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Long-lived particles that are present in many new physics models beyond the standard model, can be
searched for in a number of newly proposed lifetime frontier experiments at the LHC. The signals of the
long-lived dark photons can be significantly enhanced in a new dark photon model in which dark photons
are copiously produced in the hidden radiation process. We investigate the capability of various lifetime
frontier detectors in probing the parameter space of this model, including the far forward detectors FACET
and FASER, the far transverse detector MATHUSLA, and the precision timing detector CMS-MTD. We
find that the accessible parameter space is significantly enlarged by the hidden radiation process so that
FACET, MATHUSLA, and CMS-MTD can probe a much larger parameter space than the so-called
minimal model. The parameter space probed by FACET is found to be much larger than FASER, which is
largely due to the fact that the former has a larger decay volume and is closer to the interaction point. There
also exists some parameter space that can be probed both by the far detectors and by precision timing
detectors, so that different experiments can be complementary to each other. A brief overview of the
lifetime frontier detectors is also given.
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I. INTRODUCTION

Particles with a macroscopic decay length, ranging from a
few centimeters to several hundred meters and beyond, can
be classified as long-livedparticles (LLPs) at the large hadron
collider (LHC). Such LLPs are endemic in new physics
models beyond the standard model (SM); see, e.g., [1,2] for
recent reviews. A number of new detectors at the LHC have
been recently proposed to search for LLPs, which can be
collectively referred to as lifetime frontier detectors. These
include the detectors that are placed in the forward region:
FACET [3,4], FASER [5–9], FASER2 [9,10], AL3X [11],
and MoEDAL-MAPP [12]; the detectors that are placed
in the central region: MATHUSLA [13–17], CODEX-b
[18,19], ANUBIS [20]; and the precision timing detectors
that are to be installed at ATLAS, CMS, and LHCb to
mitigate the pileup backgrounds in the coming HL-LHC
phase: CMS-MTD [21], ATLAS-HGTD [22], LHCb-
TORCH [23,24]. A plethora of LLPs can be studied in the
newly proposed lifetime frontier detectors [25–59].

One well-motivated new physics particle is the dark
photon (denoted by A0

μ) which can naturally arise in kinetic
mixing model [60,61], in Stueckelberg models [62–66]
[45]. The interaction between the dark photon A0

μ and the
SM fermion f can be parametrized as

eϵQfA0
μf̄γμf: ð1Þ

Long-lived dark photons (LLDPs) have a small ϵ coupling,
which, however, leads to a suppressed collider signal.
Recently, a new dark photon model is proposed in
Ref. [45] where the dark photon is produced at colliders
by the hidden fermion radiation so that the collider signal
no longer suffers from the small ϵ parameter. For that
reason, the LLDP signal at the LHC in this new dark photon
model can be significantly enhanced.1 Thus, wewill refer to
the dark photon models, where the dark photon interacts
with the SM sector only via the interaction Lagrangian in
Eq. (1), as the “minimal” dark photon models, to be
distinguished from the dark photon models proposed
in Ref. [45].
In this paper, we investigate the capability of various

lifetime frontier detectors in probing the parameter space of
LLDPs both in the minimal dark photon model and in the
newly proposed dark photon model [45]. We carry out
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1See [39,43,67,68] for other dark photon models with a
sizeable LLDP signal.
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detailed analysis for detectors: the far forward detector,
FACET and FASER, the central transverse detector,
MATHUSLA, and the precision timing detector, CMS-
MTD. We compute the expected limits from these detec-
tors. We find that the parameter space probed by FACET
and MATHUSLA are significantly enlarged by the hidden
fermion radiation in the new dark photon model, as
compared to the minimal dark photon model. We also
find that the LLDP signal at the newly proposed far detector
FACET is significantly larger than FASER, owing to a
larger decay volume and a shorter distance to the inter-
action point of the FACET detector.
The rest of the paper is organized as follows. We briefly

review the dark photon model that has an enhanced LLDP
signal in Sec. II. A mini-overview on lifetime-frontier
detectors is given in Sec. III. We discuss three main DP
production channels in Sec. IV. We analyze the signal
events in different lifetime-frontier detectors in Sec. V.
Given in Sec. VI are the sensitivities to the parameter space
from four different detectors: FACET, FASER (2),
MATHUSLA, and CMS-MTD. A semianalytic comparison
between far detectors is given in Sec. VII. We summarize
our findings in Sec. VIII.

II. THE MODEL AND ITS PARAMETER SPACE

In this analysis, we consider the dark photon model that
has been proposed recently to enhance the (suppressed)
long-lived dark photon signal at the LHC [45]. In this
model, the standard model is extended by a hidden sector
that consists of two Abelian gauge groups Uð1ÞF and
Uð1ÞW with corresponding gauge bosons Xμ and Cμ,
respectively, and one Dirac fermion ψ charged under both
gauge groups [45]. The gauge boson mass terms (due to the
Stueckelberg mechanism [62–66]) and the gauge interac-
tion terms in the hidden sector are given by

L ¼ −
1

2
ð∂μσ1 þm1ϵ1Bμ þm1XμÞ2

−
1

2
ð∂μσ2 þm2ϵ2Bμ þm2CμÞ2

þ gFψ̄γμψXμ þ gWψ̄γμψCμ; ð2Þ

where Bμ is the hypercharge boson in the SM, σ1 and σ2 are
the axion fields in the Stueckelberg mechanism, gF and gW
are the gauge coupling constants, and m1, m2, m1ϵ1, and
m2ϵ2 are mass terms in the Stueckelberg mechanism with
ϵ1;2 being (small) dimensionless numbers.
The 2 by 2 neutral gauge boson mass matrix in the SM is

extended to a 4 by 4 mass matrix due to the fact that the two
new gauge bosons, Xμ and Cμ, have mixed mass terms with
the SM hypercharge boson Bμ; the new neutral gauge
boson mass matrix in the basis of V ¼ ðC;X; B; A3Þ is
given by [45]

M2 ¼

0
BBBBB@

m2
2 0 m2

2ϵ2 0

0 m2
1 m2

1ϵ1 0

m2
2ϵ2 m2

1ϵ1
P

2
i¼1 m

2
i ϵ

2
i þ g02v2

4
− g0gv2

4

0 0 − g0gv2
4

g2v2

4

1
CCCCCA ð3Þ

where A3 is the third component of the SUð2ÞL gauge
bosons, g and g0 are gauge couplings for the SM SUð2ÞL
and Uð1ÞY gauge groups respectively, and v ¼ 246 GeV is
the vacuum expectation value of the SM Higgs boson.
Diagonalization of the mass matrix (via an orthogonal

transformation O) leads to the mass eigenstates E ¼
ðZ0; A0; Z; AÞ with Ei ¼ OjiVj where A is the SM photon,
Z is the SM Z boson, A0 is the dark photon, and Z0 is the
new heavy boson. The interaction Lagrangian between
the mass eigenstates of the neutral gauge bosons and the
fermions is given by [45]

½f̄γμðvfi − γ5a
f
i Þf þ vψi ψ̄γμψ �Eμ

i ð4Þ

where f is the SM fermion. The small coupling vψ4 between
the hidden fermion ψ and the SM photon can be rewritten
as vψ4 ≡ eδ where δ is usually referred to as “millicharge”.
Figure 1 shows various experimental constraints on the

model, including the constraints from millicharged particle
searches [69–71], the electroweak precision measurements
for the Z mass shift [45], the Z invisible decay [72], the
dilepton high mass resonance search at ATLAS [73], and
the monojet search at ATLAS [74]. Here we choose m1 ¼
3 GeV, m2 ¼ 700 GeV, gF ¼ 1.5, gW ¼ 1, and ϵ1 ≪ ϵ2.

