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ABSTRACT: The MoEDAL’s Apparatus for Penetrating Particles (MAPP) Experiment is
designed to expand the search for new physics at the LHC, significantly extending the physics
program of the baseline MOEDAL Experiment. The Phase-1 MAPP detector (MAPP-1) is
currently undergoing installation at the LHC’s UA83 gallery adjacent to the LHCb/MoEDAL
region at Interaction Point 8 and will begin data-taking in early 2024. The focus of the MAPP
experiment is on the quest for new feebly interacting particles — avatars of new physics with
extremely small Standard Model couplings, such as minicharged particles (mCPs). In this
study, we present the results of a comprehensive analysis of MAPP-1’s sensitivity to mCPs
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arising in the canonical model involving the kinetic mixing of a massless dark U(1) gauge field
with the Standard Model hypercharge gauge field. We focus on several dominant production
mechanisms of mCPs at the LHC across the mass-mixing parameter space of interest to
MAPP: Drell-Yan pair production, direct decays of heavy quarkonia and light vector mesons,
and single Dalitz decays of pseudoscalar mesons. The 95% confidence level background-free
sensitivity of MAPP-1 for mCPs produced at the LHC’s Run 3 and the HL-LHC through
these mechanisms, along with projected constraints on the minicharged strongly interacting
dark matter window, are reported. Our results indicate that MAPP-1 exhibits sensitivity
to sizable regions of unconstrained parameter space and can probe effective charges as low
as 8 x 107% e and 6 x 10~* e for Run 3 and the HL-LHC, respectively.

KEYwoORDS: Dark Matter at Colliders, Models for Dark Matter, New Gauge Interactions,
Specific BSM Phenomenology

ARX1v EPRINT: 2311.02185


https://doi.org/10.48550/arXiv.2311.02185

Contents

1 Introduction 1
2 The MoEDAL-MAPP experiment 2
3 Minicharged particle production at the LHC 5
3.1 Drell-Yan pair production 5
3.2 Meson decays 6
3.3 Production cross-sections and validation 8
4 Sensitivity of MAPP-1 to minicharged particles 9
5 Minicharged strongly interacting dark matter 13
6 Conclusions 14

1 Introduction

While the Standard Model (SM) of particle physics is arguably one of the most successful
theories we have, there now exists a strong consensus in the community that it is incomplete [1].
For example, it fails to adequately explain the matter-antimatter asymmetry, and it contains
no viable candidate to explain the observed dark matter content of the universe. In particular,
strong astrophysical evidence points to the conclusion that dark matter forms roughly 26%
of the mass-energy content of our universe [2]. However, to date, no direct detection of
any dark matter candidates has been made.

This lack of experimental guidance has led to a proliferation of possible extensions to the
SM, one of which posits that there exists a dark, or hidden, sector that minimally couples
to the SM via one or more of several possible portal interactions [3—6]. This dark sector
could potentially have a rich phenomenology that is comparable, or larger in scope to that
of the SM, with its own forces and matter particles that are almost completely invisible to
us due to their feeble interactions with SM particles.

One possible observable consequence of such a dark sector would be the existence of
new long-lived electrically neutral particles; another would be the existence of minicharged
particles (mCPs) [6]. These mCPs are potential dark matter particles that acquire an effective
electric charge that is much smaller than that of the electron due to the nature of their
interactions with SM gauge fields. This second type of feebly interacting particle naturally
emerges in models that include a vector portal coupling between the dark sector and the SM.

First proposed by Bob Holdom in 1986 in refs. [7, 8], the vector portal couples a dark
U(1) gauge field to the Standard Model’s U(1) hypercharge gauge field in a gauge invariant
way. Typically, this coupling is written as
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where A:w is the field strength tensor for a dark U(1) gauge field, known as the dark photon,
and B*” is the field strength tensor for U(1) hypercharge. These types of couplings between
two U(1) gauge fields are also known as kinetic mixing terms, as they mix SM gauge fields with
dark gauge fields. How such interactions induce effective visible minicharges in electrically
charged dark sector matter particles will be discussed in section 3.

The obvious implication of this effective electric charge, however, is that the mCPs can be
thought of as coupling to the photon. This allows the use of such models to explain a number
of observed discrepancies from SM predictions, such as the EDGES anomaly [9-15] and the
muon anomalous magnetic moment [16, 17]. It also opens up a large number of potential
production channels for mCPs at accelerators [18], allowing for their direct detection.

