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Many existing or proposed intensity-frontier search experiments look for decay signatures of light long-
lived particles (LLPs), highly displaced from the interaction point, in a distant detector that is well-shielded
from the Standard Model background. This approach is, however, limited to new particles with decay lengths
similar to or larger than the baseline of those experiments. In this study, we discuss how this basic constraint
can be overcome in non-minimal beyond standard model scenarios. If more than one light new particle is
present in the model, an additional secondary production of LLPsmay take place right in front of the detector,
opening this way a new lifetime regime to be probed.We illustrate the prospects of such searches in the future
experiments FASER, MATHUSLA, and SHiP, for representative models, emphasizing possible connections
to dark matter or an anomalous magnetic moment of muon. We also analyze additional advantages from
employing dedicated neutrino detectors placed in front of the main decay volume.

DOI: 10.1103/PhysRevD.101.095020

I. INTRODUCTION

Motivated by a successful history of discoveries of new
elementary particles, it has long been the dominant para-
digm in experimental searches to look for heavier and
heavier particles that could manifest their existence in
increasingly more powerful colliders. This approach led to
a well-established experimental program that is now being
continued at the Large Hadron Collider (LHC). In parallel
with these persevering efforts, however, there has also been

a growing interest in recent years in exploring scenarios
that might have been overlooked in the past.
Among them, a prime focus has been directed on light

and very weakly interacting beyond the Standard Model
(BSM) particles that could have escaped detection in
previous searches due to the lack of sufficient luminosity.
The corresponding efforts are often referred to as intensity
frontier searches for light long-lived particles (LLPs). This
captures the fact that the relevant detection prospects
depend upon the ability to study very rare events that
should also be discriminated from a priori overwhelming
Standard Model (SM) background (BG).
A variety of atypical experimental signatures have been

proposed to search for LLPs [1,2]. In particular, very clean
searches for LLPs have been considered to employ their
displaced decays in a distant detector that is physically
separated and shielded from the primary interaction point
(IP). This allows one to drastically reduce BG, often to
negligible levels. However, an obvious limitation of this
strategy is the lifetime of BSM particles that can be probed
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this way. If a LLP is too short-lived, it primarily decays
before reaching a detector’s fiducial volume in which case
prospects for discovery are greatly reduced.
This is evident in a variety of simplified models that have

been proposed as benchmark scenarios for intensity frontier
studies [1]. In particular, in models employing a single
coupling of an LLP to the SM particles, the shape of current
exclusion bounds and future sensitivity lines is often driven
by the tension between increasing production rates and
diminishing the lifetime of the LLP. This can be overcome
in less simplified models employing e.g., nonuniversal
couplings of the LLP to SM hadrons and leptons, or by the
use of a compressed mass spectrum to increase the lifetime
of decaying LLP. By tuning different types of couplings or
a mass splitting between the particles present in the model,
one can keep a relatively high production rate of LLPs,
while simultaneously increasing their decay length.
On the other hand, in more complete models, if an LLP is

present, it is often accompanied by other light BSM
species. A notable example can be light dark matter
(DM) with a mediator particle of similar mass that couples
to the SM and yields correct thermal DM relic density [3,4]

or various realizations of the twin Higgs model [5] that
have been advocated for in the context of neutral natu-
ralness and often predict the existence of several light BSM
particles in the mirror sector.
In such scenarios, the aforementioned effective decou-

pling of production and decay of the LLPs can appear even
more naturally, without requiring a tuning between the
model parameters or introducing exotic nonuniversal cou-
plings. In particular, if one of the LLPs can be effectively
produced in interactions of the other, that happen in front of
the detector or inside it, this can lead to secondary
production of LLPs at a position much closer to a decay
vessel. We illustrate this schematically in Fig. 1.
As a result, the rangeof theLLP lifetimes, τLLP, that canbe

probed is extended toward smaller values. In addition, for a
range of intermediate values of τLLP, both primary and
secondary production give comparable contributions to the
total number of events in the detector. We illustrate this in
Fig. 2 for selected intensity frontier experiments and bench-
mark points (BPs). In the figure, we show the expected
number of events associated with both the primary produc-
tion at the IP and the secondary production mechanisms as a
function of τLLP.
In this study, we analyze the prospects for such searches

in some of the future experiments that have been proposed
to look for the LLPs and could naturally employ the
aforementioned secondary production mechanism to
increase their discovery potential. Among them, we study
the FASER experiment [6–9] that will be taking data during
LHC Run 3 and can then be extended toward the High
Luminosity LHC (HL-LHC) phase. We also discuss the
prospects of two other experiments with a possible timeline
similar, or identical, to HL-LHC, namely the proposed
MATHUSLA [10–12] and SHiP [13–15] detectors.
In the case of the proposed SHiP detector, we additionally

discuss two other possible signatures of models with more
than a single LLP that employ a dedicated neutrino

FIG. 1. Schematic illustration of primary and secondary pro-
duction of the light long-lived particle LLP2, shown with the
dashed blue line, that subsequently decays inside the detector. In
the case of secondary production, the intermediate role of other
light species, LLP1, shown with the dotted red line, allows for
producing LLP2 much closer to the detector. In models studied
below, the ðLLP1;LLP2Þ pair can be identified with: ðχ; A0Þ for
dark bremsstrahlung (see Sec. II A), ðχ1; χ2Þ in the case of inelastic
dark matter (see Sec. II B), and ðS; A0Þ for the model with a dark
photon and a secluded dark Higgs boson (see Sec. II C).

(a) (b) (c)

FIG. 2. Histograms with the expected number of events in the detectors: FASER 2 (left), MATHUSLA (center), and SHiP (right)
coming from primary (red) and secondary (blue) production of a light long-lived particle. For the purpose of illustration, the plots were
obtained for benchmark points indicated in the captions that correspond to the models described in Sec. II. The currently excluded
ranges of lifetimes for these BPs are shown as grey-shaded regions.
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subdetector. Interactions of LLPs can be discovered there
based on their scatterings off electrons, as well as such
scatterings followed by a prompt decay in the subdetector
that leads to two simultaneous electromagnetic (EM) show-
ers.We analyze how a combination of various signatures can
deliver important information, on top of the one from the
standard search for LLP decays in the decay vessel, that
could help to resolve the nature of the LLP.
This paper is organized as follows. In Sec. II, we

introduce simplified BSM models of interest to us. In
Sec. III, we discuss basic aspects of the LHC experiments
under study, while more details of our analysis are given in
Sec. IV. The results for the secondary LLP production in
scatterings off nuclei are presented in Sec. V, while addi-
tional signatures for scatterings off electrons in the SHiP
neutrino subdetector are discussed in Sec. VI. We conclude
in Sec. VII. More technical aspects of the study are
described in the appendixes. In Appendix A we discuss
how the sensitivity reach from the secondary production can
be affected by varying cuts imposed in the analysis. In
Appendixes B and C, respectively, we present the expres-
sions relevant for the primary production and decay of
LLPs, as well as the scattering cross sections corresponding
to the secondary production. Appendixes D and E are
devoted to a more detailed discussion of the detector designs
used in modeling, as well as relevant experimental cuts.

II. MODELS

In order to illustrate the impact of the secondary production
mechanism on the sensitivity reach in intensity frontier
searches, we consider some simplified BSM models that
can lead to production of LLPs in scatterings in front of the
detector and their subsequent decays within its fiducial
volume.
To this end, we focus on popular scenarioswith a light dark

vector particle appearing in minimal extensions of the SM
with a new Uð1Þd symmetry group. We assume that the
resulting gauge boson, dubbed dark photon or A0, couples to
the SM solely via a kinetic mixing term ðϵ=2ÞFμνF0μν, where
Fμν and F0μν are the field strength tensors of the SM photon
and dark photon, respectively. The parameter ϵ can be natu-
rally small when induced at a loop level due to the presence of
new heavy charged particles [16]. After a field redefinition to
remove the nondiagonal term in the field strength tensors,
SM fermions acquire millicharges under the Uð1ÞD group
with the corresponding interaction mediated by the dark
photon (for recent reviews see [17–19]). The relevant
Lagrangian terms for the dark photonwithmassmA0 then read

L ⊃
1

2
m2

A0A02 − ϵe
X
f

qff̄=A0f; ð1Þ

where the sum in the second term spans over SM fermions f
with electromagnetic charges qf.
In the following, we will focus on scenarios with

mA0 ∼MeV–GeV. In this mass range, dark photons are

promising targets for intensity frontier searches and one of
just a few renormalizable BSM portals to study at a
simplified level. In particular, the values of the kinetic
mixing parameter in the allowed region of the parameter
space of the dark photon model spanned by just two
parameters, mA0 and ϵ, can be as large as ϵ ∼ 10−3 and lie
within reach of many current and future experiments [1,2].
Once produced, dark photons can decay back into SM

particles with the relevant decay length given in Eq. (B6). If
dark photons are produced in secondary production proc-
esses right in front of the detector, this can allow one to
probe boosted A0s with the decay length dA0 of order meters

ðcτβγÞA0 ∼ 1 m ×

�
10−4

ϵ

�
2
�

EA0

100 GeV

��
30 MeV
mA0

�
2

: ð2Þ

Additional LLPs with mass of a similar order often arise
in such models, e.g., as dark sector particles comprising
DM, or in connection to the dark Higgs mechanism that can
generate nonzero mass of A0. In such scenarios, dark
photons can either decay visibly or decay predominantly
into dark sector particles. Below, we briefly discuss several
simple scenarios with A0 accompanied by additional LLPs.

A. Dark bremsstrahlung

One of the most important motivations to search for new
light subweakly coupled particles is the role they can play
in cosmology and astrophysics, acting as mediators
between the SM and DM (for a recent review see e.g.,
[20]). In particular, a light dark photon serves as an
important example of such a portal that can yield correct
relic density of thermally produced DM due to a general-
ized weakly interacting massive particle (WIMP) miracle
[3,4] or in a secluded WIMP DM scenario [21], as well as
due to nonzero temperature effects in the forbidden DM
regime [22] (see also Ref. [23] for a recent study in this
direction). In addition, depending on the hierarchy between
DM and dark photon masses, this scenario can belong to a
more general framework of self-interacting DM and can
help to resolve problems in understanding DM distribution
toward centers of galaxies and galaxy clusters [24] (for
review see [25]).
We focus on the model with fermionic DM χ coupling to

SM via a dark photon portal described by Eq. (1) and the
following additional terms in the Lagrangian:

L ⊃ χ̄ði=D −m χÞχ; ð3Þ

where Dμ ¼ ∂μ − igDA0
μ, m χ is the DM mass, and gD is the

dark coupling constant that governsDM interactionswithA0.1

1Here, as well as in the models described in Secs. II B and II C,
an additional, close to unity and ϵ-dependent, rescaling factor
appears in the effective coupling gD due to A0 field redefinition
that leads to Eq. (1). It is, however, negligible for small values of ϵ
considered in our study.
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As a result, the parameter space of this model is spanned by
fourparameters,mA0 ,m χ , ϵ, andαD ¼ g2D=ð4πÞ. In the case of
a massive dark photon that we focus on, dark fermion χ
remains electrically neutral after gauge field transformations
are applied [26].
In the following, we set αD ¼ 0.1, a value that lies within

perturbativity limits but at the same time is large enough so
that the αD-dependent secondary production of LLPs
can become sizable. For illustrative purposes, we also
assume a fixed mass ratio m χ∶mA0 ¼ 0.6∶1. This corre-
sponds to a particularly interesting mass regime in which
m χ < mA0 < 2m χ . Here, dark photons decay visibly into
SM particles with possible striking experimental signatures
in distant detectors. At the same time, the DM relic density
is set by a freeze-out of direct χ χ̄ annihilations into SM
particles via intermediate A0 [27], with only a small impact
of very efficient annihilation into two dark photons relevant
for the forbidden DM regime. Instead, in the case of a larger
mass ratio, m χ > mA0 , characteristic for secluded DM, one
would typically obtain tiny DM relic density for a chosen
value of αD. Further comments about DM relic density in
this model are given in Sec. V. Once the aforementioned
assumptions about the mass ratio and the value of αD are
taken into account, there remain only two free parameters
of the model: mA0 and ϵ.
While DM particles χ are stable, spectacular signatures

of this model can come from dark photon decays inside the
detector. Importantly, on top of A0s produced at the primary
IP, further dark photons can come from dark bremsstrah-
lung processes, χT → χTA0. Here, χ scatters off electron or
proton/nucleus target T in the material in front of the
detector and radiates off the dark photon (see e.g.,
Refs. [28–30]). The relevant Feynman diagram is shown
in the left panel of Fig. 3. Alternatively, one can study
scattering signatures of DM particles off electrons,
χe− → χe−, that can lead to excess in the number of
high-energy EM showers in the detector with no significant
nuclear recoil over expected neutrino-induced BG [31–36].

B. Inelastic dark matter

Generalizing the aforementioned case of Dirac fermion
DM, we also consider the scenario with a pair of Weyl

(dark) fermions χL and χR with opposite chirality that share
the same charge under the dark gauge group Uð1ÞD; see
e.g., Refs. [37,38] for recent discussion. When Uð1ÞD
symmetry is spontaneously broken, Majorana mass terms
can be generated on top of the Dirac mass. The relevant
Lagrangian can be written as L ⊃ ðΨTCMΨþ H:c:Þ, with
ΨT ¼ ðχL; χcRÞ and the (real) mass matrix

M ¼
�
mL M χ

M χ −mR

�
; ð4Þ

where the Majorana masses are denoted by mL and mR and
the Dirac mass by M χ. By rotating to the mass basis, two
dark fermion states appear with masses

m χ1;2 ¼
���� 12 ðmL þmR ∓

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðmL −mRÞ2 þ 4M2

χ

q
Þ
����: ð5Þ

The effective Lagrangian then reads

L ⊃
X
i¼1;2

gii χ̄iγμ χiA0
μ þ ðg12 χ̄2γμ χ1A0

μ þ H:c:Þ; ð6Þ

where we focus on the case with gii ≪ g12 and the dark
photon coupling to the SM as shown in Eq. (1). In fact, the
diagonal and nondiagonal couplings between dark fer-
mions depend on their mixing angle θ. They are propor-
tional to cos 2θ and sin 2θ, respectively, with the mixing
angle defined as tan 2θ ¼ 2M χ=ðmL þmRÞ.
As can be seen, in the pseudo-Dirac limit with M χ ≫

mL;mR, diagonal couplings are suppressed and two dark
fermion states are characterized by a small mass splitting.
This corresponds to a well-known scenario first discussed
in the context of the DAMA anomaly in DM direct
detection searches [39], which has recently received
renewed attention due to possible interesting signatures
in intensity frontier searches and other experiments from
displaced decays of a heavier fermion, χ2 → χ1eþe−; see
e.g., Refs. [40–48].
On the other hand, a similar suppression of diagonal

couplings can be achieved even for larger Majorana masses
by requiring mL ≈ −mR. This then allows one to consider a
larger mass splitting between χ1 and χ2,

FIG. 3. Feynman diagrams relevant for secondary production processes discussed in the text. Left: Dark bremsstrahlung of A0 in DM
scattering. Center: Upscattering of a lighter χ1 fermion into a heavier one χ2 in an inelastic DM model. Right: Scattering of a secluded
dark Higgs boson with A0 production.
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Δ χ ¼
m χ2 −m χ1

m χ1

≃
2 min fM χ ; mLg

jmL −M χ j
; ð7Þ

while the mass eigenstates read m χ1;2 ≃ jmL ∓ M χ j. In
particular, for mL ≃ −mR ≃M χ, one obtains a very low
mass of χ1, i.e., m χ1 ≈ 0, while the χ2 mass can remain
significantly larger,m χ2 ≃ 2M χ . On the other hand, for χ1 to
be a coldDMcandidate, we requirem χ1 to be not suppressed
too much. This can be achieved by e.g., assuming mL ≃
−mR ≃ 2M χ leading tom χ2 ≃ 3M χ ≃ 3m χ1 . In this case, for
increasing the mass of dark fermions, other decay channels
might open up on top of the leading one to an electron-
positron pair. These include e.g., χ2 → χ1μ

þμ−, as well as
decays with hadronic particles in the final state.
While in the pseudo-Dirac limit χ2 can become long-

lived due to a suppressed mass spectrum in its three-body
decays, the lifetime of a heavier dark fermion becomes
smaller for increasing Δ χ . As a result, χ2’s often struggle to
reach a distant detector before decaying. This opens up a
region in the parameter space of the model in which correct
DM relic density can be obtained, while current bounds
from beam-dump experiments are weakened [38,42].
Due to suppression of diagonal couplings, lighter dark

fermions, when scattering off the electron or proton target,
preferably produce a heavier state, χ1T → χ2T, if kine-
matically allowed. This is illustrated in the central panel of
Fig. 3. If such upscattering occurs in front of the detector,
subsequent decays of χ2 might lead to a spectacular
signature inside the fiducial volume of the detector. For
large mass splitting between both dark fermions, an
approximate decay length of boosted χ2 reads

ðcτβγÞ χ2 ∼1m×

�
0.1
αD

��
5×10−4

ϵ

�
2
�

E χ2

100GeV

��
100MeV

m χ1

�
5

×

�
300MeV

m χ2

��
mA0

400MeV

�
4
�
2

Δ χ

�
5

; ð8Þ

while a full expression for the relevant decay width is given
in Eq. (B7).
When presenting the results in Sec. V, we follow a simple

mass scaling mentioned above with m χ2 ∼ 3m χ1 and take
both masses in the MeV–GeV range, which has been
chosen for illustrative purposes. As the upscattering cross
section decreases with growing dark photon mass, we
additionally focus on the case when mA0 saturates the
minimal value required for on-shell A0 to decay invisibly
into χ1 χ2 pairs; i.e., we assume m χ1∶m χ2∶mA0 ∼ 1∶3∶4. In
addition, similar to Sec. II A, we assume αD ¼ 0.1, where
we define αD ¼ g212=ð4πÞ. Hence, there remain only two
free parameters of the inelastic DM (iDM) model that we
vary freely when obtaining sensitivity reach plots: m χ1
and ϵ.