FIG. 1. The upper bound on ϵ2 as a function of mψ . The other
parameters are m1 ¼ 3 GeV, m2 ¼ 700 GeV, gF ¼ 1.5,
gW ¼ 1.0, and ϵ1 ≪ ϵ2. Here ϵ2 ≃ ð−g0=gWÞδ where δ is the
millicharge of ψ . The limits include the constraints on milli-
charged particles (shaded light gray) [69–71], the electroweak
precision measurements for the Z mass shift (dashed red) [45],
the Z invisible decay (dashed green) [72], the dilepton high mass
resonance search at ATLAS (dash-dotted blue) [73], and the
monojet search at ATLAS (solid black) [74].
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Throughout this analysis we usem2 ¼ 700 GeV, gF ¼ 1.5,
and gW ¼ 1 as the default values for these three parameters
as in Ref. [45]; in the parameter space of interest, we have
m1 ≃ GeV ≪ m2 so that the dark photon mass mA0 ≃m1,
and the heavy Z0 boson has a mass mZ0 ≃m2. For the
hidden fermion mass mψ ≳ 3 GeV the electroweak con-
straint on the Z mass shift gives the most stringent limit,
ϵ2 ≲ 0.036, whereas for the mass range 0.3 GeV≲mψ ≲
3 GeV, the leading constraints come from the recent
ArgoNeuT data [70] and the milliQan demonstrator data
[71]. We note that the mass fraction of the millicharged DM
is constrained to be ≲0.4% by the CMB data [75–77],
which is satisfied in the parameter space of interest of our
model [45].

III. AMINI-OVERVIEWONLIFETIME-FRONTIER
DETECTORS

A number of new lifetime-frontier detectors have been
proposed recently at the LHC, which can be used to search
for LLPs. Table I shows the angular coverage, location,
size, and expected running time of these new detectors. We
classify the detectors into three categories: forward detec-
tors, central transverse detectors, and precision timing
detectors. The forward detectors include FACET [3,4],
FASER [5–9], FASER2 [9,10], AL3X [11], and MoEDAL-
MAPP [12]. The central transverse detectors include
CODEX-b [18,19], MATHUSLA [13–17], ANUBIS
[20]. The precision timing detectors include CMS-MTD
[21], ATLAS-HGTD [22], and LHCb-TORCH [23,24].
Below we provide a mini-overview of the new lifetime
frontier detectors.

A. Forward detectors

FASER (the ForwArd Search ExpeRiment), is located at
480 m downstream of the ATLAS detector along the beam
axis [5–9]. FASER has a cylindrical decay volume of length
L ¼ 1.5 m and radius R ¼ 10 cm. FASER has been
installed at the TI12 tunnel at the LHC and is expected
to collect data during LHC Run 3 (2022) [79]. The upgrade
version, FASER 2, with a decay volume of length L ¼ 5 m
and radius R ¼ 1 m is proposed to be installed during the
HL-LHC run (2026-35) [9,10].
FACET (Forward-Aperture CMS ExTension) is a new

lifetime frontier detector which is proposed to be installed
∼100 m upstream of the CMS detector along the beam axis
[3,4]. FACET is proposed to be built based on the CMS
Phase 2 Upgrade concept, combining silicon tracker, timing
detector, HGCAL-type EM/HAD calorimeter, and GEM-
type muon system in a compact design [3,4,80]; the latest
design of the FACET detector is shown in Fig. 2. The decay
volume of the FACET experiment is an enlarged LHC
quality vacuum beam pipe which is 18 m long and has a
radius of 50 cm [3,4,80,81]. The FACET detector is
shielded by about 35-50 m of steel (in the Q1-Q3 quadru-
poles and D1 dipole) in front of it [81]; additional shielding
materials are placed before the decay volume, as shown in
Fig. 2. The FACET detector, surrounding the LHC beam
pipe which has a radius R ¼ 18 cm, is placed behind the
decay volume. As a new proposed far forward detector,
FACET has some merits. The 35-50 m steel shielding
before FACET, corresponding to 200–300 nuclear inter-
action lengths, is comparable to the shielding material for
FASER, which is ∼100 m of concrete/rock, corresponding

TABLE I. Proposed detectors for long-lived particles searches at the LHC. The first column shows the detector name, the second
column shows the pseudorapidity coverage, the third column shows the distance from interaction point (IP) to the near side of the
detector and the location (to the far side of the detector, for FASER), the fourth column shows the decay volume of the detector, and the
last column shows the starting time of data-taking. The first five detectors are located at the forward region of the corresponding IP; the
middle three detectors are located at the far central transverse region of the corresponding IP; the last three detectors are the precision
timing detectors to be installed at CMS, ATLAS and LHCb respectively to control the HL-LHC pile-up background. The HL-LHC is
expected to start data-taking in 2027 (run 4) [78]. Here “upstream” (“downstream”) means that the detector is located in the clockwise
(anticlockwise) direction of the corresponding IP, viewed from above.

Detector η Distance from IP (m) Decay volume (m3) LHC runs

FACET [3,4] [6, 7.2] 100 (upstream) 12.3 Run 4 (2027)
FASER [5–9] >9 480 (downstream) 0.047 Run 3 (2022)
FASER2 [9,10] >6.87 480 (downstream) 15.7 HL-LHC
AL3X [11] [0.9, 3.7] 5.25 (upstream) 915.2 Run 5 (2032)
MoEDAL-MAPP [12] ∼3.1 55 (upstream) ∼150 Run 3 (2022)

CODEX-b [18,19] [0.14, 0.55] 26 (transverse) 103 Run 4 (2027)
MATHUSLA [13–17] [0.64, 1.43] 60 (transverse) 2.5 × 105 HL-LHC
ANUBIS [20] [0.06, 0.21] 24 (transverse) ∼1.3 × 104 HL-LHC

CMS-MTD [21] ½−3; 3� 1.17 (barrel), 3.04 (endcaps) 25.4 HL-LHC
ATLAS-HGTD [22] [2.4, 4] 3.5 (endcaps) 8.7 HL-LHC
LHCb-TORCH [23,24] [1.6, 4.9] 9.5 (beam direction) � � � HL-LHC
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to ∼240 nuclear interaction lengths. FACET will benefit
from the high quality LHC vacuum pipe as the decay
volume [3,4,80]. FACET plans to have both the EM and
HAD calorimeters [81], whereas FASER has only EM
calorimeter [6–9]. This allows FACET to have a better
detection efficiency for the hadronic decays of the DP,
especially for the neutral hadronic decays.
AL3X (A Laboratory for Long-Lived eXotics) is an on-

axis cylindrical detector which has been proposed to be
installed at ALICE experiment during the LHC Run 5 [11].
The detector will make use of the existing ALICE time
projection chamber and the L3 electromagnet. It is also
envisioned to move the ALICE detector by 11.25 m
downstream from its current location, providing space
for a spherical shell segment of tungsten to shield the
detector from the IP. The AL3X detector is then expected to
be located 5.25 m away from the IP along the beam axis,
with a 12 m long cylindrical decay volume of a 0.85 m
inner radius and a 5 m outer radius.
The MoEDAL-MAPP detector is the MAPP (Apparatus

for the detection of Penetrating Particles) detector at
MoEDAL (Monopole and Exotics Detector at the LHC)
[12], which is proposed to be installed at the UGCI gallery
near the LHCb experiment (IP8) in future LHC runs.
MoEDAL-MAPP is 55 m from IP8 and with an angle of
5° away from the beam line, with a fiducial volume of
∼150 m3 [12].

