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Models with light dark sector and dark matter particles motivate qualitatively new collider
searches. Here we carry out a comprehensive study of hadrophilic models with U(1)p and U(1)g_sz..
gauge bosons coupled to light dark matter. The new mediator particles in these models couple to
quarks, but have suppressed couplings to leptons, providing a useful foil to the well-studied dark
photon models. We consider current bounds from accelerator and collider searches, rare anomaly-
induced decays, neutrino non-standard interactions, and dark matter direct detection. Despite the
many existing constraints, these models predict a range of new signatures that can be seen in cur-
rent and near future experiments, including dark gauge boson decays to the hadronic final states
ata w0, 7%, KT K™, and KsKy, in FASER at LHC Run 3, enhancements of v, scattering rates in
far-forward neutrino detectors, and thermal dark matter scattering in FLArE in the HL-LHC era.
These models therefore motivate an array of different experiments in the far-forward region at the
LHC, as could be accommodated in the proposed Forward Physics Facility.

I. INTRODUCTION

Searches for new particles and dark matter (DM) are
primary physics drivers at the Large Hadron Collider
(LHC). Traditional searches for the classic missing pr
signature at the LHC main detectors have sensitively
searched for particles with weak-scale masses and O(1)
couplings to Standard Model (SM) particles, but are less
effective for light and weakly coupled new particles, in-
cluding long-lived particles (LLPs) and DM. Recently it
has been appreciated that new experiments in the far-
forward region at the LHC can provide a powerful probe
of new light particles. These experiments exploit the
large forward flux of pions and other SM particles, which,
if they decay to new light particles, can create a large for-
ward flux of LLPs and DM. The recent detection of TeV
neutrino candidates in the forward region [1] also opens
a new window on neutrinos at colliders, which may be
used to probe both SM and beyond the SM (BSM) phe-
nomena [2—4].
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In evaluating any proposal for new physics at the
MeV to GeV mass scale, one must carefully consider
all of the existing constraints from particle and nuclear
experiments carried out over the last 60 years. To
do this requires a model framework. The dark pho-
ton model has been discussed at length in the litera-
ture. It is theoretically attractive and contains within it
phenomenologically-viable benchmark scenarios of light
thermal DM. Of particular relevance for this study, pre-
vious studies in the dark photon framework have estab-
lished the potential for forward experiments to detect
both LLPs [5, 6] and light thermal DM [7, 8]. At the
same time, the experimental signatures of a given dark
sector model are, to a large extent, determined by the
interactions of the mediator with the SM. To more fully
evaluate the physics potential of proposed experiments,
then, a variety of phenomenologically distinct mediators
must be examined. Since the LHC is a pp collider, it is
natural to consider mediators with hadrophilic couplings,
i.e., sizable couplings to quarks, but suppressed couplings
to leptons. Although such models are challenging to
test at electron facilities (e.g., Belle-I1T [9], NA64 [10],
LDMX [11], and SENSEI [12]), one might suspect that
they can be sensitively probed at proton facilities, such
as the LHC.
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In this work we study the prospects for probing two
dark sector models with hadrophilic vector mediators.
The first model is based on a gauged U(1) p baryon num-
ber symmetry (see, e.g., Refs. [13-17]). This model is
perhaps the first example of a hadrophilic model one
might consider, since it has sizable couplings to quarks
and (loop-)suppressed couplings to all leptons. The
model suffers from gauge anomalies, however, which po-
tentially lead to stringent constraints from rare FCNC
and Z boson decays [18, 19]. We will evaluate the
prospects for discovering new physics in this model, care-
fully respecting all anomaly constraints, as well as those
from other experimental searches.

As a second example we consider a model with a
U(1)p—3r, vector mediator. (In the rest of this paper,
we will use the modest abbreviation of U(1)p_3, for this
symmetry.) With the addition of a right-handed neu-
trino, this symmetry is anomaly free and therefore evades
the most stringent rare decay constraints present in the
U(1) p model. This model is also hadrophilic, in the sense
that couplings to electrons, muons, and their accompa-
nying neutrinos are suppressed. However, the presence
of 7 and v, couplings brings with it both additional con-
straints from neutrino nonstandard interactions (NSI),
and also new opportunities for signals involving the 3rd
generation leptons. A goal of this study is to incorpo-
rate all these new constraints and see what discovery
prospects remain.

We will consider both current and proposed far-
forward experiments. In the last two years, the magnetic
spectrometer and tracking detector FASER, [20], and the
two emulsion detectors FASERv [21] and SNDQLHC [22]
have been approved. FASER has been fully constructed,
and all three are expected to begin taking data when
Run 3 starts in 2022. For the High Luminosity LHC
(HL-LHC) era, detectors under consideration include up-
grades of these detectors (FASER2, FASERv2, and Ad-
vanced SND), as well as the Forward Liquid Argon Ex-
periment (FLArE) [7].} A new facility, the Forward
Physics Facility (FPF) [4, 25], has been proposed to ac-
commodate these experiments.

Remarkably, we will find that all of these detectors
have discovery prospects for the hadrophilic models we
consider. The possible signals include DM deep inelastic
scattering (DIS) and elastic scattering, enhanced predic-
tions for neutrino neutral current (NC) scattering, an
excess of tau neutrinos in the forward region, and the
visible decay of the dark mediators into SM final states.
Notably, the visible decays include final states, such as
atr~ a9, 7%, KTK~, and KK}, that could conceiv-
ably appear in FASER at LHC Run 3; such states are
inaccessible at FASER in dark photon models. The sig-
nals are diverse and require a similarly diverse set of ex-

1 As a potential upgrade of milliQan [23], a fifth experiment,
FORMOSA [24], has also been proposed to carry out dedicated
searches for milli-charged particles and similar signatures.

periments to find them, and when combined, the experi-
ments probe parameter space even beyond the DM ther-
mal targets. These models therefore add to the broad
physics portfolio of the FPF, complementing other stud-
ies of long-lived particle searches, collider-produced TeV-
energy neutrinos, new probes of QCD, and high-energy
astroparticle physics [4].