This potential for discovery has given rise to an expansive experimental program at
particle accelerators (reviewed in detail in ref. [18]) with several experiments both proposed
and underway at the Large Hadron Collider (LHC) alone [19-22]. In particular, the detection
of mCPs is at the heart of the physics program of the MoEDAL’s Apparatus for Penetrating
Particles (MAPP) extension to the Monopole and Exotics Detector at the LHC (MoEDAL)
experiment [23, 24]. The MAPP Experiment’s ground-breaking physics program encompasses
numerous scenarios that offer potentially revolutionary insights into several foundational
questions: what is the nature of dark matter? is there a hidden/dark sector? and what is
the mechanism of electric charge quantization?

In section 2, we provide an update on the MAPP detector, including an important update
on its location and a comprehensive overview of its design. In the subsequent sections, we will
consider the potential for the discovery of mCPs at the MAPP Experiment using a typical
benchmark model with massless dark photons that kinetically mix with the SM hypercharge
gauge field, as was previously performed for other experiments in refs. [19, 20, 25-30].

The remainder of this article is organized as follows. In section 3, we address the various
production channels we are considering for mCPs, including Drell-Yan pair production and
production via several meson decay channels. In section 4, we discuss the sensitivity of the
MAPP-1 detector, the first phase of the MAPP program, to mCPs and present projected
exclusion limits for this detector. In section 5, we discuss strongly interacting dark matter
models that contain mCPs and show projected sensitivity bounds for models of this type.
Finally, conclusions and future outlooks are provided in section 6.

2 The MoEDAL-MAPP experiment

The initial expression of interest for the MoEDAL detector in 1999 also proposed an active de-
tector designed to search for exotic highly penetrating stable particles and long-lived decaying
particles at the LHC [31]. In November 2021, the Large Hadron Collider Committee (LHCC)
unanimously approved the first phase of the MAPP Experiment — a fully active scintillation
detector with a sensitive volume of ~ 3 m? — to collect data at the LHC’s Run 3 [21]. The
combined MoEDAL-MAPP Experiment covers a wide range of beyond the Standard Model
physics scenarios involving highly ionizing [32] and feebly interacting particles [18, 23, 24, 33—
41], respectively. The Phase-1 MAPP detector (MAPP-1) is currently undergoing installation
in the UA83 gallery adjacent to the MoOEDAL/LHCDb region at Interaction Point 8 (IP8).
Based on the latest results obtained from surveying this region, the position of the center of



Figure 1. An illustration depicting the arrangement of the MoEDAL-MAPP facility situated at the
LHC’s IP8 region. It showcases the positioning of the MoEDAL (IP8), MAPP-1 (UA83), and future
MAPP-2 (UGC1) detectors.

the front face of the MAPP-1 detector is ~ 97.8 m from the IP and at an angle of ~ 7.3°
with respect to the beamline. MAPP-1 has a pointing geometry, which is oriented such
that it is facing toward the IP. Additionally, the UAS83 gallery location benefits from a
rock overburden of 110 m, providing substantial protection from cosmic rays, as well as
approximately 50 m worth of material shielding between the detector and the IP. An overview
of the MoEDAL-MAPP arena is provided in figure 1.

The design of MAPP-1, which derived inspiration from the SLAC mQ experiment [25],
comprises four collinear sections, each containing 100 scintillator bar units of size 10 cm X
10 em x 75 em coupled directly to a single high-gain (10-stage), low-noise 3.1” photomultiplier
tube (PMT); such a design thus provides four-fold coincidence, reducing the rate of false signal
events from dark noise in the PMTs to negligible levels. Each scintillator bar unit contains
two standard blue-emitting polystyrene plastic scintillator bars of size 5 cm x 10 cm X 75 cm
(SP32 [42] doped for enhanced light output, NUVIATech Instruments, CZ; see appendix B of
ref. [23] for detailed material properties). The characterization of the scintillator bars and
PMTs was conducted at the University of Alberta. The preparation of the detector materials
was also performed there in the MoEDAL-MAPP Grade-C cleanroom: the scintillator bars
were polished and individually wrapped in Tyvek®, paired, wrapped in another layer of
Tyvek® followed by a layer of black paper, and then covered with two layers of black electrical
tape. Silicone light guides fabricated in-house using SYLGARD™ 184 silicone elastomer
were then mounted to one of the ends of each of the scintillator bar units, and a PMT was
attached to each light guide. Lastly, a small hole was drilled into one of the bars on the other
end of each scintillator bar unit, in which a small light-emitting diode (LED) was inserted
and secured with optical epoxy. The MAPP-1 detector frame consists of T-slotted aluminum
bars and support frames constructed from high-density polyethylene; the scintillator bar
units slot into the support frames accordingly.