B. Central detectors

CODEX-b (Compact Detector for Exotics at LHCb) has
been proposed to be constructed at the LHCb cavern [18,19].
The decay volume is designed to be 10 m × 10 m× 10 m. It
is located ∼5 m in the z axis (beam direction) and ∼26 m in
the transverse direction away from the LHCb IP, with a
pseudorapidity coverage of 0.14 < η < 0.55. The demon-
strator detector, CODEX-β (about 2 m× 2 m× 2 m) has
been developed for the LHC Run 3 [19].
MATHUSLA (MAssive Timing Hodoscope for Ultra-

Stable neutraL pArticles) is a new proposed experiment

near the ATLAS or CMS IP [13–17]. It is proposed to be
placed ∼68 m downstream from the IP and ∼60 m above
the LHC beam axis with a decay volume of 100 m×
100 m× 25 m [17]. MATHUSLA was previously pro-
posed to be installed at ∼100 m downstream from the IP
and ∼100 m above the LHC beam axis with a decay
volume of 200 m × 200 m × 20 m [13–16]. In this analy-
sis, we adopt the parameters from the recent proposal [17].
ANUBIS (AN Underground Belayed In-Shaft search

experiment) [20] is a new proposed experiment taking
advantage of the 18 m diameter, 56 m long PX14
installation shaft of the ATLAS experiment. The proposed
detector consists of four tracking stations which have the
same cross section area of 230 m2 and are 18.5 m apart
from each other.

C. Precision timing detectors

To mitigate the high pile-up background at the HL-LHC,
various precision timing detectors will be installed at CMS
[21], ATLAS [22,83,84], and LHCb [23], which can be
used for LLP searches [30,32,40,45,49,55,85,86].2

The CMS-MTD detector consists of the precision mini-
mum ionizing particle (MIP) timing detector with a timing
resolution of 30 picoseconds [21]. The timing layers will be
installed between the inner trackers and the electromagnetic
calorimeter for the barrel and endcap regions. The timing
detector in the barrel region has a length of 6.08 m along the
beam axis direction and a transverse distance of 1.17 m
away from the beam. The timing detectors in the endcap
regions have a pseudorapidity coverage of 1.6 < jηj < 3.0
and are located ∼3.0 m from the IP. The decay volume of
LLPs at CMS-MTD is ∼25.4 m3 if one demands that the
LLPs decay before arriving at the timing layers and the
decay vertex has a transverse distance of 0.2 m < LT <
1.17 m from the beam axis [30,49].
The HGTD (High Granularity Timing Detector) has been

proposed to be installed in front of the ATLAS endcap and
forward calorimeters at z ¼ �3.5 m from the IP during the
ATLAS Phase-II upgrade [22,83,84]. The ATLAS-HGTD
can cover the pseudorapidity range of 2.4 < jηj < 4.0, and
is expected to have a time resolution of 35 ps (70 ps) per hit
at the start (end) of HL-LHC [84]. The decay volume of
ATLAS-HGTD is ∼8.7 m3, if LLPs are required to decay
before arriving at the timing detector and the decay vertex
has a transverse distance of 0.12 m < LT < 0.64 m [84].
The TORCH (Time Of internally Reflected CHerenkov

light) detector has been proposed to be installed at the next
upgrade of LHCb [23]. The TORCH will be located at
z ∼ 9.5 m from the LHCb IP with the angular acceptance of

FIG. 2. Schematic layout of the proposed FACET detector (side
view) [82].

2For early studies on precise timing, see, e.g., Ref. [87], where
the precise timing method was proposed to search for LLPs or
stable particles in a beam dump experiment. Such a search was
later carried out in the E733 experiment at Fermilab [88].
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1.6 < η < 4.9. The precision of each track in the TORCH
system is 15 ps [23].

IV. THE DARK PHOTON PRODUCTION

In our model, there are three main processes to produce
dark photon A0 at the LHC: rare meson decays (hereafter
MD), coherent proton bremsstrahlung (hereafter PB), and
hidden sector radiation (hereafter HR); the corresponding
Feynman diagrams are shown in Fig. 3. The MD and PB
processes are common for the dark photon models, because
dark photons are produced via interactions between the
dark photon and charged particles in the SM in these two
processes. The HR process is new in our model [45], which
is mediated by the interaction between the dark photon and
the hidden sector particle ψ .3

A. Meson decays

Dark photons can be produced in the m → γ þ A0
process, where m denotes a light meson, as shown in
the left diagram in Fig. 3; the branching ratio can be
computed via [89]

BRðm → A0 þ γÞ ¼ 2ϵ2
�
1 −

M2
A0

M2
m

�
3

BRðm → γγÞ; ð5Þ

where ϵ is the coupling constant given in Eq. (1). In the
parameter space of interest of our model, one has ϵ ≈
ð0.27=eÞϵ1 for m1 ≲ 30 GeV. For light mesons, one has
BRðπ0 → γγÞ ≃ 0.99 and BRðη → γγÞ ≃ 0.39 [90]. Since
light mesons can be copiously produced in the forward
direction at high energy pp collisions, (for example, the
production cross section of π0 (η) in each hemisphere at the
LHC is 1.6 × 1012 pb (1.7 × 1011 pb) [7]), dark photon
from rare meson decays can be a leading dark photon
production mode at the LHC if the decay is kinematically
allowed [5]. We neglect the m → A0A0 process because we
have ϵ ≪ 1 for the LLDP.

In our analysis, we generate the four-momentum spectrum
for the π0=η mesons using the EPOS-LHC [91] model in
CRMC [92] with 105 simulation events of pp inelastic
collision at the LHC with

ffiffiffi
s

p ¼ 13 TeV. We then boost the
momentum of the dark photon (which is isotropically
distributed in the π0=η rest frame) to the lab frame, by using
the meson momentum. Our simulations are found to be
consistent with FORESEE [10]. We also simulate the heavy
mesonsD0, B0, and J=ψ using PYTHIA 8 [93]. We found that
the DP production cross section due to decays of these heavy
mesons is about five orders of magnitude smaller than the
light mesons (π0 and η). Therefore we neglect the contribu-
tion from heavy meson decays in our analysis.

