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Chapter 3

Neutrino portal

In general, the number of model parameters in the neutrino portal increases with the
number of HNLs (see e.g. reviews [144, 210]). For example, the model containing
two sterile neutrinos has a total of eleven free parameters, whereas the model with
three has a total of eighteen free parameters [144]. Despite this, not all of them play
an important role, since phenomenology is sensitive to only the mass of the HNL(s)
and the absolute values of mixing angles, |U,|.

In contrast to the behavior of active neutrinos, sterile neutrinos that are no
degenerate in mass are produced and decay independently — i.e., without oscillations
between themselves. Thus, from a phenomenological point of view it is sufficient to
describe one sterile neutrino with only four parameters: the sterile neutrino mass
My plus the mixing angles with the three known active neutrinos U, see Eq. (1.5.2)
for fixed I value. Such Heavy Neutral Leptons can be searched for in different high-
energy experiments. In this section, we will discuss their phenomenology.

3.1 HNL production in proton fixed-target experiments

In fixed-target experiments, such as NA62, SHiP or DUNE, the initial interaction is
a proton-nuclei collision. In such collisions, HNLs can be produced in a number of
ways:

a) Production from hadron decays;
b) Production from Deep Inelastic Scattering (DIS) p-nucleon interaction;
c¢) Production from the coherent proton-nucleus scattering.

Below we provide an overview of each of the channels summarizing previous results
and emphasizing novel points.
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Figure 3.1: Existing limits and future prospects for searches for HNLs. Only mixing
with muon flavor is shown. For the list of previous experiments (gray area) see [110].
The black solid line is a recent bound from the CMS 13 TeV run [211]. The sensitivity
estimates from prospective experiments are based on [168] (FCC-ee), [109] (NA62),
[212] (SHiP) and [213] (MATHUSLA). The sensitivity of SHiP below kaon mass
(dashed line) is based on the number of HNLs produced in the decay of D-mesons
only and does not take into account contributions from kaon decays, see [212] for
details. The primordial nucleosynthesis bounds on HNL lifetime are from [214]. The
Seesaw line indicates the parameters obeying the seesaw relation |U,[* ~ m, /My,

where for active neutrino mass we substitute m, = \/Am?2,, ~ 0.05eV [110].

3.1.1 Production from hadrons

The main channels of HNL production from hadrons are via decays of sufficiently
long-lived hadrons, i.e. the lightest hadrons of each flavor!. In the framework of the
Fermi theory, the decays are inferred by the weak charged currents. One can also
investigate the production through neutral current from the hidden flavored mesons
J/(ce,3097), Y (bb,9460) as sources of HNLs. These mesons are short-lived, but
1.5-2 times heavier than the corresponding open flavored mesons, giving a chance to
produce heavier HNLs.

Since the region of HNL masses below that of the kaon is strongly constrained by
previous experiments (see [110] for details, reproduced in Fig. 3.1), we concentrate
on the production channels for HNL masses My > 0.5GeV.

1Such hadrons decay only through weak interactions with relatively small decay width (as com-
pared to electromagnetic or strong interaction). As the probability of HNL production from the
hadron’s decay is inversely proportional to the hadron’s decay width, the HNL production from the
lightest hadrons is significantly more efficient.
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Figure 3.2: Left: The diagram of leptonic decay of the meson h with 4-momentum
p. Right: The diagram of semileptonic decay of the meson h with 4-momentum p
into meson A’ with 4-momentum p’. In both diagrams the 4-momentum transferred
to the lepton pair is ¢ = k + k.

HNLs are produced in meson decay either via a 2-body purely leptonic decay
(left panel of Fig. 3.2) or semileptonic decay (right panel of Fig. 3.2) [215, 216].
The branching fractions of the leptonic decay have already been determined e.g.
in [217, 218]. However, in the case of semileptonic decays, only the processes with
a single pseudo-scalar or vector meson in the final state have been considered so
far [218] (see also [219] and [220])

h = WoUN (3.1.1)
h — hi, N (3.1.2)

(where h)p is a pseudo-scalar and b}, is a vector meson). We reproduce computations
of the branching ratios for these production channels in the Appendix A paying
special attention to the treatment of form factors.

Finally, to calculate the number of produced HNLs one should ultimately know
the production fraction, f(gq — h) i.e. the probability a given hadron being produced
from the corresponding heavy quark. It can either be determined experimentally or
computed from Pythia simulations (as e.g. in [221]).

3.1.1.1 Production from light unflavored and strange mesons

Among the light unflavored and strange mesons the relevant mesons for the HNL
production are:? 7t (ud, 139.6), K*(us,494), K3(ds,498) and K9 (ds,498).