A hermetic veto system comprising 1 cm thick planes of scintillator surrounds the MAPP-
1 detector. Each plane is assembled from 25 ¢cm x 25 cm x 1 cm scintillator subplanes
containing two embedded wavelength-shifting fibers read out by silicon photomultipliers



Figure 2. A schematic of the MAPP-1 detector, emphasizing its main components.

(SiPMs). Notably, due to the veto system’s geometry, any through-going particle produced at
the IP would yield a signal in at least two veto tiles and the detector; thus, monitoring the
efficiency of the veto tiles will be possible using cosmic rays. Additionally, in the event that
additional veto capabilities are required, the MAPP-1 detector can be fiducialized, i.e., the
outer layer of scintillator bars in each section of the detector can be utilized as an additional
veto, at the expense of reducing the sensitive volume of the detector (which would then
comprise a total of 256 scintillator bar units — 64 per section). The MAPP-1 detector also
incorporates a lead converter layer at its forefront, designed to attenuate and convert the
limited flux of secondary background photons impinging on the detector. Additional lead
layers are strategically positioned between the four detector sections, thus comprising a total
of three auxiliary layers — one between each section. Lastly, the entire detector is completely
encased in an aluminum flame shield. All of the readout electronics are located in the UA83
gallery behind the detector. A schematic of the MAPP-1 detector is provided in figure 2.

In situ calibration of the MAPP-1 detector will be performed using two methods: 1)
calibration employing the built-in system of LEDs embedded in the scintillator bars, and
2) calibration using incident muons produced at the IP that pass through all four collinear
sections of the detector. An LED pulser system will be used to calibrate the relative gain
of each step of the programmable-gain amplifier (PGA); the system is tuned to give the
same photon output/LED. The observed muon spectrum will be used to determine the
absolute gain. Our pulser system has a programmable LED pulse time, and the pulse time
can be shortened so that it provides outputs consistent with an mCP crossing the bar. The
calibration will be validated using neutral-density filters placed over the PMT entrance to
simulate scintillation light produced by an mCP; for example, a 100x reduction filter will
simulate an mCP with 1/100 the ionization of a minimally ionizing muon (i.e., @y ~ 0.1 e).

The effective dynamic range of our analog-to-digital converter (ADC) is expected to
be around 13 bits (80 dB), allowing a wide range of amplitudes to be digitized directly.
Additionally, the implemented PGA allows a further 31.5 dB of dynamic range. Calibration
with muons will be performed at low gain. For data taking at higher gain, muons will saturate
the ADC but will be indirectly measured through the saturation time (time over threshold).
The rise time is on the order of 10-20 ns.
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Figure 3. Feynman diagrams of the various minicharged particle production modes considered in
this study.

Basic low-level triggering is performed in the field-programmable gate arrays (FPGAs)
with a channel buffer capable of holding 100 us worth of unsuppressed data per channel.
This allows up to 400 bunch-crossings of data per channel to be stored to allow trigger
decisions and readout to memory to be completed. Dedicated backplane communication
between detector elements allows more complex triggering between modules. For maximum
flexibility, a software trigger scheme will be followed as far as possible. However, a number of
software trigger categories will also be predefined. An important trigger preset relating to
mCP detection requires quadruple-coincident photoelectron production from a through-going
mCP with sufficient energy deposition in each of the four collinear sections. Data collected
by MAPP will be stored locally on a data server situated in the UA83 gallery, which will
be connected via Ethernet. The data will be sent to several off-site PCs with redundant
data storage capabilities for backup storage and data analysis purposes. Events of interest
are read out to shared memory (8 GB), where a CPU can make more complex triggering
decisions. Selected events are read out via Ethernet.