B. Proton bremsstrahlung

Proton bremsstrahlung process is another major produc-
tionmode of light dark photons in high energypp collisions;
the Feynman diagram is shown as the middle diagram in
Fig. 3. The dark photon signal arising from the proton
bremsstrahlung process can be computed by the Fermi-
Weizsacker-Williams (FWW) method [94–96], in which the
proton is treated as a coherent object; the total number of
the dark photon produced in a far forward detector4 is given
by [5]

NPB
A0 ¼ LjF1ðm2

A0 Þj2
Z

dz dp2
Tσppðs0Þwðz; p2

TÞ

× ΘðΛ2
QCD − q2minÞ; ð6Þ

whereNPB
A0 is the number of dark photon events from the PB

process, L is the integrated luminosity, F1 is the form factor
function, z ¼ pL

A0=pp with pL
A0 being the longitudinal

momentum of the dark photon and pp the proton beam
momentum, pT is the transverse momentum of the dark
photon, σppðs0Þ is the inelastic cross section [97] with s0 ¼
2mpðEp − EA0 Þ in the rest frame of one of the colliding
protons,wðz; p2

TÞ is the splitting function,ΛQCD ≃ 0.25 GeV
is the QCD scale, and q is the momentum carried by the
virtual photon in the middle diagram in Fig. 3. The splitting
function wðz; p2

TÞ in Eq. (6) is given by [98–100]

FIG. 3. Feynman diagrams for the dark photon production at the LHC: from meson decays (left), from the proton bremsstrahlung
(middle), and from the hidden fermion radiation (right).

3Here we do not consider the dark photon direct production
channel which consists of the following processes qq̄ → A0,
qq̄ → gA0, qg → qA0, and q̄g → q̄A0, because they suffer from
large PDF uncertainties for sub-GeV A0 and are suppressed by ϵ1
which is much smaller than ϵ2 in the HR process.

4For a near detector with nearly 4π coverage, e.g., CMS, one
can use the FWW method to compute the PB contributions from
each colliding proton in the lab frame.
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wðz; p2
TÞ ≃

ϵ2α

2πH

�
1þ ð1 − zÞ2

z
− 2zð1 − zÞ

�
2m2

p þm2
A0

H
− z2

2m4
p

H2

�
ð7Þ

þ 2zð1 − zÞðzþ ð1 − zÞ2Þm
2
pm2

A0

H2
þ2zð1 − zÞ2 m

4
A0

H2

�
; ð8Þ

where H ¼ p2
T þ ð1 − zÞm2

A0 þ z2m2
p. To guarantee the

validity of the FWWapproximation, the Heaviside function
Θ is imposed in Eq. (6) with the minimal virtuality of the
photon cloud around the beam proton given by [99,100]

jq2minj ≈
1

4E2
pz2ð1 − zÞ2 ½p

2
T þ ð1 − zÞm2

A0 þ z2m2
p�2: ð9Þ

The form factor F1ðp2
A0 Þ in Eq. (6) is given by [5,101]

F1ðp2
A0 Þ ¼

X
V¼ρρ0ρ00ωω0ω00

fVm2
V

m2
V − p0

A
2 − imVΓV

; ð10Þ

where mV (ΓVÞ is the mass (decay width) of the vector
meson, fρ ¼ 0.616, fρ0 ¼ 0.223, fρ00 ¼−0.339, fω¼1.011,
fω0 ¼ −0.881, and fω00 ¼ 0.369.

C. Hidden radiation

Dark photons can also be produced via hidden fermion
radiations in the HR process, as shown in the third diagram
of Fig. 3. Within certain parameter space of the models in
Ref. [45], the HR process can be more important than the
MD and PB processes. For the models considered in this
analysis, dark photons in the HR process are produced at
the LHC in the radiation process of the hidden sector
fermion ψ , which are pair-produced at the LHC via the

qq̄ → γ�=Z=Z0 → ψ̄ψ process, as shown in the third dia-
gram in Fig. 3.
In the MD and PB processes, the dark photon production

cross section is suppressed by the small ϵ parameter [given
in Eq. (1)] needed for the long lifetime of the dark photon.
In the HR process, however, the LHC production of ψ is not
controlled by ϵ so that the LHC cross section of ψ can be
sizable even for heavy ψ.
To obtain the contribution from the HR process, we use

FeynRules [102] to produce the UFO file for our model,
which is then passed into MADGRAPH 5 [103] to generate
the pp → ψψ̄ events at the LHC. We further use PYTHIA 8

[93,104,105] to simulate the dark radiation process of the ψ
particle to obtain the dark photons.
The dark photon cross section in the HR process at the

LHC can be computed via

σHRA0 ¼ n̄A0σðpp → ψψ̄Þ; ð11Þ

where n̄A0 is the expected number of dark photons per ψψ̄
event, and σðpp → ψψ̄Þ is the production cross section of
the ψψ̄ events at the LHC. We compute n̄A0 by taking the
ratio of the total number of dark photons in our PYTHIA

simulation to the number of ψψ̄ events simulated. We note
that multiple dark photons can be radiated by one ψ
fermion; see e.g., Refs. [67,106–108] for some earlier
studies on dark vector bosons radiated from hidden sector
fermions. Figure 4 shows the normalized distribution of the
number of dark photons in the ψψ̄ events for three
benchmark models in our simulation with the relation
mψ ¼ 5mA0 ; the expected dark photon number are
n̄A0 ≃ 0.097, 0.42 and 0.16 for mψ ¼ 1, 10 and 50 GeV
cases respectively.
We compare three different contributions to σðpp →

ψψ̄Þ at the LHC from three different mediators (photon,
Z, and Z0) in Fig. 5, where the interference effects have
been neglected.5 We use MADGRAPH 5[103] to compute the
cross sections, where we have fixed mA0 ¼ 0.4 GeV,
ϵ1 ¼ 6 × 10−7, and ϵ2 ¼ 0.005. For mψ ≲ 8 GeV the
dominant contribution to the ψψ̄ pair-production cross
section comes from the s-channel photon process; for

FIG. 4. The normalized distribution of dark photon multiplicity
in the ψψ̄ events, where σHR is the ψψ̄ cross section. We take
mψ ¼ 5mA0 and ϵ1 ¼ 10−6. The black, red, and blue histograms
are for the mψ ¼ 1 GeV, 10 GeV, and 50 GeV cases respectively.

5We neglect the process mediated by the dark photon since it is
suppressed by the small ϵ parameter needed for LLDP so that it is
several orders of magnitude smaller than the other three mediators
in our analysis.
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higher ψ mass, the contributions from Z and Z0 exchanges
become more important.

D. Comparison of the three DP production channels

In Fig. 6, we compare the three dark photon production
channels (MD, PB, and HR) at the LHC, both in the 4π
solid angle and in the very forward region. The very
forward region is defined by the dark photon pseudor-
apidity ηA0 > 6.6 We choose ϵ1 ¼ 10−6 and ϵ2 ¼ 0.005 for
both figures in Fig. 6.
The left panel figure of Fig. 6 shows the dark photon

cross sections as a function of the hidden fermion mass mψ

for the case where the dark photon mass is fixed at
mA0 ≃ 0.4 GeV. The dark photon cross section in the HR
process decreases with the hidden fermion mass mψ ; the
cross sections in the MD and PB processes are independent
of mψ , since these processes do not involve the hidden
fermion ψ . For light ψ the HR process dominates the MD
and PB processes, whereas for heavy ψ the MD and PB
processes become more important. In particular, the HR
process dominates the dark photon production if mψ ≲
5 GeV (30 GeV) in the very forward (4π solid angle)
region.
The right panel figure of Fig. 6 shows the dark photon

cross sections as a function of the dark photon massmA0 for

the case where mψ ¼ 5mA0 . The HR process dominates the
entire mass range except the small resonance region near
mA0 ≃ 0.8 GeV, where the PB process becomes larger. We
note that, in the right panel of Fig. 6, the resonance in the
PB process is due to the pole structure (due to various
vector mesons) in the form factor given in Eq. (10), and the
kink features in the MD cross section arise because of the
mass threshold effects in meson decays.
About 10% of the dark photons in the MD and PB

processes are produced in the very forward region as shown
in Fig. 6. For the HR process, the number of dark photons
produced in the very forward region is sizable in the low ψ
mass region, with a fraction up to ∼15% formψ ≃ 0.5 GeV,
as shown in the left panel figure of Fig. 6. For heavy ψ mass
the cross section in the very forward region is significantly
reduced, for example, less than 1% of the dark photon in the
HR process produced in the forward region when
mψ ≳ 6 GeV. This is because heavier ψ particles tend to
be produced more isotropically than lighter ψ particles and
thus lead to fewer events in the forward region.