The only possible production channel from the 7 is the 2-body decay 7+ — (I N
with ¢ = e, u. The production from K7 is possible through the 2-body decay of the
same type. There are also 3-body decays K+ — 7°/T N and Kg/s — 7 LN,

2The particle lists here and below are given in the format 'Meson name(quark contents, mass in
MeV)’).
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Figure 3.3: Decay width to HNLs divided by the measured total decay width for
pions and kaons correspondingly. In this Figure we take U, =1, U, = U, = 0.

The resulting branching ratios for corresponding mesons are shown in Fig. 3.3.
For small HNL masses, the largest branching ratio is that of K? — 7=¢f N due to
the helicity suppression in the 2-body decays and small decay width of K?.

3.1.1.2 Production from charmed mesons

The following charmed mesons are most relevant for the HNL production: D°(cu, 1865),
D™ (cd, 1870), D,(c5,1968).

DY is a neutral meson and therefore its decay through the charged current inter-
action necessarily involves a meson in a final state. The largest branching is to K
meson, owing to the CKM suppression |V 4|/|V.s| & 0.22. Then the mass of the re-
sulting HNL is limited to My < Mp — Mg ~ 1.4GeV. For the charmed baryons the
same argument is applicable: they should decay into baryons and the most probable
is strange baryon, hence My < My, — My =~ 1.2GeV. Therefore these channels are
open only for HNL mass below ~ 1.4GeV.

Charged charmed mesons D* and D, would exhibit 2-body decays into an HNL
and a charged lepton, so they can produce HNLs almost as heavy as themselves.
The branching ratio of Dy — N 4 X is more than 10 times larger than any ratio of
other D-mesons. The number of Dy mesons is, of course, suppressed as compared to
DT and D mesons, however only by a factor of few?. Indeed, at energies relevant
for ¢c production, the fraction of strange quarks is already sizeable, xss ~ 1/7 [222].
As a result, the two-body decays of Dy mesons dominate in the HNL production from
charmed mesons, see Fig. 3.4.

3.1.1.3 Production from beauty mesons

The lightest beauty mesons are B~ (bi, 5279), B%(bd, 5280), B,(bs, 5367), B.(b¢, 6276).
Similarly to the D° case, neutral B-mesons (B° and B,) decay through a charged

3For example at SPS energy (400 GeV) the production fractions of the charmed mesons are given
by f(D*) =0.204, f(D°) = 0.622, f(Ds) = 0.104 [221].
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Figure 3.4: Dominant branching ratios of HNL production from different charmed
and beauty mesons. For charged mesons 2-body leptonic decays are shown, while
for the neutral mesons decays are necessarily semileptonic. For these plots we take
U=1U,=U,=0.

0.100

—— B*—se+N —_—— BO_)p++e+N
0.010} - — - B*>D+e+N Bs~Dgs+e+N
R S NN N B*->D%+e+N Bs—»Di+e+N
3 0001} . B'r®4esN BesK*+e+N
zg —--. B*'>p’+e+N Bs—»K"+e+N
g 1074 - = - B»Dr4esN — BeoesN
ol /0 TR\ ] o B°-»D*+e+N
—-—- B'st+e+N
10°°

munL[GeV]

Figure 3.5: Dominant branching ratios of HNL production from different beauty
mesons. For charged mesons 2-body leptonic decays are shown, while for the neutral
mesons decays are necessarily semileptonic. For these plots we take U. = 1, U, =
U, =0.

current with a meson in the final state. The largest branching is to the D meson
because of the values of the CKM matrix elements (|Ve|/|Vius| = 0.1). Thus the mass
of the resulting HNL is limited: My < Mg — Mp ~ 3.4 GeV.

Charged beauty mesons B* and BF have 2-body decays into HNL and charged
lepton, so they can produce HNLs almost as heavy as themselves. Branching ratios
of B-mesons into HNL for different decay channels and pure electron mixing are
shown in Fig. 3.5.

The production fraction of f(b — B.) has only been measured at LHC energies,
where it is reaching a few x 107 [223]. At lower energies, it is not known. Never-
theless, production from B, meson is an important production channel in the mass

45



Decay BT — (T, X BR [%]
Inclusive branching: [ =e, p 11.0£0.3
Dominant 1-meson channels: pseudo-scalar meson Eoéﬁjg 2.27+0.11
vector meson D (2007)°¢t vy, | 5.740.19

Two above channels together: 8.0+£0.2
Channels with 2 mesons: Dm0y, 0.42 +0.05
D* wtity, 0.61 +£0.06
D~wt ey, above is saturated by 1-meson modes | D, (2420)°¢t 1, | 0.25 +0.05
D;(2460)°0ty, | 0.15 4 0.02
D* nt ¢y, is augmented with 1-meson modes D1(2420)°¢*v, | 0.30 4 0.02
D, (2430)°0 | 0.27 4 0.06
D,(2460)°0tw, | 0.1£0.02
Hence 1-meson modes contribute additionally 1.09 £0.12
Sum of other multi-meson channels, n > 1: D *)n7r€+1/4 0.84 £0.27
Inclusive branching: =5 not known
Dominant 1-meson channels: pseudo-scalar meson 507'+VT 0.77 +0.25
vector meson D"(2007)°7tw, | 1.8840.20

Table 3.1: Experimentally measured branching ratios for the main semileptonic
decay modes of the BT and B® meson [222]. Decays to pseudoscalar (D) and vector
(D*) mesons together constitute 73% (for BT) and 69% (for BY). Charmless channels

are not shown because of their low contribution

range my 2 3.4 GeV.

