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Looking forward to millicharged dark sectors at the LHC
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We identify what may be the world’s most sensitive location to search for millicharged particles in the
10 MeV to 100 GeV mass range: the forward region at the LHC. We propose constructing a scintillator-
based experiment, FORward MicrOcharge SeArch (FORMOSA) in this location. FORMOSA can discover
millicharged particles in a large and unexplored region of parameter space, including millicharged strongly
interacting dark matter (mSIDM) candidates that cannot be probed by ground-based direct-detection
experiments. The newly proposed LHC Forward Physics Facility (FPF) provides an ideal structure to host

the full FORMOSA experiment.
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I. INTRODUCTION

Searching for millicharged particles, or MCPs, provides
an empirical test of charge quantization [1] as well as
predictions from well motivated UV theories, including
grand unified theories (GUT) [2,3] and string theory [4,5]).
MCPs can also arise as a low-energy consequence of a
theory with a massless kinetic-mixing dark photon [6].
Recently, the consideration of MCPs as dark matter (DM)
[7-9] and the connection to the explanation to the EDGES
anomaly [10-14] rekindle the experimental MCP program.

Within the past few decades, the search for MCPs has
encompassed terrestrial experiments at fixed target and
collider facilities, as well as astrophysical and cosmological
observations [15-25]. A dedicated experiment, milliQan
[22], was proposed at LHC that would detect MCPs
produced by proton collisions using scintillator-based
detectors. Later, FerMINI [26] with a similar setup was
considered for proton fixed-target and neutrino experi-
ments, primarily targeting Fermilab proton beamlines or
CERN SPS beam. Recently, this idea has motivated a
proposal at J-PARC proton fixed-target facilities [27].

In general, there is great promise in using experiments at
the intersection of the high-energy and high-intensity
frontiers to study dark-sector or long-lived particles.
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Traditionally such searches are done either in the LHC
transverse region or at proton fixed-target experiments
[25,26,28-51]. However, we note that the production rates
for dark-sector particles available in the forward direction
of high-energy colliders are comparable to those achieved
at beam dump experiments, so one can view the detectors
located at the LHC forward regions as very energetic beam-
dump experiments given the high statistics one can accu-
mulate in this region [52]. The LHC’s forward region can
be regarded as a true intersection between high energy and
high intensity: this is where one can get a high flux of low-
mass dark sector particles through direct production and
meson decays. However, until recently, this region has been
neglected.

In this paper, we consider two scenarios featuring
millicharged particles in the LHC forward physics region.
First, we consider installing a minimal MCP detector in a
tunnel next to the current FASER experiment (see the
left panel of Fig. 1 for more details), which we call
FORMOSA-I for convenience. Second, we consider con-
structing a full-size milliQan-type detector in the Forward
Physics Facility (FPF, an expanded UJ12 hall [53]),
referred to as FORMOSA-II. One can also consider moving
the proto-milliQan detector [54] to the forward physics
region, but given the higher beam-related background rate
compared to the transverse region [55] a more detailed
study of the sensitivity is required.

II. LOCATION

We propose locating FORMOSA in the far-forward
direction, close to the beam collision axis, where it can
benefit from an enhanced MCP production cross section
compared to the transverse direction.

Published by the American Physical Society
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Left: the proposed location of FORMOSA in the cavern UJ12 or side tunnel TI12 (blue) close to the beam collision axis (red).

The Forward Physics Facility (FPF) extension is shown as a light-blue area. Right: production cross section of MCP in the forward
direction, 6, < 1 mrad, for different production modes and MCP masses.

A suitable location is available roughly 500 m down-
stream from the ATLAS interaction point in the cavern
UJ12 or the tunnel TI12, shown in the left panel of Fig. 1.
One can also consider the nearly symmetrical TI18 and
UJ18 on the opposite side of ATLAS. During Run 3 of the
LHC, TI12 will host the FASER experiment to search for
long-lived particles [51,52,55-61], and study neutrino
interactions [62,63], with continuations being proposed
for the HL-LHC era [64,65]. For this reason, TI12 and
UJ12 are equipped with lighting, power, stairs, and support
structures to safely transport detector components around
the LHC. Recently, it has also been proposed to enlarge
the UJ12 cavern to create a FPE, which could house
FORMOSA and other forward experiments [53].

TI12 and UJ12 are shielded from the ATLAS IP by the
forward LHC infrastructure, which consists of magnets and
absorbers, as well as 100 m of rock. Particle fluxes and
radiation levels have been simulated using FLUKA [66]
and validated experimentally [55,63], indicating that the
particle fluxes at this location are low.