E. PDF uncertainties

For light ψ one has to integrate over the small x region in
PDFs where there are large uncertainties [5]. In the process
pp → ψψ̄ , the minimum value of x is xmin ¼ 4m2

ψ=s, if
there is no cut on the ψ momentum. Thus, for the mψ ¼
15ð0.5Þ GeV case, one has to integrate over the x range
near xmin ≃ 5 × 10−6ð6 × 10−9Þ. The minimum value of x is
10−9 in the PDFs sets: NNPDF23LO [109], NNPDF40 [110],
and CT18 [111]. Thus, for the mψ ¼ 0.5 GeV case, the dark
photon production cross section in the HR process (denoted
as σHRA0 ) depends on the PDFs in the x region where PDFs
begin. To check the stability of the LHC cross sections (of
small mψ ) against different PDFs, we compute various
LHC cross sections including σðpp → ψψ̄Þ, σHRA0 in the 4π
angular region, σHRA0 in the forward region ηA0 > 6, and σHRA0

in the FACET detector, by using three different PDFs:
NNPDF23LO (the default PDFs in MADGRAPH 5), NNPDF40,
and CT18, in Fig. 7.
For σðpp → ψψ̄Þ at mψ ≃ 0.5 GeV, the NNPDF40 (CT18)

leads to a cross section that is about 30% (45%) of that from
NNPDF23; for σHRA0 in the 4π angular region, these two
percentage numbers become 55% (80%). This is because
the ψ particles have to be energetic enough to radiate dark
photons, which then corresponds to larger xmin values in the
PDF integration, leading to less PDF uncertainties. The
PDF uncertainties in the 4π angular region are smaller than
the forward region, which is due to the fact that the 4π
region includes the region with significant transverse
momentum.
In the sensitivity contours of FACETas shown in Fig. 10,

the mass of ψ has to satisfy mψ ≳ 1.5 GeV to be consistent
with the millicharge constraints. We find that NNPDF40

(CT18) leads to a cross section of ∼33% (∼64%) of

FIG. 5. The contributions to the pp → ψψ̄ cross section at the
LHC from three different mediators: γ (blue-dashed), Z (black-
dotted), Z0 (red-dashdotted). The total cross section (green-solid)
taking into account all contributions (including the A0 contribu-
tion and the interference terms) is also shown. We use
ϵ1 ¼ 6 × 10−7, ϵ2 ¼ 0.005, and mA0 ¼ 0.4 GeV. The gray
shaded region indicates the parameter space excluded by the
millicharge constraints [69–71]. We use NNPDF23LO [109] which
is the default PDF in MADGRAPH 5.

6The angular acceptance of FACET is 6 < η < 7.2 [3,4], and
the angular acceptance of FASER is η> 9 [6–9].
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NNPDF23 at mψ ≃ 1.5 GeV, as shown in Fig. 7. For the
mψ ≃ 15 GeV case (the ψ mass in Fig. 9), we find that the
cross section computed with NNPDF40 (CT18) is ∼80%
(∼97%) of that with NNPDF23, in Fig. 7. Thus the PDF
uncertainty on our sensitivity contours is less significant.
Furthermore, the sensitivity contours analyzed with differ-
ent PDFs, as shown in Fig. 10, show that different PDFs
only modify the limits for small ϵ1 values (the lower edge of
the contours), but have unnoticeable effects on large ϵ1
values (the upper edge of the contours). This is due to the
fact that the large ϵ1 values correspond to small decay
lengths, and thus the dark photon should have a significant
momentum to decay inside the far detectors. For that

reason, the xmin in the PDF integration becomes larger
for the model points with large ϵ1 values, resulting in
insignificant PDF uncertainty.

V. ANALYSIS

In this analysis, we investigate the LLDP signals in the
following four detectors: FACET, FASER, MATHUSLA,
and CMS-MTD. We carry out analysis for the model points
in the parameter space spanned by the DP massmA0 and the
DP lifetime τA0 . For each model point, we compute the DP
signal events from the MD, PB and HR processes. For the
MD and PB processes, we obtain the DP momentum and
the position of its decay vertex, by using the simulations
discussed in Sec. IVA and Sec. IV B, respectively. We then
boost the daughter particles from dark photon decays to the
lab frame, from the rest frame of the dark photon, where the
daughter particles are isotropic. For the HR process, we use
MADGRAPH 5 [103] to generate 106 events for the pp → ψψ̄
process, and use PYTHIA 8 [93,104,105] to simulate the
hidden radiation of the ψ particle and the decay of the dark
photon, which outputs the momentum information for the
DP and its daughter particles, as well as the decay position
of the DP. To expedite the analysis (only a small fraction of
simulated events from PYTHIA 8 are actually inside the
decay volume of the detectors), we disregard the decay
position of the dark photon provided by PYTHIA 8 and use
the dark photons that decay both inside and outside of the
decay volume.
Thus, for the three far detectors (FACET, FASER,

MATHUSLA), we compute the probability of detecting
a DP as follows

PA0 ¼ fðθ;ϕÞ
Z

Lmax

Lmin

dl
e−l=lA0

lA0
ω; ð12Þ

FIG. 7. Comparison of LHC cross sections using different
PDFs. The LHC cross sections of σðpp → ψψ̄Þ (solid), σðA0Þ of
the HR process in the 4π angular region (dotted), in the forward
region ηA0 > 6 (dashed), and in the FACET detector (dashdotted)
are computed with NNPDF23 [109] (black), NNPDF40 [110] (red),
and CT18 [111] (blue).