The paper is organized as follows. In Sec. II we intro-
duce the two hadrophilic dark sector models based on the
U(1)p and U(1)p_3, gauge symmetries and discuss the
production and decays of the vector mediator, the DM
thermal relic abundance, and the existing constraints for
each model. Next, we present our assumptions regard-
ing the performance of FASER, FASER2, SNDQLHC,
FASERv2, and FLArE in Sec. III. In Sec. IV we outline
our methodology for estimating the sensitivity of these
far-forward detectors to the new physics signatures pre-
dicted in these hadrophilic models. Our main results are
contained in Sec. V, and our conclusions and outlook are
presented in Sec. VI.

II. MODELS OF HADROPHILIC PHYSICS
A. Models

With the motivation outlined in Sec. I, we begin in this
section by describing the two representative hadrophilic
dark sector models based on the anomalous U(1)p and
anomaly-free U(1)p_3, gauge symmetries.? Since the
new gauge group is Abelian, the new vector gauge boson
generically mixes with the SM photon through a kinetic
mixing term F,, V¥, where F,, and V), are the field
strengths of the SM photon and new gauge boson, re-
spectively. In the physical mass basis, the Lagrangian of
the vector mediator V,, is

1 1
LD =ViV" + §m%/V,LV” +VulJgy +75) 5 (1)

where my is the vector mass, J&,, is a current composed
of SM fields, and J¥ is the current for the dark matter
particle .

The SM current is

J = gvlJy = 3e(TA T + U A" Prus)] +eedhy . (2)

2 The cancellation of gauge anomalies in the U(1)_3, model re-
quires the introduction of a right-handed neutrino with B — 37
charge of —3. In this study we assume that the right handed neu-
trino is somewhat heavier than the vector mediator, which can
be achieved by coupling it to the dark Higgs field that sponta-
neously breaks U(1)p_3,. In principle the heavy neutrino mass
could reside anywhere in the range below my /gy . Depending
on its mass and mixing with SM neutrinos there could be addi-
tional signatures beyond the core phenomenology outlined below.
These are beyond the scope of our study, but see Ref. [26] for
the sub-GeV case and far-forward searches.



where gy = V/4way is the new U(1) gauge coupling,
Jt and JE,; are the baryon number and electromagnetic
currents, respectively, € is the kinetic mixing parameter,
and =0 (1) for the U(1)p (U(1)p_3,) model.

To specify JY, we must choose the DM candidate x.
We will study both complex scalar DM and Majorana
fermion DM in this work, with Lagrangians

10,xI? —mi|x\2 , complex scalar
L£o91_, 1 _ _ 3)
XY 8ux—§mxxx, Majorana fermion ,
where m, is the DM mass. The associated currents, J{
in Eq. (1), are

<
ix*0"x, complex scalar

I =gvQx 1_ ., s ) ' (4)
ixfy“’y X, Majorana fermion ,
where @y is the charge of the DM under the new gauge
symmetry. As we will discuss below, both complex scalar
and Majorana fermion DM exhibit velocity-suppressed
P-wave annihilation to SM final states, implying that
bounds from precision measurements of the cosmic mi-
crowave background anisotropies [27, 28] are easily sat-
isfied in these models. Furthermore, Majorana DM
features momentum-dependent scattering in the non-
relativistic regime, making it challenging to probe with
DM direct detection experiments. This is not the case
for complex scalar DM, and, as we will see, direct de-
tection experiments place strong constraints on such DM
for masses above the GeV scale. However, it is impor-
tant to note that these constraints can also be evaded
in a straightforward way by introducing a small mass
splitting, which renders the scattering transition inelas-
tic [29-31].

The full parameter space of these models is, then, spec-
ified by 5 parameters:

my, gv, €, My, and Q . (5)

To reduce the parameter space, as is commonly done in
the literature, we will assume a kinetic mixing parameter
of typical one-loop size,

_ egv
€= T6m7 - (6)

This is the parametric size of the kinetic mixing gener-
ated by loops of SM particles charged under both elec-
tromagnetism and the new gauge symmetry. The kinetic
mixing depends, in general, on the details of the UV
physics and therefore cannot be determined unambigu-
ously, but we neglect such effects here; see also Ref. [32]
for further discussion of this issue. Throughout our study
we will also adopt another common convention,

my = 3m, , (7)

so that DM annihilation proceeds to SM particles
through a virtual s-channel vector mediator.

Given the assumptions of Egs. (6) and (7), the result-
ing parameter space may be specified by the three pa-
rameters

my, gy, and Qy . (8)

We will present our results in the (my,gy) plane with
various choices for (). Since the new symmetries are
Abelian, the charge (), may be any real number. When
presenting our results below, we will consider two choices
for coupling hierarchies. As a first scenario, we will con-
sider DM and SM particles to have comparable interac-
tion strengths with the vector mediator, fixing

1, U(1)p models
L, = 9
@ {3, U(1)p—3, models . ©)

In the B — 37 model, we have fixed the DM charge to
be opposite that of the v,, @, = —Q,. As a second,
qualitatively distinct, scenario, we consider the case in
which the DM coupling to the vector mediator has a fixed
value,

93

=0.01 or 0.5 . (10)

Given that we will be considering vector mediators with
weak couplings to the SM, that is, values of gy ~
1078 — 1072, Eq. (10) implies very large DM charges Q..
This may appear unnatural, but there is nothing wrong
in principle, since the expansion parameter o, remains
perturbative. Ideas for achieving such large coupling hi-
erarchies for two U(1) gauge symmetries have been pre-
sented in Ref. [33].

Finally, although we do not consider them in this work,
viable models of hadrophilic scalar mediators can also
be constructed; see, e.g., Refs. [34-36]. However, for
the incident DM energies in the TeV range relevant for
FPF experiments, scalar-mediated DM-nuclear scatter-
ing rates are typically suppressed by several orders of
magnitude in comparison to vector-mediated scattering
rates; see also Ref. [33] for a comparison of vector- and
scalar-mediated DM scattering in the ultra-relativistic
regime. For this reason, scalar-mediated DM scatter-
ing can be better probed by low- and medium-energy
experiments [35]. On the other hand, experiments such
as FASER and FASER2 can have powerful sensitivity to
visible decays of the long-lived scalar mediator in these
models, as has been demonstrated in Ref. [37].