III. MCP PRODUCTION

We study MCP y with electric charge Q,, mass m, and
define e = Q, /e. The small electric charge can come from
directly introducing a tiny U(1) hypercharge to y. It can
also be generated by a massless dark photon, kinetically
mixed with SM, that couples to y and induces the
millicharge of y in a convenient basis [6,67].

We perform a dedicated Monte Carlo study to estimate
the flux of MCP produced at the LHC. The different
production channels and their corresponding production
cross sections in the forward direction, within 6, < 1 mrad
of the beam collision axis, are summarized in the right
panel of Fig. 1.

If the MCP is light, it is primarily produced in both
pseudoscalar meson decays such as 7° — yyy and vector

meson decays such as w,J/y, T — yy. We generate the
spectra of light mesons using EPOS-LHC [68]. The spectra of
the charmonium and bottomonium states are simulated
using PYTHIAS [69], which we have calibrated with their
spectra as measured at LHCb [70-72]. More details on the
simulation and validation of forward meson production at
the LHC and their decays into MCPs can be found in
Appendix.

Heavy MCPs are primarily produced in partonic scatter-
ing gq — yy. We simulate this Drell-Yan production mode
using MADGRAPH5 [73] and PYTHIA 8. To ensure that the
PDFs are well defined, we require the invariant mass of the
MCP pair to be larger than 2 GeV, which leads to a constant
MCP production cross sections for m, <1 GeV.

It is important to note that particle production rates are
enhanced in the forward direction. According to Feynman
scaling arguments [74], in the limit where m, < py, MCP
production is approximately flat in pseudorapidity,
dN/dn =~ constant. Comparing the flux of MCPs going
through a 1 mx 1 m area at a transverse location (T)
similar to milliQan, and a forward location (F) about 500 m
downstream and off-set by 2 m from the beam axis, we find
Ng/Nt ~ Ang/Anp X Agp/Adr ~ 250, indicating that the
forward particle flux is indeed strongly enhanced.

IV. DETECTOR AND SIGNATURE

We will consider a minimal detector (FORMOSA-I) and
a full MCP detector (FORMOSA-II). For FORMOSA-I we
consider a setup similar to the milliQan demonstrator with
size 0.2 m x 0.2 m x 4 m, which consists of 4 layers each
containing 16 scintillator bars coupled to a PMT.
FORMOSA-II would be a 1 mx 1 m x4 m array con-
sisting of 4 layers of 400 scintillator bars. In our analysis we
place FORMOSA-I in the UJ12/TI12 hall and 2 meters off-
axis, and we take FORMOSA-II to be on-axis and located
in the proposed FPF (expanded UJ12 hall).
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When an MCP traverses the detector, photoelectrons
(PE) are produced from ionization energy deposition within
each stack of scintillator. The average number of PEs
collected with detection efficiency &4, in a scintillator bar
with density p, and length L, can be estimated as
Npg ® €4epsLs X (—dE/dx) x Y,, where the mean rate

of energy deposition (—dE/dx) scales as €* and is a
function of the MCPs energy [75]. Y, ~1.1x10*MeV~!
is the photon yield deposited in the typical plastic scintil-
lators [76]. Like the milliQan collaboration [23], we
assume a detection efficiency of € =~ 10%.

For FORMOSA, we search for a quadruple coincidence
of hits with Npg > 1 in each stack within a 20 ns time
window. The probability of detecting a MCP follows the
Poisson distribution, Py = (1 —exp(—Npg))*. Considering
the number of MCPs passing through the detector N, the
total number of signal events is N, - Py

V. BACKGROUND

The potential background sources of an MCP detector at
the forward physics region can be classified as beam related
and beam unrelated. According to the proto-milliQan study
[54], in the transverse region, the beam-unrelated back-
ground dominates, and it can be controlled by adding an
additional layer to the original three-layer millQan design.
However, in the forward region at the LHC considered in
this paper, we find that the beam-related background could
be much more important. The background reduction
strategy and the choices of PMTs need to be reconsidered
accordingly. We will first review the beam unrelated
background and its reduction strategy, and then discuss
the beam-related background.

The beam unrelated background of FORMOSA can
come from cosmic muons and dark current, and their
combined coincident signatures. The cosmic muons inter-
acting with the cavern walls generate a spray of electrons
and gamma rays. The subsequent shower causing scintil-
lation in the detector is a significant background source for
the proto-milliQan detector [54]. In addition, due to the
random emission of thermal electrons from the photo-
cathode, dark current pulses can be produced in each PMT.
These two sources of detector background lead to the
similar signature to MCPs.