FIG. 6. The LHC production cross section of dark photon σA0 from three contributions: HR (red lines), MD (blue lines) and PB (black
lines). The solid lines correspond to the cross section in full solid angle, and the dashed lines represent the cross section in the very
forward region with ηA0 > 6. Here we use ϵ1 ¼ 10−6 and ϵ2 ¼ 0.005 for both panels; we choose m1 ¼ 0.4 GeV in the left panel and
m1 ¼ 0.2mψ in the right panel. The gray shaded region (mψ ≲ 0.45 GeV for ϵ2 ¼ 0.005) indicates the parameter space excluded by the
millicharge constraints [69–71].
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where Lmin (Lmax) is the minimal (maximum) distance
between the decay volume and the IP along the ðθ;ϕÞ
direction with θ and ϕ the polar and azimuthal angles of the
dark photon respectively, lA0 ¼ τA0 jp⃗A0 j=mA0 is the decay
length of dark photon with τA0 being the lifetime, fðθ;ϕÞ
describes the angular acceptance of the decay volume, and
ω equals 1 if the decay final states of the DP satisfy
additional detector cuts (ω equals 0 otherwise).
For a cylindrical detector (e.g., FASER and FACET) that

is placed along the beam direction with a distance d from
the IP to the near side of the detector, the parameters in
Eq. (12) are given by

Lmin ¼ d; Lmax ¼ dþ L; ð13Þ

fðθ;ϕÞ ¼ ΘðR=Lmin − tan θÞΘðtan θ − r=LmaxÞ; ð14Þ

where L is the length of decay volume of the detector, r
(R) is the inner (outer) radius of the decay volume, and Θ
is the Heaviside step function. For the FACET detector,
one has r ¼ 18 cm and R ¼ 50 cm; for the FASER
(FASER 2) detector, one has r ¼ 0 and R ¼ 10
(100) cm. For the cylindrical forward detectors, the
pseudorapidity range is often used to describe the
acceptance of the detectors, fðθ;ϕÞ ¼ Θðηmax − ηA0 ÞΘ
ðηA0 − ηminÞ. Thus for the FACET detector, one has ηmin ≃
6 and ηmax ≃ 7.27; for the FASER (FASER 2) detector,
one has ηmin ≃ 9 (7) and ηmax ¼ þ∞.
For a box-shape detector with height H, width W,

length L and is located at a distance d from the IP along
the z-axis and a distance h above the LHC beam (along the
x-axis) (e.g., MATHUSLA), one has8

Lmax ¼

8>>><
>>>:

hþH
sin θ cosϕ if tan θ > hþH

ðdþLÞ cosϕ & j tanϕj < W
2ðhþHÞ ;

dþL
cos θ if tan θ < hþH

ðdþLÞ cosϕ & j sinϕj < W
2ðdþLÞ tan θ ;

W
2 sin θj sinϕj if j sinϕj > W

2ðdþLÞ tan θ ;

ð15Þ

Lmin ¼
( h

sin θ cosϕ if tan θ < h
d cosϕ ;

d
cos θ if tan θ > h

d cosϕ ;
ð16Þ

fðθ;ϕÞ ¼ Θ
�
tan θ −

h
ðdþ LÞ cosϕ

�
Θ
�
hþH
d cosϕ

− tan θ

�
Θ
�
W
2h

− j tanϕj
�
ΘðcosϕÞ: ð17Þ

For the MATHUSLA detector, we use d ¼ 68 m,
h ¼ 60 m, W ¼ 100 m, L ¼ 100 m, and H ¼ 25 m [17].
For FACET, we further require both daughter particles

from the DP decay to traverse both the tracker and the
calorimeter detectors. For the FASER detector, we further
apply a detector cut on the energy of DP daughter particles
Evis > 100 GeV [7] to reduce the trigger rate and remove
possible background (BG) at low energies. For the FACET
detector, because the BG events are expected to be highly
suppressed due to the front shielding and the high quality
vacuum of the decay volume, no detector cut is required.
For the MATHUSLA detector, we require both DP daugh-
ter particles to hit the ceiling detector and are well separated
with an opening angle Δθ > 0.01 [14]; we note that ω ¼ 0
for the second and third lines of Eq. (15), by requiring such
a cut.

Thus the number of events in the far detector can be
obtained

N ¼ L · σA0 · hPA0 i with hPA0 i ¼ 1

NA0

XNA0

i¼1

PA0
i
; ð18Þ

where σA0 is the total DP production cross section, hPA0 i
denotes the average detection probability of the DP event,
NA0 is the total number of the DP in the simulation and PA0

i

is the individual detection probability of the ith dark photon
event in the simulation which is given by Eq. (12).
For the CMS-MTD detector, we only consider the DPs

produced from the HR process for the CMS-MTD analysis.
This is because the CMS-MTD detector does not have
sensitivity to the DP mass below ∼GeV [45]. Following
Ref. [45], we use MADGRAPH 5 to generate ψψ̄ events with
an ISR jet to time stamp the event, i.e., pp → ψψ̄j where
the ISR jet is required to have pT > 30 GeV and jηj < 2.5.
The DP is required to have a transverse decay length
0.2 m < lT

A0 < 1.17 m and a longitudinal decay length
jzA0 j < 3.04 m. The final state leptons from DP decays

7ηmin ≃ 6 corresponds to the left-upper corner of the decay
volume, and ηmax ≃ 7.2 corresponds to the right-bottom (inner
radius) corner of the upper half of the decay volume as shown
in Fig. 2.

8Note the distance d here is different from that in Table I.
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are detected by the precision timing detector; the leading
lepton should have pT > 3 GeV. The time delay varia-
ble [30] between the ISR jet and the leading lepton is
required to Δt > 1.2 ns [45].

VI. RESULT

In this section we discuss the projected sensitivities of
the future LLP detectors including FACET, FASER,

MATHUSLA and the precision timing detector
CMS-MTD. Our main results are shown in Figs. 8, 9,
10, 11, where sensitivity contours for far detectors
are made by requiring the new physics events to be
N ¼ 5, under the assumption that the SM processes do
not contribute any event in the decay volume after
various shieldings and detector cuts. We are only inter-
ested in the parameter space in which mA0 < 2mψ so that
the dark photon is kinematically forbidden to decay into

FIG. 8. Projected sensitivities from FACET (red), FASER (magenta), FASER2 (black), and MATHUSLA (green), at the HL-LHC with
the integrated luminosities of L ¼ 300 fb−1 (left panel) and L ¼ 3 ab−1 (right panel) to the “minimal” dark photon models in which
only the MD and PB processes contribute to the signals. Contours correspond to the expected signal eventsN ¼ 5. The dark gray shaded
region indicates the parameter space that has been excluded by various experiments including LHCb [112], ν-CAL I [113,114],
CHARM [115], and E137 [116]; the limits are obtained with the Darkcast package [117].

FIG. 9. Projected sensitivities from FACET (red), FASER (magenta), FASER2 (black), and MATHUSLA (green), at the HL-LHC with
the integrated luminosities of L ¼ 300 fb−1 (left panel) and L ¼ 3 ab−1 (right panel) to our dark photon model in which all the three
dark photon production channels (MD, PB, and HR) contribute to the signals. Here we fix mψ ¼ 15 GeV and ϵ2 ¼ 0.01, and require
mA0 < 2mψ so that the dark photon cannot decay into invisible final states. Contours correspond to the expected signal events N ¼ 5.
The dark gray shaded region indicates the excluded dark photon parameter space by various experiments including LHCb [112], ν-CAL
I [113,114], CHARM [115], E137 [116], LSND [118], and SN1987A [119] where the HR process is not considered; the limits are
obtained with the Darkcast package [117]. The purple shaded regions are excluded by recasting the model-independent (MI) constraints
from the displaced dimuon search at the LHCb [120] on the HR process.
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the hidden fermion pair, leading to a long-lived dark
photon.9

