] where the collected data were divided in five bins for the x variable,
three for y and three energies per event sample. In SHiP the energies will be lower than NuTeV,
nevertheless distributing the events in bins with an equal content we find similar values for the
other two variables = and y. As a result we estimate that the statistical uncertainty in each bin will
reduce from ~ 10 —20% in [1004] for both v, and 7, interactions, to ~ 2—3% for charm production
and ~ 4 —5% for anti-charm production. Note that in the NuTeV analysis the systematic error was
dominant. To make a realistic estimation of the level of improvement in our analysis we included also
a systematic uncertainty. We assessed the potential impact of the simulated charm data by adding
them to the NNPDF3.0 NNLO fit [1003] using the Bayesian reweighting technique introduced and
described in [1009, 1010]. Pseudodata are generated fluctuating the central value around the central
NNPDF3.0 NNLO predictions. Their distribution is assumed to be a gaussian with central value 0
and standard deviation equal to the sum in quadrature of the statistical uncertainty inferred from
simulation, and the total systematic uncertainty, assumed to be uniform 5% (and uncorrelated)
for all pseudodata points. In the method of Refs. [1009, 1010] one first generate an ensamble of
unweighted replicas representing the probability distribution function under consideration. It is then
possible to attribute a weight expressing the relative probability of the new data for different PDE’s.
Finally one can use the weights to sample the new probability density using the original replica
reweighted. The constraing power of the SHiP pseudodata is measured by the Shannon entropy of
the reweighted set, which measures the number of effective (Nog) replicas after reweighting. In this
analysis, starting from a prior set with 1000 replicas, we obtain Neg = 62. The reweighted s™ and
s~ distributions are showed in Fig. 7.18. The reduction of the associated uncertainty is significant
in the ranges 0.03 — 0.3 for s and 0.08 — 0.3 for s~ respectively.

7.2.3 Nuclear effects in v/N DIS and global analyses of nuclear PDFs

High statistics neutrino deep-inelastic scattering experiments have generated significant interest in
the literature as they provide crucial information for global fits of parton distribution functions as
has been discussed in the preceding section. The neutrino DIS data provide the most stringent con-
straints on the strange quark distribution in the proton [1011], and allow for a flavor decomposition
of the PDFs which is essential for precise predictions of the benchmark gauge boson production
processes at the LHC. Moreover, the neutrino experiments have been used to make precision tests
of the Standard Model (SM) in the neutrino sector. A prominent example is the extraction of the
weak mixing angle 0y in a Paschos—Wolfenstein type analysis. A good knowledge of the neutrino
DIS cross sections is also very important for long baseline experiments of the next generation which
aim at measuring small parameters of the NMS mixing matrix such as the mixing angle 613 with
more precision and eventually the CP violating phase §.
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Figure 7.18: s+ 5 (top) and s — § (bottom) uncertainty bands with and without adding simulated
charm data from the SHiP experiment to the NNPDF3.0 NNLO fit [1003].

Due to the weak nature of neutrino interactions the use of heavy nuclear targets is unavoidable,
and this complicates the analysis of the precision physics discussed above since model-dependent
nuclear corrections must be appplied to the data. Our understanding of the nuclear corrections
relies largely on charged-lepton—nucleus (¢A) DIS data. In the early 80s, the European Muon
Collaboration (EMC) [1012] found that the nucleon structure functions F» for iron and deuterium
differ as a function of x. This discovery triggered a vast experimental program to investigate the
nuclear modifications of the ratio R[F§4] = F54 /(A F5N) for a wide range of nuclear targets with
atomic number A, see, e.g., Table 1 in [1013]. By now, such modifications have been established
in a kinematic range from relatively small Bjorken x (z ~ 1072) to large = (z ~ 0.8) in the deep-
inelastic region with squared momentum transfer Q> > 1 GeV?. The behavior of the ratio R[F§4]
can be divided into four regions: (i) R > 1 for 2 0.8 (Fermi motion region), (ii) R < 1 for
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Figure 7.19: The nuclear correction factor R[FyF¢] ~ F¥¥e/FYD as a function of x for Q? =
5GeV? (left) and Q2 = 20 GeV? (right). The solid (red) line is the prediction of a fit to vFe DIS
data [1021]. This fit is compared with predictions based on ¢* A DIS data. In particular, with the
SLAC/NMC parametrization, the model from Kulagin and Petti (KP) [1022], and the predictions
using the HKN’07 NPDFs [1020].

0.25 <z < 0.8 (EMC region), (iii) R > 1 for 0.1 < z < 0.25 (antishadowing region), and (iv) R < 1
for < 0.1 (shadowing region). Various models and physics mechanisms have been proposed to
explain the nuclear modifications in the different kinematic regions. The shadowing suppression at
small x is generally assumed to occur due to coherent multiple scattering inside the nucleus of a ¢g
pair coming from the virtual photon [1014] with destructive interference of the amplitudes [1015].
The antishadowing region is theoretically less well understood but might be explained by the same
mechanism with constructive interference of the multiple scattering amplitudes [1015] or by the
application of momentum, charge, and/or baryon number sum rules. Conversely, the modifications
at medium and large = are usually explained by nuclear binding and medium effects and the Fermi
motion of the nucleons [1016], however, a complete understanding is still lacking and subject of
ongoing investigations.

The charged-lepton—nucleus (¢A) DIS data form the backbone of global analyses of nuclear
parton distribution functions (NPDFs) [1017-1020]. The NPDFs differ from the PDF's inside free
nucleons such that the measured ratios of structure functions is reproduced. The NPDFs can be
used to compute nuclear correction factors for different observables in a flexible way. Furthermore,
as in the free nucleon case, neutrino—nucleus DIS data are very useful for a better flavor separation
of the NPDFs. In particular, the opposite charge di-muon data from NuTEV and CCFR allow to
constrain the nuclear strange quark distribution in an iron target.

However, in a recent analysis [1021] of vFe DIS data from the NuTeV collaboration it was
found that the nuclear correction factors are surprisingly different from the predictions based on
the ¢*Fe DIS data with important implications for global analyses of proton PDFs. This can be
seen in Fig. 7.19 where the nuclear correction factor R[FYF¢] ~ Fy¥e/F¥P is shown as a function
of z for Q% =5 GeV? (left) and Q% = 20 GeV? (right). Here, the solid line is the prediction of a fit
to vFe DIS data from the NuTeV collaboration [1021]. The other three curves are based on ¢*A
data and have quite a different z-shape. At the same time, the nCTEQ fits to £A DIS and DY data
[1018] are well in agreement with the charged-lepton data as can be seen in Fig. 7.20.