C. Dark photon with secluded dark Higgs boson

A natural way to introduce a nonzero dark photon mass
is to employ a dark Higgs mechanism in which mA0 is
driven by a vacuum expectation value (VEV), vS, of a new
SM-singlet complex scalar field S added to the model. In
comparison to the SMHiggs boson VEV vh, the VEVof the
new field is assumed to be small, vS ≪ vh, as expected for a
low-mass dark gauge boson. This new dark scalar, dubbed
dark Higgs boson, can have non-negligible couplings to the
SM fermions that either arise thanks to the mixing between
S and the SM Higgs boson H or appear at a loop level with
the exchange of intermediate A0s. The relevant Lagrangian
terms read [31,49]

L ⊃ jDμSj2 þ μSjSj2 −
λS
2
jSj4 − λSH

2
jSj2jHj2; ð9Þ

whereDμ ¼ ∂μ − igDA0
μ, while dark photon coupling to the

SM is given by Eq. (1). The phenomenology of new BSM
light scalars in connection to intensity frontier searches has
been extensively studied in the literature; see e.g.,
Refs. [1,15,50–52] and references therein.
Assuming small mixing, λSH ≪ λS, and by solving

relevant tadpole equations, one can rewrite the dark scalar
mass in terms of vS which reads m2

S ¼ 2μ2S − λSHv2h ¼
2λSv2S. At the same time, the dark photon mass induced by
the VEV of S is given by m2

A0 ≃ g2Dv
2
S. As a result,

m2
S ∼m2

A0 × λS=ð2παDÞ, i.e., both dark scalar and dark
vector masses are naturally of similar order. In particular,
keeping a small value of λSH allows one to suppress a
contribution to the dark Higgs boson mass from the VEVof
the SM Higgs, λSHv2h.
In the following, we require the mixing term to be very

small, λSH ∼ ðm2
S=v

2
hÞ≲ 10−6. This results in highly sup-

pressed values of a mixing angle between the dark and SM
Higgs bosons that typically lies below the reach of current
and future searches. It then plays a negligible role in our
phenomenological analysis, while we will comment on it
when discussing current bounds on this scenario.
In fact, the dominant couplings of such a secluded S to

the SM fermions arise via the dark photon portal and an
unsuppressed coupling between S and A0 that appears after
Uð1ÞD symmetry breaking, L ⊃ gDmA0SA0μA0

μ. This can
lead to efficient coproduction of light scalars in any process
leading to A0 production, where S can be bremmed off the
vector leg. As a result, a flux of dark scalars going toward
the detector can be obtained along with dark photons
produced at the primary IP.
Importantly, unlike with dark photons which can decay

promptly depending on the value of the kinetic mixing
parameter ϵ, dark Higgs bosons in such a scenario are
typically very long-lived if mS < mA0 . This is because their
dominant decays into a pair of SM fermions, e.g.,
S → eþe−, proceeds at a loop level through a triangle
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diagram with intermediate vector states [31,43,49]. A
typical lifetime of S then reads

τS ∼ 0.1s ×

�
0.1
αD

��
10−3

ϵ

�
4
�
20 MeV

mS

��
mA0

30 MeV

�
2

: ð10Þ

For larger values of mS, the di-muon final state becomes
possible, as well as three- or even two-body decays with
one or two on-shell dark photons in the final state that
reduce the lifetime of S. These, however, turn out to be
irrelevant for the mass range of our interest and for the
assumed mass ratio in our benchmark scenario
mS ¼ ð3=4ÞmA0 , as discussed in Sec. V. We also fix the
dark coupling constant to be αD ¼ 0.1, which leads to only
two free parameters of the model varied to obtain the
sensitivity reach plots: mA0 and ϵ.
As evident from Eq. (10), dark scalars in the considered

scenario are effectively stable at collider scales. Thus, once
a flux of dark Higgs bosons is produced, they will only
rarely decay before reaching the detector. Instead, when
traveling, they can scatter off nuclei and electrons produc-
ing secondary dark photons, ST → A0T, as illustrated in the
right panel of Fig. 3. The dark photons can then decay
inside the detector. If such a secondary A0 production can
take place in the vicinity of the decay vessel, it allows one
to probe small dark photon lifetimes.

III. EXPERIMENTS

In order to illustrate the impact of secondary production
of LLPs on the reach, we study the expected sensitivity for
three representative proposed experiments. Since this effect
becomes more evident for highly boosted particles, we
focus first on the LHC experiments, namely FASER and
MATHUSLA. We also study the possible impact of
secondary production of LLPs on the reach plots relevant
for the SHiP experiment.2

As discussed in more detail in Sec. IV and Appendix C,
the dominant contribution to the secondary production rate
comes from Z2-enhanced coherent scatterings off nuclei.
They are characterized by a low-momentum transfer to the
nuclear target. This is different from the neutrino-induced
neutral hadron BG, which, in order for the recoiled hadron
to be energetic, requires larger momentum transfer.
As a result, for the signal of interest to us, no significant

recoil energy is expected and veto layers in front of the decay
vessel often remain inactive, unless the scattering process
takes place right in front of them. We then always require in
our analysis that precoil < 1 GeV, while the typical recoil
momentum is even smaller, precoil ∼Oð100 MeVÞ. In addi-
tion, we exclude all scattering processes happening in the

last three hadronic interaction lengths, 3λhad;int, of the
material lying in the most immediate neighborhood of the
veto layers. While the last condition follows our generally
conservative approach, we also discuss in Appendix A how
the sensitivity reach can be changed by ameliorating, or
strengthening, this cut.
The geometry for each experiment is illustrated in Fig. 4.

Below, we briefly describe basic details of the experiments
that are relevant for our discussion. A more detailed
description of simplified detector designs employed in
our study is given in Appendix D, and physics cuts applied
to signal events in each experiment are discussed in
Appendix E.

A. FASER

1. Basic detector design.—

The FASER experiment has been proposed [6] to search
for LLPs that can be abundantly produced in the forward
direction of the LHC and subsequently decay in a distant
detector [6,8,51,56,57]. Following a preparation of the
detailed detector design [7,9], the experiment was approved
to take data during LHC Run 3. In addition, a larger version
of the detector has been considered [8], dubbed FASER 2,
that could collect data during the HL-LHC era. In the
following, we will present the results for both these
experiments, as well as for a small version of the
FASER detector left for the entire HL-LHC era, that we
further denote by FASER (HL-LHC).
The FASER detector consists of a cylindrically shaped

decay vessel with length Δ and radius R, followed by a
spectrometer and calorimeter. At the front of the detector,
there is a veto layer with a primary role to reject muon-
induced BG. The detector is placed in the side LHC tunnel
TI12 about L ¼ 480 m away from the ATLAS IP along the
beam collision axis. The actual detector position is shielded
from the ATLAS IP by 10 m of concrete and about 90 m of
rocks, on top of various elements of the LHC infrastructure.
The detector geometries and integrated luminosities cor-
responding to all three aforementioned versions of the
FASER experiment read as follows:

(i) FASER: Δ ¼ 1.5 m, R ¼ 10 cm, L ¼ 150 fb−1,
(ii) FASER (HL): Δ ¼ 1.5 m, R ¼ 10 cm, L ¼ 3 ab−1,
(iii) FASER 2: Δ ¼ 5 m, R ¼ 1 m, L ¼ 3 ab−1.
On top of the main FASER detector described above,

recently an additional detector component has been pro-
posed [58], dubbed FASERν, to be placed in front of the
main detector with a primary role to study interactions of
high-energy neutrinos. This is an emulsion detector cover-
ing the transverse size of FASER with tungsten layers
interleaved with emulsion films. The total length of
tungsten in FASERν is 1 m. Both in front of FASERν
and after the emulsion detector, there are scintillator layers
acting as a veto for muon-induced BG.

2This selection of the experiments is motivated by the scope of
different experimental approaches they cover. We note, however,
that the same ideas apply to other existing or proposed experi-
ments such as CODEX-b [53,54], NA62 [55], or SeaQuest [44].
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As far as the secondary production of LLPs is concerned,
FASER can employ all the material in front of the detector
that could serve as a target. In particular, these include the
aforementioned concrete shielding and rock, but also
FASERν subdetector. In the following, we will take into
account secondary production processes happening in all
these places. To this end, we will assume that both FASER
(Run 3) and FASER (HL-LHC) are equipped with the
FASERν subdetector, while FASER 2 does not contain it
due to its larger size that needs to be fitted in the TI12
tunnel. Further details about detector design are shown in
Figs. 4(a) and 4(b) for FASER and FASER 2, respectively.

2. LLP decay signature in the decay vessel.—

The LLPs produced at the ATLAS IP or in secondary
processes in the material in front of FASER can decay
inside the fiducial volume of the detector. The expected BG
in searches for such decays can be suppressed to negligible
levels by employing basic signal characteristics. First, a
high-energy cut on visible energy in the detector,
Evisible > 100 GeV, can be applied to reject all soft BG
particles with only a small impact on the expected number
of signal events. In addition, pointing and timing informa-
tion can be used to further associate two charged tracks
detected from LLP decay with pp collisions happening at

(a)

(b)

(c)

(d)

FIG. 4. Simplified detector designs used in the study of primary and secondary production of LLPs with subsequent decay in the decay
vessel. Elements of the detectors and parts of material in front were taken into account or excluded from the analysis, as indicated in the
figures. From the top to bottom the figures correspond to the FASER, FASER 2, MATHUSLA, and SHiP experiments.
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the ATLAS IP. As a result, FASER can operate in an
essentially BG free environment [7]. In the following, we
also assume 100% detection efficiency for easier compari-
son with other experiments.

B. MATHUSLA

1. Basic detector design.—

Similar to FASER, the MATHUSLA experiment has
been proposed [10] to take advantage of possible abundant
production of long-lived BSM particles in pp collisions at
the LHC that could have escaped detection in existing
searches [12]. It employs a large-scale detector to be placed
above the CMS IP to take data during the HL-LHC era.
Here, we follow the proposed MATHUSLA100 design [11]
with additional excavation performed to position the
detector partially underground, closer to the CMS IP, in
order to maximize the physics reach [59].
The main part of MATHUSLA is an air-filled decay

volume of the size of 20 m× 100 m× 100 m which is
followed by a tracking system that spans over the entire
area of the detector and is placed on top of the decay
volume. In addition, scintillator layers are placed at the
bottom and on the sides of the decay volume to veto
charged particles entering the detector. The precise geom-
etry of the decay volume that we use reads

80 m < x < 100 m;

− 50 m < y < 50 m;

68 m < z < 168 m; ð11Þ

where x corresponds to an upward direction, while z is the
direction along the LHC beam pipe and the origin of the
coordinate system is placed in the CMS IP. When modeling
secondary production of LLPs, we take into account the
rock separating MATHUSLA from the CMS cavern. We
illustrate this design in Fig. 4(c).

2. LLP decay signature in the decay vessel.—

In our analysis, we take into account all the LLP decay
events producing two charged SM tracks that happen inside
the decay volume of MATHUSLA. We assume 100%
efficiency of detection and the daughter track separation
for energies pdaughter > 1 GeV. Position and timing infor-
mation about the tracks is used to identify the vertex in the
decay volume. This, along with the direction reconstruction
of the coming LLP, allows one to greatly reduce various
sources of BG including cosmic rays, muons from pp
collisions at the CMS IP, and atmospheric-neutrino-
induced BG. Since the direction of the LLP is only mildly
changed by the recoil in the secondary production proc-
esses, as we discuss in Appendix C, we will assume in the
following that the search of our interest can be performed
with zero BG.

C. SHiP

1. Basic detector design.—

The proposed SHiP detector [13] is a fixed-target experi-
ment that will use the SPS beam of 400 GeV protons inci-
dent on a target material made out of titanium-zirconium
doped molybdenum alloy and tungsten. A nominal value of
NPOT ¼ 2 × 1020 protons on target (POT) allows one to
potentially produce a large number of LLPs that could
subsequently decay in a distant decay vessel.
In between the target and decay vessel, there is a place

for a hadronic stopper and an active muon shield with
an essential role to reduce muon-induced BG to negligible
levels. The active muon shield is followed by the Scattering
and Neutrino Detector (SND) which has been designed
to study the interactions of SM neutrinos and light DM
particles. After the SND, a 50 m long decay vessel
begins. Decays of LLPs into charged SM particles are
detected by observing the resulting tracks in the decay
spectrometer (DS).
Since the initial release of the technical proposal [14], the

SHiP detector design underwent revision primarily in order
to reduce the cost and weight of the active muon shield
while maintaining its assumed high-quality performance. In
our analysis, we follow the recent technical update [60],
while we note that further possible modifications to the
design might require updating the results in the future. We
simplify a complicated design of the planned SHiP detec-
tor. However, when doing so, we keep its key components
that could play an essential role for the secondary pro-
duction of LLPs. A schematic drawing of the SHiP detector
design is shown in Fig. 4(d).
The most important part of the detector with regards to

secondary production of LLPs is the SND and its surround-
ing magnet. Scattering processes occurring there can lead
to LLPs produced only several meters in front of the decay
vessel. The SND consists of an emulsion detector which is
followed by the SND muon system. Since the latter can
partially act as a front veto for the decay vessel, we exclude
from our analysis all scattering events happening in the
material lying in its close neighborhood, within 3λhad;int.
Notably, on top of absorption of soft particles with p <
1 GeV in the emulsion detector in front of the SND muon
system, charged soft particles produced in the emulsion
detector can also be swept away by the SND magnet and
then never reach the SND muon system. This then prevents
the events from being rejected as combinatorial BG.
The emulsion detector in the SND is also equipped with

electronic tracking layers that can time stamp the events.
These could detect even soft activity, corresponding to
energy Oð100 MeVÞ, in the case of secondary production
taking place inside the emulsion detector, even though the
SND muon system will not be activated. In the following,
we assume that events will not be rejected based solely on
this soft activity in the emulsion detector. On the other
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hand, even if such a rejection is present, additional
secondary production processes can take place in the
surrounding magnets and in the muon shield that will
not be vetoed. These events will then always contribute to
the secondary production rate.

2. LLP decay signature in the decay vessel.—

A detailed reconstruction of signal events in SHiP with
two charged and energetic tracks from LLP decays within
the decay volume, as well as BG discrimination, employs a
number of observables including e.g., the momentum of
detected tracks and their impact factor with respect to the
target at the IP. In the following, we apply a simplified
acceptance procedure that is primarily based on the momen-
tum of the visible tracks coming from the LLP decay. In
particular, we require each visible track to have p≳ 1 GeV.
In fact, similar to MATHUSLA, we find that the precise

value of this low momentum threshold does not play an
important role, at least as far as secondary production of
LLPs is concerned. In this regime, even setting the lower
limit for the visible energy at the level of Evis > 10 GeV
leads to very similar results, as discussed in Appendix A.
When obtaining the sensitivity reach plots, we assume

that SHiP can operate in a zero BG environment and can
detect signal events with 100% efficiency. See e.g.,
Ref. [60] for further discussion about BG in SHiP and
Ref. [14] for more realistic studies of the efficiency.

IV. DETAILS OF MODELING

As discussed above and illustrated in Fig. 1, models with
more than a single LLP can effectively lead to the
production of BSM species in both initial pp and pN
interactions at the LHC or in the target material, as well as
in scattering processes taking place more closely to the
decay vessel. We refer to the former as primary production,
while to the latter as secondary.
Once produced, LLPs can travel some distance and,

eventually, decay in the detector leading to a visible signal

of two oppositely charged tracks. The probability of this
happening in the decay vessel depends on the decay length
of a boosted LLP, as well as on the geometrical acceptance
of the detector.
Below, we briefly summarize our analysis, while further

details, including the expressions for relevant branching
ratios, decay widths, and scattering cross sections are given
in Appendixes B and C. In Table I we list the processes that
we consider in the models listed above. For each we
identify both LLP1 and LLP2. In particular, the LLP2
particles produced either at the IP or in secondary pro-
duction can eventually decay in the detector, leading to
observable signatures. On the other hand, the intermediate
particles denoted by LLP1 are either stable or semistable
and do not generate any decay signatures. The primary
production of both types of LLPs at the IP is typically
associated with rare decays of mesons originating from pp
and pN collisions, although other processes are also
possible, as discussed below.

