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ABSTRACT: SNDQLHC is an approved experiment equipped to detect scatterings of neu-
trinos produced in the far-forward direction at the LHC, and aimed to measure their prop-
erties. In addition, the detector has a potential to search for new feebly interacting particles
(FIPs) that may be produced in proton-proton collisions. In this paper, we discuss signa-
tures of new physics at SNDQLHC for two classes of particles: stable FIPs that may be
detected via their scattering, and unstable FIPs that decay inside the detector. We estimate
the sensitivity of SNDQLHC to probe scatterings of leptophobic dark matter and decays
of neutrino, scalar, and vector portal particles. Finally, we also compare and qualitatively
analyze the potential of SNDQLHC and FASER/FASERv experiments for these searches.
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1 Introduction and summary

The Standard Model of particle physics (SM) successfully describes experimental data
from accelerators. However, it fails to explain three observational phenomena: neutrino
oscillations, dark matter, and the baryon asymmetry of the Universe. This indicates that
some new particles responsible for these phenomena may exist in nature.

New particles that have tiny couplings with the SM particles (feebly interacting par-
ticles, or FIPs) may be searched by the Intensity frontier experiments, which operate with
high rate of particle collisions. During several last years, many such experiments have been



proposed: SHiP [1-3], CODEX-b [4], MATHUSLA [3, 5-7], FASER [8, 9], SeaQuest [10],
NA62 [11-13] and a number of other experiments (see [14] for an overview).

One of the recent proposals is the Scattering and Neutrino Detector (SNDQLHC)
facility [15-17], which aims to study scatterings of high-energy SM neutrinos produced in
the far-forward direction at the LHC in the ATLAS interaction point. This detector can
also be used to search for new particles that scatter similarly to neutrinos, such as light
dark matter (LDM) particles that interact with the SM particles via portal mediators,
playing the role of FIPs.

Depending on the model, there are various signatures of new physics in processes with
LDM or mediators. Examples are: LDM scattering off electrons or protons (an incomplete
list of studies is [15, 18-29]); rare neutrino scattering events induced by new physics, as
the trident reaction v +n — p + x + [ with missing transverse momentum [30, 31|, or the
process v+ Z — v+ Z + 1+ 1 [32]; an excess of charged current (CC) v, events, such as
in models with neutrinophilic mediators coupled exclusively to 7 lepton flavor [33].

Some of these signatures have been studied for SNDQLHC and a similar facility
FASERv [34, 35], see [15, 21, 33, 36-38]. In this work, we consider the signature of LDM
scattering off nucleons, which has not been considered previously.! In addition, we estimate
the sensitivity of SNDQLHC to decays of mediators.

Whether SNDQLHC may probe currently unexplored parameter space depends on
the coupling of the mediator to electrons and photons. If it is present, the model may
be already constrained by experiments that search for missing energy/momentum, such
as NA64 [39], BaBar, Belle [40]. They require FIPs only to be produced, and therefore,
given the coupling g to the SM particles, the expected number of events is proportional to
g%>. SNDQ@QLHC, in its turn, requires the produced particle to scatter/decay, and therefore,
the number of events scales as g*. Missing energy experiments are more sensitive to small
couplings, and SND@QLHC may not be able to probe unconstrained parameter space if they
are relevant. This is the case, for instance, for the dark photon mediator [17].

Let us look closer at the LDM scattering off nucleons. This scattering may be mimicked
by neutral current (NC) neutrino scattering events, and therefore, such a search is not
background-free. Typically, to observe a signal over background, many LDM scattering
events are required [19, 20, 23-25]. Under this condition, one can look for an excess of
a signal over the numerous neutrino background, and in particular to distinguish events
with LDM and neutrinos kinematically by comparing their reconstructed energy spectra.
It would be therefore attractive to consider signatures that require less amount of events.

Particle scattering may occur elastically or inelastically, producing either an isolated
proton or hadronic jets correspondingly. Probabilities of these two processes have a different
dependence on the mediator mass m: elastic scattering becomes subdominant for large
masses m 2 1 GeV, see section 3.1.1. This is the case for neutrino scattering, with the
mediators being the W and Z bosons. As a result, a very few of elastic neutrino scattering
events are expected at SND@QLHC. For LDM that interacts via light O(1 GeV) mediators,
the situation is different, see figure 2. Therefore, elastic scattering signature could provide
good sensitivity in this part of the parameter space.

!The study of the scattering off protons in [17] is based on this work.



In case of large mass of the mediator m 2 1GeV, inelastic scattering dominates,
leading to an excess of neutral current events. The expected number of such events at
SND@QLHC is not known precisely because of theoretical uncertainty in the calculation of
the neutrino flux in the far-forward direction, which reaches a factor of few [41]. However,
the ratio of the number of NC and CC events is known with a good precision in the
SM, see section 3.1.2. In presence of LDM, this ratio may increase over the experimental

uncertainty in measurements of the NC/CC ratio at SNDQLHC, which is about 10% [17].

In section 3.1.3 we consider a mediator that does not couple to leptons — the lepto-
phobic portal, and estimate the sensitivity of SNDQLHC to LDM scatterings off nucleons
using the elastic/inelastic and NC/CC signatures.

There is one more way to distinguish LDM and neutrinos if mass m,, of an LDM particle
is sufficiently large. Namely, massive particles reach the SND@QLHC detector volume later
than neutrinos. As a result, the neutrino background can be eliminated using the time-of-
flight measurements. The time resolution of SND@QLHC is 200 ps [17], and after imposing
the timing cut it would be possible to separate an event with LDM from neutrino scattering
events for gamma-factors v, < 100. However, particles flying in the far-forward direction
at the LHC have large energies E/, ~ 1TeV, and therefore, their mass should be of order
of my ~ 10GeV. Such massive FIPs are typically poorly produced and have suppressed
scattering probability (at least, this is the case for the LDM interacting via dark photon
and leptophobic portal, see section 3.1).

Let us now consider the signature of decays of mediators. Although SNDQLHC is
constructed to probe neutrino scatterings, it may also be capable of searching for decays
of FIPs, for instance scattering mediators (as we argue in section 3.2). It is attractive to
probe the parameter space simultaneously by scatterings of LDM and decays of mediators.
However, for the given coupling g, the decay length is typically much shorter than the
scattering length, see appendix A. As a result, for large couplings, that are required to
see scatterings, the decay length is microscopic, and mediators decay before reaching the
detector. It may be still possible though to probe large couplings via scatterings of LDM
and smaller couplings via decays of the mediator.

A clear background-free signature may be decays of a FIP into a di-lepton pair, V —
II'/ll'v, as scatterings of neutrinos produce at most one lepton.? For the decays of FIPs
into a lepton and a meson, or into a pair of mesons there is a background that comes
from the neutrino deep inelastic CC- and NC-scatterings correspondingly. However, decay
products typically carry large energies E 2 100 GeV and, therefore, can be distinguished
from (inelastic) neutrino scatterings with such large energy transfers as the latter typically
produce a lot of hadrons. Therefore, we believe that the mentioned background may be
rejected. This question requires an additional study.