Several techniques have been developed to reduce these
beam-unrelated background events [22,23]. These strate-
gies can be summarized as requiring multiple-coincidence
as a detection signature; implementing a veto of large-PE
events; shifting or enlarging the middle detector array (to
eliminate coincident low-PE pulses caused by energetic
muons scraping through the surface of the scintillator
layers); and considering a dead-time veto of the afterpulses.
In addition to scintillator bars, the milliQan prototype
design has considered components such as the scintillator
panels and four scintillator slabs along the length of the

detector for further reduction of backgrounds [54]. The
scintillator panels are used as shields for the bars from the
top and sides to reject backgrounds due to cosmic muon
showers. The slabs provide time information, shielding
from neutron radiation, and help to veto deposits due to
beam and cosmic muons passing the bars. As demonstrated
by the milliQan collaboration, the beam unrelated back-
ground can be reduced to nearly zero with all these
background reduction strategies.

The quadruple coincidence requirement has the advan-
tage of lowering the dark-current background rate by a
factor of O(10*) compared to the original milliQan
design, which is expected to have ~300 dark current
background events per year [23,26]. The same conclusion
taking into account other beam unrelated background is
also shown in [77].

A new challenge arises for the dedicated MCP search in
the forward physics region, given a large flux of high-
energy muons from the beam collisions. For FORMOSA-I,
we consider a location inside the cavern UJ12, where a
muon rate <1 Hz/cm? can be achieved [62] (one can
consider the same muon rate for FORMOSA-II). These
energetic muons (and the secondary particles they produce
inside the detector) can cause large pulses in the PMT. One
can implement online-vetos of large-PE pulses to avoid the
readout deadtime and ensure a high signal efficiency.

In addition, afterpulses, which can appear with a delay
time of a few us after the initial pulse, could become
sources of background events. These smaller pulses can
appear correlated in the 7 time window. Thus, they may be
indistinguishable from the small PE events and cannot be
vetoed by the large PE cuts. However, the rate of the
afterpulses with a delay time of 6t = 10 us drops below the
dark current rate for most of the PMTs [78,79]. We can
therefore remove the afterpulse background using a veto:
assuming one muon every 100 us for FORMOSA-II and an
afterpulsing duration of ~10 us, roughly 10% of the data
needs to be vetoed, resulting in a live-time efficiency of
~0.9. For FORMOSA-I, this is a much smaller issue since
it has a smaller detector area and thus a lower total muon
rate. Considering better PMTs with reduced afterpulse
duration can improve the live-time efficiencies for both
FORMOSA-I and 1L

Interactions of high-energy neutrinos produced at the
LHC with the FORMOSA detector provide another beam-
related background source. According to [63], we estimate
O(10%) interactions with FORMOSA during the HL-LHC.
These interactions cause energetic events with a very large
number of PE throughout the detector, which is very
different from the MCP signal. Furthermore, neutrinos
interacting with the material surrounding FORMOSA can
produce particles that form a hadronic shower. In a 2.5 m
volume of rock in front of FORMOSA (corresponding
to ~104;,, which a hadronic shower should be mostly
absorbed) O(10°) neutrino interactions is expected during
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FIG. 2. Sensitivity of FORMOSA in the MCP parameter space (left) and mSIDM parameter space (right) alongside existing
accelerator constraints (dark gray), direct-detection experiments (light gray, assuming 0.4% DM abundance for the direct-detection
experiments) and other proposals (dashed lines). FORMOSA-II 2 m off-axis is plotted orange and dashed. See text for details.

the HL-LHC. This corresponds to a rate of O(1) interaction
per minute, which is subleading compared to the expected
rate of muons passing through the detector.

Other beam-related background sources come from
beam-gas and beam halo collisions with the beam pipe,
which require special attention. Based on a FLUKA study1
performed for the FASER experiment [55,66], we expect
that particles produced in proton losses and beam-gas
collisions near TI12/UJ12 would typically point toward
the direction of the nearby LHC beam pipe rather than the
ATLAS IP. This lead us to suggest (i) additional shielding
and (ii) vetoes around the detector, combined with pointing
the long axis of FORMOSA toward the IP, to reduce
possible backgrounds associated with such particles. Note
that the FLUKA simulations do not include any nonbeam
backgrounds such as cosmic ray muons, and thus are
insufficient to quantitatively estimate the background rate
for the new detector. As we mentioned, one can install the
proto-milliQan at this location to conduct an in-situ study
of the background to address this issue.