3 Minicharged particle production at the LHC

Fermionic minicharged particles can be copiously produced at the LHC through a variety of
mechanisms, such as the Drell-Yan mechanism, meson decays, and proton bremsstrahlung.
In this study, we investigated the sensitivity of the MAPP-1 experiment at the LHC’s Run 3
and the HL-LHC for mCPs produced via the Drell-Yan mechanism, direct decays of heavy
quarkonia and light vector mesons, as well as single Dalitz decays of pseudoscalar mesons.
Representative Feynman diagrams for each of these processes are shown in figure 3.

3.1 Drell-Yan pair production

We developed a FEYNRULES [43, 44] model to simulate the production of mCPs via the
Drell-Yan process with MADGRAPHS _aMC@NLO (MG5; v2.7.3) [45, 46] based on Holdom’s
original model that predicts such particles [7]. The model adds to the SM an additional
massless U(1) gauge field AL, hereafter referred to as the dark photon, that interacts with
the SM hypercharge gauge field B* through a kinetic mixing interaction. A new massive



Dirac fermion () coupled to the dark photon gauge field and thus charged under it with a
dark electric charge, €/, is also included. Generally, the Lagrangian can be written as

A B (3.1)

1
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where m, is the dark fermion mass, x is an arbitrary (and potentially irrational) small
parameter that controls the strength of the kinetic mixing, and Aiw is the dark photon field
strength tensor following the usual definition of Aj,, = 0,4}, — 9,4},

The non-diagonal kinetic mixing term in the Lagrangian in eq. (3.1) can be diagonalized
through a field redefinition, A:L = AL + kB, [26]. Applying this field redefinition, we arrive
at the following Lagrangian:

L="Lsy — iA;WA”“’ + 1) ((3 +ie A —ike' B + imx) X, (3.2)
which uncovers a coupling between the SM hypercharge gauge field and the charged matter
field x. The new fermionic field x thus behaves as a field charged under SM hypercharge
with an electric charge of ke’ i.e., appearing minicharged in the visible sector. Moreover, x
couples to the photon and Z° boson with couplings of ke’ cos @y and —ke’ sin fyy, respectively.
Expressing its effective charge in terms of the elementary charge thus yields € = ke’ cos Oy /e.
Under the assumption that the new U(1) gauge symmetry remains unbroken, the new charged
matter field is stable.

Following ref. [26], the new gauge fields, parameters, and Lagrangian (eq. (3.2)) of the
model were implemented into a FEYNRULES file that was subsequently used to generate a
Universal FEYNRULES Output (UFO) [47] model to be read by MG5. For pair production
via the Drell-Yan mechanism, the number of mCPs (V) produced at IP8 for a particular
LHC run can be estimated as follows:

Ny =~ 2045y Liticy, (3.3)
where 045,5 represents the Drell-Yan pair-production cross-section, and LiL“It{Cb is the
estimated integrated luminosity at IP8 for a given LHC run, assumed to be 30 and 300 fb~!
for Run 3 and the HL-LHC, respectively.

3.2 Meson decays

Through their coupling to the photon, mCPs can be abundantly produced through a variety
of meson decays. Similar to eq. (3.3), the approximate number of mCPs produced at IP8
via meson decays can be estimated as

Ny = 2Brrsxxonr Lo, (3.4)

where By yx and o) are the branching ratio to mCPs and the production cross-section
of the particular meson under consideration, respectively. The calculations of By—yyx
for the direct decays and Dalitz decays under consideration are detailed in turn in the
following two subsections.



3.2.1 Direct decays of vector mesons

Neutral vector mesons (e.g., p, w, ¢, J/1, ¥ (25), T (nS)) can decay electromagnetically to
a pair of mCPs directly. The branching ratio for these decays, By, can be calculated
by rescaling the corresponding SM branching ratio to an electron-positron pair (By;_ye—c+)
by €2 and a phase-space factor associated with the mass of the mCP [28]. Explicitly, the
branching ratio for direct decays of neutral vector mesons to mCPs can be written as

2 2
m m
B o 26 B 1(2) _ X e 3.5
M—xx — € PM—e—et mQ "2 ) ( )

where mj; and m. denote the meson and electron masses, respectively, and 1(2) (z,y) is a
function that describes the two-body decay [28],