The study in [1021] left open the question, whether the neutrino DIS data could be reconciled
with the charged-lepton DIS data by a better flavor separation of the NPDFs. This question was
addressed in Ref. [1013] by performing a global x2-analysis of the combined data from vA DIS, (A
DIS and the DY process. This study confirmed that the neutrino DIS cross-section data are indeed
slightly incompatible with the charged lepton DIS+DY data if the precision correlated errors of the
neutrino data are taken into account. In case that the less precise uncorrelated errors are used the
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Figure 7.20: The nuclear correction factor R[F5F¢] ~ F5F¢/F4P as a function of x for Q% = 5 GeV?
(left) and Q* = 20GeV? (right). The solid (red) line is the prediction of a fit (fit B =decut3) to
(Fe DIS data and Drell-Yan data in the A-dependent framework of [1018]. This fit is compared
with predictions based on ¢* A DIS data. In particular, with the SLAC/NMC parametrization, the
model from Kulagin and Petti (KP) [1022], and the predictions using the HKN’07 NPDF's [1020].

tension between the NuTeV/CCFR and the charged-lepton DIS data sets disappears [1017, 1023].

In conclusion, precise measurements of neutrino—lead DIS cross sections with the SHiP experi-
ment have a great potential to (i) improve the knowledge of NPDF's and (ii) help resolve the tension
between the NuTeV/CCFR data and charged-lepton DIS data. This would improve our knowledge
of the nuclear correction factors needed for the proton global analyses. Most importantly, for the
determination of the strange PDF in the nucleon using di-muon data a solid understanding of the
nuclear modifications of the individual parton flavors is necessary. An improved understanding of
these questions will then allow to test theoretical models predicting these nuclear modifications.
An intriguing point is also that a large DIS data sample for lead together with proton—lead data
from the LHC would allow dedicated determinations of lead PDF's without the need to model the
nuclear A-dependence.

7.2.4 og measurement via Gross-Llewellin Smith sum rule

Inclusive quantities in DIS such as several sum rules are known to high orders in QCD. Of particular
interest for neutrino-induced DIS is the Gross-Llewellyn Smith (GLS) sum rule, which is well studied
in the literature. The GLS integral is given by

Scrs(Q?) =

| =

1
/ dw (FYP + FI™) (7.2.5)
0

and is known to N3LO in QCD, see [1024], up to higher twist corrections.

New high statistics data from a DIS experiment can also be used for precision determinations
of the strong coupling constant « exploiting Eq. (7.2.5). The current precision is reviewed, e.g.,
in [1025].

Measurements of a, with the GLS sum rule need to account for the correlation of the value
of g with higher twist contributions. A phenomenological parametrization of the higher twist
contributions to structure functions considers them as independent from the leading twist ones

Hi =) H]™()
o Qi

where FZ»TMC are the structure functions at leading twist supplemented by kinematic corrections

F'(z,Q%) = F™C(z,Q%) + + .., (7.2.6)
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due to hadron mass effects i.e., the so-called target mass correction (TMC). The coefficients H;
are some polynomial in x and any Q?-dependence of the higher twist operators due to the QCD
evolution is neglected.

Various studies have quantified the effect of higher twist contributions on the value of ay in
global analysis, which generally depend on the order of perturbation theory considered. Twist six
HT=5 contributions are generally found to be consistent with zero in global fits, while the twist four
terms H7=% can be significant, see e.g., [973, 1026]. For as measurements via the GLS sum rule
additional uncertainties arise from extrapolation into the unmeasured kinematics region at small
and large x.

Previous studies (cf. Sec.5 of [972]) for physics at the front-end of a neutrino factory have
estimated the error on a, measurements from Eq. (7.2.5) in a kinematical range similar to SHiP,
ie., 1.5 < Q% < 80 GeV to be

Aa, = 0.0035 (7.2.7)

assuming the simultaneous determination of higher twist terms and O(a?) QCD corrections. If
higher twist terms are fixed, the uncertainty reduces by roughly one third to Aas = 0.0026. Cur-
rently, even the N3LO coefficient functions are known, higher twist contributions are better under-
stood and constrained, so that a significant further reduction of the uncertainty on a, in Eq.(7.2.7)
seems to be feasible. For these reasons the SHiP experiment could make an important contribution
here.

7.2.5 Precise Ratios for Neutrino Nucleon Interactions

The SHiP experiment offers also the possibility to perform precise measurements of Electroweak
parameters. An open question in particle physics is still the significance of the “NuTeV anomaly”
which reported a 30 deviation in the measument of sin fy;,. A theoretical resolution of the anomaly
or new experimental measurements will be important. The SHiP experiment will be using high
intensity v and ¥ beams over a large range of energies and will have the oppportunity to check and
improve previous results.

The NuTeV analysis followed a simultaneous fitting of R¥(®) = UJVV(? / aé(g) which is related but
not identical to the PW-relation [1027]

14 14
R = % = % —sin®w + 6R; + 0RGep + 6 Ry, - (7.2.8)
cc cc

The original relation was derived for isoscalar targets but in the NuTeV experiment the target
was Iron which brings the corrections included on the rhs of equation 7.2.8. The corrections have
been studied in several articles and we will not repeat them here. We simply refer to the articles
in Refs. [1028-1030]. Other ratios of neutral to charged current reactions are also determined
accurately because the largest contribution is determined by isospin symmetry and the smaller
terms are estimated by using available data and/or theoretical relations. These ratios can be used,
with sufficient care, either to determine the Weinberg angle or to search for new effects manifested
in the change of the ratios as function of energy or as function of the distance traveled by the
neutrinos. An attractive ratio is [1031]

p=NotoNc (7.2.9)
0cc T 0cc

Before comparing the ratio above with the number of events detected in SHiP we have to take into
account the differences in the v and 7 fluxes. Indeed, first estimates based on full Monte Carlo



simulations of the events in the proton target show that above 40GeV the fluxes of v and v are
not far from each other in the absolute values and have the same shape. We estimate that with
the help of a detailed Monte Carlo simulation tuned to reproduce the number of charged leptons
and anti-leptons detected respectively in the experiment, and the total number of neutral current
events, one can correct for the relative difference in the fluxes and keep the uncertainty on sin? Oy
associated to this procedure at the level of 1% or lower. Note that sin® 6y has been measured with
1% accuracy in neutrino nucleon scattering by CDHS [1032] and CHARM [1033] at CERN. We
note that Monte Carlo uncertainty in signal modeling has also been used by other experiments to
determine the level of purity of a muon neutrino beam with respect to muon antineutrinos and the
electron neutrino contamination in a muon neutrino beam. Here, Monte Carlo simulations would
address the difference in the energy spectra of the sum of muon and electron neutrinos and the anti-
neutrinos. In the assumption that the electrons are identified, they do not represent a limitation. In
general one has to correct the P ratio above for quark mixing, quark sea effects, c-quark threshold
effects, non-isoscalarity, W —Z propagator differences, the finite muon mass, QED and EW radiative
corrections. Indeed, quark sea effects and c-quark threshold effects could be measured within the
same experiment with high level of accuracy and we are lead to the conclusion that after the flux
asymmetry mentioned above the non-isoscalarity is the next higher source of uncertainty. As we will
see below, the correction for non isoscalarity on the P ratio is less then 1% so that the correction
for the asymmetry in the fluxes sets the sensitivity on a possible measurement of sin6y,. An
important property of this ratio is the disappearance of the interference terms between vector and
axial-vector currents in both numerator and denominator. The weak hadronic current is given by