To understand this result let us compare HNL production from B, with pro-
duction from 2-body BT decay. Decay widths for both cases are given by (see
Eq. (A.14))

2 r2 2
Gthmth

Br(h — (,N) ~ T
L p

Vi M P Ua* K (my /), (3.1.3)
where we take my > my and K is a kinematic suppression. Neglecting kinematic
factor, the ratio for the numbers of HNLs is

N N r 2 CKM \ 2
unL(Be = ¢N)  fisp, o B (ch> o MBe (Vcb ) ~ 1.44. (3.1.4)

~ CKM
]\/YHNL(BJr — gN) fb—>B+ FBC fB+ mp+ Vub
N—— ——
20.008 ~0.3 ~5 ~1.2 ~100

We see that small fragmentation fraction of B. meson is compensated by the ratio
of CKM elements and meson decay constants.
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Figure 3.6: Dalitz plot for the semileptonic decay B® — D*p~N. Available phase-
space shrinks drastically when the HNL mass is large. ¢? is the invariant mass of the
lepton pair, ¢* is the invariant mass of final meson and charged lepton.

3.1.1.4 Multi-hadron final states

D and especially B mesons are heavy enough to decay into HNL and multi-meson
final states. While any single multi-meson channel would be clearly phase-space sup-
pressed as compared to 2-body or 3-body decays considered above, one should check
that the “inclusive” multi-hadron decay width does not give a sizeable contribution.

To estimate the relative relevance of single and multi-meson decay channels, we
first consider the branching ratios of the semileptonic decays of BT and BY (with
ordinary massless neutrino vy in the final state)

B—ltyX , l=e,pu, (3.1.5)

where X stands for one or many hadrons. The results are summarized in Table 3.1.
Clearly, by taking into account only the single meson states we would underestimate
the total inclusive width of the process (3.1.5) by about 20%.

In case of semileptonic decays with the HNL in the final state, the available
phase-space shrinks considerably, see Fig. 3.6. The effect of the mass can also be
estimated by comparing the decays involving light leptons (e/u) to those with the 7-
lepton in the final state. Comparison with SM decay rates into 7-lepton shows that
3-body decays into heavy sterile neutrinos are suppressed with respect to decays
into light neutrinos. Thus inclusive semileptonic decay of flavored mesons to HNLs
are dominated by single-meson final states with the contributions from other states
introducing a small correction.

3.1.1.5 Quarkonia decays

Next we investigate the hidden flavored mesons .J/v(ce,3097) and Y (bb, 9460) as
sources of HNLs. These mesons are short-lived, but 1.5-2 times heavier than the
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Strange baryons | AY(uds, 1116), YT (uus,1189), X~ (dds,1197), =%(uss, 1315),
=" (dss, 1322), Q (sss, 1672)

Charmed baryons | A.(udc,2287) , Y1 (uuc,2453), X2(ddc,2453), Ef(usc,2468)
=9(dsc, 2480) , Qg (ssc,2695) , =1 .(dece, 3519)

)
), 5 (uub,5811), ¥, (ddb,5815), =9(usb,5792)
=, (dsb,5795) , Q, (ssb,6071)

Beauty baryons Ay (udb, 5619

Table 3.2: Long-lived flavored baryons. For each quark content (indicated in paren-
theses) only the lightest baryon of given quark content (ground state, masses are in
MeV) is shown, see footnote 1 on page 42. The baryons considered in [221] have blue
background. The baryons unobserved so far (such as Q}.(scc), Qu(scb), ete.) are not
listed.

corresponding open flavored mesons, giving a chance to produce heavier HNLs. We
have studied these mesons in Appendix D, here we provide the summary of the results.

The number of HNLs produced from J/ decays is always subdominant to the
number of HNLs produced in D-meson decays (for My < mp). Therefore, the range
of interest is 2GeV < My < m/, where this number should be compared with the
number of HNLs produced via B-meson decays. The resulting ratio is given by

HNLs from J/¢ X X f(J/¥) X BRyjyosnw
HNLs from B X, x f(B) x BReony

X\ (1077
=3x107* ( = ) ( ) 3.1.6)
1073 Xbl_) (

where we have adopted f(B) x BR(B — N + X) ~ 1072 (c.f. Fig. 3.5) and used
f(J/¥) ~ 1072, The numbers in (3.1.6) are normalized to the 400 GeV SPS proton
beam. One sees that .J/v can play a role only below bb production threshold (as X;

tends to zero).