(1+22) /1 —4x
(1+2y) VI—dy

I (z,y) = (3.6)

Thus, the following formula for the branching ratio of direct decays of neutral vector mesons

to mCPs is obtained:
m2 m2) /m2 m
( ut X) Ay (3.7)

m3, +2m2) \/m3, — 4m2

2
BM%X)Z = € Byt

3.2.2 Dalitz decays of pseudoscalar mesons

Neutral pseudoscalar mesons (e.g., 7°, 1, 7') can decay to a photon and a pair of mCPs
through single Dalitz decays. In this study, we consider only single Dalitz decays since,
although double Dalitz decays to two pairs of mCPs are possible in principle, they are highly
suppressed by €*. The branching ratio for single Dalitz decays of neutral pseudoscalar mesons
to mCPs can be calculated as follows:

m

2
Bt sy = EaBas sy I® (;) , (3.8)
Mg

where By~ denotes the corresponding SM branching ratio to two photons, and I () (z)
describes the three-body decay [28],

Thus, the following formula for the branching ratio of single Dalitz decays of neutral pseu-

doscalar mesons to mCPs is obtained:

3 2 2
2 1 4m2/m (1—2) 2m /mM+Z
Bhiosyyg = €aBr—syy (371_[1 2 dz\|1— ( 22X ) . (3.10)
My /™M

In our calculations of egs. (3.7) and (3.10) for each of the decays studied, the corresponding

meson masses (mys) and SM branching ratios (B _,e— e+, Bar—~y) were taken directly from
the 2022 PDG review [48]. For eq. (3.10), we used the nominal value of the fine-structure
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Figure 4. Calculated branching ratios (B) for the leading-order decays of various pseudoscalar
mesons, light vector mesons, and heavy quarkonia to a pair of minicharged particles normalized by €.
The corresponding results for Dalitz decays and direct decays are denoted by dash-dotted and dashed
lines, respectively.

constant, &« = 1/137, and performed the integrations numerically with Mathematica (v11.2).
Additionally, both equations and their respective calculations were quickly verified by setting
€ = 1 and m, = m, and ensuring that the correct SM branching ratio values were recovered
for each meson decay channel studied. Branching ratios calculated for the direct decays of
heavy quarkonia and light vector mesons and single Dalitz decays of pseudoscalar mesons
to mCPs, normalized by €2, are presented in figure 4.

3.3 Production cross-sections and validation

Simulation-based estimates were performed to obtain the mCP production cross-sections for
each of the processes described in the previous subsections. In the case of Drell-Yan pair-
produced mCPs, leading-order cross-sections were calculated with our MG5 model, which had
previously undergone thorough testing and validation; these results can be found in ref. [23].
All of our MG5 simulations were performed using the default parton distribution function
(NNPDF2.3QED [49]) and the approximate Z-pole value of the fine-structure constant,
a(myz) ~ 1/127.94 [48]. For direct decays of heavy quarkonia to mCPs, we estimated oy
using cross-sections and multiplicities extracted from pp collisions simulated with PYTHIA 8
(v8.240) [50, 51] using the default Monash 2013 tune [52]. In the case of the pseudoscalar
and light vector mesons, we normalized the cross-sections based on the inelastic pp cross-
section, estimated as 79.57 mb and 79.95 mb for Run 3 (/s = 13.6 TeV) and the HL-LHC
(v/s = 14TeV), respectively [53].

A comparison with the literature was performed to validate our mCP production cross-
section results for meson decays. In particular, we compared with the /s = 13 TeV results
published by the milliQan Collaboration in their recent search for mCPs at the LHC’s
Run 2 [54], which were computed using a mixture of simulations, theoretical calculations, and
available measurements from past LHC runs. Our estimates are largely in agreement with
their results. In figure 5, we present our results for all the production mechanisms considered
at a center-of-mass energy of \/s = 14 TeV, with the total cross-section overlayed.
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Figure 5. Charge-normalized minicharged particle production cross-sections at /s = 14 TeV for
all processes considered in this study. Results corresponding to meson decays are scaled by their
respective branching ratios.