Ju=2aV] + yAS + V) + A (7.2.10)

The currents V2 and A? are the isospin partners of the charged currents and V), A are iscalar
components. The quark content of the currents is

1 1

Vi’ =3 (v, u — dy,d) Az =3 (wy,v5u — dy,ysd) (7.2.11)
and 1 1
V) = 5 (@ + dyud) AY = 5 @yasu + dyunsd). (7.2.12)
In the Standard Model
r =1-2sin’ Oy y=—1 (7.2.13)
2
v=-3 sin? Oy §=0. (7.2.14)

As already mentioned the A% @ V! term in Eq. (7.2.9) is eliminated for any target (even if the
target is not isoscalar).

For the denominator in P we write
cyuyN=1"X)=A+1T+V (7.2.15)

where V' comes from the vector current alone, A from the axial current alone and the interference
term I is eliminated by the averaging over neutrinos and antineutrinos. The expression is written

as
1A+ 2V + 4925 4 29(VPR V9

2 A+V

where S comes from the current V,? alone and the last term is the interference between V/f’ and Vl?.

P

(7.2.16)
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The last two currents also appear in electromagnetism and their contributions can be extracted
from experimental data. Since the SHiP experiment will cover high energies we will estimate these
terms using deep inelastic distribution functions. We can mention already that coefficients in front
of the terms are smaller and thus reduce the uncertainties entering the final answer.

We can simplify the right hand side of Eq. (7.2.16) by appealing to propreties that we already
known for the reactions.

(i) At high energies deep inelastic scattering dominates, so that the scattering off Nuclei is
the incoherent sum over protons and neutrons (the EMC effect can be included separately). It
is the incoherent sum of parton distribution functions on the quarks. The quark content of the
currents V£ and Vi’ is the same except for a minus sign which for incoherent scattering on quarks
is irrelevant. Thus

V==_5. (7.2.17)

This means that the first three terms in the numerator of Eq. (7.2.16) see the isoscalar content of
the target. Their contribution over neutrons and protons is proportional to the atomic number A.
(ii) The intereference in the last term of the numerator involves electromagnetic currents and is
related to the difference of electron reactions on protons and neutrons. In fact in the average over
equal numbers of protons and neutrons this term vanishes, thus only the excess of neutrons in the
target nucleus contributes to the ratio making the correction small.
(iii) Defining
dyem GQ Q4 gem

= 7.2.18
dxdy T 4dma dxdy ( )
we find Jvem C2ME T4
21T 2 1 _ 1
P — = i)+ = - 5| . 2.1
e - {9(u+u)+9(d+d)+9(s+s)} (7.2.19)

Then normalizing the denominator in Eq. (7.2.16) to an isoscalar target with atomic number A we
obtain

1 20
pP= 3 {1 — 2sin? Oy + 5 sin Oy — A(1 — 2sin? Ay ) sin? ew} , (7.2.20)

with A originating from the unequal numbers of protons Z and neutrons (A — Z) in the target. The
functional form is

_A-27 Ve — vem

A - :
A S (0 + o) + (ovr + of)]

(7.2.21)

All quantities are known and we can proceed to numerical estimates. For an isoscalar target
Z = A/2 and X =0, then

1 2
P=R =3 {1 — 2sin® O + 30 sin* aw} . (7.2.22)

If the target is made of lead we estimate A = 0.042 with an error at the level of a few %, showing that
the ratio is rather stable and non-isoscalarity correction introduces a per mille level uncertainty.

7.3 Limit on Tau neutrino magnetic moment

Neutrinos are electrically neutral fundamental particles that couple to the other particles only
through weak interaction in the Standard Model (SM). Nevertheless, in the minimal extension of
the SM where neutrinos are proposed to be Dirac particles, they can acquire a magnetic moment
(1) and give rise to electromagnetic interactions. This is possible because of loop diagrams in
which a neutrino radiates a virtual WW-boson transforming into a lepton and these combine again



to give back the original neutrino [1034]. The intermediate particles can then couple to an external
electromagnetic field. However, the magnetic moment produced in this manner is extremely small
and is proportional to the mass of the neutrino [1034]:

_3eGpm,

_ my
p= g = (3210 19) (—) s . (7.3.1)

leV

The magnetic moment of neutrinos can be enhanced in other new physics models (see, e.g., [1035]).
An increase in the cross section o, for the elastic scattering of neutrino on electron, which involves
only the neutral current in the SM, would imply a larger magnetic moment and would be a clear

signal of new physics. The SM contribution to the energy (T) distribution of the scattered electron
in the laboratory frame is given by [1036, 1037]

2
O (ve,ve) o GFme

dT |sm 2

2
(9v £94)* + (9v F ga)* X (1 - E) — (v — 9,24)?

(7.3.2)

where the upper (lower) sign refers to the interaction with v (7). The contribution arising from
magnetic moment of neutrino is given by the additional term [1038]:

I (ve.ve) gy (11
_ oLy 7.3.3
dar = m2 <T E, (7.3.3)

There is no interference between the SM and magnetic moment amplitudes as the latter involves a
flip in the spin of the neutrino.