We estimate the sensitivity to the mentioned decays of scalar, neutrino and vector
portals, see section 3.2.1.

2The di-muon events may be produced by the scattering of photons in the detector. However, the photons
occur in scattering of neutrinos, and apart from the di-muon pair there would be a lot of other tracks.



Figure 1. Overview of the SNDQLHC detector facility: the side view (on the left) and the front
view (on the right). The figure is taken from [17].

In section 4, we compare the potential of SNDQLHC with FASER/FASERv exper-
iments to probe decays and scatterings, discussing both abilities of their detectors and
the effect of their placements with respect to the beam axis (FASER is on-axis, while
SND@QLHC is slightly off-axis).

2 SNDQLHC experiment

SNDQLHC facility is planned to be installed in the TI18 tunnel at the distance of 480 m
from the ATLAS interaction point along the beam collision axis. The SNDQLHC detector
consists of the target region followed by the muon system, see figure 1. The pseudorapidity
range covered by the target will be 7.2 < n < 8.6, in which v,, v; are produced in decays
of heavy mesons, with an additional component of muon neutrinos originated from decays
of pions and kaons. The actual angular position of the target is (6,6,) € [0.17,0.98] x
[0.32,1.14] mrad?.

The target has brick structure: bricks of emulsion cloud chambers (ECC) followed
by Scintillating Fibre (SciFi) plates. Each of five emulsion bricks consists of 60 emulsion
films interleaved with 59 tungsten plates of 1 mm thickness, which serve as target. The
total scattering length of the emulsion bricks is 29.5 cm, which corresponds to 84 radiation
lengths (Xj), and the total target length of about 40 cm. The ECC provide micrometric
accuracy that allows one to measure accurately tracks of charged particles, and reconstruct
vertices of neutrino interactions and any other event that deposit their energy within one
emulsion brick. The bricks will be replaced every six month after collecting 25 fb~! of data.

SciFi measures the energy of electromagnetic and hadronic showers, and provides spa-
cial timing information for showers and single charged particles (with resolution of the
order 50 um and 100 ps correspondingly). In this way, it serves for disentangling the piled
up events occurring in the emulsion and connecting tracks between emulsion walls.



Setup | £, 7" | 53", em | fgg™, om
Setup 1 150 30 50
Setup 2 | 3000 75 125

Table 1. Experimental setups of the SNDQLHC detector used in this work. The parameters
are the integrated luminosity £, the detector’s length available for scatterings [553%, the detector’s
length available for decays lg;cay. See text for details.

The target is followed by the muon system, which consists of eight iron blocks in-
terleaved with scintillator planes. It identifies muons as the most penetrating charged
particles and measures energy of hadronic cascades. The muon detector in combination
with SciFi works as a hadronic calorimeter with 9-11 interaction lengths. The efficiency of
muon identification in CC v, event is found to be 69%, while in NC the probability that
hadrons are not misidentified as muons is above 99%.

An important feature of SNDQLHC is high neutrino type identification efficiency.
The target construction allows track detection of charged leptons produced in primary
interactions and subsequent decays. Electrons are identified by electromagnetic showers,
muons are detected in the muon system, while 7 leptons — via a displaced decay vertex
from the primary interaction thanks to micrometric resolution of the ECC.

There are two phases of the event reconstruction at SNDQLHC [17]. The first phase
uses electronic detectors: events are reconstructed based on veto, the target tracker and the
muon system. The second phase adopts the emulsion target, and the event reconstruction
will be available six months after the exposure. It is crucial for identification of events with
T-leptons, with the efficiency ~ 50%. Moreover, it distinguishes EM showers induced by
electrons from those from photons/n® with efficiency above 95% thanks to micrometric ac-
curacy of the emulsions, which allows to observe the displaced vertex of photon conversion.

3 SNDQLHC and new physics

Below, we illustrate the potential of SNDQLHC to probe FIPs via decays and scatterings
by estimating the sensitivity to several models. We consider two experimental setups of
the detector: one that will operate during Run 3, and a possible upgrade that will work
during Run 4 (see [17]). Their parameters are summarized in table 1.

3.1 Scattering

In this subsection, we discuss LDM scattering off protons, and show that different signatures
may be searched for, depending on the mediator mass. We apply our findings and estimate
the expected sensitivity to the model of LDM interacting via leptophobic mediator.

3.1.1 Elastic signature

There are two types of scattering off protons: elastic and inelastic, producing an isolated
proton or hadronic showers, respectively.
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Figure 2. Left panel: the ratio e /oime of elastic and inelastic scattering cross sections in the
model with a vector mediator V interacting with protons and a scalar dark sector particle y of
mass m, = 10MeV and energy E, = 1TeV. The minimal proton kinetic energy E.y: 2 110 MeV
is assumed, for which protons may travel 1 c¢cm in tungsten before being absorbed (see text for
details). For the description of the elastic and deep inelastic scattering (DIS) used in the estimates,
see appendix D. Right panel: proton’s attenuation length (l.x = fOE” #ﬁm, where dF/dx is the
energy loss per unit length) in tungsten as a function of its kinetic energy. The value is calculated
using the data from [42].

In general, the ratio Ng/Nipel for LDM interactions is different from that for NC
neutrino interactions, decreasing with the growth of the mass of the mediator my . In-
deed, both elastic and inelastic differential cross sections depend on the mediator mass my,
as do/dQ o (Q? + m2,)~2 due to the propagator, where Q? is the momentum transfer.
However, the elastic cross section also includes the proton form factor that limits the pos-
sible momentum transfer to Q% < T, 2 ~ 1GeV2. For large masses my, this leads to an
additional suppression as compared to the inelastic cross section, to which all @2 < m%/
contribute without the suppression [25]. As a result, the ratio o¢/oine is a decreasing func-
tion of my . We illustrate this feature in figure 2, considering a model of a scalar LDM that
interacts with protons via a vector-like mediator. We see that in the case of light mediator
my < 1GeV, the elastic and inelastic scattering yields may be comparable. However, with
the increase of my, oe1/0iner quickly diminishes, and the inelastic events start to dominate.
This is the case, for instance, for active neutrinos, for which the mediator is a Z boson
with mz ~ 91 GeV, and ¢ /0inel ~ 1073, This implies that the elastic signature (excess
of elastic NC-like events) may have good sensitivity due to much smaller background from
elastic neutrino scatterings.

Let us now discuss the signal reconstruction, efficiency, and background.