Figure 8 shows the projected sensitivities on the minimal
dark photon models with 300 fb−1 and 3 ab−1 data, from
FACET, FASER, FASER2, and MATHUSLA. We also
exhibit various experimental constraints including LHCb
[112], ν-CAL I [113,114], CHARM [115], and E137 [116].
We only include the MD and PB processes here; the HR
process is absent. For that reason, the analysis in Fig. 8 is
also applicable to the minimal dark photon model. Among
the new detectors, the parameter space probed by FACET is
larger than the other experiments. In particular, with an
integrated luminosity of 300 fb−1 (3 ab−1) at the HL-LHC,
FACET can probe the DP mass up to ∼1.3 GeV (1.5 GeV),
whereas FASER can only probe the DP mass up to
∼0.12 GeV (0.25 GeV plus the island near 0.79 GeV),
and FASER2 can only probe the DP mass up to ∼0.8 GeV
(1.3 GeV). Because DPs arising from the PB and MD
processes are likely to be distributed in the forward region,
MATHUSLA, a detector located in the central transverse
region, has difficulties to probe the parameter space of the
minimal dark photon model. For that reason, MATHUSLA
only probe a small parameter region with 3 ab−1 data,
which, however, has been excluded already by the current
experimental constraints. We note that the dips at mA0 ∼
0.8 GeV in the contours are due to the resonance in the PB
process, and the kink features at mA0 ∼ 0.2 GeV are due to
the mass threshold effects in the MD process.
Figure 9 shows the projected sensitivities for our

dark photon models from FACET, FASER, FASER2,
MATHUSLA, and CMS-MTD. Here the dark photon
production contributions from all channels including

the MD, PB and HR processes are considered. With the
inclusion of the HR process, the FACET and MATHUSLA
sensitivity contours are significantly enlarged to heavier
DP mass region, as compared to Fig. 8; the FASER and
FASER2 sensitivity contours, on the other hand, are similar
to those in Fig. 8. With 300 fb−1 (3 ab−1) data at the HL-
LHC, FACET can probe the parameter space of our model
up to mA0 ≃ 1.9ð15Þ GeV. The CMS-MTD probes a rela-
tive large dark photon mass region: down to dark photon
mass ∼3ð2Þ GeV for 300 fb−1 (3 ab−1) data at HL-LHC.
This is due to the fact that a light dark photon leads to not
only a small time delay but also small transverse momenta
of the final state leptons, which will suffer from a large
SM background for the time delay searches [45]. Inter-
estingly, this CMS-MTD sensitivity region partly overlaps
with MATHUSLA sensitivity region for the luminosity of
300 fb−1, and with both FACET and MATHUSLA sensi-
tivity regions for the luminosity of 3 ab−1. Thus, if a dark
photon in this overlap region is discovered, one can see the
FACET and MATHUSLA to verify the results from the
CMS-MTD.
Figure 10 shows the expected limits from FACET,

FASER, FASER2, MATHUSLA, and CMS-MTD to the
parameter space of our dark photon model with the mass
relation mψ ¼ 5mA0 . The sensitivity contours are similar to
Fig. 9, but with some changes. For light ψ , the millicharge
constraints are important, which excludes the parameter
space mA0 ≲ 0.3 GeV (corresponding to mψ > 1.5 GeV for
ϵ2 ¼ 0.01). The parameter space probed by FASER with
L ¼ 300 fb−1 (3 ab−1) at the HL-LHC is (nearly) excluded
by the millicharge constraints. Further, the heavy dark
photon mass region can no longer be probed by various
detectors as in Fig. 9. This is because the heavy dark photon
mass corresponds to the heavy ψ mass via the mass relation
mψ ¼ 5mA0 , which then leads to a suppressed pp → Z� →
ψψ cross section. Similar to the result in Fig. 9, the

FIG. 10. Same as Fig. 9 except mψ ¼ 5mA0 . The light gray region is excluded by the millicharge constraints [69–71]. For the FACET
contours we use NNPDF23 [109] (red-solid), CT18 [111] (red-dashed), and NNPDF40 [110] (red-dotted).

9IfmA0 > 2mψ , the dark photon can decay into a pair of hidden
fermions, which then leads to a prompt decay dark photon,
assuming an order-one gauge coupling in the hidden sector.
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CMS-MTD sensitivity region is partly overlapped with
FACET and MATHUSLA. To check the PDF uncertainties
on the sensitivity contours, we further compute the FACET
contours using three different sets of PDFs: NNPDF23 [109]
(red-solid), CT18 [111] (red-dashed), and NNPDF40 [110]
(red-dotted). As shown in Fig. 10, the upper edge of the
FACET contours from the three PDFs are almost identical;
the lower edge of the FACET contours from the three PDFs,
however, can be seen with some visible differences from
each other. For example, formA0 ∼ 0.3 GeV, the lower edge
of the FACET contours with 300 fb−1 are located at ϵ1 ¼
1.9 × 10−8 with NNPDF23, ϵ1 ¼ 2.3 × 10−8 with CT18, and
ϵ1 ¼ 3.2 × 10−8 with NNPDF40, as shown on the left panel
figure of Fig. 10; for3ab−1 data, ϵ1 are5.9×10−9,7.3 × 10−9,
and 1.0 × 10−8 respectively, as shown on the right panel
figure of Fig. 10. Thus different PDFswill result in changes to
the FACET contours but the effects are not significant.
Model-independent constraints on LLPs with a displaced

vertex of several centimeters in the dimuon channel have
been recently analyzed by LHCb [120], which used the
same data sample (5.1 fb−1) as the analysis optimized for
the minimal dark photon model [112], but with a different
fiducial region and selection cuts. The 90% CL upper
bounds on the LLP cross section σðX → μþμ−Þ are pro-
vided for various LLP masses in the range 0.214 GeV <
mX < 3 GeV and for three pX

T bins: 2–3 GeV, 3–5 GeV,
and 5–10 GeV [120]. This allows us to recast the limits to
the HR process in our model.10 Following Ref. [120],

we select events with muon transverse momentum
pTðμÞ> 0.5 GeV, muon momentum 10 < pðμÞ <
1000 GeV, muon pseudorapidity 2 < ηðμÞ < 4.5, and
pTðμþÞpTðμ−Þ> 1 GeV2. We further require that the DP
has a transverse momentum of 2 < pTðA0Þ < 10 GeV, a
pseudorapidity of 2 < ηðA0Þ < 4.5, and a transverse decay
length of 12 < lT

A0 < 30 mm, and the opening angle of the
dimuon pair is larger than 3 mrad. We then rule out a model
point in the parameter space if it produces a cross section
exceeding the upper bound in any of the three pT bins. We
show the excluded parameter space by this model-inde-
pendent LHCb analysis (purple shaded regions) in Figs. 9
and 10. For the minimal dark photon, the excluded regions
are the two gray “islands” at ∼0.2–0.3 GeV [112]. For our
dark photon model, the excluded regions by the LHCb
model-independent limits are much larger, extending
beyond ∼2 GeV in the dark photon mass and down to
ϵ1 ∼ 10−6, which already rule out some parameter space to
be probed by FACET and FASER2 detectors.
The left panel in Fig. 11 shows the number of signal

events in the FACET detector as a function of the proper
lifetime, for three different dark photon masses. The
number of events decreases with the dark photon mass.
The peak of the distribution of the events shifts to a larger
cτA0 value when the dark photon mass increases. The peak
shift is due to the detector cut on the DP decay length: a
larger cτA0 is needed for a heavier DP mass so that the DP
has the desired decay length to disintegrate in the FACET
decay volume. With the criterion of N > 5 events, FACET
can probe the cτA0 range of [0.04 m–30 m] for DP mass
mA0 ¼ 2 GeV, cτA0 ∈ ½0.09 m–25 m� for mA0 ¼ 4 GeV,
and cτA0 ∈ ½0.3 m − 10 m� for mA0 ¼ 10 GeV. The right
panel in Fig. 11 shows the number of signal events in
the FACET detector as a function of the parameter ϵ1. With
the criterion of N > 5 events, FACET can probe the