VI. SENSITIVITY

In the left panel of Fig. 2, we present the projected
sensitivity reaches of FORMOSA-I and II in terms of the
MCP mass m, and charge ratio ¢ = Q,/e, assuming an
integrated luminosity of 3 ab™! at the HL-LHC. We require
3 signal events, and a 0.9 live-time efficiency. The choice of
3 events is based on the discussions in the background
section that the beam-unrelated background can be reduced

'This simulation from Refs. [55,66] were performed for TI18/
UJ18 location, which is nearly identical to TI12/UJ12 and located
on the opposite side of ATLAS. The results presented in Ref. [55]
assumes LHC Run 3 conditions with a luminosity of
2 x 10** cm™2 sec™!, while the original FLUKA study presented
in Ref. [66] assumed HL-LHC conditions with a luminosity of
5x 10** cm™2sec™!.

to a negligible level with the requirement of quadruple
coincidence. The line corresponding to FORMOSA-I
placed 2 m off-axis is colored magenta. FORMOSA-II
on-axis (2 m off-axis) is plotted red (orange and dashed).

We plot the existing constraints as gray-shaded regions.
These include bounds from SLAC [16], LEP [17,80], CMS
[81,82], LSND and MiniBooNE [25], ArgoNeuT at
Fermilab [83], proto-milliQan at LHC [54], and the
constraint on cosmic-ray produced MCPs from Super-K
[84]. For comparison, we also show the sensitivity projec-
tions from the full milliQan experiment at the 14 TeV LHC
with 3 ab™!' integrated luminosity [23], the proposed
FerMINI experiment at LBNF/DUNE with a beam energy
of 120 GeV and 10*>' POT (also considered for NuMI/
MINOS hall and the sensitivity reach is similar) [26], and
the proposed SUBMET experiment assuming 107> POT at
the 30 GeV proton beam at J-PARC [27].

Based on our analysis, one can see that FORMOSA-I, a
minimal detector to be placed in UJ12, would provide a
better sensitivity reach in comparison to the full milliQan
run. As discussed above, this is due to an enhanced flux of
MCP in the forward region, in comparison to that of the
transverse region. Up to O(10%) signal events at m, =
1 GeV near the proto-milliQan bound are possible. We also
find that with 300 fb=! (1/10 of the full luminosity of the
HL-LHC), the FORMOSA-I has a better sensitivity than
the full HL-LHC milliQan for m, < 10 GeV.

Also note that, although we derive our sensitivity
projections based on the luminosity of HL-LHC, it could
be possible to employ a similar setup already during Run 3
of the LHC. In particular, one could install the proto-
milliQan detector in the TI12 cavern and perform a test run
for FORMOSA to better understand the detector environ-
ment and experimental challenges.

We further show that FORMOSA-II provides leading
sensitivity projections in a large window of MCP mass from
100 MeV to 100 GeV, exceeding the reaches of other similar
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proposals. We also see that, even if the detector is placed a
few meters off the beam axis, the sensitivity would not be
strongly affected. This allows us to place FORMOSA inside
the existing cavern UJ12.

VII. MILLICHARGED STRONGLY
INTERACTING DM

MCPs in this region of parameter space can account for a
fraction of the dark matter (DM) abundance, but cannot be
detected by the direct-detection experiments when the cross
section is larger than certain critical values (derived in
[85,86]). The ambient DM (DM in our local galaxy with
Standard distribution and velocity dependence [87]) with a
substantial cross section with Standard Model (SM) par-
ticles can lose most of its kinetic energy through inter-
actions with SM particles. For some model parameters, the
DM particles lose most of their energy and hence cannot be
detected by ground-based direct detection experiments after
interacting with the atmospheric particles and the crust.
These DM particles are generally referred to as strongly
interacting DM (SIDM) [88-90]. In [84-86], an uncon-
strained region of parameter space is identified, which can
be referred to as a millicharged SIDM (mSIDM) window,
and FORMOSA can provide strong sensitivity in this
parameter space.

In the right panel of Fig. 2, we show our results in terms
of m, and the conventional “reference cross section”
Coref = 167za2€2,u§g/q2.ref. Here, g, is chosen to be
the typical momentum transfer in y — e scattering for
semiconductor or noble-liquid targets (taken to be am,
[86]) and 4, is the reduced mass of the electron and y.

We include bounds from terrestrial direct detection
experiments [85,86], XQC [91] and RRS [88]. We do
not plot the constraints based on the millicharged DM
accelerated by astrophysical sources [92-95], as they
require additional assumptions beyond local DM proper-
ties. When presenting the bounds, we follow Ref. [86] and
assume 0.4% of the DM to be MCP to avoid strong
cosmological constraints [96-98]. In addition, the CMB
constraint is preventing the DM from being composed of
majority of MCP, and 0.4% of DM being MCP is allowed
by the current constraint (see, e.g., [99]). For different
assumptions of DM being MCP, the existing constraints
from direct-detection experiments would be different. It is
also demonstrated that 0.4% of DM being MCP could
potentially explain the EDGES anomaly, although subject-
ing to other constraints (see, e.g., [11,100]).