4 Sensitivity of MAPP-1 to minicharged particles

The sensitivity of the MAPP-1 detector to mCPs over the mass-mixing parameter space
accessible at the upcoming LHC runs was determined based on the following formula for
the estimated number of signal events (Ngg) detected:

Ngig = Ny x Ax P (4.1)

where N, is estimated for a particular production mechanism using eq. (3.3) or (3.4);
A represents the acceptance of the detector to mCPs produced by such a process; and
P represents the probability of detecting an mCP, which follows a Poisson distribution
associated with the number of photoelectrons produced in the detector by a through-going
mCP. Monte Carlo event generator simulations were performed for all of the production
mechanisms described in section 3 to obtain estimates of the geometric acceptance of the
MAPP-1 detector, and acceptance tables were constructed from the results. In particular, for
Drell-Yan pair-produced mCPs in pp collisions at center-of-mass energies of both 13.6 TeV
and 14 TeV, 5 million events were simulated per value of mCP mass studied using our MG5
model with the default PDF. Additionally, meson samples comprising either 2.5 million
events for heavy quarkonia or 1 million events for pseudoscalar and light vector mesons were
generated with PyTHIA 8 and decayed exclusively to mCPs. Following ref. [20], we include the
SuppressSmallPT user hook in PYTHIA 8 to suppress the overproduction of heavy quarkonia
at low pp. Specifically, this includes a suppression factor of

p%a Qs ((kaO)Q + Q?en)
((kpro)® +13)” s (@) |

where pr and ppg are the transverse momentum and energy-dependent dampening scale,

respectively, and Qyen is the renormalization scale. We selected k = 0.35 and n = 3 based
on the results reported by the authors of ref. [20], who confirmed consistency between



the simulated results and measurements at LHCb for these particular parameter values.
Subsequently, all sets of events generated were analyzed to determine the number of mCPs
accepted by the MAPP-1 detector, where, in this case, “accepted” was defined as an mCP with
a trajectory such that it traverses all four collinear sections of the MAPP-1 detector entirely.

For a scintillation detector with n layers, the detection probability for a through-going
charged particle is given by P = (1 — e_NPE)n, where Npg represents the number of pho-
toelectrons detected. In general, Npg is proportional to the number of optical scintillation
photons reaching the PMT (N,) and its quantum efficiency (QE). For an mCP, Npg, can
be approximated by determining N, for a minimally ionizing charged particle and scaling
the result by €2, i.e., Npg o ezN,YQE. For the XP72B22 PMTs utilized in the MAPP-1
detector, we consider a QE of 25% in our estimates, which is consistent with both the
manufacturer specifications and the measurements reported by the JUNO experiment in
their characterization tests of these PMT modules [55]. We estimate N, by performing
GEANT4 [56] (v10.6.p02) simulations to study the energy losses of minimally ionizing incident
muons passing through a MAPP-1 scintillator bar unit. The scintillator bar properties and
dimensions implemented were consistent with those outlined in section 2, including simple
Tyvek® wrapping (from default GEANT4 libraries) and assuming an overall surface reflectivity
of 98%, a bulk light attenuation length of 2.6 m, and a light output of 10000 photons/MeV.
Additionally, we modeled the silicone light guide at the end of the scintillator bar based on
the material properties of silicone and assuming a refractive index of 1.44 [57, 58]. Optical
photon transport in GEANT4 was performed using the UNIFIED [59, 60] and LUT Davis
models [61, 62]. The small, but not insignificant, number of Cherenkov photons was ignored in
this analysis. For 100 events involving incident muons with a kinetic energy of 1 GeV, the av-
erage count of optical photons reaching the PMT obtained is approximately N, ~ 6.824 x 10°.
Thus, we approximate the number of photoelectrons produced in a MAPP-1 scintillator bar
by a through-going mCP as Npg = 1.706 x 10%¢2.

In this study, projected exclusion limits were estimated under a background (BG)-free
assumption. MAPP-1 is protected from cosmic-ray BGs by an overburden of 110 m of rock,
from collision-related BGs by approximately 50 m of rock, and from low-energy beam-related
BGs by 8 m of concrete. The MAPP-1 detector will also take advantage of several BG
rejection techniques by utilizing its hermetic veto system, as well as quadruple-coincidence
requirements for the signal.