The first question is whether the proton may be detected in emulsion and SciFi detec-
tor. It is important since protons from elastic scattering typically have low kinetic energy
E, <1 GeV, since large energy transfer from LDM to the proton is suppressed by the form-
factor and propagator. This means that protons cannot be reconstructed in SciFi detector
alone, which may properly reconstruct high-energy particles only [17]. Therefore, we re-
strict searches for the elastic signature to the emulsion. In order to be detected in the emul-
sion, the proton has to be energetic enough to fly through a few emulsion layers before being



absorbed in the interleaving tungsten plates. We require the signal protons to have the
kinetic energy E, > 110 MeV, for which the proton attenuation length in tungsten is larger
than 1cm [43, 44], see figure 2, which corresponds to passing 10 emulsion layers by the pro-
ton before being absorbed. Even if passing 10 layers, the proton may be not reconstructed.
To study this question, detailed Monte Carlo simulations are required. This goes beyond the
scope of our paper, and we optimistically assume unity emulsion reconstruction efficiency.

The next question is background. MC simulations of neutrino scatterings from [17]
including the interaction of the reaction products with the detector have shown that during
the operation time of SNDQ@QLHC the total number of neutrino NC resonant and deep inelas-
tic scatterings where only one charged track is visible is 1.7. However, what has not been
studied is the background from the reaction products which cannot be properly associated
to the neutrino or muon vertex and may therefore mimic the elastic signature signal. The
whole emulsion is filled by tracks from muons and neutrino scatterings. Namely, the density
of muon tracks in the bricks is about 5-10* cm™2 [17]. In addition, 12 neutrino DIS events
are expected per each brick during half of the year; the hadronic showers in DIS events
have transverse size of order of interaction length A; ~ 10 c¢m, thus covering a large part of
the volume of a brick. Some of the tracks from these cascades will not reach the electronic
detectors because of being absorbed. Therefore, they are not associated to the vertex and
may look similar to the elastic signature. The ability of the emulsion to associate tracks to
the vertex, which may reduce such background to some extent, has not yet been studied.

The background may be suppressed by requiring isolation in some radius around the
candidate proton track. The radius should be optimized taking into account occupancy
and track reconstruction efficiency in the emulsion. Dedicated studies can be performed
by the SNDQLHC collaboration with full MC simulation and with first data expected to
be collected in 2022. In principle, this problem could be mitigated if the emulsion bricks
are replaced and used for data reconstruction during smaller time intervals, resulting in a
lower number of background tracks.

3.1.2 NC/CC signature

For masses my 2 m,, LDM is more likely to scatter inelastically. In this case, we need
to see these events over the numerous neutrino scattering background. However, the total
number of NC neutrino events is a subject of theoretical uncertainties. It depends on
the yield of neutrinos flying in the direction of SNDQLHC, which is determined by the
production of mesons in the far-forward direction.? At the same time, the ratio of neutral
current and charged current events Nyc/Ncc for neutrinos is uniquely predicted within
the SM. For the tungsten target, under the approximation of equal differential distributions
of v and v, the ratio Nxc/Ncc for deep inelastic scattering is equal to [17]

1 20
P=g|l- 2sin’ Oy + > sin? Oy — A(1 — 2sin? Oy ) sin® Oy | ~ 0.33 (3.1)

30ne of goals of SND@QLHC is to study the production of mesons in the far-forward direction, which is
currently poorly probed via experiments.
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Figure 3. Spectra of v, v, (NC) and x inelastic scattering events. Here, E is the energy of an
incoming particle, and E}, is the total energy transferred to produced hadrons. The form of these
spectra does not change significantly for different values of E in the energy range of interest. The
green line shows the special case of light x and massive V.

where A = 0.040 for the tungsten target. The overall uncertainty in the P value mea-
surement at the SNDQLHC is expected to be 10%. Assuming N(SJISD@LHC = 1395 and
Nnc = 450 as predicted by simulations for the SNDQLHC setup [17], we require the yield
of LDM inelastic scattering events to be 2v/450 + 45.02 ~ 100 in order to reach the 20
confidence level.

LDM scattering may also be distinguished from neutrino events due to different kine-
matics and topology of the final state hadrons. Therefore, energy requirements may addi-
tionally reduce the neutrino background, see figure 3. The detailed analysis of this question
is the subject of a separate study.

3.1.3 Example: leptophobic DM

Let us now estimate the sensitivity of SNDQLHC to the elastic/inelastic and NC/CC
signatures for a particular model of LDM. We consider a theory with a scalar particle x
coupled to the SM via a vector mediator V' that interacts with the baryon current Jf [19,
22, 23, 25, 45]:

1 _
Lieptophob = g8V + 9.V (OuxTx = x10,x), 7 = 23 awg (3.2)
q
Here, g, gp are coupling constants of the mediator to x and SM sector, and the sum in

J} is made over all quark flavors.

Current constraints. Constraints on the model (3.2) are summarized in figure 6. For
my 2 0.1 GeV, they come from searches for decays 7, K,n — Vv at CB [46], E949 [47],
and NA62 [48] experiments (for my < 0.5 GeV), searches for scattering of x particles off



nucleons at MiniBooNE [49] (for 0.5 GeV < my < 1.5 GeV), a monojet signature analysis
at CDF [50] (for my 2 1.5 GeV), and direct DM searches at CRESST IIT [51].

The weakness of the CDF monojet signature and the absence of direct constraints
from the LHC is caused by the requirement of a large missing transverse momentum
pr ~ 100GeV for signal tagging and background suppression. Such large pr may be
provided only by large mass of a decaying particles, which is definitely not the case of light
O(1 GeV) mediators considered in this paper. The bounds from MiniBooNE, being one of
the strongest in the region my < 1GeV, are much weaker at larger masses due to small
center-of-mass energy of the pp collisions, /s =~ 4 GeV.

Another constraint comes from DM direct detection experiments (DD) [19] that search
for scattering of DM particles off nuclei. The sensitivity of these experiments depends on
DM particle mass. Indeed, it determines the maximal kinetic energy of DM (which is
Ty = Myv3cape/2, Where vescape = 544km/s is the escape velocity), and, therefore, the
maximally possible nuclear recoil energy Tn. The DD experiments have finite energy
threshold, being Ty > 30.1eV for CRESST-III [51] that is currently the most sensitive
experiment. As a result, current constraints from DD are limited by m, 2 160 MeV. In
addition, the DD bounds may be significantly relaxed even for heavy x particles if assume
their axial-vector interaction with V instead of vector-like one (see [52]) that results in the
velocity-suppressed scattering cross section.