In the laboratory frame the kinematical constraint on the angle between the incoming neutrino
and the scattered electron is [1039]

02_. < 2m./E. (7.3.4)

and for electron energies of about 1 GeV, 0,,_. < 30 mrad. This constraint can be used as a criterion
to suppress the background events arising from v — nucleon scattering. The actual limits on v, and
v, magnetic moment are 2.9 x 10~ 5 [1040] and 6.8 x 107 '%up [1041] respectively, while for the
tau neutrino the limit of 3.9 x 10~ 715 has been set by the DONUT experiment [1042]. In DONUT
one event was found, within the acceptance cuts, while 2.3 were expected from the background
processes. For this reason the new limit was deduced by comparing the expected rate for a given
value of the magnetic moment with the level of background events. To get an estimate of the
number of events to be found in SHiP for a given value of the tau neutrino magnetic moment we
can integrate the differential cross section in Eq. (7.3.3) above assuming a minimum energy for the
produced electron of 10 GeV. Convoluting with the spectrum of tau neutrino and anti-neutrino
given in Fig. 7.5, rescaling to 2 x 10?2 POT and considering a target of 10 tons, the number of
expected events is ,

Ney =43 x 102 (7.3.5)

Hp

Backgrounds events consist of charged current v, scattering off nuclei for which only the high energy
electron is detected, and neutral current Standard Model neutrino electron scattering of Eq. (7.3.2).
The number of background events and the relative uncertainly can only be evaluated with a detailed
simulation of the full neutrino flux and of the performance of the detector [1008]. In Fig. 7.21 we
show the number of events with an outgoing electron with energy greather then 10 GeV, that would
be produced in the SHiP experiment assuming a value for the magnetic moment of tau neutrino
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equal to the upper limit set by the DONUT experiment of 3.9 x 107 up [1042].
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Figure 7.21: Number of expected events in SHiP producing an electron with energy greather then
10 GeV assuming for p,_ the upper limit set by the DONUT experiment [1042].

7.4 Charmed pentaquark searches

The recent discovery of charged charmonia and bottomonia states is a proof of the existence of
particles with four valence quarks. The nature of the new states found is still debated, they
could be systems bound by QCD forces between colored objects (tetraquarks) or by residual forces
between color singlet objects like hadron molecules. The correlation of the mass of the new states
to meson-meson thresholds favors the hypothesis of these states to be molecules of mesons. On the
other hand the sizeable production of these states at hadron colliders disfavors extended structures
with respect to compact structures. For a recent status report of the situation see, for example,
Ref. [1043]. Once we might consider a violation of the paradigm of hadronic particles being made
of qq or qqq states only, we can also consider the existence of five quark states. Indeed, the
neutrino detector of the SHiP experiment provides a unique opportunity to improve the limits on
the production cross section of a weakly decaying baryon state (B = 1) with C = —1, called 9.
Negative searches of such a state have been reported in three experiments. The Babar collaboration
searched for a ©0 resonance in ete™ scattering at the energy of 10.58 GeV [1044], while the Delphi
collaboration used Z boson decays [1045]. However, such experimental situations could be not
optimal for pentaquark generation. The lack of valence quarks available in these reactions could
represent a detractor for the creation of a five valence quark state. Finally, in the analysis reported
by the CHORUS collaboration, a weakly decaying charmed pentaquark state was searched among
the charged current anti-neutrino DIS events in [1046]. The situation is sketched in Fig. 7.22. The
analysis of Ref. [1046] produced as a result an upper limit for the production cross section of a ©Y

O'@S

p < 0.039 at 90% C.L. for g0 ~ 0.5mp, , (7.4.1)
and below 0.085 at 90% C.L. for longer lifetime of the ©Y. These limits were obtained with a
relatively low statistic. Indeed, 2262 charged current anti-neutrino events were collected by the
CHORUS experiment, with only 32 events with anti-charm production. This is because the CHO-
RUS detector was using an almost pure v, beam. On the other hand, in the SHiP neutrino
detector, one expects about 0.6 million of anti neutrino interactions and, of them, about 50.000



prompt
hadrons

Figure 7.22: ©Y production in 7, interactions.

events with anti-charm production. Assuming that the neutrino detector in SHiP would have a
detection efficiency similar to the one of the CHORUS experiment, the higher statistic would give
an improvement of the limit in Eq. (7.4.1) of about three orders of magnitude.

7.5 Summary

In this section we have discussed a collection of physics observables that could be measured exploit-
ing the features of an high intense neutrino flux from a 400 GeV proton beam dump experiment.
We presented results for the tau neutrino physics and the opportunities to identify tau anti-neutrino
interactions and measure the impact of the F5 nucleon structure function on DIS for the first time.
Furthermore, we have briefly summarized the current status of DIS experiments. The theoretical
description of DIS data can build on a very mature understanding, which could be confronted with
future experimental data from a new neutrino DIS fixed target experiments in order to improve our
knowledge about the fundamental structure of matter and the important dynamics of quarks and
gluons in nucleons. In the last part we have considered the actual limits on the neutrino magnetic
moment and the production cross section of five quark states as examples of observables that might
be studied with an high level of accuracy.
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Particle | Ngx B.(2m.) N €
DO 0.694 0.728 0.694 x 54.5/72.8 | 0.101
D+ 0.282 0.289 0.282 x 22.2/28.9 0.104
DF 0.0498 0.123 0.050 x 7.7/12.3 | 0.0322
Aj 0.00677 0.0617 0.00677 0.00418

Table 7.1: Parameters for the charm quark fragmentation used in the simulation. The numbers
Nkk and € come from Kniehl and Kramer’s [957] Table I. The fragmentation fraction B, is from
their Table III.

Process B

DY - vy 0.067
Dt =y, 0.176
D} — v, 0.065
AF =y, 0.045
Df — v, 7 | 0.0554

T—e 0.178
T— U 0.178
T =T 0.12
T—=p 0.26
T —ay 0.13

Table 7.2: Parameters for the branching fractions used in this section. For the tau decays, the
formulae are listed in [966].

Appendix A: Parameters used to describe chram quark fragmentation and tau lepton
decays

The parameters for the fragmentation functions used are shown in Table 7.1, where the fragmenta-

tion function has the form
Nz(1 — z)?

(TP + el

In Ref. [957] the authors take puy = 1.5 GeV. They also report the fragmentation fraction in their
Table III, listed here in the column labeled B.(2m.). To account for different fragmentation frac-
tions, rather than using the N = Nk of Kniehl-Kramer in the fragmentation function, we have
used N rescaled by fragmentation fractions from Ref. [958]. Note, we have used the fragmentation
function parameterized at LO with our NLO differential distribution, a fragmentation parameter-
ization where m, = 1.5 GeV. Table 7.2 shows the branching fractions used. Finally, also note the
approximations in H. — v,X using three body decays, further approximated by the muon energy
distribution parameterized in [965] as discussed above.

D.(a.113) = (7.5.1)



Chapter 8

Searches of lepton flavour violating
processes T — 3/

8.1 DMotivation as a null-test of the standard model

The observation of neutrino oscillations is the first evidence of the lepton flavour violation (LFV)
in the neutral sector. This observation leads to non-zero neutrino masses and implies that lepton
flavour should not be conserved in charged sector either. The effect corresponds to the branching
fractions of the order of 1074% and lower, but a number of models beyond the standard model
predict the enhancement of the LFV in the charged sector (CLFV).