B. Production and Decay of the Vector Mediator

In our simulations, we model the production of light
dark vectors in the far-forward region of the LHC by
employing the FORESEE package [37]. We thereby include
dark vector production by light meson decays, proton



bremsstrahlung,® and the Drell-Yan process. We then
consider various decay final states of the dark vectors. In
particular, the partial decay width for V' — xx* is

A2 3/2
QMY m
Dyyr =K X12 <1 — X) , (11)

p)
my

where £ = 1 and 2 for complex scalar and Majorana
DM, respectively. The partial decay width into hadrons
and other SM particles is taken from the DarkCast pack-
age [41], which used data-driven methods to estimate the
hadronic width.

In Fig. 1, we present the corresponding decay branch-
ing fractions for both of the models assuming the @,
charge as in Eq. (9). In the case of the U(1)p model,
LLP decays into lepton pairs are always subdominant,
since they appear only at the loop level through the
vector mixing with the photon. In contrast, the invis-
ible branching fraction of V' — xx™ is close to unity
for light vector masses up to the w-resonance region,
my =~ my, ~ 782 MeV. This leads to an intense flux
of DM particles, which can be detected via DM scatter-
ings, as we will discuss in Secs. IV A and IV B. For heavier
dark vectors, decays into light hadrons start to play an
important role and can lead to additional signatures in
the detectors, as we will see in Sec. IV E.

For the B — 37 model with the dark charge set to
@y = 3, we obtain BR(V — xx*) ~ (10 — 20)% up
to the tau threshold, above which V' — 77~ decays be-
come kinematically allowed. The remaining decay rate
for lighter dark vectors is dominantly into tau neutrinos,
V — v,7.. As will be discussed in Sec. IV D, this can
contribute to the total v, flux measured at the FPF. The
decays into hadrons also become important for certain
values of my , especially around the w- and ¢-resonance
regions.

C. Thermal Relic Abundance

Thermal targets, that is, the regions of parame-
ter space where DM annihilates in the early Universe
through thermal freezeout to the correct relic density,
provide an important standard by which to judge the sen-
sitivity of collider searches. These have been determined
in the U(1) g model with fixed a,, = 0.5 in Ref. [33]. Here
we determine, for the first time, the thermal targets for
the U(1)p model with fixed @), and for the U(1)p_3,
model described above.

3 The modeling of dark vector production via proton
bremsstrahlung in FORESEE is based on the Fermi-Weizsacker-
Williams approximation presented in Refs. [38, 39]. Recently,
Ref. [40] studied this process using an alternative model of
nucleon interactions based on Pomeron exchange, finding
production rates that are smaller by a factor of a few. These
estimates provide a sense of the theoretical uncertainty inherent
in this process.

The dark matter annihilation cross section can be writ-
ten in the standard resonance form,
16w (2sy +1) s Tyy+(s) Tsm(s)

ann — R —5 s 12
Tann(s) = K sB2 (25 +1)% (s — mi)? +mi I3 (12)

where Sy (s) = (1 —4m2/s)'/2, sy =1, s, = 0, and
Ty~ (s) and T'sm(s) are the partial decay widths for V'
decaying into dark matter and SM particles, respectively,
with the replacement my — \/s.

The thermally-averaged cross section is, then, [42]

K f4ori§ (s—4m3) Gann(s) Ki(v/5/T) ds

2 8mi K3 (my/T) » (13)

<Uannv> =

where K; is the modified Bessel function of order i. To
determine the thermal target regions of parameter space,
we require

(Cannv) =4 x 10726 cm® s71 | (14)

which reproduces the observed DM relic abundance for
the masses we consider [43].

The thermal targets are presented below in Figs. 2
and 3. Their shapes can be understood as follows. In
the U(1) p_s, models, annihilation to tau neutrinos is al-
lowed throughout the my range. The thermally-averaged
cross section has the parametric dependence

4 N2
rgv QY Kgyay
2~ 2
ms, ms,

; (15)

<Uannv> ~

and so in the (logmy,loggy) plane, the thermal tar-
gets have slope 1 for the models with fixed a, shown
in Fig. 2, and slope 1/2 for the models with fixed @,
shown in Fig. 3. The discrepancy between the complex
scalar and Majorana fermion cases results from the fact
that in the complex scalar case, there are both DM and
anti-DM particles, whereas in the Majorana case, DM is
its own anti-particle, which impacts the annihilation rate
through the parameter x’s appearance in Egs. (12) and
(13).

For the U(1)p models, the thermal target slopes are
similar to those for the U(1)p_s, models for my 2
1 GeV. The required couplings gy are greater because
the annihilation to tau neutrinos is absent. As my drops
below 1 GeV, the cross section to hadrons decreases
rapidly, and without a large leptonic annihilation chan-
nel, the required gy increases rapidly to maintain a fixed
(0annv). This continues until my drops below m,, at
which point all hadronic channels shut off, and only the
loop-suppressed annihilation to light leptons is allowed.
The curve moves further up for masses my /3 = My < M
where only the high velocity tail of the thermal DM pop-
ulation can annihilate into electrons, which needs to be
compensated by a larger coupling. However, even though
only a small fraction of DM can annihilate into electrons,
this is still more efficient than the annihilation into 3 pho-
tons. The latter process, xx — 3v [44, 45], was found to
be negligible for our study.
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FIG. 1. Decay branching fractions of the B (left) and B — 37 (right) gauge bosons for fixed Q, = 1 and 3, respectively. The
“heavy hadrons” contour includes charm and bottom hadrons, and the red contours correspond to all other hadrons. Among
them, we explicitly show the dominant branching fractions into 7°7"7~, 7%y, and kaon pairs KK = KTK~ 4+ KsK;. Here
we assume loop-induced couplings of the bosons to charged leptons of the first two generations of size g¢ = gv (e/4m)?. The

relevant contour for boson decays into e

e” or puTp~, shown in the left panel, has been multiplied by a factor of 1000 for

visibility. The DM is taken to be a scalar, with the decay width given in Eq. (11).

The resonance structure seen in all cases arises from
resonant mixing of the dark gauge boson V' with the SM
vector mesons p, w, and ¢. In the case of DM annihila-
tion, these resonances occur at masses 2my /3 = 2m,, =
My, 6., Whereas for V' production, these resonances occur
at my = mp ¢.w-

D. Existing Constraints

Light hadrophilic mediators have a rich phenomenol-
ogy, giving rise to constraints from previous searches, as
well as search opportunities at FPF experiments. Below,
we summarize the various laboratory experimental con-
straints on light hadrophilic gauge bosons following the
discussion of Ref. [46]. The resulting limits are shown in
Figs. 2 and 3 as dark gray shaded regions.