Finally, in [53-55], it was argued that the strongest constraint may come from negative
results of searches for decays

K —»rm+inv, B— K +inv, Z — v+ inv (3.3)

at LHCb. In the model of the leptophobic portal (3.2), the decays (3.3) may result from
the anomalous violation of the baryon current conservation, which requires a UV com-
pletion in order to cancel the anomaly. Namely, in [53, 54], it was considered a UV
completion with some heavy fermions such that the full theory is anomaly-free. At en-
ergies much lower than masses of these fermions, the effective theory contains, apart from
the Lagrangian (3.2), pseudo-Chern-Simons (pCS) interaction operators between V and
electroweak bosons W, Z,~ that result from the contribution of massive fermions to the
anomalous triangle diagrams. The latter contain two summands: a mass-independent,
and a mass-dependent. The sum of the first terms over all fermions vanishes due to the
anomaly cancellation, while the net mass-dependent part is in general non-zero (for in-
stance, if there is a hierarchy in fermion masses). The corresponding interactions mediate
the process Z — ~v + X, and generate effective flavor changing neutral current couplings
bsV, sdV between quarks and the leptophobic mediator (via penguin loop diagrams) that
mediate the first two processes in eq. (3.3).

pCS terms generically appear in effective theories with chiral fermions. However, their
contribution to the processes (3.3) depends on the UV completion of the model (3.2). For
instance, one could consider a 3+n+1 dimensional model with SM physics localized on
a 3+1 dimensional sub-manifold (brane) and a large mass gap for the bulk modes (see
e.g. [56, 57]). The higher-dimensional theory is anomaly free by construction without
adding extra fermions. The anomaly of the low-dimensional 3+1 effective theory is done



by the “anomaly inflow” mechanism, non-local from 341 dimensional point of view. In
this case, the anomaly cancellation by massive modes does not contribute to decays.

Due to the model dependence, the status of the anomaly constraint is different from
the status of the other bounds discussed above, as the latter require only the effective
Lagrangian (3.2). Therefore, in figure 6, where we show the constraints on the leptophobic
portal, we just indicate the parameter space potentially constrained by processes (3.3) by
showing its lower bound only, while for the other constraints discussed in this subsection
the whole parameter space is shown in solid gray.

Number of events. Let us now estimate the sensitivity of SNDQLHC to LDM scattering
in the model (3.2). The number of scattering events may be estimated using the formula

SND@QLHC Z - icann
sca
Nevents = 2+ Ny X Ndetector X inel tt i
Aol ((B\)) - @t NC/CC signature

scatt

((Ey)) - 55", elastic signature (3.4

Here, NSND@LHC is the number of y particles produced in the direction of the SNDQLHC
detector volume (a factor of 2 stays for x), Ndetector i the detector’s atomic number density
(the tungsten material is considered), Z, A are atomic and mass numbers of the target

el/inel

material, and o

is the elastic or inelastic scattering cross section of y particles. For
simplicity, when calculating the cross section, we assume that all x particles have the same
energy equal to their average energy (E,).

We adopt the description of the elastic scattering process from [22]. We do not take
into account further re-scattering of the produced proton, which potentially may lead to
appearance of charged tracks and affect the signal selection. For the estimate of the cross-
section for inelastic scattering, we use the calculation based on the parton model from [26],
for which parton distribution functions are given by CT10nlo PDF sets from LHAPDF
package [58] (see also appendix D).

Let us now consider the production of y particles. The xX pairs originate from decays

of V. Similarly to the dark photon case, the mediator may be produced:

1. in decays of unflavored mesons 7,7,

T—=V+y, n=V+79, (3.5)
2. by proton bremsstrahlung,
p+p—-V+X, (3.6)
3. in Drell-Yan process,
q+q—-V+X, (3.7)

see figure 4. For the description of these channels, we mainly follow [33, 55, 59].

For the production from mesons, we use the polar angle and energy distributions of ,
n mesons generated by EPOS-LHC [60] as a part of the CRMC package [61]. The resulting
spectra of V' and x particles are obtained semi-analytically using an approach presented
in [62].

~10 -
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Figure 4. Diagrams of the production of the leptophobic mediator V: by proton bremsstrahlung
(a), in decays of light unflavored mesons (b), and in Drell-Yan process (c).
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Figure 5. The number of y particles produced in the direction of the SNDQLHC experiment,
assuming the integrated luminosity £ = 150 fb~1. my = my /3 is assumed. Wiggles around
V' masses of 782MeV,1020 MeV and ~ 1.7GeV are caused by the mixing of the mediator with
isoscalar vector mesons w, ¢, and their excitations, which leads to the resonant enhancement of 1)
the ppV form-factor for the production by the proton bremsstrahlung, and 2) the decay width of
the leptophobic mediator V into hadrons (and hence to a suppression of Br(V — xx)). See text
and appendix C for details.

For obtaining the angle-energy distribution of the leptophobic mediator produced by
the proton bremsstrahlung, we consider the kinematic range pr < 1 GeV and 0.1 < z < 0.9.
The corresponding production probability is affected by the mixing of V' with isoscalar w
and ¢ mesons. To describe this effect, we follow the procedure described in [63] (see also [64]
and appendix C for details). The distribution of subsequent x particles produced by the
bremsstrahlung is obtained in a similar way as for the case of the production from mesons.

For the production in the Drell-Yan process, we use our implementation of the
model (3.2) in MadGraph5 [65] with FeynRules [66, 67]. We then obtain the geomet-
ric acceptance and energy distribution of x particles traveling into the direction of the
SNDQLHC detector by simulating the leading-order process p+p — V, V — xx.

We find that the main production channel for masses my < m,, is decays of mesons,
for masses m, < my < 3GeV is the proton bremsstrahlung, and, finally, for my 2 3 GeV
it is the Drell-Yan process, see figure 5.
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Figure 6. Sensitivity of the SNDQLHC experiment to the leptophobic portal (3.2) (20 CL). The
sensitivity is shown under an assumption m, = my /3 (top panel) and m, = 20MeV (bottom
panel), and for two different choices of the coupling of mediator to x particles: a, = ap (left
figures), and a, = 0.5 (right figures). The considered signatures are the elastic scattering off
protons (the green line) and the deep-inelastic scattering (the blue line, corresponding to 100 signal
events during Run 3). For the elastic signature we show contours for 10 events; the solid line
corresponds to the setup during Run 3, while the dashed line corresponds to the upgraded setup
that may operate during Run 4. We stress that the result for the elastic signature has to be
taken with caution, since it crucially depends on background and signal identification for the elastic
signature, which has not been performed yet for SND@QLHC and may significantly reduce the elastic
sensitivity (see section 3.1.1 for details). By the red line, we show the 100 event contour for the
DUNE experiment from ref. [24]. We rescale the previous bounds according to our description of
the proton form-factor used in bremsstrahlung and Br(V — xx). The thin gray line corresponds
to model-dependent constraints from invisible decays (3.3) as derived in [55] (see text for details).

Most of the produced y particles have v factors ~ 103, independently of the production
channel. This means that the time-of-flight measurement is not efficient in separating signal
x particles and neutrinos.