In this Section several representative models are reviewed alongside with the example predic-
tions for the branching ratio of the 7 — 3u decay. From the experimental point of view p — ey
or i — 3e decays are contained more stringently than 7 — 3u one, but in case LFV occurs in the
scalar sector, the decay of 7 — 3u can be significantly enhanced compared to the u decays.

8.2 71 — 3 in seesaw scenarios

The neutrino masses could be added to the SM via various seesaw mechanisms which were discussed
in detail in Section 4.3. Here we concentrate on the phenomenological outcome for the 7 — 3p
observable which were summarized in Ref. [608] and Ref. [617].

e Type I seesaw. In this scenario the CLFV processes occur only at the loop level since flavour
violations happens only in neutral leptons. The prevalence os 7 over u flavour violating decays
depends on the mass hierarchy. The current experimental data do not provide a constraint
on this conclusion, and neutrino data allows for LF'V 7 decays to have higher rate than LE'V
w decays. Examples scenarios are present in Refs. [387, 612].

e Type III seesaw. Here the CFLV can happen at the tree-level through a mixing between
a charged lepton and charged components of the fermion triplets X, therefore processes of
¢ — 3¢ and p — e conversion occur at the tree level while £ — ¢’ still proceed only through
a loop. The calculations in Ref. [618] give an amplitude as

|T21‘,1//TTZMI

Ty =) —2—=t ¢,
SR

where ¢ depends on my and my z. Therefore, measurement of the ratio of a same flavour
transitions could help to identify if type III seesaw is in effect. In general, in this scenario three-
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lepton CLFYV transitions have larger rates than radiative CLFV decays. Current experimental
observations lead to €,, < 4.9 x 10™* with B(1 — 3u) < 3.2 x 107® [618].

e Type II seesaw. In this case the intermediate situation is in place. The CFLV decay to three
leptons can occur at the tree level while the radiative decays proceeds only through loops.
Therefore the trilepton decay is dominating.

8.3 Supersymmetric models

In the context of the R-parity conserving supersymmetric models lepton number is not violated
and neutrino masses are zero. The solution which preserves R-parity and at the same time explains
neutrino oscillations can be the same as in the SM and lead to extension of the fields of the MSSM
in the scope of one of the seesaw mechanisms. A comprehensive review of an extension of the MSSM
with three singlet heavy neutrinos in a scope of a type I seesaw can be found in Ref. [504].

While in the SM extension with type I seesaw mechanism the heavy neutrinos are usually
decoupled from low energy sector leading to very low CLFV rates, in the MSSM they interfere with
a low energy sector through a renormalisation group and lead to large CLFV in slepton sector at
mass scale of a TeV order.

Computations in Ref. [504] lead to rates of the CLFV in the context of low-scale seesaw model
in the MSSM which are larger than the corresponding effect in the SM, except for radiative CLFV
decays which are suppressed in the supersymmetric limit.

Interesting phenomenological consequence arise in the scope of the inverse seesaw model [505]
which can realise both in non-SUSY and SUSY scenarios. It is a low-scale model which has large
Yukawa couplings and TeV mass seesaw mediators. The neutrino masses are suppressed with a
slight breaking of lepton number in the singlet sector.

The rate of 7 — 3p decay is found to be 10~!! and smaller therefore are beyond the sensitivity
of the nearest experiments. But at the same time this decay is sensitive to the relative size of
non-SUSY and SUSY contributions. There are also set of parameters which make LFV 7-decays
enhanced to 1079 and therefore observable in the next experiments.

8.4 Relation to two-body LVF decays of Z boson, neutral pseudoscalar
and vector mesons

Another example of CLFV processes are u — e or 7 — p conversions in nuclei = (7) + (4,2) —
e (™) + (A,Z2)*. They are well-known to be one of the most sensitive probes of CLFV and
underlying physics BSM (for reviews, see [1047-1050]). Up to now there have been undertaken
significant efforts aimed at searching for CLFV via p — e conversion in various nuclei with negative
results [1047], thus setting upper limits on the p — e conversion rate Ri, = T'(u~ + (4,2Z) —
e+ (A,2)/T(p + (A Z) = vy + (A, Z —1)). The SINDRUM II experiment at PSI has set
stringent upper bounds on y — e conversion rate R, < 4.3x 10712, 7.0x 10713, 4.6 x 107" in **Tj
[613], 197Au [1051] and 2°8Pb [1052] as stopping targets, respectively. Several new proposals for u—e
experiments are aimed at a significant improvement of the SINDRUM II sensitivity. Among them
we mention the planned nearest future DeeMe experiment at J-PARC [1053], the next generation
muon-to-electron conversion experiment by Mu2e Collaboration at Fermilab [1054] and COMET at
J-PARC [1055] with planned sensitivities around 10714, 7 x 10717 and 107! respectively, as well
as the more distant future proposal PRISM/PRIME [1056] at J-PARC, with estimated sensitivity
10718,

The theoretical studies of p — e conversion, presented in the literature, cover various aspects
of this CLFV process: the adequate treatment of structure effects [1050, 1057, 1058] of the nucleus



participating in the reaction and the underlying mechanisms of CLFV at the quark level within
different scenarios of physics beyond the SM (see [1049] and references therein). As is known
there are two categories of u — e conversion mechanisms: photonic and non-photonic. In the
photonic case photon connects the CLFV leptonic and the electromagnetic nuclear vertices. The
non-photonic mechanisms are induced by the four-fermion lepton-quark LFV contact interactions.
These mechanisms significantly differ from each other, receiving different contributions from new
physics and requiring different description of the nucleon and the nuclear structure.

In Refs. [1059-1061] the non-photonic scenario in CLFV process of y1—e conversion in nuclei has
been used to estimate microscopic peqq contact interactions and their contribution to the effective
CLFV lepton-hadronic coupling govern the two mechanisms of the u — e conversion in nuclei on the
hadronic level direct nucleon and vector and scalar meson exchange ones. In the former case the
quarks are embedded directly into the nucleons while in the latter in mesons which then interact
with nucleons in a nucleus. Using general framework of effective Lagrangians without referring to
any particular CLF'V model beyond the SM and experimental upper bounds on the p — e conversion
rate lower limits on the mass scales A, of the CLEFV lepton-quark contact vector and scalar terms
qque involved in this process for all quark flavors have been extracted. It was shown that these
limits are more stringent than the similar ones existing in the literature, including the limits from
the present experimental data on meson decays and the limits expected from the future experiments
at the LHC.