Visible Mediator Decays: If the couplings of the
hadrophilic mediator to the SM and dark sector have
similar size, decays into visible final states are possi-
ble. If the coupling is sufficiently large, the decays
of the mediator occur promptly in the detector and
can be searched for via a bump hunt. Bounds have
been obtained by the search for the decay ' — Vv —
709y at GAMS-2000 [47] and the search for the non-
electromagnetic contribution to the decay YT(1S) — jj
by ARGUS [48], as discussed in Ref. [49]. In addition,
there are bounds from searches for displaced decays of
LLPs from NuCAL [50].

DM and Neutrino Scattering: The hadrophilic me-
diator is copiously produced in beam dump experi-
ments. The decay V' — xx™ then leads to a dark matter
beam. The MiniBooNE collaboration has searched for
the scattering of x in their downstream neutrino detec-
tor [51, 52]. Recently, even stronger bounds on coher-

ent scatterings of leptophobic DM have been obtained
with the Coherent CAPTAIN-Mills (CCM) liquid ar-
gon (LAr) detector [53]. Similarly, the decay V — v, 7,
leads to an increased tau neutrino flux, which can be
constrained using measurements from DONuT [54], as
discussed in Ref. [46].

Indirect Probes: A hadrophilic mediator can also be
constrained indirectly through its contribution to the
low-energy neutron-lead scattering cross section [55], as
discussed in Ref. [56]. Additionally, a new gauge boson
with couplings to tau leptons can be constrained by the
measurement of the Z — 77 decay width at LEP [57],
as discussed in Ref. [58].

In addition, there are other constraints that are some-
what more model dependent, which are shown as light
gray shaded regions in Figs. 2 and 3.

Anomaly Constraints: As mentioned above, the dark
vector in the U(1)p model couples to a non-conserved
SM current. Invisible decays of such a vector are then
constrained by enhanced bounds from missing energy
searches in rare Z decays and flavor-changing meson
decays K — nV and B — KV. We implement them
following Refs. [18, 19], assuming that anomalies asso-
ciated with the new gauge group are canceled by heavy
fermions that do not receive masses from electroweak
symmetry breaking. If these anomalies were canceled
by fermions with Yukawa couplings to the Higgs, the
invisible decay constraints would not apply, but there
would be severe LHC constraints on the additional
fermions.

Neutrino NSI: For the U(1)p_3, model, additional
constraints arise from studying neutrino oscillations,
both in vacuum and in the matter background of the



Sun and Earth. These have been precisely measured
by a variety of neutrino experiments. A global fit
to these neutrino oscillations measurements simultane-
ously constrains the oscillation parameters and NSI be-
tween neutrinos and matter. We present these bounds
following Ref. [59].* We note, however, that these con-
straints are model dependent and could be weakened
in the presence of additional new physics.

Direct Detection: Further bounds on hadrophilic DM
can arise from direct detection (DD) searches [15].
These, however, depend sensitively on the detailed
structure of the DM interaction and do not apply to
Majorana DM and to inelastic scalar DM if the mass
gap between the dark species is large enough to sup-
press upscatterings of non-relativistic DM particles.
We stress this in the following when presenting the cur-
rent DD bounds on spin-independent DM-nuclei scat-
tering from the CRESST-III [62], DarkSide-50 [63], and
Xenon 1T [64, 65] experiments. We show these bounds
assuming that ,h? ~ 0.12 [66] in the entire reach plot
and that a non-standard cosmological scenario affects
the DM relic density for points in the parameter space
away from the thermal target lines.

Cosmology & Astrophysics: Further indirect probes
arise from possible contributions of light dark vectors
to the number of relativistic degrees of freedom in the
early Universe, AN.g. We present them below follow-
ing Refs. [67, 68]. Additional bounds could arise from
an enhanced supernova cooling rate of SN1987A | as dis-
cussed, for example, in Refs. [69-75]. Such constraints
typically probe very small couplings outside the regions
of interest for this study. In addition, they are also
dependent on a number of astrophysical assumptions,
which may weaken the constraints or possibly even re-
move them altogether; see, e.g., Ref. [76]. In the fol-
lowing, we do not show these bounds explicitly in our
sensitivity reach plots, as a detailed study for the mod-
els considered here is beyond the scope of our analysis.

III. DETECTORS

We perform our analysis for the on-axis far-forward
detectors that will operate either during LHC Run 3 or
the HL-LHC era. In the latter case, we focus on the pro-
posed FPF, which begins at a distance L = 620 m away
from the ATLAS Interaction Point [4]. In particular,
we study the expected future sensitivity of the 10-tonne
emulsion detector FASERV2, a proposed successor to the
FASERv experiment that will take data during LHC Run
3 [2, 21], as well as the 10- and 100-tonne fiducial mass

4 An alternative study, which obtained slightly stronger con-
straints, was performed in Ref. [60] using the global fit results
obtained in Ref. [61].

liquid-argon time projection chamber (LArTPC) detec-
tors FLArE-10 and FLArE-100 [7]. The relevant detector
geometries are

FASERv2: A=2m, Sr=(0.5m x0.5m),
FLArE-10: A=7m, Sr=(1mx1m),
FLArE-100: A=30m, Sy = (1.6 m x 1.6 m),

where A is the length of the detector, and St denotes its
transverse size.

Both types of detectors have excellent capabilities to
reconstruct the low-energy nuclear scattering signals cre-
ated by both neutrinos and hadrophilic DM, and also to
disentangle DM-induced events from the more energetic
neutrino scatterings. For these searches, however, it is
also important that they be able to reject backgrounds
induced by high-energy muons that pass through the fa-
cility and interact with the surrounding rock and infras-
tructure. To veto these muons, it is highly beneficial to
collect time information about the events. In the case
of FASERwv2, this would likely require interleaving the
emulsion layers with additional electronic detectors. For
FLArE, on the other hand, the required time resolution
can be more easily obtained by employing an additional
light collection system; see Ref. [7] for further discussion.

Throughout this paper, we use the neutrino fluxes for
the FPF as presented in Ref. [8]. These fluxes were ob-
tained using the event generator SIBYLL 2.3d [77-80] as
implemented in CRMC [81] to simulate the primary colli-
sion, and the fast neutrino flux simulation presented in
Ref. [82] to model the propagation and decay of long-lived
SM hadrons in the forward LHC infrastructure.