For experiments where a sizeable number of bb pairs is produced, one can use
the T decays to produce HNLs with My = 5GeV. The number of thus produced
HNLs is given by

U2
Ny_yy =~ IO_IONT X <105) (3.1.7)

where Ny is the total number of T mesons produced and we have normalized U? to
the current experimental limit for My > 5 GeV (c.f. Fig. 3.1). It should be noted
that HNLs with the mass of 5 GeV and U? ~ 1075 have the decay length c7 ~ cm.

48



3.1.1.6 Production from baryons

Semileptonic decays of heavy flavored baryons (Table 3.2) produce HNLs. Baryon
number conservation implies that either proton or neutron (or other heavier baryons)
must be produced in the heavy baryon decay. This shrinks the kinematic window
for the sterile neutrino by about 1GeV. The corresponding heavy meson decays
have an obvious advantage in this respect. Moreover, since both baryons and sterile
neutrinos are fermions, only the baryon decays into three and more particles in
the final state can yield sterile neutrinos, which further shrinks the sterile neutrino
kinematic window with respect to the meson case, where 2-body, purely leptonic
decays can produce sterile neutrinos.

Furthermore, lightly-flavored baryons and strange baryons (see Table 3.2) can
only produce HNLs in the mass range where the bounds are very strong already
(roughly below kaon mass, see FIG. 3.1). Indeed, as weak decays change the strangeness
by 1 unit, there the double-strange =-baryons can only decay to A or 3 baryons (plus
electron or muon and HNL). The maximal mass of the HNL that can be produced
in this process is smaller than (Mz- — Mpo) ~ 200 MeV. Then, Q~ baryon decays
to 2%~ N with the maximal HNL mass not exceeding Mg — M=o ~ 350 MeV. Fi-
nally, weak decays of A or 3 baryons to (p,n) can produce only HNLs lighter than
~ 250 MeV.

The production of HNL in the decays of charmed and beauty hyperons has been
investigated in Ref. [224]; these results have been recently checked in [225]. The
number of such baryons is of course strongly suppressed as compared to the number
of mesons with the same flavor. At the same time, the masses of HNLs produced in
the decay of charmed (beauty) baryons are below the threshold of HNL production
of the corresponding charmed (beauty) mesons due to the presence of a baryon in the
final state. This makes such a production channel strongly subdominant. Dedicated
studies for SHiP [221] and at the LHC [225] confirm this conclusion. It should be
noted that Refs. [221, 224] use form factors from Ref. [226] which are about 20 years
old. A lot of progress has been made since then (see e.g. [227, 228|, where some
of these form factors were re-estimated and a factor of ~ 2 differences with older
estimates were established).

3.1.2 HNL production from tau leptons

At the center-of-mass energies well above the éc threshold 7-leptons are copiously
produced mostly via Dy — 7 + X decays. Then HNLs can be produced in 7 decays
that are important in the case of dominant mixing with 7 flavor (which is the one least
constrained, see [110, Chapter 4]). The main decay channels of 7 are 7 = N + hp)y,
T — Nl,U, and 7 — vl N, where o = e, u. Computations of the corresponding
decays widths are similar to the processes N — (,hp/y (c.f. Appendix B.2) and
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purely leptonic decays of HNL (see Section 3.2.1.1). The results are

r Nhp) = LMz o2 Ty 2y? 2 2] AL a2
(1= Nhp) = = [Vup[|U:| (1 =yx)" — vl +y3) | VAL Y%, vh)
(3.1.8)
G2g2m3 )
[(r = Nhy) = 2= Voo P|U- [(1_912\/) +yi(1+y?v—2yi)} AL %, v3)
7Tmh
(3.1.9)
25 (1_yN)2df
_ m. 2
(= Ntara) = o U [ 5 (6= 32)" /N1 03
v7
2
x ((6+208) [1 =93] +€ (€ —vd) [1+ v — ] — €l —2¢6°)
~ GEM 2 11 g s — ol — 120 log()] 0
~ Tog3 | U [1 =8k + 8y — v — 125 log(yx)] , - for g —
(3.1.10)
G2m? [ode TN
FI 2 2
F(T%VTEQN): 0673 |UOé| 5_3(1_£> )‘(gay?\Hyl%)x
(ye+yn)?
2
X (2€3+§—§(1—§) (1 —vx =] — 2+ [yh — 7] ) ~
~G%mi|U * [1— 8yx + 8yk — yv — 12yp log(yx)] . for 4y — 0
~ J99.3 Ve YN TOYN — YN Yn 108\YN)] Y

(3.1.11)

where y; = m;/m,, Vyp is an element of the CKM matrix which corresponds to
quark content of the meson hp; f, and g, are pseudoscalar and vector meson decay
constants (see Tables C.2 and C.3) and A is the Kéllén function [229]:

Ma, b, c) = a* + b* + ¢ — 2ab — 2ac — 2bc (3.1.12)

The results of this section fully agree with the literature [218].