The abundant production of vector mesons and Z°-bosons in current experiments naturally
suggests to search for their two-body decays in the p*eT final state, which is rather convenient for
event identification. Recently the SND Collaboration at the BINP (Novosibirk) [1062] reported on
the search for the CLFV process eTe™ — ep in the energy region /s = 984—1060 MeV at the VEPP-
2M eTe™ collider. They give a model independent upper limit on the ¢ — eu branching fraction of
Br(¢ — eu) < 2 x 1076, There are also experimental limits for the eu decay mode of J/1 and of
the Z° boson [156]: Br(J/v — eu) < 1.6 x 1077, Br(Z" — en) < 1.7 x 107¢ and p7 decay mode
of Y [156]: Br(Y — u71) < 6.0 x 1075, In the near future this list may be extended by the results
of other experimental collaborations. However, a natural question, which arises in this context,
touches upon the prospects of this category of searches in view of possible theoretical limitations
on the rates of these CLFV decays. In Refs. [1063] and [1060] there already exist stringent limits of
this sort. For example, unitarity relations between the vector boson LFV decays M — p*eT with
M = p® w,¢,J/1, Y, Z° and the pure leptonic LFV decay u — 3e have been exploited in Ref. [1063].
From the existing experimental bounds on the latter process the following stringent bounds were
deduced [1063] Br(¢ — ep) < 4 x 10717, Br(J/¢ — ep) <4 x 10713 Br(YT — ep) < 2 x 1072,
Br(Z° — eu) <5 x 107 . In Ref. [1060] these decay widths have been constrained from p~ — e~
conversion Br(p® — ep) < 3.5 x 1072, Br(w — ep) < 6.2 x 10727, Br(¢ — ep) < 1.3 x 10724,
Br(J/y — eu) < 3.5 x 10713 Br(T — ep) < 3.9 x 107, Br(Z° — eu) < 8.0 x 1071°. The limit
for the J/v — ep mode is compatible with the corresponding number extracted from p — 3e as
done in Ref. [1063]. The upper limits on the rates of ¢ — ey and Z° — eu decay modes derived
in Ref. [1060] are significantly more stringent than in Ref. [1063] while for the limit on T — ey the
situation is opposite. The bounds for the decays p°,w — eu were derived in Ref. [1060] for the
first time in literature.

SHiP experiment will search for the CLFV decay 7 — 3u, which is analogous to the CLFV
decay u — 3e. In this view experimental study of the 7 — 3u decays and unitarity inspired
relatations [1063] between two- and three-body LFV decays would constraint the couplings and
rates of Z° boson, neutral pseudoscalar and vector mesons (7, ms, J/%, T, ...) decays into 75T
pairs. Also there is a clear link of 7 — 3u decay to 7 — p conversion in nuclei. This is because the
latter is realized by the exchange of Z° boson or neutral pseudoscalar and vector mesons between
nucleon and lepton currents.
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8.5 Current and future experimental sensitivities

The most stringent limits on the 7 — 3y rate are set by the BaBar and Belle [1064] collaborations,
which bounds B(t — 3u) < 2.1 x 1078 at 90% CL. Also the first result from LHCb is published
(B(r — 3pu) < 8.0 x 1078) and it is to be improved in the near future [1065]. In the next years, the
Belle II experiment could bring the sensitivity up by one order of magnitude and reach the 10~
range [1066]. Another contribution could come from the Super Tau-Charm factory [1067] which
provides a possibility to search for a 7 — py decay.

8.6 Proposal for a fixed-target facility

The SHiP facility proposes a new opportunity for the investigating intensity frontier in the flavour
physics. This is a fixed-target experiment to be based at the CERN SPS proton beam (400 GeV),
which will collect 2 x 102° proton-on-target in 5 years. This amount of data will contain 3 x 10® 7
in the forward region, which provides a window to target rare 7 decays at the unprecedented level.

The search for a 7 — 3u decay at the fixed target experiment has been proposed before [1068],
but at the time it aimed at the sensitivity at the level of 1076 — 1078, Several orders of magnitude
gain in senstitivity pose new constraints on the parameters of the detector performance which re-
quire some concept modification. Compared with the collider searches, a fixed target experiment
has several orders of magnitude higher charged particles multiplicity in an event, therefore it re-
quires careful estimation of combinatorial backgrounds in addition to the the ones considered in the
collider experiments. The initial concept of the detector [1068] relies on a long target followed by a
hadron absorber and a muon system after it. Such target ensures nearly full efficiency of each spill
interaction providing efficient use of the beam, and the absorber removes hadrons allowing only
muons to reach a muons system. At the same time, a multiple scattering of the muons in a long
target combined with an absorber deteriorates trimuon invariant mass resolution to values of about
200 MeV, and also does not allow for an accurate 7 decay vertex reconstruction, which significantly
undermines the targeted sensitivity of 10710,

In order to overcome these drawbacks, a new layout of the experiment is proposed. Two main
features are introduced. First, the tungsten target thickness is decreased to a value of 1 mm. This
reduces the total number of produced 7 by a factor of 100, but in this case over 90% of produced 7 are
decaying outside the target (see Fig. 8.1). Second, a precise tracking system, as for instance silicon
pixel, is installed between the target and the hadron absorber, which allows to retain the muon
momentum information before the multiple scattering in the hadron absorber. In this configuration,
the main contributors to the trimuon mass resolution are the track momentum resolution and the
matching inefficiency of muons before and after the absorber. We can assume to have a pencil-like
beam and a secondary vertex locator similar to LHCb VELO [1069]. The tracking needs to be
in magnetic field to measure momentum. The silicon detector should be as close as possible to
the beam, similar to LHCb VELO (8 mm from the beam). The tracking system is followed by a
hadron absorber, which is followed by a less precise spectrometer (trigger spectrometer). One of
the possibilities for the hadron absorber is magnetized iron. The trigger spectrometer is needed
for particle identification and for triggering. The trigger will select three muons with invariant
mass close to the 7 mass. One important point to keep under control is the penetration depth and
the multiple scattering of the muons in the absorber. In particular it is necessary to measure the
momentum of all three muons from the 7. The dimensions and material of the absorber need a
careful optimization with the simulation comparing the efficiency and resolution with respect to
the misidentification probability.

Due to specific demands on the target configuration, this experiment cannot be carried out
with the SHiP target, but it can utillize the same beam and be positioned upstream to the main



SHiP experiment. In such way, the 7 — 3u experiment becomes the part of the SHiP facility, and

benefits from the same data-taking timeline.
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Figure 8.1: (left) The position of the decay vertex along the beam axis. (right) The energy
spectrum of the muons in 7 — 3u decay. Dashed line shows the requirement of E,, > 5 GeV.