In addition to the aforementioned scattering detec-
tors, we will also present sensitivities for the LLP signa-
ture of the vector mediator decaying to visible SM final
states. To this end, we will focus on FASER [20, 83] and
FASER2, cylindrical detectors with length A and radius
R, where [6]

FASER: A=15m, R=10cm, £=150fb""!,
FASER2: A=5m, R=1m, L=3ab '.

FASER will take data during LHC Run 3 and will be
positioned in the far-forward region at a distance L =
480 m away from the ATLAS IP. For FASER2 we assume
the relevant parameters for the HL-LHC era and the FPF
location.

We will also include in our plots the expected sensi-
tivities of the SNDQLHC detector [84] to DM scattering
in the U(1) 5 model, as determined in Ref. [85]. For the
elastic DM scattering signature, this analysis assumed
that backgrounds from muon-induced hadrons and pho-
tons can be rejected and that the number of neutrino-
induced events can also be suppressed to a negligible
level. In the DIS regime, the analysis estimated that
pure neutrino-induced backgrounds could be reduced to
O(1000) events, and the sensitivity curves were taken to
be N = 100 DM signal event contours.



IV. SIGNATURES

The hadrophilic models we are considering produce a
diverse array of new physics signatures. These are shown
in Table I, where we list which models are relevant for
each signature, the dominant production and detection
processes that determine the signal rates, the dependence
of these rates on the model parameters, and the dominant
SM backgrounds. As can be seen, the FPF experiments
will be sensitive to direct signals generated by both the
dark vector and DM, as well as to neutrino-induced sig-
nals. We now discuss them all in detail.

A. DM Deep Inelastic Scattering

We first consider DM DIS off nuclei, xN — xX. At
large momentum transfer, DM DIS produces a significant
hadronic recoil with multiple charged tracks. The main
background is SM neutrino NC interactions. Due to the
light mediator, DM scattering prefers lower momentum
transfer than the neutrino background, which proceeds
through Z-boson exchange. Our discussion of this signa-
ture closely follows that in Ref. [8].

The differential cross section for complex scalar DM
DIS in the models of Sec. II is given by

do(xN —xX) 2mpEy
d dy (@ +m3 2
> (1 —y)[rfe(2. Q%) + 2fy(z,.Q%)],

q=u,d,s,c

= 4drayay
(16)

where 7 is the parton momentum fraction, y = 1-E| /E,
is the fraction of the incoming DM energy transferred
to the nucleon in the lab frame, Q? = 2m,E,zy is the
squared momentum transfer, and f; is the quark par-
ton distribution function. We use the nCTEQ15 par-
ton distribution functions [86] for tungsten and argon
and integrate Eq. (16) requiring Q2 > 1 GeV? to obtain
the expected numbers of DM DIS events in the FPF de-
tectors. We also require the energy transferred to the
hadronic system to be 1 GeV < Ey.q < 15 GeV, where
Ehaq = yEy, and the total transverse momentum of the
recoiling hadrons to be 1 GeV <pr naq <1.5 GeV, where
Pri.a = Q*(1—y). For the background, we calculate
the expected numbers of neutrino NC scattering events
satisfying the same cuts on Q, Epaq, and p7.y,4. Our
cuts favor softer hadronic recoils, eliminating much of
the neutrino NC background. Our projected sensitivities
assume perfect detector efficiency and consider only sta-
tistical uncertainties. A previous study [8] of DM DIS at
FLArE found that some experimentally motivated cuts
did not have a large effect on the signal, but a full study
remains to be performed.

B. DM-Nucleon Elastic Scattering

The light DM particles produced in the far-forward re-
gion at the LHC can also be discovered via their elastic
scatterings with nucleons, which lead to single proton
tracks visible in the detector. We treat this signature
following Ref. [8], in which we have also studied the rele-
vant neutrino-induced backgrounds. In particular, when
presenting the sensitivity contours, we require the mo-
mentum of the outgoing proton to be within the range
300 MeV < p, < 1 GeV in FASER»2, and for FLATE we
require p, < 1 GeV and the proton’s kinetic energy to
satisfy Eip, > 20 MeV. We also reject events in which
other visible tracks emerge from the vertex. After these
cuts, we expect ~ 100, 1000, and 300 background events
during the entire HL-LHC run for FLArE-10, FLArE-
100, and FASERv2, respectively.

The elastic scattering cross section for the complex
scalar DM interacting with the neutron or proton via
the hadrophilic gauge boson is

do(xp — xp) 4oy Q? 9
o e 7o A@)

E - -
() [ erEEr] )

(17)
where Q? = 2my (Exy —my) is the squared four-
momentum transfer in terms of the nucleon mass my
(N = n,p) and the outgoing nucleon energy Ex, and E,,
corresponds to the incident DM energy. The term pro-
portional to A(Q?), which contributes negligibly to the
cross section at high energies, is given by

1 - _ m?2
AQ%) = 1 (FEN + Z*ﬂzf,gN)2 <T + m;‘) , (18)
P

with 7 = Q?/(4m2). In contrast to the case of a vanilla
dark photon mediator, the neutron and proton form fac-
tors are identical in this case and given by

_ 1+(,Up+.“n)7

FiN(Q?) T Go(@), (19)
T

- n—1

FRQ) =@, )

where p, = 2.793, u, = —1.913, and Gp(Q?) = (1 +
Q?/M?)~2 with M = 0.843 GeV. The differential elastic
scattering cross section becomes form-factor suppressed
at large momentum transfers, and the total elastic cross
section is dominated by the contribution from Q* < mi.