Sensitivity. Let us now discuss the sensitivity. The parameters in the model are LDM
particle and mediator masses m, v, and the couplings ap = g% /4, ay = gi /AT
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The choice of «, affects the parameter space probed by SNDQLHC in the following
way. The number of scattering events at SNDQLHC scales as

Nevents X ap - BI‘(V — X)Z) X QB - Gy (38)

Here, a factor ap - Br(V — xX) comes from the production, while a factor ap - o, — from
the subsequent scattering of x particles. The scaling of the previous bounds is somewhat
different. While the scaling of events at MiniBooNE is similar, the number of events at the
other experiments scales as Neyents X ap - Br(V — xX) for the collider experiments and
ap-ay for DD experiments. Therefore, the dependence on ap and «, is weaker.* Therefore,
marginalizing over c,, the optimal choice would be a, ~ 1, for which SND@QLHC would
probe larger range of mediator masses.

We consider two values of «,. The first one is a, = ag, which is typically considered
in the literature, and for which Neyents  a% - Br(V — x¥). The second one is ay, = 0.5,
for which Neyents o 0423-

Let us now comment on the choice of m, for representing the results. As we have
discussed previously, masses m, > 160 MeV are significantly constrained by the DM direct
detection experiments. Therefore, we consider two different choices: m, = my /3, which
is commonly used in literature and for which the DD constraint is important above my =
480 MeV, and m, = 20MeV, for which there is no bound from DD at all. The sensitivity
of SNDQLHC depends only weakly on this choice, as the production probability and the
scattering cross section of high-energy x particles is determined mainly by my . In this
way, SNDQLHC and direct DM detection experiments may probe complementary mass
ranges of x.

The sensitivity of the SNDQLHC experiment to the leptophobic portal for two different
setups from table 1 is shown in figure 6. Following the discussion in section 3.1.2, we require
Nevents > 100 for the NC/CC signature during Run 3. For the elastic scattering, we show
the contours corresponding to Neyents > 10.

The parameter space that may be probed by SND varies in dependence on the val-
ues of parameters a,, m,. Namely, for the choice m, = my /3, using the elastic signa-
ture, SNDQLHC only may probe masses 350 MeV < my < 700MeV if the experimental
challenges with signal identification discussed in section 3.1.1 may be overcome. For the
choice m, = 20MeV, using the NC/CC signature only, it is possible to probe masses
700 MeV < my < 7GeV. Moreover, for the choice o, = 0.5, the probed range of the cou-
pling ap even competes with the model-dependent bound from the signature B — K +inv
at the lower bound.

In the figure, we also show the sensitivity of DUNE experiment from [24]. The back-
ground estimate has not been made for this experiment. Therefore, we show the contour
corresponding to 100 events.

3.2 Decays

As discussed in section 1, the decay signature is decays of FIPs into a pair of charged
particles. However, to use this signature, it is necessary to disentangle their tracks. At the

4For the calculation of the branching ratio Br(V — xX), see appendix C.
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SNDQ@LHC detector, this is possible if the transverse distance between the tracks exceeds
the spatial resolution, which is of the order of 1 um for the emulsion films. The transverse
distance between two tracks is determined by the flight angle that can be estimated as
Af ~ %, and the distance [ charged particles travel inside the target. For electrons, [ is
the radiation length, which in tungsten is equal to 3.5 mm. Muons pass through the whole
target without deflection, and therefore, we may conservatively restrict [ to the thickness
of a single SND@QLHC emulsion brick 7.8 cm. For FIPs flying in the far-forward direction,
the typical energy is Erp ~ 1TeV. Thus, the corresponding masses are

1 pm 290 MeV, FIP — ee

2Me or p| B (3.9)
! 210MeV, FIP — puji

mprp 2, min | Eprp

If the disentanglement is not possible, instead of tracks we observe a mono-cascade. A
similar signature may come from FIPs decaying into neutral pions, such as from HNLs
that mix with tau flavor that decay into 7° and a neutrino. This type of events may still
be distinguished from neutrino scatterings, as the latter typically contain many tracks, and
hence may be a new physics signature.

Background evaluation and event reconstruction for both charged pair and monocas-
cade signatures are challenging tasks and require dedicated studies. Further, we will show
the fixed signal events contours, assuming that all events are detected.

3.2.1 Sensitivity to portals

To illustrate the potential of SNDQLHC to probe decays, we estimate the sensitivity to
scalar, neutrino and vector portals, which introduce correspondingly a light Higgs-like
scalar, a heavy neutral lepton (HNL) and a dark photon (see, e.g., [14] for the description
of the models). Decays with pairs of charged particles in the final state — muons, electrons
and pions — are the main decay channels for all the portal particles, except for GeV scale
HNLs N that mix with v,, for which the main decay channel is a decay N — 7%v.

In order to obtain the sensitivity of SNDQLHC to various decaying FIPs, we use the

following estimate:
Nevents = Z N}irod ) €Zgeom ’ P&ecay - Bryis (310)
i
Here, N}irod is the total number of FIPs of species X produced via channel 4, eéeom is

the geometric acceptance for particle X decay products, and Pjecay is the decay probability
averaged over energies E'x of particles X,

Péecay = /(e_lmin/CTX’YX - e_lmaX/CTXPYX)f;:?XdEXa (3'11)

with fg, being the energy Ex distribution of FIPs that fly in the decay volume, and 7x and
~x their lifetime and Lorentz boost factor, respectively. Finally, Bry;s is the branching ratio
of visible decays of particle X. Details of estimates are summarized in appendix B. The sen-
sitivities are shown in figure 7, where we show the estimate for the Run 3 setup, as well as for
the possible upgrade that may operate during Run 4. For the upgraded setup, the number

of events at the lower bound is higher by a factor of lggaupgr / lggg -+ LRun 4/LRun 3 = 50.
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Figure 7. Signal rate contours of SNDQLHC to (top left) dark scalars, (top right) dark photouns,
and HNLs that mix with (bottom left) v, and (bottom right) v,. Blue (green) contours correspond
to 1 and 10 events in the (upgraded) SNDQLHC target. The actual sensitivity of SNDQLHC can
be derived taking into account the signal identification efficiency and background level, which are
subjects of detailed studies that go beyond the scope of this paper, see section 3.2. Sensitivities of
previous experiments and of the FASER/FASER2 experiment are reproduced from [14, 68].

We conclude that for the Run 3 setup, SNDQLHC may probe only a tiny parameter
space for dark scalars, dark photons and HNLs that mix with 7 flavor. For the upgraded
setup, it may be possible to probe HNLs that mix exclusively with v, in the mass range
< 2.5GeV, and in < 2.0GeV for pure mixing with v,. SNDQLHC may also probe dark
photons at the upper bound of the sensitivity with masses my < 0.1 GeV, and dark scalars
with masses mg < 0.8 GeV.