For the estimates of main background sources to this search, the following parameters of the

experimental setup are assumed. An event is considered to be in acceptance, if the energy of all

three muons is greater than 5 GeV in order for muons to be detectable after passing the hadron

absorber. Figure 8.1 (right) shows the spectrum of the muons originating from a 7 — 3u decay.
The geometrical acceptance of the detector is defined by outer muon chamber size of 50 cm at

maximum distance of 3 m (fpax = 0.17), and by inner muon chamber radius of 5 mm at 1.5 m
(fmin = 0.003). These requirements lead to 33% signal acceptance of the 7 — 3 process.

Standard model backgrounds can be grouped in the following categories:

e Combinatorial background consisting on muons coming form different sources (mainly 7, n’

and w decays ). Since these are accidental combinations, the level of this background strongly
depends on the beam parameters (intensity and spread in space and time) and the detector
resolution. Accidental overlap of three independent muons and two resonance muons and one
independent muon is estimated with PYTHIAS [286, 1070] simulation. For the numerical
estimation the following beam parameters are assumed: 6 mm in diameter uniform beam
profile, vertex resolution oy, = 10pm, spill duration 1s, detector timing resolution oy = 10ns.
The single muon production cross section within the detector acceptance is estimated with
PYTHIA to be o(pp — g + X, E,, > 5GeV) = 3.8ub which for a spill with 4.5x10'3 protons
yields 4 x 107 p/spill. This leads to a number of accidental 3y combinations in the £5 MeV
mass window around nominal 7 mass of 10 events in total after collecting 1% of 2 x 102° pot.

The production cross section for two resonant muons in the acceptance is determined as 3.0ub.
Combinatorial background from 2u-+1p processes is estimated to be 2.6x10° background
events in £5 MeV mass window. This estimate does not take into account the additional
handle provided by requiring a reconstructed 7 decay vertex to be displaced from the target.
Given that two muons form a vertex not detached from the target, a further significant
suppression of this background can be achieved.

e Misidentified D—3h decays. This background category includes misidentification of hadrons,

punch-through and decay in flight. The study of this background requires assumption on
particle identification. In pp collision, number of produced pions is 2 orders of magnitude
higher than the number of muons. In case misidentification rate is at the level of 1072, the
contribution from this background is negligible compared to the backgrounds due to muons.
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e Specific muon backgrounds are listed in Table 8.1 and consist of two subcategories: semilep-
tonic D) decays with three muons in the final state and irreducible 7 — 3u2v background.
The total background is estimated as 0.3 x 10° events, the main contribution being from the
D — nutv,,n — ptp~y process. Additional suppression for this process comes from a re-
quirement of dimuon invariant mass to be greater than 450 MeV, which significantly reduces
n — ptp~ contribution, and leads to a total background at 1.5 x 10° events. At the same
time the signal efficiency of the additional requirement is 84%.

With total number of 7 collected at SHiP facility of 0.8 x 10'® and the above number of background
events, the exclusion can be made at the level of 1071°. Moreover, an important conclusion is
drawn that the operation mode of the fixed-target experiment has the same challenges in terms
of the standard model background as a collider experiment, given that the contributions from the
combinatorial backgrounds and hadron misidentification are subdominant to the processes yielding
three muons in the final state.

Further improvements could include several thin targets with a spectrometer posed one after
another. Each additional target scales the sensitivity with \/m.

Table 8.1: Summary of the processes yielding three muons in the final state.

Decay B
DT > nputy, 114-1073

n — putp” 5.8-1076
or

n— ptp~y 3.1-1074
Dt — putu, 2.4-1073
p — ptpu 4.55-107°
DY —» nppty, 22-1071
o — ptu~y 1.8-107%
DY - wuty, 1.6-1073

w — ptp~ 9.0-107°
Df - nutv, 27-1077

n — ptu” 5.8-1076
or

n— putp~y 3.1-1074
Df — ngrptvy, 9.9-107°
o — ptu~y 1.8-107%




Chapter 9

Conclusion

In this document we demonstrated a potential of proton fixed target experiments and in particular
of a proposed facility to search for hidden particles at the SPS in CERN (SHiP) in probing wide
class of physically motivated models and discovering new particles with masses in the range from
hundreds of MeV to few GeV. In particular, the experiments like SHiP provide an opportunity for
direct experimental resolution of several major observational puzzles of modern particle physics and
cosmology that cannot be explained within the Standard Model of elementary particles.

The SHiP experiment is capable:

— to find a dark matter candidate directly or shed new light on the properties of dark matter
particles (see Chapter 4, Sections 4.7, 4.8; Chapter 2, Sections 2.4.2, 2.3.2, 2.6.3, Chapter 3 3.5
for discussion of different candidates)

— to find particles that lead to neutrino masses and oscillations (Chapter 4)

— to find particles generating the baryon asymmetry of the Universe (Chapter 4 , Sections 4.6 and
in particular 4.6.4; Chapter 3, Section 3.1.2)

find particles that could inflate the Universe (Section 3.7)

There are no clear experimental indications where one should expect to find new physics. Given the
current experimental status of BSM searches it is possible that the experiments like SHiP would be
the only way to discover these particles.

Additionally, the SHiP experiment is capable to probe models where the BSM phenomena
are explained by the particles heavier than the electroweak scale (SUSY, extra dimensions, new
strong dynamics, etc). To detect these particles directly the LHC Run-II or some post-LHC en-
ergy frontier experiments are required. The SHiP experiment would not be able to find particle,
directly responsible for the BSM puzzles. However, these models often predict light, super-weakly
interacting particles in the spectrum, that can be probed with SHiP. Generically, such particles
are pseudo-Goldstone bosons (or fermions) of symmetries, broken at high scales. Axions and their
supersymmetric counterparts (Chapter 5 or Section 6.7) and sgoldstinos (Section 6.3) are examples
of such situations. The discoveries at SHiP can serve as a motivation and a guiding principle for
the future energy frontier experiments to search for new physics above the electroweak scale. In
particular, the SHiP experiment has a potential of probing a wide class of light supersymmetric
particles (Chapter 6, Chapter 2, Section 2.2.2; Chapter 3, Section 3.1.3).

It is possible that the new particles, responsible for the BSM phenomena, are very heavy (much
above TeV) and the only interaction of new sectors with the Standard Model is via light particles
coupled to the gauge singlet combinations of the SM fields or portals (Chapters 4, 2, 3, 5). These
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light mediator particles (scalars, pseudoscalars, fermions, vector particles) can then be the only ones
that can be directly found to the accelerator experiments in the foreseeable future. In addition,
currently inaccessible high energy physics can manifest itself via rare processes like 7 — 3u that can
be probed at the same fixed target facility at the SPS beyond the SHiP experiment (Chapter 8).