A. Primary production of the LLPs

Light new physics particles can be produced in high-
energy hadronic interactions in a number of processes. The
dominant production channels depend on the BSM model
of interest and on the mass of the LLP. We begin our
discussion by considering the primary production of dark
photons. As shown in Table I, in models involving dark
bremsstrahlung of A0 or containing a secluded dark Higgs
boson, these processes determine the primary flux of LLP2
identified with a dark photon itself. In addition, the
intermediate production of on-shell A0’s is a crucial step
leading to primary fluxes of χ1 ’s and χ2’s in the scenario
with inelastic DM.

1. Dark photons.—

Given our focus on MeV–GeV mass range dark photons,
the dominant production processes relevant for our simu-
lations are the following:

TABLE I. A list of light long-lived particles: LLP1 (intermediate ones) and LLP2 (decaying in the detector) for each of the models
discussed in Secs. II A to II C. In each case we show the relevant production and decay processes that we consider in the analysis.
Primary production of both LLP1 and LLP2 takes place at the IP, as illustrated in Fig. 1. Secondary production away from the
IP corresponds to scatterings of LLP1 off electron or nuclei target T ¼ e−; N that lead to LLP2 particles produced in front of the detector.
A pair of SM particles in the final state of a heavier dark fermion decays in the model with inelastic dark matter, χ2 → χ1ll, typically
corresponds to eþe− or μþμ−, but can also denote hadronic final states, if kinematically available.

Model description Primary production (IP) Secondary production Decays (detector)

Model LLP1 LLP2 pp → mesons � � � → LLP1 � � � → LLP2 LLP1 → LLP2 LLP2 → SM

Dark bremsstrahlung
(Sec. II A)

χ A0 π0; η meson → γ χ χ meson → γA0 χT → χA0T A0 → eþe−

Inelastic dark matter
(Sec. II B)

χ1 χ2 π0; η; η0, ρ, ω meson; brem;Drell-Yan → A0 χ1T → χ
2
T χ2 → χ1ll

A0 → χ
1
χ2 χ2 → χ

1
ll A0 → χ1 χ2

Secluded dark Higgs
(Sec. II C)

S A0 π0; η ρ meson → ðγÞA0S meson → ðγ=πÞA0 ST → A0T A0 → eþe−
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Meson decays Light dark photons can most efficiently be
produced in rare decays of mesons, if kinematically
available. We simulate meson distributions produced
in pp collisions at the LHC and pN collisions with the
molybdenum target at SHiP with the Monte Carlo
(MC) event generator EPOS-LHC [61], as implemented
in the CRMC simulation package [62]. In our simu-
lations, we take into account possible rare BSM
decays of pions, η and η0 mesons, as well as vector
mesons ρ and ω. We focus on the dominant decay
channels π0; η; η0 → γA0 and ρ;ω → πA0.

Proton bremsstrahlung of A0 Dark photons can also be
efficiently produced due to bremsstrahlung in coher-
ent proton scatterings. This is especially relevant for
A0 heavier than the threshold for production in rare
pion and η meson decays.
We model the bremsstrahlung of A0 following the

Fermi-Weizsacker-Williams (FWW) approximation
and taking into account an additional proton form
factor to allow for off-shell mixing with vector mesons
ρ and ω; see e.g., Refs. [6,33,63,64] for a recent
discussion. The mixing with vector mesons leads to an
increased production rate of dark photons in proton
bremsstrahlung for mA0 ∼ 775 MeV.
In the case of MATHUSLA, focus on the high-pT

regime of the LHC makes it more challenging to
directly apply the FWW formalism. Instead, here we
approximate the relevant contribution to the dark
photon spectrum by rescaling the spectrum of vector
meson ρ by the appropriate mixing angle θV as
discussed in Appendix D of Ref. [47]. We note,
however, that this contribution plays a subdominant
role with respect to the one from meson decays in the
region of parameter space of the inelastic DM model
probed by MATHUSLA.

Hard processes For even heavier dark photons, with
masses mA0 ≳ 1.5 GeV, a hard scattering contribution
from Drell-Yan A0 production can start to play a
dominant role. We take this into account, although it
only concerns a small part of the parameter space of the
inelasticDMmodel under study that is relevant for SHiP.

Other (subdominant) processes Dark photons could also
be produced in various other processes, e.g., in
subsequent showers, but these have been found to
be subdominant and, therefore, we neglect them in the
following. As discussed below, secondary production
becomes the most prominent in regions of the param-
eter space characterized by a relatively short lifetime
where a large boost factor is required for the LLP to
reach the detector before decaying. It is then sufficient
for us to focus on the high-energy part of the LLP
spectrum that is dominantly associated with the initial
proton interactions in the target.

The primary production of other LLPs listed in Table I
employs intermediate spectra of mesons or A0’s that are
generated as discussed above. Below, we describe the

relevant processes leading to a flux of these LLPs traveling
from the IP toward the detector, for each of the models
under study; cf. Secs. II A to II C.

2. Dark bremmstrahlung.—

For the benchmark scenario described in Sec. II A, a flux
of dark matter χ particles going toward the detector comes
primarily from three-body decays of light pseudoscalar
mesons via off-shell dark photon, i.e., π0; η → γA0� → γ χ χ
[30]. The contribution from other processes such as proton
bremsstrahlung could become important for heavier χ, but
it is subdominant in the mass range of our interest.

3. Inelastic dark matter.—

The benchmark model with inelastic DM discussed in
Sec. II B is characterized by the dark photon mass exceed-
ing the masses of two dark fermions, mA0 > m χ1 þm χ2 . In
this case, the dominant two-body decays of on-shell dark
photons into the χ1 χ2 pair become possible. The parent
dark photon flux is governed by one of the production
processes discussed above, depending on the A0 mass.
In addition, since χ2’s are not stable, they decay into χ1

and, typically, an electron-positron pair. These decays
allow one to detect χ2’s, when they happen inside the
decay vessel. On the other hand, when χ2’s decay before
reaching the decay vessel, the resulting lighter fermions
additionally contribute to the flux of χ1 relevant for
secondary production discussed below. We take such
displaced χ2 decays into account in our simulations.

4. Secluded dark Higgs boson.—

As discussed in Sec. II C, the secluded dark Higgs boson
that couples to the SM predominantly via the dark photon
can be efficiently coproduced in any of the A0 production
mechanisms described above. In particular, for the mass
range of our interest, the most important such production
comes from three-body meson decays π0; η → γA0� → γA0S
with intermediate dark photon, as well as from two-body
decays of vector mesons such as ρ → SA0.

B. Secondary production of the LLPs

On top of the LLPs produced in the vicinity of the
primary proton IP, in models of our interest it is also
possible for them to appear in secondary production
processes in material closer to the decay vessel. The
relevant Feynman diagrams are shown in Fig. 3 in which
an incoming particle LLP1 that corresponds to χ, χ1, or S
in the models described in Secs. II A to II C, respectively,
produces an outgoing species LLP2 with a possibly much
smaller lifetime, where LLP2 ¼ A0 or χ2 in the considered
scenarios.
These scatterings can occur on both electrons and nuclei

with the latter giving the dominant contribution, especially
in the regime of coherent scatterings with Z2 enhancement.
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In addition, the coherent scatterings are associated with a
small nuclear target recoil, precoil ∼Oð100 MeVÞ, that
typically does not cause any veto activation, as well as
only mildly affects the momentum of LLPs. While we
perform MC simulations to account for the latter effect, we
note that a very good approximation of the sensitivity
reach can be obtained when working in the simplified,
collinear regime with pLLP1 ≈ pLLP2 . A more detailed
discussion of the relevant scattering cross sections is given
in Appendix C.

C. Event rate

When LLPs produced in one of either primary or
secondary production processes decay inside the decay
vessel, this can lead to a visible signal in the detector. The
number of expected signal events depends on the relevant
production rates, as well as on the decay in volume
probability that takes into account the acceptance factor
A. The latter depends on the geometry of the detector, as
well as on the efficiency to generate and detect visible
charged tracks satisfying experimental cuts.
In this study, we perform full numerical MC simulations,

which takes into account the interaction kinematics and
experimental geometry, to obtain the sensitivity reach plots
presented in Sec. V. Although in a strict sense not identical,
it is illustrative to consider the probabilities Pprim: for a
LLP2 produced at the IP and Psec : for an LLP1 with
subsequent interaction producing a LLP2 to lead to the
signal in the detector.
In the case of primary production, the decay in volume

probability of the LLP with momentum p⃗ can be written as

Pprim:ðp⃗Þ ¼ e−L=dð1 − e−Δ=dÞAðθ;ϕÞ; ð12Þ

where L is the distance to the beginning of the decay vessel
and Δ is the length of the vessel. The decay length of the
LLP in the ultrarelativistic regime reads d ¼ cτβγ ≃
cτE=m where τ is the LLP lifetime, m corresponds to its
mass, while the LLP energy is given by E. The acceptance
factors A relevant for each of the experiments are included
in numerical simulations.
For the LLPs coming from secondary production, the

decay in volume probability needs to be convoluted with
the scattering rate, which can differ for the various materials
in which secondary production occurs. For a single
incoming LLP1, the relevant probability to produce a
LLP2 which then decays inside the detector reads

Psec :ðp⃗Þ ¼
Z

xmax

xmin

dx
lint:

e−x=dð1 − e−Δ=dÞAðθ;ϕÞ: ð13Þ

Here the integration limits xmin and xmax correspond to the
distance to the decay vessel. They are dictated by the
geometry of the detector and surrounding material, as well
as by veto-related requirements discussed above. The

interaction length is given by l−1
int: ¼ σðEÞ × ðρ=mTÞ, where

σ is the scattering cross section per nucleus relevant for the
secondary production mechanism, ρ is the density of
material, mT is the mass of the target nucleus and in
Eq. (13) we assumed that lint: ≫ ðxmax − xminÞ which is
always the case for scenarios of our interest. Contributions
associated with various detector components are then
summed up to obtain the total event rate.
As manifest in Eq. (13), secondary production processes

are typically subdominant with respect to primary ones due
to additional suppression for the small scattering cross
section. However, since secondary production can take
place much closer to the detector, xmin ≪ L, it allows one to
probe the short lifetime regime where the contribution from
primary production is already highly suppressed by the
exponential factor in Eq. (12), exp ð−L=dÞ ≪ 1.

V. RESULTS FOR SCATTERING OFF NUCLEI

In order to illustrate the interplay between the primary
and secondary production mechanisms, we have studied
the sensitivity reach for selected LLP models in the
FASER, MATHUSLA, and SHiP experiments. The respec-
tive results are shown in Fig. 5 for the model with A0
produced from dark bremsstrahlung, in Fig. 6 for the
model with inelastic DM, and in Fig. 7 for the model with
the secluded dark Higgs boson, which are described in
Secs. II A to II C, respectively.

A. Current bounds from past and existing experiments

Before analyzing the reach of future experiments, we
first discuss current bounds on the benchmark scenarios
under study. These are associated with both searches for
dark photons and for other LLPs present in the models.
Below, we briefly summarize these constraints, beginning
from bounds on visibly decaying vanilla A0s, and then
discussing constraints relevant for each of the three
considered models, respectively. The most stringent bounds
are shown in Figs. 5 to 7 as grey-shaded regions. A more
comprehensive discussion can be found e.g., in Ref. [1] and
references therein.

1. Dark photon with visible decays.—

Current constraints on visibly decaying dark photons are
relevant formodelswith a dark bremsstrahlung ofA0 andwith
a secluded dark Higgs boson. The upper limit on the kinetic
mixing parameter, ϵ≲ 10−3, shown in Figs. 5 and 7, come
from null searches for narrow resonances in eþe− → γA0 →
γlþl− events and rare pion decays, π0 → γeþe−, reported
by the BABAR [65] and NA48=2 [66] collaborations,
respectively. On the other hand, bounds on lower values
of ϵ have been derived from reinterpretation of old results of a
number of fixed-target experiments, including E141 [67] and
NuCal [64], as well as the limits obtained by current searches
in e.g., the NA64 [68] detector. Depending on the value of
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mA0 , these bounds can effectively exclude part of the dark
photon parameter space with 10−7 ≲ ϵ≲ −10−4.
We now discuss current constraints for each of the three

models described in Secs. II A to II C.

2. Dark bremsstrahlung.—

The bounds on the model discussed in Sec. II A follow
the above discussion relevant for visibly decaying dark
photon. An additional constraint shown in Fig. 5 corre-
sponds to the search for light DM particles scattering off
electrons in LSND that follow Refs. [29,31,69].

We note that in the benchmark scenario considered in our
study, the region of the parameter space relevant to secondary
production of the dark photon in the dark bremsstrahlung
process corresponds to the too low thermal DM relic density
of χ. In this scenario, χ would be one of theDMcomponents
that constitutes only a fraction of the total DM abundance.
This inefficiency of purely thermal production of χ could, in
principle, be compensated in nonstandard cosmological
scenarios or by adding an additional nonthermal component
to its relic density in further extensions of the model.
However, it is important to note that the model with Dirac
fermionDMefficiently annihilating via vector portal into SM

FIG. 5. Results for the model with a single dark matter particle and a dark photon produced due to dark bremsstrahlung, as discussed in
Sec. II A. In the left panel, the sensitivity reach of different experiments is shown: FASER during LHC Run 3 (dash-dotted blue line),
FASER during HL-LHC era (solid blue line), FASER 2 (dashed blue line), MATHUSLA (long dashed green line), and SHiP (solid red
line). The reach corresponding to the secondary production of LLPs is shown with colorful shaded regions. Additional contributions
from primary production are indicated by the label “A0 from IP.” Current exclusion bounds are shown as grey-shaded regions. The CMB
constraint on ϵ corresponding to the scenario with thermally produced χ dark matter is shown as the grey-line-bounded region. In the
right panel, lines with different numbers of events relevant for the secondary production and for FASER (HL-LHC), MATHUSLA, and
SHiP experiments are shown. The color coding is the same as in the left panel.

FIG. 6. Same as Fig. 5, but for a model with inelastic DM discussed in Sec. II B. In the right panel, blue lines with different numbers of
events correspond to the FASER 2 experiment.
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particles is tightly constrained by the Planck CMB data
[70,71]. We indicate this in Fig. 5 by showing the lower
bound on ϵ as a function of mA0 that is relevant for the
scenario with the relic abundance of χ coming only from the
standard freeze-out mechanism.
A notable exception to this obstacle could be a scenario

in which total χ relic density is generated due to an initial
asymmetry between χ and χ̄ [72,73]. In this case, χ could
even correspond to the entire DM relic density provided
that the symmetric component is sufficiently suppressed
[74]. On the other hand, it would then be subject to
additional constraints from DM direct detection (DD)
searches, as discussed e.g., in Ref. [29]. These will partially
exclude the region of the parameter space relevant for larger
values of ϵ and small mA0 , which is shown as allowed in
Fig. 5. In addition, some larger part of this region would
then be covered by future DM DD searches and would
provide a complementary method for discovery, focusing
on the DM particle χ, with respect to the intensity frontier
searches of A0 discussed in this study. We do not show
corresponding bounds and future sensitivities in Fig. 5 as
their presence depends on additional assumptions about the
cosmological scenario.