3.1.3 HNL production via Drell-Yan and other parton-parton scatterings

The different matrix elements for HNL production in the proton-proton collisions are
shown in Fig. 3.7. Here we are limited by the beam energy being not high enough to
produce real weak bosons on the target protons. There are three types of processes:
Drell-Yan-type process (a), gluon fusion (b) and W~/g fusion (c). Process (b) starts
to play an important role for much higher center-of-mass energies [230, 231], processes
(a) and (c) should be studied more accurately.

Let us start with the Drell-Yan process (a) in Fig. 3.7. The cross section at the
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Figure 3.7: HNL production channels: a) Drell-Yan-type process; b) gluon fusion;
¢) quark-gluon fusion.

parton level is [232, 233]

21 2| U280, M2 MS
o v - g (0 ok

6N, ) sq > My (3.1.13)

3
28(7(1/ 28@1’

where V,, is an element of the CKM matrix, N. = 3 is a number of colors and the
centre-of-mass energy of the system gq’ is given by

Sgq = ST1T2 (3.1.14)

where x1 and x5 are fractions of the total proton’s momentum carried by the quark
¢ and anti-quark ¢ respectively. The total cross-section, therefore, is written as

Voo P|Ue[s
6N, 7

d£C1 2 de 2 3M]2V M]?/
X /x—l«"flfq(fﬂl,sqq’)/x—z%fq’(x%sqq') 1- OST1Ts + 2532313
_ GV I’|Udls
o 6N,

2
(3¢ — N{) = 22 Gl
3,9’

S(vs, My) (3.1.15)

where f,(z, Q?) is the parton distribution function (PDF). The corresponding integral
S(y/s, My) as a function of My and the production probability for this channel are
shown in Fig. 3.8. For numerical estimates we have used the LHAPDF package [234]
with the CT1IONLO PDF set [235].

This can be roughly understood as follows: PDFs peak at z < 1 (see Fig. 3.9)
and therefore the probability that the center-of-mass energy of a parton pair exceeds
the HNL mass, \/Sparton > My, is small. On the other hand, the probability of a
flavored meson to decay into an HNL (for |U|?> ~ 1) is of the order of few % and
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Figure 3.8: Integral (3.1.15) as a function of HNL’s mass, neglecting lepton mass
(left panel) and probability of HNL production in p-p collision for |Us| = 1 (right
panel) for /s = 100 GeV (blue line), /s = 28 GeV (red dashed line) and /s = 4 GeV
(green dotted line). The suppression of the integral as compared to My = 0 case is
due to PDFs being small at x ~ 1 and condition xyz9s > M3,. Total p-p cross-section
is taken from [222].
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Figure 3.9: Combination 2% f(x) used in Eq. (3.1.15) for quark and gluon PDFs (for
Vs ~ 30 GeV). The functions peak at small values of z and therefore the probability
of the center-of-mass energy of the parton pair close to /s is small.

therefore “wins” over the direct production, especially at the fixed-target experiments
where the beam energies do not exceed hundreds of GeV. In case of the quark-gluon
initial state (process (c) in Fig. 3.7) similar considerations also work and the resulting
cross-section is also small, with an additional suppression due to the 3-body final
state. We see that the direct production channel is strongly suppressed in comparison
with the production from mesons for HNLs with masses My < 5GeV.

3.1.4 Coherent proton-nucleus scattering

The coherent scattering of a proton on the nuclei as a whole could be an effective way
of producing new particles in fixed-target experiments. There are two reasons for this.
Firstly, parton scattering in the electromagnetic field of the nuclei is proportional to
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Figure 3.10: Possible Feynman diagrams for the HNL production in the proton
coherent scattering off the nuclei.

Z? (where Z is the nuclei charge) which can reach a factor 10° enhancement for
heavy nuclei. Secondly, the center of mass energy of the proton-nucleus system is
higher than for the proton-proton scattering. The coherent production of the HNLs
will be discussed in the forthcoming paper [236]. Here we announce the main result:
the coherent HNL production channel is subdominant to the meson decay for all
HNL masses and mixing angles (for HNL masses below 5 GeV). In case of SHiP one
expects less than 1 HNL produced via coherent scattering for 10?° PoT.