FIG. 11. The number of signal events in the FACET detector at the HL-LHC with L ¼ 3 ab−1, as a function of the DP lifetime cτA0

(left panel) and of the coupling ϵ1 (right panel). Here we fix mψ ¼ 15 GeV and ϵ2 ¼ 0.01, and vary the dark photon mass to be
mA0 ¼ 2 GeV (green), 4 GeV (blue), and 10 GeV (red).

10The MD and PB processes in our model is the same as the
minimal DP model. According to Ref. [120], the new LHCb
analysis [120] is only half sensitive in probing the minimal DP
model, as compared with the previous LHCb analysis [112].
Thus, we exclude the MD and PB processes in our simulation and
only consider the HR process.
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ϵ1 ∈ ½2.1 × 10−8–5.5 × 10−7� for DP mass mA0 ¼ 2 GeV,
ϵ1 ∈ ½1.4 × 10−8–2.3 × 10−7� for mA0 ¼ 4 GeV, and ϵ1 ∈
½1.3 × 10−8–7.5 × 10−8� for mA0 ¼ 10 GeV.

VII. EXPECTED NUMBER OF EVENTS
IN FAR DETECTORS

Here we provide an approximated expression for the
number of dark photon events in the far detectors, and also
compare the number of events for two far detectors that are
of different sizes and placed with different distances from
the IP.
Denote the cross sectional area of the decay volume of a

far detector as A and the length as L; the volume of the
decay volume is then V ¼ AL. If the far detector is placed
at a distance d from the IP with d ≫ L, the probability of
the DP to decay within the interval ðd; dþ LÞ can be
approximated by

P ≃ exp

�
−

d
lA0

�
L
lA0

; ð19Þ

where lA0 is the decay length of the DP. The number of DPs
that disintegrate inside the decay volume is then given by

N ≃ NIP
A

4πd2
P ¼ NIP

1

4π

V
d3

exp

�
−

d
lA0

�
d
lA0

; ð20Þ

where NIP is the total number of DPs produced at the IP,
and we have assumed an isotropic distribution for DPs for
simplicity. Thus for given Ni, V, and d, the optimal decay
length to be probed is lA0 ¼ d. Equation (20) also suggests
that in order to obtain a large signal of LLPs, one should
build a large decay volume and place it close to the IP if the
SM backgrounds are under control; see also [121] for a
similar discussion.
Next we compare two detectors with different V and d.

The ratio of the number of events is given by

N1

N2

¼ V1

V2

�
d2
d1

�
2

exp

�
−
d1 − d2
lA0

�
: ð21Þ

Using the parameters given in Table I, we find that
NFACET=NFASER ≃ 7 × 103 expð380 m=lA0 Þ. Thus the num-
ber of events in FACET is at least 7 × 103 times larger than
FASER, if one neglects the background considerations and
other effects. This is the main reason that the contours of
FACET sensitivity are much larger than FASER. Similarly,
we find that NFACET=NFASER2 ≃ 18 expð380 m=lA0 Þ. We
find that these ratios between FACET and FASER(2)
estimated here are consistent with the results from our
simulations.11

VIII. SUMMARY

We study the capability of the various new lifetime
frontier experiments in probing long-lived dark photon
models. We consider both the minimal dark photon model,
and the dark photon model proposed by some of us recently
that has an enhanced long-lived dark photon signal at
the LHC.
In the new dark photon model that has an enhanced long-

lived dark photon signal at the LHC, the standard model is
extended by the Stueckelberg mechanism to include a
hidden sector, which consists of two gauge bosons and one
Dirac fermion ψ . The Stueckelberg mass terms eventually
lead to a GeV-scale dark photon A0 and a TeV-scale Z0 with
couplings ϵ1 and ϵ2 to the SM sector respectively. The dark
photon signal at the LHC in this new model is enhanced
because it is proportional to ϵ2 which can be significantly
larger than ϵ1, which is small so that the dark photon is
long-lived. We compute various experimental constraints
on the ϵ2 parameter including the most recent constraints on
millicharge from the ArgoNeuT and milliQan demonstrator
experiments. We also take into account the experimental
constraints on the ϵ1 parameter, including our recasting of
the recent LHCb model-independent limits on the HR
process in our model.
There are three major production channels for the long-

lived dark photon in the parameter space of interest: the
MD, PB, and HR processes. The MD and PB are present in
both the minimal dark photon model and the new dark
photon model, and are mostly distributed in the forward
region. The HR process, however, is only present in the
new dark photon model, and has significant contributions
to both the forward region and the transverse region (but
still with dominant contributions in the forward region). We
find that the HR process provides the dominant contribu-
tions for large dark photon mass, which opens up new
parameter space to be probed by various new lifetime-
frontier detectors.
We provide a mini-overview on the various lifetime-

frontier detectors and select four detectors for further
detailed analysis, which include the far detectors
FACET, FASER (and its upgraded version, FASER2),
and MATHUSLA, and the future precision timing detector
CMS-MTD. We compute the sensitivity contours in the
parameter space spanned by the dark photon mass and the
parameter ϵ1. For example, with 300 fb−1 (3 ab−1) data at
the HL-LHC, FACET can probe the parameter space up
to mA0 ≃ 1.9ð15Þ GeV, for the case where mψ ¼ 15 GeV.
We find that the sensitivity contours from FACET and
MATHUSLA are significantly enlarged by the HR process,
and the CMS-MTD is only sensitive to the HR process.
The enhancement in the central transverse detector
MATHUSLA is mainly due to the fact that the MD and
PB events are highly concentrated in the forward direction,
and the HR process has some significant contributions in
the transverse direction.

11For example, for the model point mA0 ¼ 0.5 GeV and ϵ1 ¼
2.9 × 10−7 in Fig. 10, we find that NFACET=NFASER ≃ 8400 and
NFACET=NFASER2 ≃ 33 in our simulations.
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We further compare the signal events between the two
far forward detectors: FACET and FASER. We find that
FACET is likely to detect many more events than FASER,
which is mainly due to the larger decay volume of the
FACET detector and its smaller distance from the inter-
action point. The FASER2 detector, with a much larger
decay volume than FASER, can somewhat offset the effects
of the long distance from the interaction point. Thus we
find that the FACET contours are larger than FASER and
FASER2 in our analysis.
We also find that there exists parameter space that can be

probed by different kinds of lifetime-frontier experiments.
Thus, for example, if a long-lived dark photon signal were
found in one precision timing detector (e.g., CMS-MTD), it

could then be verified by a far forward detector (e.g.,
FACET) and a far transverse detector (e.g., MATHUSLA).
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