3. Inelastic DM.—

In the case of the inelastic DM model, and for suffi-
ciently long-lived χ2, the most relevant bounds come from
null searches for invisibly decaying A0 reported by the
BABAR [75] and NA64 [76] collaborations. These corre-
spond to the dark photon decaying promptly into a χ1 χ2
pair with χ2 decaying outside the detector. However, for a
large mass splitting between the dark fermions, Δ χ ∼ 2, the
lifetime of χ2 is typically too small for the heavier fermion
to decay outside the detector, as can be deduced from
Eq. (8). In this case, the invisible bounds could only apply
to a small region of the parameter space relevant for m χ1 ∼
Oð10 MeVÞ and, generally, remain less important than

other constraints discussed below. In addition, constraints
on visibly decaying dark photons also do not apply to this
scenario. This is because three-body decays of χ2 into χ1
and eþe− pair would not lead to a narrow resonance peak in
the electron-positron spectrum seen in the detector, oppo-
site to e.g., A0 decays into eþe− pairs with no missing
energy. Interestingly, it has recently been pointed out that a
displaced vertex trigger could be employed to increase the
sensitivity of the Belle-II experiment to such a scenario
[77]. While such a signature could provide an independent
way of probing the relevant region of the parameter space,
it is left for future studies to assess its relevance for very
short-lived χ2’s that often decay in the closest neighbor-
hood of the nominal interaction point of the experiment.
The dominant current bounds are then associated with

measurements of the anomalous magnetic moment of
electron [78,79] and muon [80,81] that constrain large
deviations of these quantities from the SM predictions;
cf. Refs. [82–84] for recent discussion, as well as from
electroweak precision observables at LEP and LHC
[85,86]. In addition, we also recast bounds on χ1 particles
scattering off electrons in the E137 experiment [32,87]; see
also e.g., Ref. [88] for recent relevant discussion, assuming
Ee−;rec: ≳ 1 GeV threshold for the recoil energy. Notably,
the bound from lighter fermion scattering in the LSND,
which is discussed above for the model with a single DM
particle, is suppressed in the case of inelastic DM due to a
large mass splitting between χ1 and χ2, as well as a very
small self-coupling of the lighter fermion.
On the other hand, heavier fermions produced at the IP

could travel to the detector and leave a decay signature.
This requires the χ2 decay width to be suppressed enough,
so that it does not decay too early. The corresponding
bounds from decays in the E137 [87] and LSND [89]
detectors are shown in Fig. 6, following Ref. [38].
Importantly, they constrain the region of the parameter
space relevant for values of the kinetic mixing parameter in

FIG. 7. Same as Fig. 5, but for a model with a secluded dark Higgs boson discussed in Sec. II C.
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the range 10−6 ≲ ϵ≲ 10−4, while some regions of the
parameter space with larger ϵ, but lying below the upper
bound ϵ≲ 10−3, are left unconstrained.
Last, but not least, we note that in the model with

inelastic DM the aforementioned stringent bounds from
CMB can be avoided as annihilations of Majorana fer-
mions, χ1 χ1 → SM, are p-wave suppressed. Similarly,
there are no such bounds from coannihilation processes
between χ1 and χ2, as heavier χ2 particles decay prior to a
time of recombination.
When presenting the reach plots, we have assumed fixed

mass ratios among all three dark species, m χ1∶m χ2∶mA0 ¼
1∶2.9∶4 that were chosen for illustrative purposes. We
note, however, that small changes in these benchmark ratios
would have a mild impact on the reach plots, as long as the
dark photon decays predominantly into a χ1 χ2 pair. On the
other hand, the relic density of χ1 DM could change
significantly, even by a few orders of magnitude, depending
on how close are the assumed ratios to satisfy the resonance
condition, m χ1 þmχ2 ≃mA0 (see e.g., Ref. [90] for recent
related discussion). The line with the correct value ofΩ χ1h

2

could then correspond to a wide range of ϵ, from values
even lower than the region corresponding to the ðg − 2Þμ
anomaly, up to large ones that are already excluded. For
illustrative purposes, we present in Fig. 6 the line corre-
sponding to the scenario with the resonance, following
Ref. [38]. We take into account hadronic annihilation final
states relevant for sufficiently large m χ1 ; cf. Ref. [40].

4. Dark photon and secluded dark Higgs boson.—

The most important bounds on the model with the
secluded dark Higgs boson come from the aforementioned
searches for visibly decaying dark photons. Additional
searches for S produced in rare decays of kaons, heavier
mesons, or the SM Higgs boson that are based on the
mixing between S and H do not constrain our parameter
space of interest. This is because this mixing is highly
suppressed for a secluded dark Higgs boson.
The rate of light meson decays into S could, however, be

enhanced thanks to their coupling to dark photons. This
allows one to study corresponding constraints on such a
scenario from subsequent delayed decays of S into eþe−
pairs inside the detector, or from S scattering off electrons,
Se− → A0e− followed by a prompt A0 decay.
The constraints based on the scattering of S can be

derived similarly to the aforementioned bounds on fer-
mionic DM from the LSND experiment. One important
difference in this case is, though, the subsequent decay of
A0 into eþe− that could additionally contribute to the EM
signal in the detector. Given low energies relevant for
LSND, typically ELLP ≲Oð100 MeVÞ, these decays are
prompt and, therefore, could be reconstructed as a single-
electron signal together with the recoiled electron.
Assuming that this is the case and that the entire EM

energy lies within the range relevant for LSND cuts [91],
18 MeV≲ ðEe−ðrecoilÞ þ Ee− þ EeþÞ ≃ ES ≲ 50 MeV or
similarly in between 60 and 200 MeV [92], we have
recasted the relevant bounds from Refs. [29,43] and show
them in Fig. 7 as the region excluded by the LSND.
In fact, the bounds that we present for LSND should be

considered as an approximate indication of the already
excluded region of the parameter space. A more detailed
analysis would take into account that the opening angle
between electrons and positrons in the final state could
exceed 12°, resulting in distinguishable lepton tracks which
no longer mimic neutrino-electron elastic scatterings [93].
Such events with two or even three lepton tracks would,
however, also be subject to constraints from the LSND,
although deriving these bounds would require access to the
experimental data and would then go beyond the scope of
this study; see also Ref. [42] for relevant discussion.
On the other hand, the constraints based on delayed S

decays into eþe− inside the detector are less severe. This is
due to a very long lifetime of S, as indicated in Eq. (10). In
addition, these bounds are also sensitive to a small mixing
between S and H that could affect the exact value of τS
without havingan impact on themain results presentedbelow.
For this reason, we only qualitatively discuss several such
possible constraints, while we do not show them in Fig. 7.
In particular, as discussed in Refs. [43,94], relevant

constraints from electron beam-dump experiments are typ-
ically subdominant with respect to the ones that employ
protons impinged on the target material. As an example,
decays of S inside the LSND orMiniBoone detectors that are
interpreted as single electron events satisfying relevant cuts
can constrain an additional slice of the allowed parameter
space, on top of standard dark photon searches. For negligible
S-H mixing, this bound is, however, generally subdominant
with respect to the aforementioned constraint from S scatter-
ing in the LSND. The same is true for possible bounds from
S decays in the old high-energy proton beam-dump experi-
ments, e.g., BEBC [95] or CHARM [96].
Importantly, due to the long lifetime of S, additional

constraints can arise from big bang nucleosynthesis (BBN)
(see [97,98] for recent reviews). They are associated with
possible coproduction of S in scattering processes produc-
ing light dark photons in the early universe. The dominant
contributions come from annihilation processes qq̄; lþl− →
A0� → A0S and could lead to a large number of long-lived
dark Higgs bosons produced, depending on the value of ϵ
and αD. On the other hand, a small but not negligible
contribution from S-H mixing could allow one to always
keep τS below the value relevant for BBN, i.e.,
τS ≲ 0.1–1 s, while maintaining a secluded regime in terms
of collider searches.

B. Sensitivity reach of future experiments

The sensitivity reach of all the experiments and models
under study is shown in the left panels of Figs. 5–7.
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The reach corresponding to the secondary production of
LLPs is additionally marked with colorful shaded regions
to distinguish it from the one relevant for the primary
production. As can be seen, both types of production
mechanisms can simultaneously cover some parts of the
parameter space of the models, in which case the respective
numbers of events add up to the total visible signal in the
detector.
On top of this, some regions of the parameter space can

only be covered by one type of the production process. This
illustrates the complementarity between both mechanisms
that allows one to probe additional scenarios that would
otherwise seem to lie beyond the reach of the given
experiment. It is important to note that a distinction that
we focus on corresponds to only the production mecha-
nisms, while the signature in the detector is the same in
both cases. In practice, this means that neglecting the
impact of the secondary production could affect the
interpretation of the results of the experiments.
Notably, the secondary production is most relevant for

regions of parameter space with large couplings between
the LLPs and the SM, which brightens the prospects for
potential simultaneous discovery of such LLPs in many
experiments in the near future. In order to properly interpret
such a codiscovery, it would be essential to model
secondary production of LLPs.
Focusing on the secondary production, we show in the

right panels of Figs. 5–7 the number of event contours for
the experiments under study. As can be seen, depending on
the model, we can typically expect up to Oð103Þ events of
this type, but this number can grow to even> 106 in certain
scenarios, especially for the SHiP experiment. Below, we
comment on the relevance of the secondary production
mechanism for each of the experiments under study.

1. FASER (Run 3, HL-LHC) and FASER 2

The secondary production mechanism can improve the
sensitivity of the FASER experiment both during LHC Run
3, as well as for the HL-LHC era. For all three considered
benchmark models, the secondary production extends the
FASER reach toward smaller LLP lifetimes, or larger
values of ϵ. In the case of the inelastic DM benchmark
model, even the FASER detector operating during LHC run
3 can probe a large region of currently unconstrained
parameter space.
Note that the reach of FASER extends further to larger

coupling in comparison to the reach of FASER 2, even
though the latter detector has a larger size. This is due to the
additional dense material in the tungsten-based neutrino
detector, FASERν, placed in front of the FASER decay
volume. If such a block of tungsten, or a similarly dense
material, would be placed in front of FASER 2, it would
also have a positive impact on the physics reach provided
that muon-induced BG can be successfully rejected by the
front veto. This might be a useful observation for the

detector design, especially in case some hints of new
physics appear in the near future that correspond to the
models with smaller LLP lifetimes than the FASER experi-
ment can typically cover.
Interestingly, the regions of parameter space that are

accessible at FASER through secondary production mech-
anisms can be related to outstanding problems in particle
physics and anomalies: (i) In the case of the inelastic DM
model, FASERprobes the currently unexcluded region of the
parameter space that yields the correct value of the DM relic
density of χ1, as discussed in [38]. (ii) In addition, the
secondary production opens up the possibility to probe an
unconstrained region of the parameter space of the inelastic
DM model corresponding to the observed discrepancy
between the measurements and SM predictions of the muon
anomalous magnetic moment [80,81]. (iii) Furthermore, the
probed region of the dark photon parameter space can
correspond to the existing anomaly observed in decays of
the excited state of beryllium-8 with a mass of mA0 ¼
17 MeV [99], as discussed e.g., in Ref. [1]. However,
realistic BSM models that could accommodate for this
anomaly [100,101] require going beyond the simplest dark
photon case and modifying its couplings to nucleons. This
would also affect the reach of both FASER detectors.
Notably, these particularly motivated regions of param-

eter space can already be probed by the FASER detector
operating during the LHC Run 3, with an additional
positive role of FASERν, while this would not be possible
if only the primary production at the IP were taken into
account.

2. MATHUSLA

The primary target of the MATHUSLA detector, which
is to be placed off the LHC beam collision axis, is new
physics particles produced in rare decays of heavier SM
species, e.g., B mesons or the SM Higgs boson, or in hard
pp scatterings that are the most relevant for larger LLP
masses. It is then not a surprise that MATHUSLA has no
reach in the currently allowed region of the parameter space
of the models discussed above with below-GeV-mass A0
decaying in the detector.
Interestingly, however, in the model with inelastic

DM illustrated in Fig. 6, MATHUSLA can have a non-
negligible reach for both the primary and the secondary
production of LLPs. This is due to a larger angular spread
in a DM flux produced with one additional decay of
relatively heavier dark photon, A0 → χ1 χ2, when compared
to the A0 flux from e.g., pion decays. On top of this, the
primary production benefits from a relatively large lifetime
of χ2.
As a result, two distinct regions of the parameter space

can be seen corresponding to both types of a production
mechanism with the secondary one covering the region
with the correct value of DM relic density and, partially, the
one corresponding to the aforementioned ðg − 2Þμ anomaly.
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3. SHiP

The secondary production in case of the SHiP experi-
ment has also a positive impact on the sensitivity to BSM
searches. It can lead not only to improved discovery
prospects but also to a potentially large number of such
events. This is particularly relevant for the model with
inelastic DM, as shown in the right panel of Fig. 6. Taking
into account the secondary production could then also
become crucial for the model parameter reconstruction, in
case of discovery.
The sensitivity reach of SHiP for both models focusing

on the dark photon decaying in the detector can also be
improved; cf. Figs. 5 and 7. Importantly, when obtaining
the results, we have adapted a quite conservative approach
to exclude all the secondary processes happening in the
SHiP detector more closely than about 2.5 m away from the
decay vessel or so, as detailed in Sec. III and Appendixes D
and E. On the other hand, if these cuts can be weakened, the
sensitivity of SHiP with respect to the secondary produc-
tion will be further enhanced.
Interestingly, on top of the interplay between the

secondary and primary production of LLPs, in the case
of the SHiP experiment, additional signatures of the models
with more than a single LLP can arise by analyzing LLP
scatterings off electrons. We discuss them in more detail in
the section below.

VI. SCATTERING OFF ELECTRONS IN SHIP SND

We have so far been focusing on two possible production
mechanisms of LLPs, but only on one standard LLP decay
signature in the detector with two high-energy charged
tracks emerging from the vertex in the decay vessel. On the
other hand, models with more than a single LLP also offer
additional types of experimental signatures that can be
studied contingent on a specific detector design.
In particular, the presence of electronic tracker layers in

the emulsion detector in the SHiP’s SND can be markedly
advantageous for BSM searches. Depending on their time
resolution, they could time stamp the scattering events in

the SND by detecting the corresponding recoil products.
Such events could then be analyzed either separately or in
conjunction with a subsequent LLP decay. Interactions of
LLPs with the light electron target typically generate large
recoil energy of e−, as discussed in Appendix C. This leads
to a detectable EM cascade in the SND with no hadronic
counterpart, for which the expected BG is greatly reduced.
While the actual capabilities of the SHiP experiment

with respect to such signatures will depend on the final
detector design, below we briefly discuss two such possible
search strategies employing scatterings off electrons in the
SNDwith possible secondary production of LLPs. They are
also schematically shown in Fig. 8.

(Only) Electron scattering signature The search for light
dark sector particles scattering off electrons is one of
the main aims of the SND [14]. The expected number
of relevant BG events has been reported to be about
800 for 2 × 1020 POT [60]. These events are mostly
associated with quasielastic electron neutrino and
antineutrino charged current (CC) interactions with
nuclei. While it might be possible to further reduce
this background, for example by using more sophis-
ticated tracking algorithms to identify soft protons in
νen → e−p interactions, there remain truly irreducible
backgrounds related to elastic scattering off electrons
νe → νe, or quasielastic scattering of antineutrinos,
ν̄ep → eþn, with neutrons in the final state that easily
avoid detection.
For our models of interest, a similar pure scattering

signature is possible, especially if subsequent decay of
the LLP from secondary production is delayed and
happens outside the detector. In a simplified geometry
employed in our study, this corresponds to decay of
the LLP at a distance at least about 71 m away from
the end of the SND, where we have assumed that the
SHiP decay spectrometer has the total length of about
15 m. When obtaining the result, we follow
Refs. [14,36] and apply cuts on the recoil energy,
1 GeV < Ee < 20 GeV, and on the recoil electron
angle, 10 mrad < θe < 20 mrad.

FIG. 8. A schematic drawing of the two signatures relevant for LLP scatterings off electrons in the SND that are discussed in the text.
From top to bottom: only scattering signal with no decay in the decay vessel and the double signature of both scattering and decay that
occur in the SND. At the bottom, we also show the standard signature based on scatterings of the LLP off nuclei with soft target recoil
followed by a decay into two high-energy charged tracks in the decay vessel. The color coding for light long-lived particles is the same
as in Fig. 1. Two of the tracker layers in the SND are schematically shown as vertical dotted purple lines.
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“Double” signature inside the SND Yet another spec-
tacular signature of models with more than a single
LLP can be associated with a simultaneous generation
of two resolvable collinear EM showers with no
hadronic recoil counterpart that both can be seen
inside the emulsion detector. These can be associated
with the secondary production process followed by a
prompt LLP decay. Importantly, neutrino-induced
combinatorical BG to such a process can be greatly
suppressed.
While an optimized description of this search will

require a separate study, here we discuss one such
simple strategy in which both EM showers should
satisfy the aforementioned cuts relevant for the pure
scattering signature. In addition, we require both
showers to be initiated at positions in the emulsion
detector that are not too close to each other. As a
benchmark gap between these positions, we choose a
distance of 10 cm. This typically allows for each of the
showers to be detected by different tracking layers, as
these are placed about every 8 cm. Notably, a distance
of 10 cm corresponds to more than 15 radiation
lengths in lead. This significantly reduces any possible
overlap between the showers in the emulsion films.
On the other hand, we note that requiring such a

large gap between the two showers might be a too
conservative approach. This is due to generally ex-
cellent spatial resolution of the emulsion detectors that
could be combined with the signal detected by the
tracker layers. We then also illustrate below how

weakening of this cut might allow one to study an
even broader class of BSM scenarios.