We show that FORMOSA can help cover a large part of
the millicharged DM region that is previously uncon-
strained. Our study also demonstrates two strong advan-
tages of accelerator probes of DM in general: (i) the
accelerator probes are not sensitive to the material’s
attenuation, given that the particles produced from beam
interactions have large kinetic energy (unlike the ambient
DM, which has much lower kinetic energy), and (ii) the

accelerator constraints are independent of the fractional
composition of DM (unlike the direct-detection or cosmo-
logical probes [96-98]).

VIII. CONCLUSION

In this letter, we propose a new MCP search in the
forward region of the LHC ATLAS interaction point.
FORMOSA, a milliQan-like experiment placed ~500 m
downstream from ATLAS, would take advantage of
enhanced MCP production in the forward direction and
can provide leading sensitivity to MCPs in the 10 MeV to
100 GeV mass window.

We also find that, unlike the current milliQan location,
beam-related backgrounds associated with the sizable flux
of forward muons, such as PMT afterpulses, become
important in the forward direction. This motivates addi-
tional detector design considerations, such as the use of
PMTs with low afterpulse duration or the application of
vetoes to control the afterpulse background.

In addition to MCPs, FORMOSA has the potential to
search for other beyond standard model (BSM) particles,
such as heavy neutrinos and DM with electric dipoles
[101-104]. Furthermore, FORMOSA'’s location in the far
forward direction allows further extensions of its physics
objectives. For example, one would expect about 10°
neutrino interactions in the FORMOSA-II detector,
providing additional opportunities for neutrino physics
[62,65,105] and forward particle production measurements,
and indicating a physics potential of FORMOSA and the
Forward Physics Facility that remains to be explored.
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APPENDIX: MCP PRODUCTION
IN MESON DECAYS

If the MCP y is sufficiently light, m,, <5 GeV, it can be
produced in the decay of SM mesons M. This requires a
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FIG. 3. Validation of forward meson production. Forward photon production predicted by EPOs-LHC (left), J/y production (center)

and Y(1S) production predicted by PYTHIA8 compared to measurements by LHCf [112] and LHCb [70,71] at 13 TeV LHC.

reliable description of forward particle production, best
validated with or tuned to available data.

The production of light mesons, M = 7°, 5,7, w, p and
¢, is simulated using EPOS-LHC [68], as implemented in the
simulation package CRMC [106], which is a dedicated
Monte-Carlo generator designed to describe minimum bias
hadronic interactions at both particle colliders and cosmic
ray experiments. In the left panel of Fig. 3 we compare the
predicted energy spectra of far forward photons (mainly
from 7° decay) produced in 13 TeV collisions to those
measured at LHCf [112], and find good agreement over the
full spectrum.

In addition, we simulate the production of charmonium
and bottomonium using PYTHIA8 [69]. Since the default
setup of PYTHIAS tends to overestimate their production rate
at small transverse momenta pr, we use the predefined
SuppressSmallPT user hook to suppresses the produc-
tion rate by a factor

( Py
K po + p7

where pr is the same energy-dependent dampening scale
as used for multiparton interactions and Q,, is the
renormalization scale. Good agreement between the sim-
ulation and measurements at LHCb [70-72] are obtained

ez w

for k = 0.35 and n = 3, as shown in the center and right
panel of Fig. 3.

In the next step, we use a MC simulation to subsequently
decay the mesons into MCPs y. The pseudoscalar mesons
M = 7% 5,5 can undergo the 3-body decay M — yy7.
Following Refs. [48,113], the differential branching frac-
tion for this process is given by

oS Py Am)
m?, s

x [2 - <1 - 4Sm§> sinze] xBR(M = yy)  (A3)

dBR(M = yyy) ea

dsdcos @ " dzns (A2)

where s = (p, + p)—()2 is the invariant mass of the off-shell
photon producing the MCP pair and @ is the angle between
the momentum of y in the off-shell photon’s rest frame and
the boost direction of the off-shell photon.

In addition, the vector mesons M = p, @, ¢, J [y, y(2S5)
and Y(nS) can decay directly into a pair of MCPs,
M — yj. Following Ref. [26], the corresponding branching
fraction is given by

BR(M — yj) o, (m%,l + 2m§)(m%,1 — 4m§)1/2
BR(M — ee) N (m2, + 2m2)(m3, — 4m2)1/%

(A4)
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