4 Comparison with FASER

There is a similarity between the facilities of SNDQLHC and FASER/FASER v experiments.
They are both placed in a large n region and at the same distance [, = 480 m from the
ATLAS interaction point, but in the opposite tunnels. Parameters of the experiments are
summarized in table 2. Below, we make a qualitative comparison of the sensitivities of the
SNDQLHC and FASER experiments, and then comment on the changes due to upgrades.
Let us summarize the main differences between SNDQLHC and FASER/FASERv de-
tectors in the reconstruction of signal. For scattering, SNDQLHC competes with the
FASERv detector. FASERv consists of emulsion films interleaved with tungsten plates,
only providing the information of spatial position of different tracks with 30% energy re-
construction accuracy for neutrino events (see also [69]). For muons, the situation is much
better, as they, being produced in FASERv, may penetrate it and enter FASER, which al-
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Detector Iin, M | ldet, M | Omin, mrad | Omax, mrad | Q- 107, sr | £,fb~1
SND@QLHC 0.5 0.3 1.5 6.9
FASER 1.5 0. 0.2 1.4 150
FASERv 480 1. 0. 0.4 2.7
SND@LHC upgr. 1.25 0.3 1.5 6.9 3000
FASER2 5 0. 2.1 138

Table 2. Parameters of SNDQLHC and FASER experiments: the distance to the decay volume,
the length of the decay volume, the polar coverage, covered solid angle, total integrated luminosity.

lows timing and momentum measurements. This option is unavailable, however, for other
particles (hadrons, electrons), as they are effectively absorbed in the detector. On the con-
trary, SNDQLHC provides timing measurements by the use of the SciFi technology and the
energy reconstruction accuracy of 22% for electrons. For both experiments, timing is needed
for rejecting the background induced by high-energy muons and secondary particles.’

In the case of decays, SNDQLHC competes with FASER, and their detectors provide
comparable FIP parameters reconstruction accuracy, thanks to good spatial resolution of
the emulsion. Assuming that SNDQLHC is a background free experiment when searching
for decays, the only relevant quantity for comparing the experiments is the number of
correctly identified FIP decay events.

4.1 Lower and upper bound of the sensitivity

Let us now consider the differences in the number of events at these experiments. Two fac-
tors are important. First, SNDQLHC is slightly off-axis, whereas FASER(v) is placed
directly on-axis. Second, SNDQLHC covers ~ 5 (1.25) times larger solid angle than
FASER(v). The different placements cause two effects that directly affect the lower and
upper bound of the sensitivity (we follow [3] here).

First, particles X flying off-axis have smaller energies than those flying on-axis. This
is important for probing FIPs that have small decay lengths lqecay S Imin. Indeed, in this
regime, the decay probability is Piecay = €xp[—Ilmin/cTx7x]. The sensitivity to such large
couplings g determines the upper bound, which is very sensitive to the mean energy of X:

2 SNDQLHC
gupper,SND@LHC -~ 056 (4 1)
2 FASER :
gupper,FASER 5%

The upper bound is important for particles that may be probed by the FASER and
SNDQ@LHC experiments only in the regime of small decay lengths, including dark pho-
tons and axion-like particles (see figure 7). The ratio of the mean v-factors of dark photons

SNDQLHC /’YE/ASER

A’ flying in the detector, is v, ~ 1/3. The resulting estimate (4.1) agrees

with the sensitivities in figure 7.

5In this work, we compare the signal of new physics to the number of neutrino interactions, which was
already obtained under assumption of possible background. Therefore, these key features of the detectors’
concept are omitted in our analysis.
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Second, the off-axis placement may affect the geometric acceptance. Light portal
particles X are often produced in decays of mesons. The angular distribution of particles
X is similar to the distribution of parent mesons at angular scales larger than Af ~
2px rest/ (Emeson), Where px rest is the momentum of the daughter particle at rest frame of
the decaying meson, being ~ Mmpyeson if masses of all decays products are << Mumeson- If
A0 > fsnparac ~ O(1mrad), the ratio of geometric acceptances €geom for the SNDQLHC
and FASER experiments scales with their solid angle coverage. Using characteristic energies
(Emeson) ~ 1 TeV for mesons produced in the far-forward region, we find that this scaling
is indeed the case of light particles produced in decays of D, B-mesons.

However, if the daughter particle is heavy mx =~ Mmeson, Or if the decaying meson
is light (such as m, i, K), the geometric acceptance depends on the shape of the meson
distribution. Experimental measurements of the meson production cross section in the
region |n| < 5 [70-73] provide the following scaling:

do pT
de (p’QI‘ + AIQneson)2 ’

(4.2)

independently of the pseudorapidity. The values of Apeson are of order of Aqop ~ 250 MeV
for light mesons 7, n, K, and mp,g for D /B-mesons. Numeric approaches (see, for in-
stance, [60, 74-76]) predict the same behavior of do/dpr almost independently of pseudo-
rapidity, including the far-forward region.’® This means that the meson distribution df/df2
is flat for angles 6 < 0g,¢, where

<pT> Ameson O ( 1 mrad) y B, _D
~ mrad ~

Ofat ~ (4.3)
* <Emeson> 1GeV 0(0.1 mrad), ™, n
Using the spectra of mesons (see appendix B), we find
Egg)%@LHC ~ 17 ™1, (4 4)
€FASER ™ ) Qsnparkc 5 DBt :
geom QrasER ’ Y

4.1.1 Decays

Based on these findings, we can make a simple comparison of minimal couplings that may
be probed by the FASER and SNDQLHC experiments. Further, we will assume the most
optimistic estimate for SNDQLHC, according to which decays of FIPs may be clearly
distinguished from backgrounds, and therefore, only 3 events are required at 95% CL.

In the regime lgecay > lmax, the number of decay events of particles that originate from
mesons is

Ndecay X €geom * lget - 94 - Bryis (45)

6Some of these approaches suffer from theoretical uncertainties in far-forward direction [77]: small pr
and large pseudorapidity require using parton distribution functions in the domain of small Bjorken scaling
variable x, which are poorly constrained. One of the goal SNDQLHC and FASER may serve for checking
the distributions (and in particular the property (4.3)) via studying the events with neutrinos produced in
the meson decays.
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From this relation, we obtain

2 FASER :
Jiower, SNDGLHC 7§<ND@LHC Bryia 1.7, particles from 7, n (4.6)
2 ~\/ AEASER SNDG@LHC . .
Jiower, FASER 05 Bryig 0.8, particles from D, B

where we used ZSQD@LHC =0.5m.

Comparing the lower bounds of the numerical sensitivities of SNDQLHC and FASER
for dark photons and dark scalars in figure 7, we find that they agree with the esti-
mates (4.6). However, for HNLs there is a disagreement as large as a factor of 3. A
reason for this may be different distributions of D mesons used in our analysis and in [14]
(see also appendix B).