While the signature based solely on scatterings in the
SND for models with a single dark matter particle
has already been discussed in the literature (see e.g.,
Refs. [31–36]), here we present exemplary results of such
searches for the model with inelastic DM, as well as for the
one with a dark photon and secluded dark Higgs boson. The
relevant results corresponding to benchmark scenarios
introduced in Secs. II B and II C are shown in Figs. 9(a)
and 9(b), respectively. In these plots, a region above dot-
dashed green lines corresponds to at least three electron
scattering events happening in the SND. Hence, these lines
indicate an absolute lower limit on ϵ as a function of the
relevant mass that could be probed by any signature based
on scatterings off electrons in the SND in the absence of
BG. This can be compared with the reach from the standard
decay in the volume signature discussed in Sec. V. The
corresponding results for both primary and secondary
production of LLPs are shown as solid red and solid blue
lines in Fig. 9, respectively.
The results corresponding to the aforementioned pure

scattering search are shown for the inelastic DM model in
Fig. 9(a) as dotted purple lines with the fixed number of
expected electron-scattering signal events, N ¼ 3, 30, 300,
3000. Notably, the number of events in this case can reach
up toOð1000Þ in the allowed region of the parameter space.
This can be compared with order 100 events required to
exceed the expected level of BG by 5σ where the error has
been roughly estimated as

ffiffiffiffiffiffiffiffiffi
NBG

p
for the aforementioned

(a) (b)

FIG. 9. Results corresponding to additional signatures relevant for LLP scatterings off electrons in the SND obtained for the model
with inelastic DM (left) and the one employing a dark photon with a secluded dark Higgs boson (right). Both plots have been obtained
for benchmark scenarios defined in Sec. II. The green dash-dotted lines correspond to Nev ¼ 3 electron scattering events in the SND,
while solid red and blue lines to the reach from the standard decay in volume signature and LLPs coming from primary or secondary
production, respectively. In the left panel, the purple dotted (dashed golden) lines were obtained for the pure scattering (double)
signature discussed in the text and correspond to a different number of events as indicated in the plot. In the right panel, the dashed (dash-
dotted, solid) golden lines represent the reach of the double signature with Nev ¼ 3 events.
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number of BG events. These events are associated with χ1
upscattering to χ2 taking place in the SND, while χ2
survives for long enough so that it will decay outside the
decay vessel and DS. For a sufficiently long-lived heavier
fermion, an additional contribution to the total number of
signal events would come from χ2 downscattering to χ1 in
the SND.
A complementary search can be performed by employing

the double signature of both upscattering and decay happen-
ing inside the SND with at least 10 cm gap in between. In
this case, the maximum distance between the secondary
production point and decay is the length of the SND,
ΔSND ∼ 1 m. This allows one to probe a regime of a smaller
lifetime. As a result, the corresponding dashed golden lines
with different numbers of events Nev ¼ 3; 30;…, cover a
distinct region in the parameter space of the model, with
larger values of ϵ, than in the pure scattering signature case
discussed above.
As seen in Fig. 9(a), a combination of various search

strategies employing the SND and the decay spectrometer,
either separately or in a joint signature, could further shed
light on the nature and lifetime of the LLP.
A somewhat different scenario is illustrated in Fig. 9(b) for

the model with a secluded dark Higgs boson. Here, the LLP
produced in secondary production processes in the SND is a
very short-lived dark photon that promptly decays back to an
electron-positron pair. As a result, no events with A0 being
able to travel outside thedetector are expected.Actually, even
the 10 cm gap in between the two showers in the SNDmight
be too large as dark photonswill typically decayvery fast.We
then show several lines corresponding to three events with
the double signature for a selection of minimal distances
between the scattering and decay vertices ranging from 1 cm
to 10 cm. As expected, the smaller is the allowed distance
between the beginning of the two showers, the better is the
reach, at least assuming zero BG. On the other hand, for too
small such a distance, both showers could no longer be
effectively resolved. In this case, we would again enter the
regimeof an effectively pure scattering signaturewith amuch
larger expected BG. This would significantly affect the
sensitivity reach. We leave for future studies a determination
of the effective gap for which the showers can be distin-
guished based on an interplay between the signals measured
by the tracker layers and in the emulsion films.
Last, but not least, we note that, if a sufficient number of

events is observed with simultaneous EM showers that both
can be resolved, more information useful for the model
parameter reconstruction could be obtained from analyzing
the distribution of the gaps between the vertices in such
events.

VII. CONCLUSIONS

One of the most promising ways to find new light long-
lived particles is to search for their highly displaced decays
in distant detectors separated from the primary interaction

point. However, these potentially very clean searches are
limited by the lifetime of LLPs that need to travel the entire
distance to the detector. On the other hand, in models with
more than a single LLP, often additional production
mechanisms naturally appear due to efficient couplings
between the BSM species. These can lead to the secondary
production of LLPs in the close proximity of the decay
vessel. As a result, smaller than usual LLP lifetimes can be
probed, while the search still benefits from the shielding
from the SM background, similar to the case of LLPs
produced at distant IP.
In this study, we have illustrated such a possibility for

several theoretically motivated models extending the SM
by additional Uð1Þd group and the corresponding gauge
boson, namely the dark photon A0. Particular models of our
interest include the following: dark photon being a media-
tor between the SM and DM, with either a single Dirac
fermion DM particle or a pair of Majorana dark fermions,
as well as A0 gaining a nonzero mass via the dark Higgs
mechanism and the VEVof the secluded dark Higgs boson.
While these models serve as an example, the secondary

production can play an important role inmany types of BSM
scenarios with light new particles. In particular, in a more
realistic setup,A0 could both play a role of DMmediator and
benefit from the presence of an additional scalar particle in
the model. This would lead to combined signatures from
different scenarios discussed in our study; cf. Refs. [38,43]
for recent studies in this direction. In addition, more than a
single LLP can arise e.g., in the context of the twin Higgs
scenario [5], supersymmetry (see e.g., Ref. [102]) or models
with a linear dilaton action with possibly light Kaluza-Klein
(KK) gravitons and scalars [103]. Such models have also
been proposed to accommodate for past and present exper-
imental anomalies; cf. e.g., Ref. [104] for a recent such study
connected to the MiniBooNE excess and LSND anomaly.
Remarkably, even in the presence of just a single LLP, the
model can still be subject to effective secondary production
e.g., if the BSM species couple to the SM neutrinos;
cf. Ref. [105] for such a study for heavy neutral leptons
and the IceCube detector.
Importantly, the secondary production is the most

important for the regions of the parameter space of the
models that are often the most appealing due to prospects
for a simultaneous discovery in many different experi-
ments. By taking into account this production mechanism,
intensity frontier searches can offer an independent way of
verifying possible future hints of new physics that would
otherwise seem to be beyond their reach.
This can also be true for the existing discrepancies

between the theoretical predictions and measurements. In
particular, we show how the secondary production of LLPs
in front of the FASER or MATHUSLA detectors can allow
them to probe the ðg − 2Þμ anomaly in the unconstrained
region of the parameter space of the inelastic DM model.
Notably, FASER capabilities with respect to this scenario
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are enhanced by a dedicated neutrino subdetector,
FASERν, placed in front of the decay vessel.
Similar such SND can also substantially add to discovery

prospects of SHiP. On top of already carefully studied
signature based on LLP scatterings in the subdetector, we
also propose to search for simultaneous production and
decay of the LLP in the SNDwith two separate and collinear
electromagnetic showers that are coincident in time. In case
of discovery, employing a combined information about all
the signal events detected in both the SND and the decay
vessel could shed more light on the nature of the LLP.
Last, but not least, while we analyze the impact of the

secondary production for only selected intensity frontier
experiments, namely FASER, MATHUSLA, and SHiP, the
same production mechanism can be relevant for other
similar experiments e.g., CODEX-b [53,54], NA62 [55],
SeaQuest [44], and further discussed i.a. in Ref. [1]. We
encourage the experimental collaborations to take this
possibility into account in detailed modeling, or even at
the level of detector design, as it can crucially extend the
sensitivity reach to new physics to promising scenarios
with connection to current, or possible future, hints of new
physics.
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APPENDIX A: SENSITIVITY REACH FOR
SECONDARY LLP PRODUCTION AND
VARYING EXPERIMENTAL CUTS

The results presented in Sec. V correspond to a particular
set of cuts that we impose when estimating the number of

signal events, as detailed in Sec. III and Appendixes D and
E. In particular, for the energy thresholds we follow
standard values relevant for each experiment, while as
far as secondary production of LLPs is concerned in front
of veto layers, we require the recoil momentum to be low,
precoil < 1 GeV, and reject all the events happening within
the last three hadronic interaction lengths (3λhad;int) of the
layers. This corresponds to about 1 m of standard rock,
0.5 m of lead, and 30 cm of tungsten [106]. Here, we
discuss how the result can be affected when one sharpens
these cuts. For illustrative purposes, we focus on the model
with inelastic DM discussed in Sec. II B.
It is instructive to first analyze the example energy

distribution of the events seen in the detectors under study
when they are associated with the secondary production of
χ2 in front of the decay vessel. This is shown in the top
panels of Fig. 10 for the FASER 2, MATHUSLA, and SHiP
experiments, and for the benchmark scenarios with mA0 ¼
50 or 250 MeV and m χ1∶m χ2∶mA0 ¼ 1∶2.9∶4, as well as
for ϵ ¼ 10−3 or 10−4. As expected, the energy of the events
grows with a decreasing lifetime of χ2, i.e., with growing ϵ
and LLP masses. This is due to larger boost factors required
for χ2 to reach the decay vessel before decaying. For this
reason, one expects that the region of the parameter space
of the model that is the most sensitive to increasing the
energy threshold will correspond to lower values of ϵ and
lighter LLP particles. Notably, these are typically scenarios
for which the primary production of LLPs dominate over
the secondary one.
In the bottom panels of Fig. 10, we show the distribution

of the distance between the position of χ1 upscattering to
χ2 and the decay vessel. As can be seen, for a smaller
lifetime of χ2, the impact of the last part of the material
right in front of the decay vessel becomes more important.
This is illustrated as more steeply growing histograms for
increasing ϵ and the LLP masses. Hence, one can expect
that excluding from the analysis larger parts of the material
in front of the detector would most straightforwardly affect
this region of the parameter space of the model.
In the opposite limit, for small ϵ and light LLPs, the

distribution of the upscattering events becomes flat in the
distance to the detector. In this regime, the lifetime of χ2 is
large enough for it to travel long distances. As a result, in
this regime, the primary production of χ2 dominates over
the secondary one. A somewhat unexpected behavior of the
solid and dashed blue lines in the figure relevant for the
SHiP experiment that corresponds to such a long-lifetime
regime and describes the diminishing number of events
from the region in the most immediate vicinity of the decay
vessel is connected to the geometry of the detector and the
presence of the SND with smaller average density than
surrounding magnets and the muon shielding.
We illustrate all these effects in Fig. 11 where we present

the sensitivity reach plots for the considered experiments.
In this figure, the solid black lines correspond to the default
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results discussed in Sec. V, while other lines were obtained
by varying the length of material in front of the decay vessel
acting as an effective veto (blue lines) and varying the
energy thresholds (red lines).
In our default analysis setup we require the secondary

production to occur at least 3λhad;int before the front

vetoes. However, this cut is rather conservative and
could be relaxed. We require the target nucleus to have
recoil momenta below precoil < 1 GeV, resulting in
velocities v=c < 0.1. At these velocities the nucleus will
experience an energy loss dE=dx ≫ 10 MeVcm2=g.
Therefore the nucleus will stop after traveling a distance

(a) (b) (c)

FIG. 10. Energy distribution of the events coming from the secondary production in front of the detector (top) and similar distribution
for the position of the upscattering and its distance to the detector (bottom) for the FASER 2 (left), MATHUSLA (center), and SHiP
(right) experiments. In the top panels, the energy of the decaying particle χ2 is shown on the horizontal axis. The histograms were
obtained for the model with inelastic DM and the benchmark scenarios indicated in the plots with the mass ratios between all the LLPs
that are given by m χ1∶m χ2∶mA0 ¼ 1∶2.9∶4.

(a) (b) (c)

FIG. 11. Impact of stronger experimental cuts on the sensitivity reach due to secondary production illustrated for inelastic DM model
for FASER 2 (left), MATHUSLA (center), and SHiP (right) detectors. The default results presented in Sec. Vare shown with solid black
lines. The long-dashed and dotted red lines correspond to increased experimental energy thresholds as indicated in the figures. The
dashed and dash-dotted blue lines illustrate the impact of changing the length of material in front of the veto layers, given as a multiple of
the hadronic interaction length, λhad;int, that is excluded from the analysis.
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Δx ¼ precoil=ðdE=dxÞ ≪ 100 g=cm2 which is smaller than
λint;had for all considered targets. Changing the effective
length of the front veto has a large effect on the sensitivity
reach for LLPs with short lifetimes. This is illustrated by the
blue lines in Fig. 11, where we exclude the last λhad;int
(5λhad;int) of material, resulting in an improved (reduced)
reach at large couplings ϵ.
The impact of varying the energy thresholds affectsmostly

the reach in lower values of the kinetic mixing parameter.
Here, even soft LLPs can reach the detector before decaying
due to generally larger lifetime τ χ2 . Therefore, increasing the
energy threshold can have an impact on the number of signal
events. However, for FASER 2 and SHiP, this mostly affects
the region of the parameter space where sensitivity is, either
way, driven by the contribution due to the primary produc-
tion. This is not the case for theMATHUSLAdetector where
both primary and secondary production regimes are clearly
separated.On the other hand, theMATHUSLAdetector does
not have the energy measurement, and the effective energy
threshold is only associated with the detection capabilities of
soft particles.

APPENDIX B: DECAY BRANCHING
RATIOS AND WIDTHS RELEVANT

FOR THE ANALYSIS

1. Primary production of LLPs

Dark photon production If the dark photon is light, it is
mainly produced via the decay of a pseudoscalar
meson P ¼ π0; η; η0 into a photon and a dark photon.
The corresponding branching fraction is given by

BP→γA0 ¼ 2ϵ2BP→γγλ
3
2ðm2

P;m
2
A0 ; 0Þ=λ3

2ðm2
P; 0; 0Þ

¼ 2ϵ2BP→γγð1 −m2
A0=m2

PÞ3: ðB1Þ

Here we have used the Källén function λða; b; cÞ ¼
ða − b − cÞ2 − 4bc, where mP is the pseudoscalar
meson mass and BP→γγ is the branching fraction of
the di-photon decay channel of P. Additionally, the
dark photon can be produced in decays of a vector
meson V ¼ ρ, ω into a pseudoscalar meson P and a
dark photon (such as ω → π0A0), or via the decay of a
pseudoscalar meson P into a vector meson V and a
dark photon (such as η0 → ρ0A0). The corresponding
branching fractions are given by [44]

BV→PA0 ¼ ϵ2BV→Pγλ
3
2ðm2

V;m
2
P;m

2
A0 Þ=λ3

2ðm2
V;m

2
P;0Þ and

BP→VA0 ¼ ϵ2BP→Vγλ
3
2ðm2

P;m
2
V;m

2
A0 Þ=λ3

2ðm2
P;m

2
V;0Þ:

ðB2Þ

Fermionic dark matter For heavy dark fermions,
m1 þm2 > mA0 , the differential branching fraction
of a pseudoscalar meson P decaying into γ χ1 χ2 via

intermediate off-shell dark photon A0� is given by
[28,30]

d2BP→γ χ1 χ2

dsdθ

¼ Sϵ2αDBP→γγ ×
sin θλ

1
2ðs;m2

1; m
2
2Þ

4πs2

×
−λðs;m2

1; m
2
2Þsin2θ þ 2s½s − ðm1 −m2Þ2�

ðs −m2
A0 Þ2 þm2

A0Γ2
A0

×

�
1 −

s
m2

P

�
3

: ðB3Þ

Here, s is the squared four-momentum of A0�, while
the angle θ corresponds to the momentum of χ1 in the
rest frame of A0� that is measured with respect to the
boost direction of the off-shell dark photon. The case
with a single dark fermion corresponds to S ¼ 1=2
and m1 ¼ m2 ≡m χ , while for distinct dark fermions
S ¼ 1.
For light dark fermions with m1 þm2 < mA0 , the

dominant production mode of χ1 χ2 pairs is due to
prompt decays of on-shell dark photons, A0 → χ1 χ2,
with the relevant branching ratio of BðA0 → χ1 χ2Þ ≃ 1
dictated by the hierarchy between the coupling con-
stants, αD ≫ αϵ2.

Secluded dark Higgs boson The branching fraction
of a pseudoscalar meson decay P → γA0� → γSA0
reads [43]

d2BP→γSA0

dsdθ
¼ ϵ2αDBP→γγ ×

sin θλ
1
2ðs;m2

A0 ; m2
SÞ

8πs2

×
8m2

A0sþ λðs;m2
A0 ; m2

SÞsin2θ
ðs −m2

A0 Þ2 þm2
A0Γ2

A0

×

�
1 −

s
m2

P

�
3

; ðB4Þ

where s and θ are defined similarly to Eq. (B3) but
with χ replaced by S. Additionally, the branching
fraction relevant for the vector meson, e.g., ρ, into a
dark Higgs boson and a dark photon, ρ → SA0, is
equal to [31,43]

Bρ→SA0 ¼ ϵ2q2SαDBρ→eþe− ×
λ
1
2ðm2

ρ; m2
A0 ; m2

SÞ
αemm2

ρ

×
12M2

A0m2
ρ þ λðm2

ρ; m2
A0 ; m2

SÞ
ðm2

ρ −m2
A0 Þ2 þm2

A0Γ2
A0

: ðB5Þ

2. Decays of LLPs

Dark photon decay The decay width of an on-shell dark
photon into SM particles is
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ΓA0 ¼ ΓA0→eþe−

BeðmA0 Þ ; where

ΓA0→eþe− ¼ ϵ2e2mA0

12π
×

�
1 −

4m2
e

m2
A0

�1
2

×

�
1þ 2m2

e

m2
A0

�
;

ðB6Þ

where me is the electron mass and Be ¼ BðA0 →
eþe−Þ is the branching fraction of a decay into an
electron-positron pair. For mA0 below the di-muon
threshold, Be ¼ 1 which is typically the case in our
analysis. For heavier dark photons, decays into μþμ−,
as well as hadronic final states start to play an
important role [107].