Along with the searches for new physics, the SHiP experiment will check Standard Model
predictions that has not been verified by the previous experiments. In particular it will detect for
the first time the 7, and measure separately the cross-sections of v, and 7, (Chapter 7).



Appendix A

The SHiP experiment

In this chapter we provide a brief description of the SHiP experiment. Although not intended to
be exhaustive it allows to do the estimates of the sensitivity towards the detection of new physics.
The details may be found at [34, 35] and at http://ship.web.cern.ch.

Experimental setup

A dedicated beam line extracted from the SPS will convey a 400 GeV/c proton beam at the SHiP
facility [34, 35]. The beam will be stopped in a Molybdenum and Tungsten target, at a center-of-
mass energy Ecy = 1/2Epym, ~ 27 GeV. Approximately 2 x 102 proton-target collisions (PoT')
are foreseen in 5 years of operation.

The target will be followed by a hadron stopper, intended to stop all 7% and K mesons before
they decay, and by a system of shielding magnets to sweep muons away from the fiducial decay
volume.

A neutrino detector consisting of OPERA-like bricks of laminated lead and emulsions, placed
in a magnetic field downstream of the muon shield, will allow to measure and identify charged
particles produced in charged current neutrino interactions. It is followed by a tracking system and
muon magnetic spectrometer.

An upstream tagger, together with the muon spectrometer of the neutrino detector, will allow
to detect and veto charged particles produced outside the main decay volume. The fiducial decay
volume begins approximately 63.8 m downstream of the primary target, and is contained in a
60 m long cylindrical vacuum tank with elliptical section of x and y semiaxes 2.5 m and 5 m long,
respectively.

An straw tagger is placed in vacuum 5 m downstream of the entrance lid of the vacuum tank.
Its purpose is to help reducing background arising from interactions in the material upstream of
the decay volume.

An additional background tagger surrounds the fiducial decay volume, which walls enclose
30 cm of liquid scintillator.

The tracking system aimed at measuring the decay products of hidden particles is located at
the end of the decay volume. It will consist of 5 m long straw tubes organized in 4 stations, with
a magnetic field of 1 Tm between the first and the second pair of stations. The high-accuracy
timing information provided by a dedicated detector following the straw tracker will be used to
discriminate combinatorial background.

The particle identification system is placed outside the vacuum tank, and it features an elec-
tromagnetic and an hadronic calorimeter, followed by a muon system made of four active layers
interlaced with iron.
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Number of mesons and adopted cross-sections
The number of charm and beauty mesons produced at the SHiP target can be estimated as
Nmesons =2x qu X NPoT (AOl)

where X,5 represents the ¢q production rate. The following cross sections have been used for the
estimates:

e the proton-nucleon cross section is o(pN) ~ 10.7 mbarn.
e o(cc) = 18 pbarn [950] and the fraction X.. = 1.7 x 1073
e o(bb) = 1.7 nbarn [960] and the fraction X, = 1.6 x 1077

The relative abundances of charmed mesons are approximately as follows (PYTHIA8 simula-
tions):

D* 30%
D°, D° 62%
DE 8%
J/ 1%

The expected number of 7 leptons for Np,r = 2 x 1020 is N, = 3 x 10'°.

Number of events in the detector

In order to estimate the number long-lived particles produced in decays of heavy mesons (¢- and
b-mesons) we used the following formula:

60 m
Nprod = Npor X X(pp = X) X €geom X W (A.0.2)
where
X(pp = X) = (Nmesons/Npor) X BR(meson — X). (A.0.3)

In Eqn. A.0.2, €geom is the geometric acceptance, computed as ratio between the solid angle covered
by the detector and the average divergence of new particles X, and the factor vy =< E > /mx is
the average energy of X divided by its mass mx. The last factor of Eqn. A.0.2 approximates the
longitudinal acceptance if the average energy and lifetime are such that yer > 60 m (the length of
the decay volume). This formula must be further corrected for the acceptance of the final state in
the detector, in addition to reconstruction and selection efficiency.

Finally, we consider as “detectable” the final states with two or more charged particles.



Appendix B

Notations

Throughout the document we use the following conventions:

e Index a = {e, u, 7} is the flavour index

eiii

e Charged leptons (e*, u™, 7*) collectively are £,

e Neutrinos v,

e Left lepton doublet L, = (ZO‘>

e @ denotes Higss field (two-component SU(2) doublet); ®; = ¢;;®;

e VEV of the Higgs field (@) = 5 Where [ v = 246 GeV

Chapter 4 uses the following additional notations:

e N; denotes right-handed (two component) gauge singlet neutrinos
e Index I =1,2,... N runs over HNL species (N > 2)

o Active-sterile F,,; — matrix 3 x A/

e Majorana mass of HNL: M

e Dirac mass (mp)ars

e Sterile neutrino mixing angle

’U2|F I|2
U2, = —2 (B.0.1)
M7
e Experimental constraints are put either on U2, defined as
Uz =Y Uz (B.0.2)
I
the total mixing angle U? is defined as'
Ur=>"U; (B.0.3)

Cosmological notations

e np — baryonic number density

IThe notation sin?(26) is sometimes used instead of U2. The correspondence is sin?(20) = U? with no extra
factors.
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e Baryon asymmetry of the Universe:

Standard Model

SM

ng = ”?B (B.0.4)
e s — entropy density
B.1 Abbreviations:
Axion-like particle ALP
Baryon asymmetry of the Universe BAU
BroutEnglertHiggs (field, particle,...) BEH
Beyond the Standard Model BSM
Big Bang Nucleosynthesis BBN
Charged (sector) lepton flavour violation CLFV
Closed time path (formalism) CTP
Confidence Level C.L. or CL
Dark Matter DM
Deep-inelastic scattering DIS
Electroweak EW
Electroweak phase transition EWPT
Electroweak symmetry breaking EWSB
Future Circular Collider FCC
Grand Unified Theory GUT
Gross-Llewellyn Smith (sum rule) GLS
Neutrinoless double beta decay Ovps
Heavy neutral lepton HNL
Left-right symmetric model LRSM
lepton flavour violation LFV
lepton number violation LNV
Right-handed (neutrino/current) RH
Super Proton Synchrotron SPS
Pseudo-Nambu-Goldstone boson PNGB
Pontecorvo-Maki-Nakagawa-Sakata PMNS
protons-on-target PoT or p.o.t.
R-parity violating/violation RPV
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