Let us now comment on the lower bounds ratio with the upgrade. With the help of
the formulas (4.4), (4.6) and table 2, we conclude that the FASER2 experiment has much
better potential:

2 SND@LHC FASER
glower,SND@LHC upgr _ 20 - X . Brvis (4 7)
2 - FASER B SNDQLHC :
g lower,FASER2 X Tvis

A reason for this is mainly significantly larger angular coverage in the case of the FASER2.

4.1.2 Scattering

Consider now the scattering signature. We will focus on the NC/CC, given the uncertain
status of the background for the elastic signature. For the leptophobic portal, from eq. (3.4),
the ratio of minimal probed couplings is (for o, = ap)

1
3

FASERv  ;FASER FASERv
QB,FASERv [ _€geom Liet Ny g (4.8)
(B SND@LHC Egoom PHO [SIDALHC | VBRDALHC

where NN, 1, is the number of neutrino background events, and we assume that the detection
efficiency is equal to one.

For small masses my < 0.5, the mediator is mainly produced from 7, n decays, as

SND@LHC/6

geom FASERV ~ 0.3. A similar increase occurs

geom
for N, 1, since neutrinos are abundantly produced in decays of pions, and therefore, we

shown in figure 5. In this case, we have €

can use the same scaling for the total neutrino events, N, pg X €geomldet- The estimate

then reads:
OB, SNDQLHC _

1.5,  NC/CC signature (4.9)
Q'B,FASERv

5 Conclusions

In this paper, we have demonstrated the potential of the SNDQLHC experiment to probe

feebly interacting particles. We have considered a few scattering and decay signatures.
Light dark matter particles coupled via mediators may be searched by looking at the

scattering signature, see section 3.1. These events need to be distinguished from neutrino
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scatterings. Because of large mass of Z and W bosons that mediate the neutrino interac-
tions, the neutrino scattering occurs inelastically most of the times. This may be not the
case for light dark matter particles interacting via a light O(1 GeV) mediator, for which the
yields of elastic and inelastic scattering events are comparable (see figure 2). Therefore,
looking for an excess in the yield of elastic scattering events may be suitable for probing
such FIPs. For SNDQLHC this, however, requires a dedicated study, since the search is
performed using the emulsion data only, which is highly contaminated by the tracks from
neutrino DIS events. For heavier mediators, FIPs scattering still may be searched via an
increase in the ratio of scattering events with a lepton and those without a lepton. On
one hand, this ratio may be accurately measured at SNDQLHC. On the other hand, it
is clearly predicted by the SM. We have illustrated the power of these two signatures by
estimating the sensitivity to the scattering of light dark sector particles via the leptophobic
portal, see figure 6.

SNDQLHC detector may also search for decays of mediators, see section 3.2. Because
of good spatial resolution of the emulsion in SNDQLHC, decays into two charged particles
may be distinguished from the neutrino scattering events. Such decays are main decay
channel in the case of heavy neutral leptons, dark scalars that mix with Higgs boson,
and dark photons. It is possible to probe their parameter space at its upgraded version
as described in [17], see figure 7. However, further studies of possible backgrounds are
required to clarify these results.

We have also compared the potential of SNDQLHC and FASER/FASERv facilities to
probe new physics, see section 4. Placed at the same distance but at the opposite sides of
the ATLAS experiment interaction point, they are very similar. There are a few factors,
however, leading to differences in the sensitivity of these facilities to new physics. First,
FASER is on-axis, while SNDQLHC is slightly off-axis. The off-axis placement decreases
the mean momentum of particles produced in the direction of SND@QLHC, which somewhat
worsens its potential to probe short-lived particles with the decay lengths of the order of
the distance to the detector. Second, SNDQLHC covers ~ 5 times larger solid angle than
FASER. Because of this, depending on the FIPs production channel, a fraction of FIPs
flying in the direction of FASER is smaller than that for SNDQLHC. For scatterings,
FASERv has higher event rate due to larger detector length and on-axis position, resulting
in better sensitivity. This can be applied for the NC/CC signature.
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A Scatterings vs decays

Consider scatterings and decays in an example of vector (dark photons) and scalar portals.
The scattering probability is

Pycat = OscatMatom Ldet s Natom ™~ (1 keV)3 (Al)

with the scattering cross section

2 92 2
@ 0 «
Oscat ~ XSHINT (scalar), Oscat ~ L; (vector) (A.2)
myEy mi,
In its turn, the decay probability is
'L 3
Piec = —23¢t '~ 927”725 (scalar), I' ~ emy (vector) (A.3)
~ v
Comparing these two probabilities, one gets
Pscat 2 ( v >2 Natom Pscat Natom
~ Yagy Yy | — | ————— (scalar), ~ yap vector A4
Pyec XXIN ms mSmNEX ( ) Pyec m%/ ( ) ( )

B Decay events

We estimate the number of decays using the following formula:

Nevents = Z N[Z)rod ’ 6%geom ’ Péecay - Bryis, (Bl)
i

Here, N}irod is the total number of particles X produced via a channel 4, €geom is the
geometric acceptance, and Pjecay is the decay probability averaged over energies of X,

Péecay = /(eilmin/CTXfYX - eilmaX/CTXPYX)f%X dEX) (B2)

Here, lnin = 480 m is the distance to the SND@QLHC detector, lmax — lmin = lggfay, fEy 18
the energy distribution of particles X that fly in the decay volume. Finally, Bryis is the
branching ratio of visible decays.

HNLs that mix with v, are produced in decays of D /D+/ O mesons. HNLs that
mix with v, are produced mainly in decays of 7-leptons, which, in their turn, originate
from decays Ds — Tv; [78]. We have obtained the distribution of D mesons using SIBYLL
2.3c [75, 79] as a part of the CRMC package [61]. As a cross-check, for the charm production
we have compared the predictions of SIBYLL with results of the FONLL program [76, 80,
81]. We have found that the results agree well for angles # > 0.8 mrad.” Having the
D distribution, we have obtained the distribution of 7-leptons and, subsequently, HNLs
angles and momenta using the approach described in [62]. For simplicity, we approximate

"For smaller angles, FONLL (both the online form and installed program) predicts zero or negative cross
sections, which indicates some internal problem.

—90 —



1073}
5.x 1074}

1.x107%
5.x107%¢

01 02 05 1 2
my [GeV]

Figure 8. The sensitivity of FASER to HNLs that mix with .. The solid line corresponds to the
contour given in ref. [14], while the dashed line — to our estimate. For the comparison, we also
show the sensitivity of SNDQLHC (in blue).

the angle-momentum distribution of HNLs by that of particles produced in a two-body
decay 7 — mN (for the mixing with v;) and Dy — puN (for the mixing with v,).

Dark photons V' in sub-GeV mass range are produced in decays h = vV of 7~ and
n-mesons, and by proton bremsstrahlung [22]. We use the angle-energy distributions of the
mesons generated by EPOS-LHC [60] as a part of the CRMC package [61], and follow [22]
for the bremsstrahlung.