Decay of χ2 in inelastic dark matter models The relevant
differential branching fraction for decay into an
electron-positron pair, χ2 → χ1eþe−, can be found
e.g., in Ref. [37]. In the case of heavier dark fermions
and a larger mass splitting between them, decays into
other SM particles become kinematically allowed. We
take this into account by including the branching
fraction of an off-shell dark photon decaying into an
electron-positron pair, BeðmA0� ¼ meeÞ, evaluated at
the invariant mass of the electron pair mee. The decay
width is then given by

Γ2 ¼
g212ϵ

2α

64π2m3
χ2

×
Z

sþ
2

s−
2

ds2

Z
sþ
1

s−
1

ds1

×
4jAj2

ðm2
1 þm2

2 þ 2m2
e − s1 − s2 −m2

A0 Þ2 þm2
A0Γ2

A0

×
1

BeðmA0� ¼ meeÞ
; ðB7Þ

where ΓA0 is given in Eq. (B6) and

jAj2 ¼ ðs1 þ s2 − 2m1m2 − 2m2
eÞ½ðm1 þm2Þ2

þ 4m2
e� þ 2ðm2

e þm1m2Þ2 − s21 − s22; ðB8Þ

and integration limits are

s�1 ¼ m2
1 þm2

e þ
1

2s2
½ðm2

2 −m2
e − s2Þðm2

1 −m2
e þ s2Þ

� λ
1
2ðs2; m2

2; m
2
eÞλ1

2ðs2; m2
1; m

2
eÞ�;

sþ2 ¼ ðm2 −meÞ2; and s−2 ¼ ðm1 þmeÞ2: ðB9Þ

In Fig. 12 we show sample distributions of the
electron pair energy as well as the angle of electron
pair momentum with respect to the direction of χ2. As
can be seen in the left panel, in the boosted regime,
where E χ2 ≫ m χ2 , the distribution of the energy
fraction of χ2 that goes into the visible final state,
x ¼ Eeþe−=E χ2 , only mildly depends on E χ2 . In
particular, for a larger mass splitting between the dark
fermions characteristic for scenarios of our interest,
the visible energy often corresponds to more than a
half of the energy of χ2, with a kinematical upper limit
Eeþe− ≲ ½1 − ðm χ1=m χ2Þ2�E χ2 . The relevant value for
the assumed mass ratio between both dark fermions is
given by Eeþe− ≲ 0.9E χ2. The upper limit on Eeþe−

becomes more stringent in the case of lower energies,
E χ2 ∼m χ2 , due to a nonzero mass of χ1 in the final
state.
In the right panel, we show the angle between

electron pair momenta relative to the direction of

FIG. 12. The energy (left) and angular (right) distribution of an eþe− pair from χ2 decay with respect to the energy and direction of the
parent particle. The histograms are shown for three different energies of χ2: E χ2 ¼ 1 GeV (dotted blue), 10 GeV (dashed red), and
100 GeV (solid green), and for the benchmark point parameters indicated in the figures.
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decaying χ2. Notably, the visible charged tracks are
typically collimated along the direction of χ2. This is
especially true for energies E χ2 ≳ 100 GeV, i.e.,
above the energy threshold of FASER. On the other
hand, for energies E χ2 ∼ 10 GeV, which are more
relevant for the secondary production in the SHiP and
MATHUSLA experiments, the deflection angle of
order few tens of mrads leads to the impact parameter
with respect to the IP of order meters, given the
distance between the IP and the decay vessel exceed-
ing 50 m. This might partially limit the actual reach of
both experiments in this model once a more detailed
experimental analysis is performed that considers a
pointing requirement. This effect is even more im-
portant for some scenarios with lower energy
OðGeVÞ, corresponding to the regions of the param-
eter space dominated by the primary production
of LLPs.

APPENDIX C: SCATTERING CROSS SECTIONS
FOR SECONDARY PRODUCTION OF LLPs

In this section, we will give the expressions for the
scattering cross sections relevant for secondary production
of new light particles, LLP1 þ T → LLP2 þ T, where the
target can be electron or nuclei, T ¼ e, N. For the models
discussed in Secs. II A to II C, LLP1 ¼ χ; χ1, or S, while
LLP2 ¼ A0; χ2, or A0, respectively. Notably, all the consid-
ered models are characterized by somewhat different
kinematics when both the secondary production and
subsequent decay of LLP2 in the detector are taken into
account:

(i) 2 → 3 scattering followed by a two-body decay
(relevant for a scenario with dark bremsstrahlung;
cf. Sec. II A),

(ii) 2 → 2 scattering followed by a three-body decay
(inelastic DM; cf. Sec. II B),

(iii) 2 → 2 scattering followed by a two-body decay (A0
with secluded dark Higgs boson; cf. Sec. II C).

In the following, we present the expressions for the
scattering cross sections relevant to our analysis.

1. 2 → 2 scatterings

In case of models with inelastic DM and secluded dark
Higgs boson, secondary production proceeds via 2 → 2
scattering processes illustrated in the center and right
panels of Fig. 3, respectively. The relevant differential
cross section in the lab frame reads

dσ
dET

¼ mT

8πλðs;m2
T; m

2
1Þ
jMj2; ðC1Þ

where ET and mT is the energy and mass of the recoiling
target, while m1 ≡mLLP1 is the mass of the initial state
scattered LLP. The integration limits are

E�
T ¼ sþm2

T −m2
2

2s
× ðE1 þmTÞ �

λ
1
2ðs;m2

T; m
2
2Þ

2s
× p1;

ðC2Þ

where E1 and E2 are energies of the initial and final state
LLPs, respectively, and m2 ≡mLLP2 .

a. Scatterings off electrons

Let us first consider the case of scattering off electrons.
Inelastic DM Following Ref. [41], the squared matrix
element for upscattering χ1e → χ2e is given by

FIG. 13. The energy and angular distribution of χ2 produced in the upscattering of χ1 in the inelastic dark matter model with respect to
the energy and direction of the initial state particle χ1. The color coding and the choice of the benchmark parameters are as in Fig. 12.
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jMj2 ¼ 8ðϵeg12Þ2me

ð2meðE χ2 − E χ1Þ −m2
A0 Þ2 ×M0; ðC3Þ

where the amplitude is defined as

M0 ¼ meðE2
χ1 þ E2

χ2Þ − ðδmxÞ2ðE χ2 − E χ1 þmeÞ=2
þm2

eðE χ2 − E χ1Þ þm2
χ1E χ2 −m2

χ2E χ1 ; ðC4Þ

with δm χ ¼ m χ2 −m χ1 .
Secluded dark Higgs boson Following Ref. [94], the
squared matrix element for the process Se → A0e is

jMj2 ¼ 4ðϵeg12Þ2me

f2meðE2 − E1Þ −m2
A0 g2 ½E1ð2E2me þm2

A0 Þ

þ E2ðm2
S − 2m2

A0 Þ − 2m2
A0meÞ�; ðC5Þ

where E1 ¼ ES and E2 ¼ EA0 .

b. Scatterings on nuclei

The coupling between the dark photon and protons is
dependent on nuclear form factors. This introduces a
nontrivial dependence on the momentum transfer squared,
q2 ¼ −Q2 < 0, as dictated by the nucleon electromagnetic
current, J μ ¼ ūðp4Þ½F1γμ − ðσμνqν=2mpÞ�uðp2Þ, where
F1ðq2Þ and F2ðq2Þ are the Dirac and Pauli form factors,
respectively. These are usually expressed through the Sachs
form factors, GE ¼ F1 − τF2 and GM ¼ F1 þ F2, where
we defined τ ¼ Q2=ð4m2

pÞ > 0. It is customary to express
GE employing the dipole approximation, which is particu-
larly useful in the regime of low momentum exchange
relevant for our analysis, which is characterized by
Q2 ≲ 1 GeV,

GE ¼ ð1þQ2=0.71 GeV2Þ−2 ¼ GM=μp; ðC6Þ

where μp ¼ 2.79 is the proton magnetic moment and in the
last step we have followed the usual approximation that a
simple scaling GM ≃ μpGE holds for small, but even
nonzero, values of Q2. For our purposes, the most con-
venient parametrization consists of form factors which take
the form

G1 ≔ τG2
M ¼ τμ2pG2

E and

G2 ≔
G2

E þ τG2
M

1þ τ
≃τ⋘1

G2
E½1þ τðμ2p − 1Þ�: ðC7Þ

As follows from Eq. (C7), for a small momentum transfer,
τ ≪ 1, one obtains G2 ≫ G1 and the term in the cross
section proportional to G1 can typically be neglected. The
term proportional to G2, instead, plays the dominant role.
In addition, for sufficiently small momentum transfer,

the internal structure of the nuclei is not probed and the
dominant contribution to the cross section comes from

coherent scatterings off entire nuclei. In the following, we
implement approximate nuclear form factors that lead to a
relatively smooth transition between the incoherent and
coherent regimes [108–110]

G2;totðtÞ ¼ G2;elðtÞ þ G2;inelðtÞ; ðC8Þ

whereG2;el andG2;inel are the form factors corresponding to
the coherent and incoherent regimes, respectively. They are
given by

G2;elðtÞ ¼ Z2

�
a2t

1þ a2t

�
2
�

1

1þ td

�
2

and

G2;inelðtÞ ¼ Z

�
a02t

1þ a02t

�
2
�
G2

E þ τG2
M

1þ τ

�

≃ Z

�
a02t

1þ a2t

�
2
�
1þ t=ð4m2

pðμ2p − 1ÞÞ
ð1þ t=0.71 GeV2Þ4

�
; ðC9Þ

where the relevant atomic form factors have parameters
a ¼ 111Z−1=3=me and a0 ¼ 773Z−2=3=me for coherent
and incoherent form factors, respectively, while the coher-
ent nucleus form factor is characterized by d ¼
0.164 GeV2 A−2=3 with Z (A) being the atomic (mass)
number of the nucleus.
We note that our G2 form factor differs slightly from the

relevant expression in Ref. [110] due to a spurious square
factor in the nuclear part of the form factor appearing in that
reference. We also note that, given our focus on
Q2 ≲ 1 GeV, we do not have to consider the regime of
deep inelastic scattering (DIS).

Inelastic DM For the upscattering process χ1N → χ2N,
the squared matrix element is given by

jMj2 ¼ 8ðϵeg12Þ2mp

ð2mpðE χ2 − E χ1Þ −m2
A0 Þ2

×

�
1

2
M1G2 þ

G1

τ

�
M0 −

1

2
M1

��
; ðC10Þ

where M0 is given by Eq. (C4) and M1 reads

M1 ¼ mTð½E χ1 þ E χ2 − ðm2
χ2 −m2

χ1Þ=ð2mTÞ�2
þ ðE χ1 − E χ2 þ 2mTÞ½ðE χ2 − E χ1Þ
− δ2m=ð2mTÞ�Þ: ðC11Þ
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Secluded dark Higgs boson Finally, for the process
SN → A0N the squared matrix element is given by

jMj2¼ 2ðϵeg12Þ2
f2mpðE χ2−E χ1Þ−m2

A0 g2

×

�
−
�
m2

SQ
2þ1

4
ðQ2−m2

Sþm2
A0 Þ2þ3m2

A0Q2

�

×
G1

τ
þ
��

2E1mT−
1

2
ðQ2−m2

Sþm2
A0 Þ

�
2

−m2
A0 ðQ2þ4m2

TÞ
	�

G2−G1

2ðμp−1Þ
μ2p

��
:

ðC12Þ
As discussed above, the scattering cross section is domi-
nated by the contributions proportional to G2, effectively
replaced by G2;tot given in Eq. (C8), while the terms
proportional to G1 can be neglected in the case of low
momentum exchange.

c. Energy and angular distribution
in the secondary production

Importantly, as illustrated in Fig. 13 for the case of
inelastic DM, the energies and direction of the LLP is not
much affected by the recoil, i.e., p χ2 ≈ p χ1 . In particular,
the outgoing LLP tends to inherit most of the energy of the
incoming high-energy particle, as shown in the left panel.
On the other hand, even a small deflection angle θ χ2 can

play a role in the physics analysis. In particular, for energies
E χ2 ∼ 100 GeV relevant for FASER, a typical value of
θ χ2 ∼ 3 mrad deduced from the right panel of Fig. 13 leads
to a displacement that exceeds the 10 cm radius of the
detector, if the upscattering happens more than about 30 m
away from the decay vessel. In this case, it is particularly
important to properly model the deflection in the secondary
production during the simulation. Instead, for larger ener-
gies or LLPs with a smaller lifetime, which are produced in
the last few meters in front of the decay vessel, as well as
for the large-size FASER 2 detector, small values of the
deflection angle play a less important role in modeling.
Similarly for SHiP, assuming that the interaction takes

place close to the decay vessel at a distance about 50 m
away from the IP, and that E χ2 ∼ 10 GeV, a typical
deflection angle, θ χ2 ≃ 30 mrad, leads to an impact param-
eter with respect to the target of order 150 cm. This value is
smaller than 250 cm relevant for the loose selection cuts, as
mentioned in Appendix E, and it would be further sup-
pressed for larger energies of χ1. On the other hand, a small
but nonzero value of the deflection angle might render it
impossible to employ the tight selection cuts typical for
e.g., dark photon searches. This would be further compli-
cated by the presence of an additional missing energy in the
final state, as discussed in Appendix B 2.
In addition, if the secondary production takes place away

from the decay vessel, than the displacement OðmÞ could

result in LLP missing the vessel. This, however, mainly
concerns scenarios with relatively long-lived LLPs for
which the dominant production mechanism is, either
way, the primary production.

2. 2 → 3 scattering

In case of the dark photon mediated single dark matter
model, the secondary production of the dark photon
proceeds through the dark bremsstrahlung processes illus-
trated in the Feynman diagram in the left panel of Fig. 3. In
this work, the elastic 2 → 3 scattering of the dark matter off
the nucleus is modeled numerically using MADGRAPH5

[111]. We have created a simplified model containing
the DM particle χ, a nucleus N, and the dark photon A0,
where the effective coupling of the dark photon to the
nucleus takes into account the elastic form factor G2ðtÞ
defined in Eq. (C8). We simulate the interaction separately
for all considered materials and for various energies of the
incoming dark matter particle. The simulated events are
then convoluted with the incoming DM flux, where we
sample over the interaction location and weight by the
decay in volume probability.

APPENDIX D: BENCHMARK DETECTOR
DESIGNS

Here we summarize main features of the simplified
benchmark detector designs for the experiments considered
in our study. These are also illustrated in Fig. 4. Bold case is
used for these pieces of material, for which we model
secondary production of LLPs in scatterings of other light
particles. Any possible secondary production processes
happening in other parts of the detectors are not taken into
account.
More detailed experimental setups have been discussed

for FASER/FASER 2 detectors in Refs. [8,9,58], for
MATHUSLA in Refs. [11,12], while in the case of SHiP
in Refs. [14,60]. In the following, we employ simplified
geometries that encompass the most important aspects of
detector designs under study and, therefore, remain suffi-
cient for the purpose of our phenomenological analysis.
These benchmark geometries might be further updated in

the future, especially for experiments to be performed at the
time of the HL-LHC era, in which case sensitivity plots
presented in this study would have to be updated. We note,
however, that the results presented in Sec. V are typically
not sensitive to possible (mild) changes in detector designs.
The most important are potential modifications of detector
design in the most immediate neighborhood of the decay
vessel. Depending on the nature of these changes, they
could either improve or worsen reach in the regions of
parameter space of BSM models corresponding to LLPs
with the shortest lifetime. Even such modifications, how-
ever, would often not have significant impact on the reach,
as we briefly discuss in Appendix A.

EXTENDING THE REACH OF FASER, MATHUSLA, … PHYS. REV. D 101, 095020 (2020)

095020-25



FASER (both Run3 and HL-LHC) (beginning with most
distant places from the detector)
(i) We do not model in details all the LHC infra-

structure that can be found in between ATLAS
IP and concrete shielding close to the place
when the arc section of the LHC tunnel begins.
While such detailed modeling would go beyond
this study, we also note that the most relevant
sections of the LHC tunnel for LLP production
considered here are either ATLAS IP (primary
production) or the rock close to FASER (sec-
ondary production).

(ii) The first piece of material that we include in our
simulations is a region with 10 m of concrete
shielding that starts about 100 m in front of the
tunnel TI12, where the FASER detector is
located. We model this shielding as material
with Z ¼ 8.6, A ¼ 17, and ρ ¼ 2.3 g=cm3.

(iii) Concrete shielding is followed by 89 m of the
standard rock, modeled as material with
Z ¼ 11, A ¼ 22, and ρ ¼ 2.65 g=cm3 [106].

(iv) The remaining section of the rock with the
length of 1 m and the 30 cm long section
beginning right after the rock that contains, i.a.
the first front veto layers, are treated separately.
In particular, any secondary production proc-
esses happening here are rejected in the analysis
as they might lead to veto activation. It is useful
to note that 1 m of the standard PDG rock
corresponds to roughly three hadronic interac-
tion lengths, 3λhad;int.

(v) Located behind the first front veto is FASER’s
neutrino detector, dubbed FASERν [58]. It
contains 1 m of tungsten out of which the first
70 cm of tungsten are taken into account when
modeling secondary production. This is mod-
eled as material with Z ¼ 74, A ¼ 183.84, and
ρ ¼ 19.3 g=cm3. Any scatterings that occur in
the remaining 30 cm of tungsten, as well as
within further 20 cm of FASER=FASERν
equipment containing, i.a. second section with
front veto layers, are not taken into account
when obtaining sensitivity plots.