3.1.5 Summary

In summary, production of HNL in proton fixed-target experiments occurs predom-
inantly via (semi)leptonic decays of the lightest ¢- and b- mesons (Figs. 3.4, 3.5).
The production from heavier mesons is suppressed by the strong force-mediated SM
decays, while production from baryons is kinematically suppressed. Other produc-
tion channels are subdominant for all masses 0.5 GeV < My < 5GeV as discussed
in Sections 3.1.3-3.1.4.

3.2 HNL decay modes

All HNL decays are mediated by the charged or the neutral current interactions. In
this Section, we systematically revisit the most relevant decay channels. Most of the
results for sufficiently light HNLs exist in the literature [217, 218, 220, 237-239]. For
a few modes, there are discrepancies by factors of few between different works, we
comment on these discrepancies in due course.

All the results presented below do not take into account charge conjugated chan-
nels which are possible for the Majorana HNL; to account for the Majorana nature
one should multiply all the decay widths by 2. The branching ratios are the same
for Majorana case and for the case considered here.
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Figure 3.11: Diagram for the HNL decays mediated by charged (a) and neutral (b)
currents.
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Figure 3.12: Function I(z,, x4, 2;)/1(2y,0,0) for several choices of x4 and z; (see
Eq. (3.2.2) for I(z,, x4, x;) definition).

3.2.1 3-body basic channels

Two basic diagrams, presented in the Fig. 3.11, contribute to all decays. For the
charged current-mediated decay (Fig. 3.11(a)) the final particles (U, D) could be
either a lepton pair (v, ¢,) or a pair of up and down quarks (u;, d;). For the neutral
current-mediated decay f stands for any fermion. The tree-level decay width into
free quarks, while unphysical by itself for the interesting mass range, is important in
estimates of the full hadronic width at My > Aqcp, see Section 3.2.2.2 below.

For the decays N — v 0 ¢} and N — v,v,7, both diagrams contribute, which
leads to the interference (see Section 3.2.1.2).
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3.2.1.1 Charged current-mediated decays

The general formula for the charged current-mediated processes N — Z;uﬁﬁg, a # B,
and N — lyu;d; is [237-240]

GHMR
19273

(N — (,;UD) = Ny \Ua?I(2, 24, 21) (3.2.1)

ﬂ]\j[_i(;’ T, = z\ﬂ%’ Tg = ]\ﬂ}—z. The factor Ny = 1 for the case of the

final leptons and Ny = N,|V;;|? in the case of the final quarks, where N, = 3 is the
number of colors, and Vj; is the corresponding matrix element of the CKM matrix.

where z; =

The function I(x,, x4, 2;) that describes corrections due to finite masses of final state
fermions is given by

(1—zu)?
d
I<xu;xdaxl> =12 / _x (.T—JJZQ _x?l) (1+$i —ZC) \/)\(:c,xf,xfl))\(l,x,xi),
T
(wa+m,)?

(3.2.2)
where A(a, b, ¢) is given by Eq. (3.1.12).
Several properties of the function (3.2.2):

1. 1(0,0,0) =1
2. Function I(a, b, ) is symmetric under any permutation of its arguments a, b, c¢.*

3. In the case of mass hierarchy m,, m, < m. (where a,b, c are leptons and/or
quarks in some order) one can use an approximate result

I(2,0,0) = (1 — 82”4 82° — 2® — 122"logz?) (3.2.3)

m
where r = —-

N

4. Theratio I(zy, x4, x;)/I(2y,0,0) for several choices of x4, x; is plotted in Fig. 3.12.
It decreases with each argument.

3.2.1.2 Decays mediated by neutral current interaction and the interfer-
ence case

Decay width for neutral current-mediated decay N — v, ff depends on the type of
the final fermion. For charged lepton pair lgls the results are different for the case
a # [ and a = 8, because of the existence of the charge current mediated diagrams

4This property is non-obvious but can be verified by the direct computation.
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in the latter case. Nevertheless, the decay width can be written in a unified way,

2 5
D(N = v ff) = 61;9;\43 U2 { ((1 — 142? — 22" — 122%)V1 — 422+
+ 122% (2 — l)L(:U)) +4C] <x2(2 +102% — 122%)V1 — 422+
+ 62%(1 — 22° + 2m4)L(x))] , (3.2.4)

1—32% - (1 —2%)y1 — 422
22(1+ V1 — 42?)

of leptons in the final state or N; = N, for the case of quarks. The values of C’{ and

C{ are given in the Table 3.3. This result agrees with [218, 238, 239].

where z = ﬂ, L(z) = log [ } and Nz = 1 for the case
My

f cof
u, ¢t i(l—% sin® Oy, + 22 sin* 6 ) 1 sin’ 9W<§s1n HW—1>
d, s, b i(l—%sm Qw—i-—sm 9W> %sm Ow (%sm GW—1>
lg, B # « i(l—élsm Oy + 8sin? 9W> % sin 0W<2s1n Qw—l)
lg, b=« }l(l—i—llsin Oy + 8sin’ 9W> %sm 9W<251n HW—i—l)

Table 3.3: Coefficients C'; and C for the neutral current-mediated decay width.