Dark scalars S are produced in decays B — XS of B-mesons, where X, is a hadron
including an s-quark, and by the proton bremsstrahlung [82]. We use FONLL in or-
der to obtain the angle-energy distribution of B-mesons, and follow [82] for the proton
bremsstrahlung.

Using the obtained distribution, we have reproduced the sensitivity of FASER to scalars
and dark photons from [14]. However, we have not reproduced the sensitivity to HNLs, see
figure 8. A reason may be in different distributions of Dg-mesons used in the estimates.

C Leptophobic mediator: production and decays

In order to describe interactions of V' with hadrons, we follow [83] (see also [59]), in which
vector mesons m play the role of gauge bosons of a “hidden” local SU¢(3) symmetry in the
space of pseudoscalar mesons nonet. The EM field is included as a background field that is
associated with the appropriate generator () = diag (%, —%, —%), and mix with the vector
mesons. The coupling of the vector mesons to the pseudoscalar mesons is fixed by the
anomalous decay 7° — ~v. This model is very successful in describing the EM scattering
data eTe” — hadrons and decay widths of vector mesons. We assume that it may be also
used for describing the phenomenology of the leptophobic boson.

For the lephophobic mediator, the generator is Ty, = %K, and its mixing coupling is

given by
fVm = _QQBngr[TVTmL (Cl)

where T}, is a generator associated with the given meson, and g,,,/m2, = 1/1/127, as fixed
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by the anomaly. The mixing occurs only with isosinglet w- and ¢-mesons, for which

1 1
T, = §diag(1, 1,0), Tp= —zdiag(0,0, 1) (C.2)

V2

The decay width of V' may be extracted from the experimental data on the EM ratios
o(eTe” — hadrons)/o(eTe™ — uTu~), where the hadronic final states correspond to ¢-
like and w-like decays. This has been made in [55], in which the data have been used
for describing the decay widths up to masses my ~ 1.7GeV, while for larger masses
perturbative calculations were used. We use the results of this paper.

The resonant enhancement is also important when considering the production of the
mediator by the proton bremsstrahlung by affecting the form-factor £, in the ppV vertex.
The baryonic form factor F},,y may be related to the proton and neutron EM dipole form-

2 )
in the extended vector meson dominance model coincides with the w contribution [63]:®

factors F,/,, which are, in its turn, related to the isoscalar form factor F,, = otFu  which

(plJBlp) = (plJemIp) + (n|JEMmIP) — Fppv = 2F, (C.3)

Te~ — ptp~, which may be used for extracting

Unfortunately, the experimental data on e
the EM form-factors in the time-like region, is limited by the physical threshold ¢ > 4m123.
Following [63] (see also [33]), for extrapolating in the domain of lower invariant masses we
use

m2

Fpv (%) = wa - (C4)

3 )
m2 — g% —ilymy,

where the sum goes over w(782),w(1420),w(1680), f., = 2fNNw/9w, With fyn, being the
meson’s coupling to the nucleon, while g, is the meson’s coupling to photon. We use
the couplings fnnw(7s2) = 17.2 and g, 7s2) = 17.1 [63]. The couplings to the other two
resonances are unknown. However, the remaining two coefficients f,,(1420) = —2.16 + 0.77¢
and f,(1680) = 1.14—0.57i in eq. (C.4) may be fixed by two requirements: Fy,y(0) = 1, and
Fppv(—q?) ~ 1/q%. The first requirement comes from the fact that the form-factor Fy
is reduced to the baryon charge at low momenta transfer. The second requirement comes
from the behavior of the proton’s dipole form-factor in the space-like region predicted by
the quark counting rules [86].

The behavior of the branching ratio into a yx pair and the form-factor is shown in
figure 9. Note that for the choice o, = ap, commonly considered in the literature, the
enhancement of F,y near my = my, 77y and suppression of Br(V — xx) due to the w
resonances cancel each other.

8We assume no contribution of the ¢-meson to the form-factor, since the corresponding coupling fonn
is expected to be suppressed [84, 85] (i.e., neglecting the s-quark contribution in the proton PDF).
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Figure 9. The behavior of the ppV form-factor (C.4) and the branching ratio for the process
V' — xx. The coupling a,, = ap is assumed, and m, = my /3.

D Elastic and inelastic scattering cross sections for the leptophobic por-
tal

D.1 Elastic scattering

The cross section of the elastic scattering is
EN,max(Ex) d
OxN—xN
Oelastic — /dExfE'X / dENZT;Xa (Dl)

EN,min

where FEN min is the minimal recoil energy that may be detected, the maximal recoil energy

of the nucleon is
mN(QE’)Q< + 2Eymy +m% —m?2)

EN max = X D.2
Nma 2Eymy + m3; +m2 (D-2)
Q?* = 2my(Ex—my) is the modulus of the squared momentum transfer, Q? = —(p, —p;()Q.
Finally, the differential cross section is
d my(2E2 + 2E,myx +m2) — En(2E,my + m?2
NN _ o () " B 2B ) = EXEnN ) -y g
dEy (BF —m3)(2Exnmy — 2mg; + myi,)
where Fy(Q?) is the elastic form-factor, which we assume to be Fy(Q?) = ﬁ.
0.71 GeVv?2

D.2 Inelastic scattering

In the case of the inelastic scattering, we follow [26], which uses the parton model. Let us
introduce the variables Ey = F, — E;, QQ?. The differential cross section is

d? 7
9 _ _ T ! ! 5(2p = )" (2p — @)W foq(l’v Q%) (D-4)
q

dEydQ? Imy E)ZC — m?c (m%/ + Q2)

where f,(z,Q?) is the parton distribution function (¢ = u/u/d/d/s/5), © = %, W
is the hadronic tensor,
i 2x ( DN - q DN - q
W = —guw + + PNy — —5—qu ) | PNv — —5— v D.5
v 1 @ px-q+2zom’ p 2 e (D.5)

~ 93 -



Because of the property ¢*W,, = ¢"W,, = 0, we have

AEYQ® —4BEvE\Q* - Q'

2p — )" (2p — )" W, = 4m? D.6
(20~ )" 2 = )" Wi R : (D.6)
The kinematic limits are
Q> <2mnEy, 2p4° < Q® <A(Ey(Ey— Ey)—m})—2u? (D.7)
2mpy(E2 — m?
Buin < By < N 5 o , (D.8)
2B, my +my, +mi
where Eqj, is the minimal recoil, and the function p is
m2 E‘2/
W= 2 3 22 2 172 (D-9)
E\(Ey — By) —mj — \/(EX(EX — By) —m3)* —miEy

To get f,(z,Q?), we use LHAPDF with CT10nlo PDF sets. We assume that they are zero
if @ < 1GeV.
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Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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