We note that the FASERν detector consists of
alternating layers of tungsten (with the total
length of about 1 m) and emulsion films. This
complicated geometry is simplified for our
phenomenological study in which we model
FASERν as a single tungsten block with an
average position with respect to other elements
of the infrastructure around. Precise details of
this modeling have a minor impact on the final
results.

(vi) After FASERν and the second front veto, the
FASER decay vessel begins at a distance L ≃
480 m away from the ATLAS IP. The decay

vessel has a cylindrical shape with radius R ¼
10 cm and length Δ ¼ 1.5 m.

FASER 2 (HL-LHC)
(i) FASER 2 is characterized by a similar geometry

to FASER, but without FASERν neutrino
detector in front of the decay vessel. As a
result, after the concrete shielding (10 m), rock
(89 mþ 1 m), and the first front veto layers
(30 cm), the decay vessel begins at a distance
L ≃ 480 m away from the ATLAS IP. The
decay vessel is a cylinder with radius R ¼
1 m and length Δ ¼ 5 m.

MATHUSLA (HL-LHC) (beginning with most distant
places away from MATHUSLA)
(i) The size of the CMS detector and its cavern is

taken into account in the analysis in a simplified
manner. In particular, we do not treat secondary
production processes happening in the elements
of the infrastructure there as it would be
challenging to model them accurately. On the
other hand, this region lies close to the CMS IP
and the relevant production rate for LLPs that
can reach MATHUSLA is dominated by the
primary production processes. The CMS cavern
has roughly a cylindrical shape with 13 m
radius and the length of 60 m [112]. By taking
into account the planned position of the MA-
THUSLA detector and the size of the CMS
cavern, one can see that about 17 m to 30 m of
the distance between the CMS IP and the
bottom part of the MATHUSLA detector (de-
tails below) will be occupied by the cavern.

(ii) The rest of a distance between the CMS IP and
MATHUSLA is modeled as the standard rock
with Z ¼ 11, A ¼ 22, and ρ ¼ 2.65 g=cm3

[106] that extends up until the last 1 m long
section of the rock in front of MATHUSLA.
The last 1 m long section of the rock is, instead,
treated separately, similar to the aforementioned
case of FASER/FASER 2. This is to make sure
that secondary production processes that we
take into account are shielded from veto layers
by at least 3λhad;int.

(iii) MATHUSLA decay vessel begins right after the
rock. The total distance between the CMS IP
and MATHUSLA, as well as the size of the
detector, is dictated by geometry described
by Eq. (11).

SHiP (beginning with most distant places away from the
SHiP decay vessel)
(i) The target and hadron stopper with additional

shielding correspond to about 13.2 m of infra-
structure elements that we neglect when mod-
eling secondary production. This is justified by
the fact that the dominant contribution to the
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signal yield from this region corresponds to
primary production of LLPs initiated by pro-
tons hitting the target.

(ii) After this front section, the remaining part of the
active muon shield consists of 6 iron blocks each
5 m long with 10 cm empty gaps in between,
where iron is modeled as material with Z ¼ 26,
A ¼ 55.84, and ρ ¼ 7.874 g=cm3.

(iii) This is followed by an additional section with
the length of about 1 m which contains other
elements of the infrastructure that are not
modeled in detail in our analysis.

(iv) The SND detector begins at a distance about
44.7 m away from the IP. In its internal 80 cm ×
80 cm part around the collision axis, it corre-
sponds to the emulsion detector and the follow-
ing downstream tracker. The emulsion detector
is surrounded by a magnet with a coil made out
of copper (alternative design with aluminum is
also considered), which is further surrounded
by an iron yoke. For the purpose of modeling,
we assume that the region of the SND surround-
ing the emulsion detector is mostly filled with
material with properties similar to iron.

The emulsion detector and downstream tracker The
total length of the emulsion detector is 3 m, and it
consists of alternating layers of 1 mm thick lead
plates and emulsion films that are additionally inter-
leaved with electronic detectors. We model this as a
single block of lead with the total length of about 1 m
that corresponds to 19 walls that each has 57 lead
plates, as discussed in Sec. 4.2 of Ref. [60]. The
second half of this block of lead (i.e., 50 cm of lead)
is excluded from our analysis of secondary LLP
production as it corresponds to the last 3λhad;int in
front of the downstream tracker and the following
SND muon system acting as veto. In our simplified
treatment of detector geometry, we assume that the
block of lead occupies 1 m long section in the middle
of a 3 m long emulsion detector. Hence, out of the
emulsion detector with the total length of 3 m, only
secondary production happening in the front 50 cm
long part of the lead block is taken into account
which is positioned in between 1 m and 1.5 m away
from the beginning of the SND detector. It is
modeled as material with Z ¼ 82, A ¼ 207.2, and
ρ ¼ 11.35 g=cm3. After the emulsion detector, the
remaining 3 m of the internal 80 cm × 80 cm part of
the SND detector is occupied by the downstream
tracker. We do not study secondary production proc-
esses that occur here.
Importantly, for the purpose of studying additional

LLP signatures relevant for scatterings off electrons in
the SND, which are discussed in Sec. VI, we model
the emulsion detector as a full block of lead with 1 m
length.

Magnets surrounding the emulsion detector and the
downstream tracker As discussed above, we assume
that the magnets are made out of material equivalent to
iron with Z ¼ 26, A ¼ 55.845, and ρ ¼ 7.874 g=cm3.
They have a total length of about 6 m. We again
exclude a section of the magnet toward the end with
0.5 m length, as it corresponds to the last 3λhad;int
before the SND muon system acting as veto. On the
other hand, the first 5.5 m long section of the magnet
is taken into account when modeling secondary
production.

(i) The SND downstream tracker and surrounding
magnet is followed by the 2 m long muon
identification system of the SND. It partially
acts as the front veto before the decay vessel
begins, so we do not take into account any
possible secondary production processes hap-
pening in the close vicinity or inside the SND
muon system.

(ii) The muon identification system is followed by
the decay vessel that has length of 50 m. We
take into account its irregular shape [60] when
simulating the events.

APPENDIX E: CUTS IMPOSED
ON SIGNAL EVENTS

When obtaining the sensitivity reach plots presented in
Sec. V, we impose additional cuts that can limit the number
of signal events, but, most importantly, allow one to
discriminate between signal and background events more
easily. We summarize these cuts briefly below for both two-
body decays with all LLP energy going into visible charged
tracks, as well as for three-body decays with missing
energy in the final state. The latter is relevant for searches
for inelastic DM. In the analysis, we also assume a 100%
detection efficiency after the relevant cuts are imposed.
On top of these experimental cuts, we always require the

recoil momentum of the target in secondary production
processes not to exceed precoil ¼ 1 GeV. Similarly, no
secondary production events that occur within the last
three hadronic interaction lengths, 3λhad;int, in front of veto
are taken into account. We note that detailed detector
simulations could allow one to alleviate these constraints.
In particular, similar challenges have already been consid-
ered in the context of LLP searches in high-energy electron
and muon beam-dump experiments, e.g., NA64-e [113]
and NA64-μ [114] employing ∼100 GeV e=μ beams.

FASER/FASER 2 We require the LLP decays to happen
inside the decay volume and deposit at least 100 GeV
of energy in two final state visible charged tracks. Due
to the large energy threshold, no additional direction
reconstruction cut is imposed since charged particles
produced in the decay are highly collimated along the
LLP direction in the lab frame.
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MATHUSLA We follow Ref. [12] and, for LLP
decays happening in the decay volume, we implement
lower threshold on three-momenta of both charged
particles in the final state, jp⃗ej > 1 GeV, that is
relevant for eþ=e− charged tracks. On top of this
cut, in order to suppress various possible sources of
BG, additional timing and pointing information can be
used to correlate the event with pp collisions at the
CMS IP.
As for the latter, due to the small momentum

exchange with the target in scattering processes, the
direction of LLPs entering the decay volume is not
much affected by the recoil and this effect can be
neglected in the analysis (see also discussion in
Appendix C). The direction reconstruction of
decaying LLPs can also be affected in the presence
of missing energy in the final state, especially for low-
energy signal events. As a result of such misrecon-
struction, isotropic BG induced by interactions of
atmospheric neutrinos might become non-negligible
as it corresponds to few tens of events per year [10].
This issue has been studied in Ref. [115] for LLPs
produced in Drell-Yan processes in pp collisions at
the CMS IP, as well as produced in invisible decays of
the SM Higgs boson. In both cases, the sensitivity
reach has been found to decrease by a factor of 3
for new particles with mass mLLP ∼ 10 GeV, once
neutrino-induced BG is taken into account. On the
other hand, as noted in Ref. [115], this effect could
become even less sizable when dedicated background

simulations are performed. In this study, we will then
neglect possible negative impact of direction misre-
construction in searches for inelastic DM.

SHiP We follow Ref. [60] and require three-momenta of
both visible charged particles produced in LLP decays
in the decay vessel to be large enough, jp⃗daughterj >
1 GeV. Similar to the case of MATHUSLA, we note
that direction reconstruction is notmuch affected by the
recoil in scattering processes relevant for secondary
production of LLPs.
In case of three-body decays with missing energy,

loose selection efficiency could be imposed with an
impact parameter with respect to target not exceeding
250 cm [60]. While this condition allows one to more
easily accept partially reconstructed signal events, it
could also make BG rejection more challenging.
Dedicated BG simulations that go beyond this
analysis are required to thoroughly investigate this
issue which we left for future studies. Instead, in our
phenomenological analysis, we neglect this possible
obstacle and assume that all such events can be
properly reconstructed and discriminated from BG.
This also allows for a better comparison to the reach
of MATHUSLA experiment for which we make a
similar assumption.
Experimental cuts applied to additional searches

based on LLP scatterings off electrons in the SND
are described in Sec. VI for both considered
signatures.
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[43] L. Darmé, S. Rao, and L. Roszkowski, Light dark Higgs
boson in minimal sub-GeV dark matter scenarios, J. High
Energy Phys. 03 (2018) 084.

[44] A. Berlin, S. Gori, P. Schuster, and N. Toro, Dark sectors at
the Fermilab SeaQuest experiment, Phys. Rev. D 98,
035011 (2018).

[45] A. Berlin, N. Blinov, G. Krnjaic, P. Schuster, and N. Toro,
Dark matter, millicharges, axion and scalar particles, gauge
bosons, and other new physics with LDMX, Phys. Rev. D
99, 075001 (2019).

[46] J. R. Jordan, Y. Kahn, G. Krnjaic, M. Moschella, and J.
Spitz, Signatures of Pseudo-Dirac dark matter at high-
intensity neutrino experiments, Phys. Rev. D 98, 075020
(2018).

[47] A. Berlin and F. Kling, Inelastic dark matter at the LHC
lifetime frontier: ATLAS, CMS, LHCb, CODEX-b,
FASER, and MATHUSLA, Phys. Rev. D 99, 015021
(2019).

[48] L. Heurtier, D. Kim, J.-C. Park, and S. Shin, Explaining the
ANITA anomaly with inelastic boosted dark matter, Phys.
Rev. D 100, 055004 (2019).

[49] B. Batell, M. Pospelov, and A. Ritz, Probing a Secluded
U(1) at B-factories, Phys. Rev. D 79, 115008 (2009).

[50] J. D. Clarke, R. Foot, and R. R. Volkas, Phenomenology of
a very light scalar (100 MeV < mh < 10 GeV) mixing
with the SM Higgs, J. High Energy Phys. 02 (2014) 123.

[51] J. L. Feng, I. Galon, F. Kling, and S. Trojanowski, Dark
Higgs bosons at the ForwArd Search ExpeRiment, Phys.
Rev. D 97, 055034 (2018).

[52] J. A. Evans, Detecting hidden particles with MATHUSLA,
Phys. Rev. D 97, 055046 (2018).

[53] V. V. Gligorov, S. Knapen, M. Papucci, and D. J.
Robinson, Searching for long-lived particles: A compact
detector for exotics at LHCb, Phys. Rev. D 97, 015023
(2018).

[54] G. Aielli et al., Expression of interest for the CODEX-b
detector, arXiv:1911.00481.

[55] B. Döbrich (NA62 Collaboration), Dark sectors at fixed
targets: The example of NA62, Frascati Phys. Ser. 66, 312
(2018).

EXTENDING THE REACH OF FASER, MATHUSLA, … PHYS. REV. D 101, 095020 (2020)

095020-29

https://doi.org/10.1088/0034-4885/79/12/124201
https://doi.org/10.1088/0034-4885/79/12/124201
https://doi.org/10.1016/0370-2693(86)91377-8
https://doi.org/10.1016/0370-2693(86)91377-8
https://doi.org/10.1393/ncr/i2015-10117-9
https://doi.org/10.1007/JHEP06(2018)004
https://doi.org/10.1007/JHEP07(2018)094
http://lss.fnal.gov/archive/2017/conf/fermilab-conf-17-282-ae-ppd-t.pdf
http://lss.fnal.gov/archive/2017/conf/fermilab-conf-17-282-ae-ppd-t.pdf
http://lss.fnal.gov/archive/2017/conf/fermilab-conf-17-282-ae-ppd-t.pdf
http://lss.fnal.gov/archive/2017/conf/fermilab-conf-17-282-ae-ppd-t.pdf
http://lss.fnal.gov/archive/2017/conf/fermilab-conf-17-282-ae-ppd-t.pdf
https://doi.org/10.1016/j.physletb.2008.02.052
https://doi.org/10.1103/PhysRevLett.115.061301
https://doi.org/10.1103/PhysRevLett.115.061301
https://doi.org/10.1007/JHEP11(2019)159
https://doi.org/10.1007/JHEP11(2019)159
https://doi.org/10.1103/PhysRevLett.116.041302
https://doi.org/10.1103/PhysRevLett.116.041302
https://doi.org/10.1016/j.physrep.2017.11.004
https://doi.org/10.1103/PhysRevD.57.6788
https://doi.org/10.1103/PhysRevD.57.6788
https://doi.org/10.1103/PhysRevLett.115.251301
https://doi.org/10.1103/PhysRevD.91.055006
https://doi.org/10.1103/PhysRevD.91.055006
https://doi.org/10.1007/JHEP01(2019)001
https://doi.org/10.1103/PhysRevD.100.095010
https://doi.org/10.1103/PhysRevD.80.095024
https://doi.org/10.1103/PhysRevD.80.095024
https://doi.org/10.1103/PhysRevLett.113.171802
https://doi.org/10.1103/PhysRevD.95.035006
https://arXiv.org/abs/1607.01390
https://arXiv.org/abs/1808.05219
https://doi.org/10.1007/JHEP05(2019)028
https://doi.org/10.1016/j.physletb.2018.03.043
https://doi.org/10.1016/j.physletb.2018.03.043
https://doi.org/10.1007/JHEP12(2018)014
https://doi.org/10.1007/JHEP12(2018)014
https://doi.org/10.1103/PhysRevD.64.043502
https://doi.org/10.1103/PhysRevD.93.063523
https://doi.org/10.1103/PhysRevD.93.063523
https://doi.org/10.1103/PhysRevLett.119.161801
https://doi.org/10.1103/PhysRevLett.119.161801
https://doi.org/10.1103/PhysRevD.96.055007
https://doi.org/10.1007/JHEP03(2018)084
https://doi.org/10.1007/JHEP03(2018)084
https://doi.org/10.1103/PhysRevD.98.035011
https://doi.org/10.1103/PhysRevD.98.035011
https://doi.org/10.1103/PhysRevD.99.075001
https://doi.org/10.1103/PhysRevD.99.075001
https://doi.org/10.1103/PhysRevD.98.075020
https://doi.org/10.1103/PhysRevD.98.075020
https://doi.org/10.1103/PhysRevD.99.015021
https://doi.org/10.1103/PhysRevD.99.015021
https://doi.org/10.1103/PhysRevD.100.055004
https://doi.org/10.1103/PhysRevD.100.055004
https://doi.org/10.1103/PhysRevD.79.115008
https://doi.org/10.1007/JHEP02(2014)123
https://doi.org/10.1103/PhysRevD.97.055034
https://doi.org/10.1103/PhysRevD.97.055034
https://doi.org/10.1103/PhysRevD.97.055046
https://doi.org/10.1103/PhysRevD.97.015023
https://doi.org/10.1103/PhysRevD.97.015023
https://arXiv.org/abs/1911.00481


[56] F. Kling and S. Trojanowski, Heavy neutral leptons at
FASER, Phys. Rev. D 97, 095016 (2018).

[57] J. L. Feng, I. Galon, F. Kling, and S. Trojanowski, Axion-
like particles at FASER: The LHC as a photon beam dump,
Phys. Rev. D 98, 055021 (2018).

[58] H. Abreu et al. (FASER Collaboration), Detecting and
studying high-energy collider neutrinos with FASER at the
LHC, arXiv:1908.02310.

[59] H. Lubatti et al. (MATHUSLA Collaboration), MA-
THUSLA: A detector proposal to explore the lifetime
frontier at the HL-LHC, arXiv:1901.04040. http://mathusla
.web.cern.ch.