In the case of pure neutrino final state only neutral currents contribute and the
decays width reads
GH MY
76873

D(N = vavpig) = (1 + dup) \Uql? (3.2.5)

3.2.2 Decay into hadrons

In this Section, we consider hadronic final states for My both below and above Agcp
scale and discuss the range of validity of our results.

3.2.2.1 A single meson in the final state

At My < Aqep the quark pair predominantly binds into a single meson. There are
both charged and neutral current-mediated processes with a meson in the final state:
N — Ll and N — vah,y, where hy (hp) are charged (neutral) pseudoscalar
mesons and hy; (h),) are charged (neutral) vector mesons. In formulas below z), =
mp/My, xg = my/My, fr, and g, are the corresponding meson decay constants (see
Appendix C.1), Oy is a Weinberg angle and the function A is given by eq. (3.1.12).
The details of the calculations are given in the Appendix B.2.
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The decay width to the charged pseudo-scalar mesons (7%, K=, D* D, B* B,)
is given by

G 2 Vupl?|Ual? M3,

o (1 =8 =} +aD)] /A1, a2, 0,

(3.2.6)

L(N — (h)) =

in full agreement with the literature [218, 238, 239].
The decay width to the pseudo-scalar neutral meson (7%, 7,7, 7.) is given by

GhfaMy

(N Jh9) =
(N = vahp) 397

)% (1 - 23)° (3.2.7)

Our answer agrees with [218], but is twice larger than [238, 239]. The source of the

difference is unknown.®

The HNL decay width into charged vector mesons (p*, ai, D**, DF*) is given
by

G291 Vup ?|Ua|* M3 5
= 167m? = ((1—95%;) +a? (1+x§)—2x§) (1,22, 22)

(3.2.8)

(N — (0 h) =

that agrees with the literature [218, 238, 239].

However, there is a disagreement regarding the numerical value of the meson
constant g, between [218] and [238, 239]. We extract the value of this constant from
the decay 7 — 1,p and obtain the result that numerically agrees with the latter
works, see discussion in Appendix C.1.3.

For the decay into neutral vector meson (p°, af, w, ¢, J/v) we found that the
result depends on the quark content of meson. To take it into account we introduce
dimensionless x;, factor to the meson decay constant (B.2.6). The decay width is
given by
GrringplUal* M5

32mrm?

D(N = vah$) = (1+222) (1—a2)". (3.2.9)
Our result for p° and results in [218] and [238] are all different. The source of the
difference is unknown. For decays into w, ¢ and J/¢ mesons we agree with [238].

The result for the af meson appears for the first time.®

The branching ratios for the one-meson and lepton channels below 1 GeV are
given on the left panel of Fig. 3.13.

5This cannot be due to the Majorana or Dirac nature of HNL, because the same discrepancy
would then appear in Eq. (3.2.6).

Refs. [238, 239] quote also 2-body decays N — v, hl,, hY = K*O K*0 D*0 D*0 with the rate
given by (3.2.9) (with a different ). This is not justified since the weak neutral current does not
couple to the corresponding vector meson hY, at tree level.
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Figure 3.13: The branching ratios of the HNL for the mixing ratio U, : U, : U; = 1:
1: 1. Left panel: region of masses below 1 GeV; Right panel: region of masses above
1 GeV, for quarks the QCD corrections (3.2.10), (3.2.11) are taken into account.

3.2.2.2 Full hadronic width vs. decay into single meson final state

Decays into multi-hadron final states become kinematically accessible as soon as
My > 2m,. To estimate their branching fractions and their contribution to the
total decay width, we can compute the total hadronic decay width of HNLs, I'y.q
and compare it with the combined width of all single-meson states, I'1 eson- L he total
hadronic decay width can be estimated via decay width into quarks (Sections 3.2.1.1—
3.2.1.2) times the additional loop corrections.

The QCD loop corrections to the tree-level decay into quarks have been estimated
in the case of 7 lepton hadronic decays. In this case, the tree-level computation of
the 7 decay to two quarks plus neutrino underestimates the full hadronic decay width
by 20% [241-243]. The loop corrections, Aqcp, defined via

['(t — v, + hadrons)

1+ A = 3.2.10
T Qceb 1_‘tree(T — VTQQ) ( )
have been computed up to three loops [243] and is given by:
Agen = &2 1 5.2%5 4 96.4% (3.2.11)
QCD — . . 2 . 7'('37 L.

where o, = ay(m,).” We use (3.2.11) with a, = a,(My) as an estimation for the
QCD correction for the HNL decay, for both charged and neutral current processes.
We expect therefore that QQCD correction to the HNL decay width into quarks is
smaller than 30% for My 2 1 GeV (Fig. 3.14).