In the following, we include scatterings off both pro-
tons and neutrons. For protons, we include the efficiency
factors ~ (50 — 70)% related to the final-state interac-
tions (FSI) of protons, as in Ref. [8]. For neutrons, we
include similar efficiency factors in the range (15— 30)%,
which have been obtained as a function of the outgoing
neutron momentum by studying neutrino interactions in
GENIE [87, 88]. In this case, the neutron re-scatterings



Signature DM DIS DM Elastic v NC DIS v, CC DIS LLP decays
Section Sec. IVA Sec. IVB Sec. IVC Sec. IVD Sec. IVE
Models U(l)B, U(1)3_3¢ U(l)B, U(l)B_gf U(l)B_gf U(I)B—ST U(l)B, U(l)B_g,T

Production pp =V — xx pp =V — xx pp — Ds — vr pp =V = v, pp =V
q X q v, q vy q
A D A
q X q 7 q v
Detection XP — XP v:N = v X v:N = 7X V' — hadrons
X X v, vy ur T
v v W
P P N X N X
Y )
Rate scales as | g0@% ~giay | 9vQ: ~gban i % G or gt
Background vN—->vX vVp—Up vN—>vX Ds — vt None

TABLE I. The signatures studied. In the first three rows, the name of the signature, the subsection in which it is discussed,
and the relevant new physics models are given. In the 4th and 5th rows, we show the Feynman diagrams for the dominant
production and detection processes, respectively. The 6th row shows the dependence of the signal rate on the model parameters,

and the 7th row lists the dominant SM backgrounds.

inside the nucleus can lead to an outgoing proton with
momentum within the aforementioned cuts and with no
other detectable tracks. We find that scatterings of DM
off neutrons can contribute up to 25% to the total elastic
event rate.

C. Enhanced Neutrino Neutral Current Scattering

When a new mediator couples to neutrinos, NC scat-
tering vN — v X receives an additional contribution from
the mediator. The signature is identical to that for DM
DIS. However, as NC scattering depends only on the cou-
plings of the mediator to quarks and neutrinos, there is
no dependence on m,, or @)y, unlike the case of DM scat-
tering. In particular, for the B — 37 mediator, the total
v; NC cross section becomes

do(vN—vX) myE,
dx dy  4r .
Y e [efolw, @)+l -yl fa(@.@D)]  (21)
q=u,d,s,c

ek [2(1—y)2 fe(2, Q%) + 2 fy(2, Q)] },

1 (52Q,Q)
Q2 +m)

(9w 9v,L)(9W 9q,0/R)
cos?0w (Q? + m%)

CL/R = (22)

Here gw is the SM weak coupling, g, 1, = %, and gq,1 =

% — %sin26‘w for up-type quarks and —% + %sinQHW for

down-type quarks. The second term in ¢, g is the con-
tribution from the new B — 37 mediator with charges
Qv = —3 (3) for v, (), and Q, = % for all quarks.
The interference term is proportional to @,(,, and so
carries opposite signs for v, and 7, NC scattering [89].
At the FPF where we expect almost equal fluxes of v,
and 7., this implies a small contribution from the inter-
ference term after cancellations. Nevertheless we use the
complete expression above in our analysis.

For small my -, the BSM contribution to NC scattering
prefers low recoil energy, similar to DM DIS and unlike
the weak boson-mediated SM process, whose cross sec-
tion grows with momentum transfer. We calculate the
number of additional NC events expected at the FPF
with Eq. (21), using the same parton distribution func-
tions and minimum Q2 cut as in Sec. IV A. Because of
the small relative flux of tau neutrinos compared to muon
and electron neutrinos, the impact of the light mediator
on the total NC cross section must be significant to pro-
vide a sizable effect relative to the SM NC background.

In testing whether an excess of NC events is observ-
able, we consider only statistical uncertainties and ne-
glect systematic uncertainties. For simplicity, we also as-
sume perfect detection efficiency for NC interactions; the
inclusion of realistic detection efficiencies [90] would not
substantially change the positions of the limits from ex-
cess NC events in Figs. 2 and 3, relative to the other sig-
natures that we consider. We note that the main system-
atic uncertainty in the NC cross section measurement,
the neutrino flux, can be constrained by measurements
of charged current (CC) interactions. We find a statisti-



cally significant effect from the BSM contribution to NC
scattering when the coupling to mass ratio of the new in-
teraction is comparable to that of the weak interaction,
gv/my = gw/mw ~ 1072 GeV 1.

D. Excess of Tau Neutrino Flux

In the case of the gauged B — 37 scenario, the
hadrophilic mediator decays into tau neutrinos with a
sizable branching fraction.® As discussed in Ref. [46],
this opens another opportunity to probe this model via
their contribution to the LHC tau neutrino flux. In the
SM, tau neutrinos are mainly produced via Ds — v7 and
subsequent 7 decays, which occurs in roughly one in 103
collisions at the LHC. This means that even rare BSM
processes could lead to sizable contributions to the tau
neutrino flux. The relevant detection channel in this case
is via v, CC scatterings off nuclei. The displaced decays
of the outgoing boosted tau lepton must then be identi-
fied in the detector, requiring excellent spatial resolution.

An important issue that arises when searching for signs
of new physics is the large uncertainty on the normaliza-
tion of the SM tau neutrino flux [82, 91]. Although future
efforts are expected to reduce these uncertainties, we will
follow a different approach. In contrast to tau neutrinos
from charm and tau decays, which have a broader angu-
lar spread, tau neutrinos from light mediator decays are
more centered around the beam collision axis. In this
study, we use this feature and perform a shape analysis
of the v, angular distribution, which does not rely on
knowledge of the neutrino flux normalization. We focus
on the FLArE-10 design, whose 1 m X 1 m cross sectional
area is sufficiently large to capture this effect. More pre-
cisely, we define five concentric rectangular bins centered
around the beam collision axis and corresponding to the
distance between d and d 4 10 cm away from it, where
d = 0,10,20,30,40 cm. In practice, the most important
contribution to the BSM-induced excess of v, s is from the
two most central bins, i.e., at distances up to d < 20 cm
away from the beam collision axis.

E. Visible Decays of the Dark Vector

In the following, we study the decay signature using
the FORESEE package [37] with the lifetimes modeled with
DarkCast [41] and the spectrum of light hadrons obtained
from EPOS-LHC [92]. We assume 100% detection effi-
ciency for all visible final states. We present the results
for both FASER and FASER2. In the analysis, we re-
quire the total energy of the visible products of the vec-

5 Additional v, flux can be produced via V decays into tau leptons
for my 2 2m,. However, the corresponding expected sensitivity
lies in a region of parameter space that is already excluded, as
shown in Sec. V.

tor decays to be at least 100 GeV. This cut has a minor
impact on the BSM signal events, but suppresses possi-
ble SM backgrounds to a negligible level [20, 83]. Visibly
decaying dark vectors could also appear in secondary pro-
duction processes due to DM scatterings occurring right
in front of or even inside the detector [93]. We neglect the
impact of such processes below, as we do not expect them
to improve the sensitivity reach of the FPF detectors in
the models under study.