[60] C. Ahdida et al. (SHiP Collaboration), SHiP experiment–
Progress report, CERN Tech. Report Nos. CERN-SPSC-
2019-010. SPSC-SR-248, 2019, https://cds.cern.ch/record/
2654870.

[61] T. Pierog, I. Karpenko, J. M. Katzy, E. Yatsenko, and K.
Werner, EPOS LHC: Test of collective hadronization with
data measured at the CERN Large Hadron Collider, Phys.
Rev. C 92, 034906 (2015).

[62] C. Baus, T. Pierog, and R. Ulrich, Cosmic RayMonte Carlo
(CRMC), https://web.ikp.kit.edu/rulrich/crmc.html.

[63] A. Faessler, M. I. Krivoruchenko, and B. V. Martemyanov,
Once more on electromagnetic form factors of nucleons in
extended vector meson dominance model, Phys. Rev. C 82,
038201 (2010).

[64] J. Blmlein and J. Brunner, New exclusion limits on dark
gauge forces from proton bremsstrahlung in beam-dump
data, Phys. Lett. B 731, 320 (2014).

[65] J. P. Lees et al. (BABAR Collaboration), Search for a Dark
Photon in eþe− Collisions at BABAR, Phys. Rev. Lett.
113, 201801 (2014).

[66] J. R. Batley et al. (NA48/2 Collaboration), Search for the
dark photon in π0 decays, Phys. Lett. B 746, 178 (2015).

[67] E. M. Riordan et al., A Search for Short Lived Axions in an
Electron Beam Dump Experiment, Phys. Rev. Lett. 59, 755
(1987).

[68] D. Banerjee et al. (NA64 Collaboration), Search for a
Hypothetical 16.7 MeV Gauge Boson and Dark Photons in
the NA64 Experiment at CERN, Phys. Rev. Lett. 120,
231802 (2018).

[69] P. deNiverville, M. Pospelov, and A. Ritz, Observing a
light dark matter beam with neutrino experiments, Phys.
Rev. D 84, 075020 (2011).

[70] T. R. Slatyer, N. Padmanabhan, and D. P. Finkbeiner, CMB
constraints on WIMP annihilation: Energy absorption
during the recombination epoch, Phys. Rev. D 80,
043526 (2009).

[71] T. R. Slatyer, Indirect dark matter signatures in the cosmic
dark ages. I. Generalizing the bound on s-wave dark matter
annihilation from Planck results, Phys. Rev. D 93, 023527
(2016).

[72] S. Nussinov, Technocosmology: Could a technibaryon
excess provide a ’Natural’ missing mass candidate? Phys.
Lett. 165B, 55 (1985).

[73] D. E. Kaplan, M. A. Luty, and K. M. Zurek, Asymmetric
dark matter, Phys. Rev. D 79, 115016 (2009).

[74] T. Lin, H.-B. Yu, and K.M. Zurek, On symmetric and
asymmetric light dark matter, Phys. Rev. D 85, 063503
(2012).

[75] J. P. Lees et al. (BABARCollaboration), Search for Invisible
Decays of a Dark Photon Produced in eþe− Collisions at
BABAR, Phys. Rev. Lett. 119, 131804 (2017).

[76] D. Banerjee et al. (NA64 Collaboration), Search for vector
mediator of dark matter production in invisible decay
mode, Phys. Rev. D 97, 072002 (2018).

[77] M. Duerr, T. Ferber, C. Hearty, F. Kahlhoefer, K. Schmidt-
Hoberg, and P. Tunney, Invisible and displaced dark matter
signatures at Belle II, arXiv:1911.03176.

[78] R. H. Parker, C. Yu, W. Zhong, B. Estey, and H. Mller,
Measurement of the fine-structure constant as a test of the
Standard Model, Science 360, 191 (2018).

[79] H. Davoudiasl and W. J. Marciano, Tale of two anomalies,
Phys. Rev. D 98, 075011 (2018).

[80] G. W. Bennett et al. (Muon g-2 Collaboration), Final
report of the Muon E821 anomalous magnetic moment
measurement at BNL, Phys. Rev. D 73, 072003 (2006).

[81] M. Pospelov, Secluded U(1) below the weak scale, Phys.
Rev. D 80, 095002 (2009).

[82] T. Blum, P. A. Boyle, V. Glpers, T. Izubuchi, L. Jin, C.
Jung, A. Jttner, C. Lehner, A. Portelli, and J. T. Tsang
(RBC (UKQCD Collaborations), Calculation of the Had-
ronic Vacuum Polarization Contribution to the Muon
Anomalous Magnetic Moment, Phys. Rev. Lett. 121,
022003 (2018).

[83] A. Keshavarzi, D. Nomura, and T. Teubner, Muon g − 2

and αðM2
ZÞ: a new data-based analysis, Phys. Rev. D 97,

114025 (2018).
[84] M. Davier, A. Hoecker, B. Malaescu, and Z. Zhang, A new

evaluation of the hadronic vacuum polarisation contribu-
tions to the muon anomalous magnetic moment and to
αðm2

ZÞ, Eur. Phys. J. C 80, 241 (2020).
[85] A. Hook, E. Izaguirre, and J. G. Wacker, Model indepen-

dent bounds on kinetic mixing, Adv. High Energy Phys.
2011, 1 (2011).

[86] D. Curtin, R. Essig, S. Gori, and J. Shelton, Illuminating
dark photons with high-energy colliders, J. High Energy
Phys. 02 (2015) 157.

[87] J. D. Bjorken, S. Ecklund, W. R. Nelson, A. Abashian, C.
Church, B. Lu, L. W. Mo, T. A. Nunamaker, and P.
Rassmann, Search for neutral metastable penetrating par-
ticles produced in the SLAC beam dump, Phys. Rev. D 38,
3375 (1988).

[88] G. Mohlabeng, Revisiting the dark photon explanation of
the muon anomalous magnetic moment, Phys. Rev. D 99,
115001 (2019).

[89] L. B. Auerbach et al. (LSND Collaboration), Measurement
of electron—neutrino—electron elastic scattering, Phys.
Rev. D 63, 112001 (2001).

[90] J. L. Feng and J. Smolinsky, Impact of a resonance on
thermal targets for invisible dark photon searches, Phys.
Rev. D 96, 095022 (2017).

[91] A. Aguilar-Arevalo et al. (LSND Collaboration), Evidence
for neutrino oscillations from the observation of anti-
neutrino(electron) appearance in a anti-neutrino(muon)
beam, Phys. Rev. D 64, 112007 (2001).

[92] C. Athanassopoulos et al. (LSND Collaboration), Evi-
dence for muon-neutrino → electron-neutrino oscillations
from pion decay in flight neutrinos, Phys. Rev. C 58, 2489
(1998).

KRZYSZTOF JODŁOWSKI et al. PHYS. REV. D 101, 095020 (2020)

095020-30

https://doi.org/10.1103/PhysRevD.97.095016
https://doi.org/10.1103/PhysRevD.98.055021
https://arXiv.org/abs/1908.02310
https://arXiv.org/abs/1901.04040
http://mathusla.web.cern.ch
http://mathusla.web.cern.ch
http://mathusla.web.cern.ch
http://mathusla.web.cern.ch
https://cds.cern.ch/record/2654870
https://cds.cern.ch/record/2654870
https://cds.cern.ch/record/2654870
https://cds.cern.ch/record/2654870
https://doi.org/10.1103/PhysRevC.92.034906
https://doi.org/10.1103/PhysRevC.92.034906
https://web.ikp.kit.edu/rulrich/crmc.html
https://web.ikp.kit.edu/rulrich/crmc.html
https://web.ikp.kit.edu/rulrich/crmc.html
https://web.ikp.kit.edu/rulrich/crmc.html
https://web.ikp.kit.edu/rulrich/crmc.html
https://doi.org/10.1103/PhysRevC.82.038201
https://doi.org/10.1103/PhysRevC.82.038201
https://doi.org/10.1016/j.physletb.2014.02.029
https://doi.org/10.1103/PhysRevLett.113.201801
https://doi.org/10.1103/PhysRevLett.113.201801
https://doi.org/10.1016/j.physletb.2015.04.068
https://doi.org/10.1103/PhysRevLett.59.755
https://doi.org/10.1103/PhysRevLett.59.755
https://doi.org/10.1103/PhysRevLett.120.231802
https://doi.org/10.1103/PhysRevLett.120.231802
https://doi.org/10.1103/PhysRevD.84.075020
https://doi.org/10.1103/PhysRevD.84.075020
https://doi.org/10.1103/PhysRevD.80.043526
https://doi.org/10.1103/PhysRevD.80.043526
https://doi.org/10.1103/PhysRevD.93.023527
https://doi.org/10.1103/PhysRevD.93.023527
https://doi.org/10.1016/0370-2693(85)90689-6
https://doi.org/10.1016/0370-2693(85)90689-6
https://doi.org/10.1103/PhysRevD.79.115016
https://doi.org/10.1103/PhysRevD.85.063503
https://doi.org/10.1103/PhysRevD.85.063503
https://doi.org/10.1103/PhysRevLett.119.131804
https://doi.org/10.1103/PhysRevD.97.072002
https://arXiv.org/abs/1911.03176
https://doi.org/10.1126/science.aap7706
https://doi.org/10.1103/PhysRevD.98.075011
https://doi.org/10.1103/PhysRevD.73.072003
https://doi.org/10.1103/PhysRevD.80.095002
https://doi.org/10.1103/PhysRevD.80.095002
https://doi.org/10.1103/PhysRevLett.121.022003
https://doi.org/10.1103/PhysRevLett.121.022003
https://doi.org/10.1103/PhysRevD.97.114025
https://doi.org/10.1103/PhysRevD.97.114025
https://doi.org/10.1140/epjc/s10052-020-7792-2
https://doi.org/10.1155/2011/859762
https://doi.org/10.1155/2011/859762
https://doi.org/10.1007/JHEP02(2015)157
https://doi.org/10.1007/JHEP02(2015)157
https://doi.org/10.1103/PhysRevD.38.3375
https://doi.org/10.1103/PhysRevD.38.3375
https://doi.org/10.1103/PhysRevD.99.115001
https://doi.org/10.1103/PhysRevD.99.115001
https://doi.org/10.1103/PhysRevD.63.112001
https://doi.org/10.1103/PhysRevD.63.112001
https://doi.org/10.1103/PhysRevD.96.095022
https://doi.org/10.1103/PhysRevD.96.095022
https://doi.org/10.1103/PhysRevD.64.112007
https://doi.org/10.1103/PhysRevC.58.2489
https://doi.org/10.1103/PhysRevC.58.2489


[93] C. Athanassopoulos et al. (LSND Collaboration), The
liquid scintillator neutrino detector and LAMPF neutrino
source, Nucl. Instrum. Methods Phys. Res., Sect. A 388,
149 (1997).

[94] D. E. Morrissey and A. P. Spray, New limits on light
hidden sectors from fixed-target experiments, J. High
Energy Phys. 06 (2014) 083.

[95] A. M. Cooper-Sarkar et al. (WA66 Collaboration), Search
for heavy neutrino decays in the BEBC beam dump
experiment, Phys. Lett. 160B, 207 (1985).

[96] F. Bergsma et al. (CHARM Collaboration), Search for
axion like particle production in 400-GeV proton—copper
interactions, Phys. Lett. 157B, 458 (1985).

[97] F. Iocco, G. Mangano, G. Miele, O. Pisanti, and P. D.
Serpico, Primordial nucleosynthesis: From precision
cosmology to fundamental physics, Phys. Rep. 472, 1
(2009).

[98] R. H. Cyburt, B. D. Fields, K. A. Olive, and T.-H. Yeh, Big
Bang Nucleosynthesis: 2015, Rev. Mod. Phys. 88, 015004
(2016).

[99] A. J. Krasznahorkay et al., Observation of Anomalous
Internal Pair Creation in Be8: A Possible Indication of a
Light, Neutral Boson, Phys. Rev. Lett. 116, 042501
(2016).

[100] J. L. Feng, B. Fornal, I. Galon, S. Gardner, J. Smolinsky,
T. M. P. Tait, and P. Tanedo, Protophobic Fifth-Force
Interpretation of the Observed Anomaly in 8Be Nuclear
Transitions, Phys. Rev. Lett. 117, 071803 (2016).

[101] J. L. Feng, B. Fornal, I. Galon, S. Gardner, J. Smolinsky,
T. M. P. Tait, and P. Tanedo, Particle physics models for the
17 MeV anomaly in beryllium nuclear decays, Phys. Rev.
D 95, 035017 (2017).

[102] K.-Y. Choi, T. Inami, K. Kadota, I. Park, and O. Seto,
Searching for axino-like particle at fixed target experi-
ments, Phys. Dark Universe 27, 100460 (2020).

[103] G. F. Giudice, Y. Kats, M. McCullough, R. Torre, and A.
Urbano, Clockwork/linear dilaton: Structure and phenom-
enology, J. High Energy Phys. 06 (2018) 009.

[104] E. Bertuzzo, S. Jana, P. A. N. Machado, and R. Z. Funchal,
Dark Neutrino Portal to Explain MiniBooNE excess, Phys.
Rev. Lett. 121, 241801 (2018).

[105] P. Coloma, P. A. N. Machado, I. Martinez-Soler, and I. M.
Shoemaker, Double-Cascade Events from New Physics in
Icecube, Phys. Rev. Lett. 119, 201804 (2017).

[106] M. Tanabashi et al. (Particle Data Group), Review of
particle physics, Phys. Rev. D 98, 030001 (2018).

[107] M. Buschmann, J. Kopp, J. Liu, and P. A. N. Machado,
Lepton jets from radiating dark matter, J. High Energy
Phys. 07 (2015) 045.

[108] Y.-S. Tsai, Pair production and Bremsstrahlung of charged
leptons, Rev. Mod. Phys. 46, 815 (1974); Erratum, 49, 421
(1977).

[109] K. J. Kim and Y.-S. Tsai, Improved Weizsacker-Williams
method and its application to lepton and W boson pair
production, Phys. Rev. D 8, 3109 (1973).

[110] J. D. Bjorken, R. Essig, P. Schuster, and N. Toro, New
fixed-target experiments to search for dark gauge forces,
Phys. Rev. D 80, 075018 (2009).

[111] J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni,
O. Mattelaer, H. S. Shao, T. Stelzer, P. Torrielli, and M.
Zaro, The automated computation of tree-level and next-
to-leading order differential cross sections, and their
matching to parton shower simulations, J. High Energy
Phys. 07 (2014) 079.

[112] CMS Collaboration, CMS, the Compact Muon Solenoid:
Technical proposal.

[113] S. Andreas et al., Proposal for an experiment to search for
light dark matter at the SPS, arXiv:1312.3309.

[114] S. Gninenko (NA64 Collaboration), Proposal for an ex-
periment to search for dark sector particles weakly coupled
to muon at the SPS, CERN Tech. Report Nos. CERN-
SPSC-2019-002. SPSC-P-359, 2019, http://cds.cern.ch/
record/2653581.

[115] A. Ibarra, E. Molinaro, and S. Vogl, Potential for probing
three-body decays of long-lived particleswithMATHUSLA,
Phys. Lett. B 789, 127 (2019).

EXTENDING THE REACH OF FASER, MATHUSLA, … PHYS. REV. D 101, 095020 (2020)

095020-31

https://doi.org/10.1016/S0168-9002(96)01155-2
https://doi.org/10.1016/S0168-9002(96)01155-2
https://doi.org/10.1007/JHEP06(2014)083
https://doi.org/10.1007/JHEP06(2014)083
https://doi.org/10.1016/0370-2693(85)91493-5
https://doi.org/10.1016/0370-2693(85)90400-9
https://doi.org/10.1016/j.physrep.2009.02.002
https://doi.org/10.1016/j.physrep.2009.02.002
https://doi.org/10.1103/RevModPhys.88.015004
https://doi.org/10.1103/RevModPhys.88.015004
https://doi.org/10.1103/PhysRevLett.116.042501
https://doi.org/10.1103/PhysRevLett.116.042501
https://doi.org/10.1103/PhysRevLett.117.071803
https://doi.org/10.1103/PhysRevD.95.035017
https://doi.org/10.1103/PhysRevD.95.035017
https://doi.org/10.1016/j.dark.2020.100460
https://doi.org/10.1007/JHEP06(2018)009
https://doi.org/10.1103/PhysRevLett.121.241801
https://doi.org/10.1103/PhysRevLett.121.241801
https://doi.org/10.1103/PhysRevLett.119.201804
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1007/JHEP07(2015)045
https://doi.org/10.1007/JHEP07(2015)045
https://doi.org/10.1103/RevModPhys.46.815
https://doi.org/10.1103/RevModPhys.49.421
https://doi.org/10.1103/RevModPhys.49.421
https://doi.org/10.1103/PhysRevD.8.3109
https://doi.org/10.1103/PhysRevD.80.075018
https://doi.org/10.1007/JHEP07(2014)079
https://doi.org/10.1007/JHEP07(2014)079
https://arXiv.org/abs/1312.3309
http://cds.cern.ch/record/2653581
http://cds.cern.ch/record/2653581
http://cds.cern.ch/record/2653581
http://cds.cern.ch/record/2653581
https://doi.org/10.1016/j.physletb.2018.12.015