Full hadronic decay width dominates the HNL lifetime for masses My 2 1 GeV
(see Fig. 3.13). The latter is important to define the upper bound of sensitivity

"Numerically this gives for the 7-lepton Aqcp & 0.18, which is within a few % of the experi-
mental value Agy, = 0.21. The extra difference comes from the QED corrections.
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Figure 3.14: The estimate of the QCD corrections for the HNL decay into quark
pairs, using the three-loop formula (3.2.11) for 7-lepton.
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Figure 3.15: Left panel: Decay widths of charged current channels with p or 27
2

divided by I'y = 10=G% 25| V,4|*|Us [ M3, which is the prefactor in Eq. (3.2.8). Right
P

panel: The same for neutral current channels.

for the experiments like SHiP or MATHUSLA (see Fig. 3.1). This upper bound is
defined by the requirements that HNLs can reach the detector.

3.2.2.3 Multi-meson final states

When discussing “single-meson channels” above, we have also included there decays
with the p-meson. By doing so, we have essentially incorporated all the two-pion
decays N — nt 7%~ for My > m,. Indeed, we have verified by direct computation
of N — 7+ 7%~ that they coincide with N — p™¢~ for all relevant masses (Fig. 3.15).
Of course, the decay channel to two pions is also open for 2m, < My < m,, but its
contribution there is completely negligible and we ignore it in what follows.

Figs. 3.13 and 3.16 demonstrate that one-meson channels are definitely enough
for all the hadronic modes if sterile neutrino mass does not exceed 1 GeV. The ratio

between the combined decay width into single-meson final states (7%, 7% n, o/, p*,
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Figure 3.16: HNL decay widths into all relevant single meson channels, divided by
the total decay width into quarks with QCD corrections, estimated as in (3.2.11) (all
dashed lines). The blue solid line is the sum of all mesons divided by decay width
into quarks with QCD corrections, the blue dotted line is the same but without QCD
corrections.

3-body decays 4-body decays Branching ratios (%]
N — (o ntal N — v, (37)° T =+ X7
N = y,rtm N — 0 (3m)" T U, 4T 10.8
N — v, 7070 N = v,(27K)° T—= v, +1 70 25.5
N — (;KTK° N — 0 (2rK)* T — v, + 7070 9.2
N = v, KTK~ N = v, (2Km)° T v+t 9.0
N — v, K'K° N — ( (2Knm)*" T v, +ratr a0 4.64
N — (; Ktr° N — (;(3K)* 7= v, + 71 o0 1.04
N — (K7 N — v,(3K)° T — v, + 57 o(1)
T, +K or K| O(1)
T—=v,+ K K° 0(0.1)
T v, + K K%° 0(0.1)

Table 3.4: Possible multi-meson decay channels of HNLs with My > 2m,, threshold.
Right panel shows branching ratios of hadronic decays of the 7-lepton and demon-
strates the relative importance of various hadronic 2-, 3-, 4- and 5-body channels.

P°, w+e, D,) and into quarks is shown in Fig. 3.16.® One sees that the decay width
into quarks is larger for My 2 2 GeV, which means that multi-meson final states
are important in this region.

The main expected 3- and 4-body decay channels of HNLs are presented in
Table 3.4. We also add information about multi-meson decays of 7 because they give

us information about decay through charged current of the HNL of the same mass as

8We ignore CKM-suppressed decays into kaons as well as decays to heavy flavor meson (D,B).

60



Figure 3.17: HNL decays into 2 kaons through charged (a) and neutral (b) currents.

7-lepton. The main difference between HNL and 7-lepton comes from the possibility
of the HNL decay through the neutral current, which we discuss below.

The main hadronic channels of the 7 are n-pions channels. Decay channel into
2 pions is the most probable, but there is a large contribution from the 3-pion chan-
nels and still appreciable contribution from the 4-pion ones. For bigger masses the
contribution from the channels with higher multiplicity become more important as
the Fig. 3.16 demonstrates.

The decay into kaons is suppressed for the 7-lepton. For some channels like
T — v, K or 7 — v, K7 this suppression comes from the Cabibbo angle between s
and u quarks. The same argument holds for HNL decays into a lepton and D meson,
but not in Dy. The decays like 7 — v, K~ K° are not suppressed by the CKM matrix
and still are small. We think that this is because for such decays the probability
of the QCD string fragmentation into strange quarks is much smaller than into u
and d quarks for the given 7-lepton mass (see diagram (a) in Fig. 3.17). At higher
masses, the probability of such fragmentation should be higher, but still too small
to take it into account. On the other hand, the HNL decay into two kaons can give
a noticeable contribution, because of the existence of the neutral current decay (see
diagram (b) in Fig. 3.17), for which the previous arguments do not apply.
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