V. RESULTS

In Fig. 2, we present the results of our analysis for
both the U(1)p and U(1)p_3, models in the (my, gv)
plane. In the plots, we fix the DM coupling to o, = 0.01
and 0.5 in the upper and lower panels, respectively, and
we keep a constant mass ratio between the dark sector
particles, my = 3m,. In dark gray, we show the exist-
ing constraints, as discussed in Sec. II D, while the black
solid (dashed) lines correspond to the relic density tar-
gets for the complex scalar (Majorana) DM. We stress
that, although the anomaly bounds, shown in light gray
in the left panels for the U(1)p case, can be avoided in
modified versions of this simplified scenario, this often
leads to further constraints due to additional couplings
of the dark vectors that are introduced in the model to
make it anomaly-free. An example is shown in the right
panels for the anomaly-free U(1)g_3, model, where the
NSI constraints cover a good portion of the parameter
space shown in the plot.

In Fig. 2, we also present the expected 90% CL ex-
clusion bounds in searches for DM scatterings off nu-
clei in the elastic (dark red) and DIS (light red) chan-
nels for FLArE-10 (solid), FLArE-100 (dash-dotted), and
FASERv2 (dotted). As is clear from the plot, the elastic
scattering probe is stronger for light DM and mediator
masses below 1 GeV, which favor interactions with low
momentum exchange. For my 2 1 GeV, the elastic scat-
tering rate is suppressed by the form factor and the cut
on the outgoing proton momentum p, < 1 GeV. In this
higher mass range, the search based on DIS processes
provides the best reach. For comparison, we also show
the expected reach of the SNDQLHC detector [85] with
the assumptions noted in Sec. III.

For the U(1) g model with fixed c,, = 0.01 shown in the
upper left panel of Fig. 2, we expect that future searches
at the FPF will cover almost the entire remaining al-
lowed region in the parameter space above the Majorana
and complex scalar relic target lines, in which DM is not
thermally overproduced in the early Universe. This cor-
responds to vector masses between 1 and 3 GeV. For
the simple complex scalar DM model, additional strin-
gent bounds for m, 2 200 MeV can arise from past
DM DD searches, which are indicated in the plots by
the very light gray shaded regions and cover the region
within the sensitivity of FLArE and FASERv2. How-
ever, these limits can be evaded in the inelastic scalar
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FIG. 2. The (mv, gv) parameter space of hadrophilic DM models with U(1) g (left) and U(1) p_3, (right) gauge boson mediators
coupling to complex scalar DM, for dark matter coupling a, = 0.01 (top) and 0.5 (bottom), and my = 3m,. The black contours
are the thermal relic targets for complex scalar and Majorana DM; DM is thermally overproduced below these contours. The
light (dark) red lines correspond to 90% CL exclusion bounds from DM DIS (elastic) scatterings off nuclei for FLArE-10,
FLArE-100, and FASERv2, as indicated. The dotted brown contours are the sensitivity contours for SNDQLHC [85]. In the
right panels, the light purple contours are the projected sensitivity contours from probing the V-induced BSM NC interactions
of tau neutrinos. In both panels, the dark gray shaded regions are excluded by current bounds. The light gray shaded regions
in the left (right) panels correspond to the anomaly-induced K and Z decays (NSI bounds). The very light gray shaded regions
are constraints from DM DD; these do not apply to Majorana and inelastic scalar DM (see Sec. II D).

DM case and are not relevant for Majorana DM. For
lower masses, (afew) MeV < my < 1 GeV, the ex-
pected FLArE and FASER»2 bounds extend beyond cur-
rent constraints from the CCM, MiniBooNE, and NA62
experiments. Here, the searches at the FPF would probe
regions in the parameter space that are otherwise par-
tially excluded only by anomaly-induced rare K and Z
decays.

Next, we consider the U(1l)p_3, model with fixed
a, = 0.01 shown in the upper right panel of Fig. 2. Since
the model is free of gauge anomalies, the stringent con-
straints from rare Z and meson decays present in the
U(1)p model are absent in this case. On the other hand,
the additional bounds from neutrino NSI cover much of

the model parameter space. Nevertheless, we observe
that the FPF detectors can still explore a portion of the
currently allowed parameter space, especially in the w
and ¢ resonance regions, my ~ m,, Mg, and the corre-
sponding part of the relic target line for complex scalar
DM. In this model, additional sensitivity arises from
dark-vector-mediated scattering of tau neutrinos in the
DIS regime; see Sec. IV C. The relevant expected bounds,
which are indicated by the light purple lines in the plots,
impact parameter regions that are already excluded by
past searches. We note that the actual exclusion bound
in the DIS channel should be derived using the combined
excess signal rates for both DM and BSM neutrino scat-
terings over the expected SM backgrounds. Instead, in
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sensitivity contour from probing excess CC scatterings of v;.

the plot, we have presented the expected bounds for each
separately to allow for independent discussion of the im-
pact of different new physics effects.

For larger values of a,, the relic target lines shift
downwards relative to the FPF sensitivity contours from
DM scattering. This is dictated by the different para-
metric dependence of the annihilation cross section and
the number of DM scattering events in the FPF exper-
iments on the coupling constants, (ocv) ~ g¥a, and
Ney ~ g%,ax, respectively. As a result, in the lower
panel of Fig. 2 obtained for a, = 0.5, we observe that
both FLArE and FASER»2 will only partially cover the
thermal target lines for the U(1)p model. Instead, in
the U(1)p_3, case, they will typically probe regions in
the parameter space predicting subdominant fractions of
thermally-produced xy DM.

Thus far we have considered scenarios in which the
vector mediator couples much more strongly to DM than
to SM particles, @, > 1. In Fig. 3 we consider the
different scenario in which the vector mediator couples
with comparable strength to complex scalar DM and
SM particles, with @), fixed according to Eq. (9). As
can be seen, for both the U(1)p and U(1)p_3, models,
FLArE-10 can cover the entire relic target line in a wide

vector mass range between 1 MeV and 10 GeV. As in
the previous scenarios depicted in Fig. 2, significant por-
tions of these regions are already constrained by either
anomaly-induced or NSI bounds, as well as by the other
past searches indicated in the plots. However, we empha-
size that for the case of inelastic scalar DM in the U(1)g
model, to which DD constraints do not apply, FLArE-10
will be able to test an interesting open region of param-
eter space for vector mass of order several GeV that is
consistent with the observed DM abundance.

Fig. 3 also highlights the rich phenomenology present
in scenarios with comparable DM and SM couplings to
the vector mediator. Along with the scattering searches
relevant for DM and BSM neutrino interactions, addi-
tional prospects arise at very small couplings from FPF
searches for visible decays of the long-lived vector medi-
ator; see Sec. II B. In particular, for my between several
hundred MeV and a GeV and coupling 1078 < gy <
1075, such displaced decays into visible final states, pri-
marily light hadrons, can be detected at both FASER
and FASER2. The dominant branching fraction in this
case is into three pions, 777, which leads to a strik-
ing signature consisting of a photon pair accompanied by
two oppositely charged tracks.



We present the relevant expected 90% CL exclusion
bounds on LLP decays for FASER (dark blue) and
FASER2 (light blue) in the plots. These correspond
to the region of parameter space with my ~ mg or
mg. Here, both the dark vector production via pro-
ton bremsstrahlung and its decay branching fractions
into light hadrons are enhanced. The expected exclu-
sions shown in the plot are bounded from below by the
production rate of the dark vectors being too low, and
from above by the V lifetime being too small for the
boson to decay in the detectors. In the U(1)p model,
further sensitivity at FPF experiments can be obtained
for my < 10 MeV due to loop-induced dark vector de-
cay into an eTe™ pair. This scenario is, however, already
constrained by the past beam-dump search in NuCal and
by the anomaly-induced bounds.

Last but not least, in the U(1) g_3, model, further con-
straints arise due to the dominant dark vector decays into
tau neutrinos. These can generate an excess flux of v,s
over the expected SM production rates, which can be
detected via their CC scatterings in the detector, as de-
scribed in Sec. IV D. The corresponding expected sensi-
tivity is indicated by the green contour in the right panel
of Fig. 3. For my < 2 GeV, this sensitivity is greater
than from the DM and BSM neutrino searches. In par-
ticular, it allows one to constrain the currently allowed
region of the parameter space of the model close to the w-
and ¢-resonance regions. In this case, the increased flux
of v;s could also further contribute to the aforementioned
NC DIS signal rate due to BSM tau neutrino interactions.
To isolate the impact of various new physics effects, we
do not take this into account when presenting relevant
expected bounds, which should thus be considered con-
servative. We stress that the dominant expected bound
in the corresponding region of the parameter space is, in
any case, due to excess CC v, scatterings.

VI. CONCLUSIONS

While the ability of the LHC to search for TeV-scale
DM is well known, recently proposed dedicated experi-
ments at high rapidity can significantly enhance the po-
tential of the LHC to probe light DM. Beyond the mini-
mal portal extensions of the SM that allow for light DM
and an associated mediator, new gauge groups represent
a well-motivated class of possible dark sector models. In
this paper, we have explored the use of the FPF to study
such U(1) theories leading to hadrophilic dark sectors. In
particular, these remain beyond the reach of experiments
focusing on BSM electron couplings, while they can more
straightforwardly be studied at the LHC.

The suite of FPF experiments provides a comprehen-
sive set of tests of these theories in different regions of
parameter space. DM produced in pp collisions can scat-
ter in the FASERv2 and FLArE detectors through the
new light vector; we have considered both elastic and
deep inelastic scattering. Furthermore, if the mediator
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has a significant decay branching ratio to SM states, the
FASER2 LLP detector can search for the visible decay
products. In fact, already at Run 3, the FASER detec-
tor will begin to test hadrophilic U(1) theories at cou-
plings substantially lower than existing bounds. These
hadrophilic models therefore motivate near-term searches
at FASER for new LLP signatures

V = 7%, ata 7% K"K, KsK, , (23)

which are not motivated by dark photon models for
FASER in Run 3. Finally, if neutrinos are also charged
under the new gauge symmetry, additional signatures are
possible in the scattering detectors. We have demon-
strated that with a symmetry under which tau neutrinos
are charged, the v, flux and NC cross section are both
enhanced, leading to potential deviations in v, CC and
NC scattering rates.

These results for U(1)p and U(1) g3, models should
be considered as illustrative of the complementarity of
forward LHC experiments in searching for light dark sec-
tors, particularly between LLP and scattering detectors.
In both of these theories, the FPF can test broad regions
in the coupling-gauge boson mass plane, including signif-
icant expanses over which the observed DM relic density
could be obtained through standard thermal freezeout.
For our benchmark scenario with scalar DM, my = 3m,,
and low values of the dark charge @, given by Eq. (9),
FPF searches can probe well below the thermal relic tar-
get lines in each model for nearly all gauge boson masses
between 1 MeV and 10 GeV. Throughout our results, the
strongest searches tend to be those based on DM elastic
scattering and DIS, with distinct additional reach possi-
ble from LLP searches when the mediator can decay to
SM final states. For the B — 37 model, searches for an
increased v, flux would also test new space.

The models that we have studied face strong indirect
constraints, notably from rare invisible decays and neu-
trino oscillations, but we emphasize that FPF searches
can test couplings that are smaller than these formidable
existing bounds. In addition, in the GeV mass range,
these searches provide constraints that are complemen-
tary to those from spin-independent DD, the latter only
being applicable in the case of elastic scalar DM.

Though we have chosen to focus on two possible gauge
groups with a handful of coupling and mass assump-
tions, the general interplay between the DM scattering,
LLP and neutrino searches is likely to persist for other
theories and parameter choices. To determine the gain
provided by the FPF in a particular theory, the reach
of these searches must be compared against those from
other bounds. As we have seen, U(1) theories that are
not anomaly-free typically face rare meson decay con-
straints, while those with nonzero lepton charges can en-
counter NSI bounds. For models with couplings to 1st
and 2nd generation leptons, additional limits from beam
dump and neutrino experiments would likely need to be
considered as well.

Forward LHC detectors offer a distinct perspective on



light hidden sectors, allowing for searches for light DM
and its associated mediators in an otherwise inaccessi-
ble kinematic regime. The results here underscore the
utility of different types of forward detectors, as could be
provided at the FPF. The multi-pronged approach to un-
covering physics beyond the SM that is enabled by such
a facility, along with other uses such as measurements of
SM neutrino interactions and tests of QCD, bolsters the
physics case for the FPF.
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