Despite being protected, cosmic-ray muons and subsequently generated showers of
gamma rays and electrons in the material overburden; a residual flux of neutrons, muons,
and gamma rays expected from the beam; and a low rate of incident high-energy muons
produced in the collisions, which can also produce secondaries in the detector, comprise
the dominant sources of BGs expected at MAPP. This flux of muons is also used in the
calibration of the MAPP-1 detector. The beam-related backgrounds in the UA83 tunnel
have been studied previously by the LHC machine group using FLUktuierende KAskade
(FLUKA [63, 64]); the results of this study can be found in ref. [21]. Additionally, the GEANT4
simulation, SUMMA (SimUlation of the MOEDAL-MAPP Arena) [65], was developed to
perform comprehensive studies of the remaining backgrounds, which are currently in progress.
Beam-off BG measurements and beam-on BG measurements that take advantage of the
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bunch spacing in the LHC will be conducted to characterize the cosmic-ray BGs and beam-
and collision-related BGs, respectively.

Preliminary simulations were conducted to assess collision-related BG rates, employing
hard-QCD events generated with PYTHIA 8 and passed through our SUMMA GEANT4
model. These simulations considered primary muons as well as secondary particles, including
kaons, pions, protons, neutrons, and gammas resulting from muon interactions with the
surrounding materials. Our findings suggest an anticipated BG event rate of approximately
one event per millisecond based on a hard-QCD cross-section estimate of ~ 60 mb at 7TeV.
Notably, a significant portion of these BG events are of low energy, potentially failing to
meet the quadruple-coincidence criterion by not fully penetrating all four detector layers.
Furthermore, our results highlight a notably low flux of secondary gammas impinging on
MAPP-1, ranking as the lowest among the analyzed particle types. Consequently, we
project that roughly 1000 out of 4 x 107 bunch-crossings per second will result in dead time
attributable to both muons originating from the IP and subsequently generated secondaries.
This translates to approximately 1 out of 40,000 bunch-crossings, equating to an effectively
negligible dead time of around 50 to 100 ns per 40,000 bunch-crossings (depending on the
PGA gain).

Dark current in the PMTs can also result in signal-like events; however, the four-fold
coincidence design employed essentially eliminates this BG source, as demonstrated in the
following estimation of the expected random coincidence rate (R) in MAPP-1. For a detector
with n layers, the random coincidence rate can be estimated as R = n(DCR)"7" "1, where
DCR is the dark count rate, and 7 is the coincidence time window (between layers). We
assume a mean DCR of 500 Hz, which is in accordance with the manufacturer’s specifications
and the measurements reported by the JUNO experiment [55] (at 0.25 PE) and consistent
with our estimates (and those reported in ref. [26]) based on the standard dark-count
spectrum presented in figure 65 of ref. [66]. Assuming a coincidence timing window of
7 = 15 ns (consistent with refs. [19, 20, 30]), we obtain a random coincidence rate of
R = 8.4375 x 1073 s™! per coincidence path. Since the MAPP-1 detector sections each
comprise a 10 x 10 array of scintillator bars, i.e., 100 possible coincidence paths, the overall
random coincidence rate in MAPP-1 is 8.4375 x 10~ s~!. Assuming a 3-year trigger live
time, a negligible result of 0.008 total signal-like events is obtained.

In the C'Lg method [67], under a BG-free assumption, 95% confidence level (CL) exclusion
limits correspond to the region of the mass-mixing parameter space that predicts 3 or more
detected signal events [48]. Thus, for each value of mCP mass studied over the parameter
space of interest, we solved eq. (4.1) numerically for the corresponding value of € that yields
Nsig = 3. The resulting 95% CL exclusion limits for Run 3 and the HL-LHC assuming 30
and 300 fb~!, respectively, are presented in figure 6. All the previous searches constraining
this region of the mass-mixing parameter space [25, 27, 54, 68-71] and the latest indirect 20
upper limits based on the effective number of different neutrino species (Neg) determined
from precise measurements of the CMB [72] are featured. The region associated with an
mCP-based resolution of the EDGES anomaly, assuming the maximal minicharged fraction
of dark matter (f, = 0.4%) consistent with constraints from Planck 2015 CMB data [73, 74],
is also shown [12].
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Figure 6. The projected 95% confidence level (CL) exclusion limits for MAPP-1 for minicharged
particles produced in pp collisions via the Drell-Yan mechanism, direct decays of heavy quarkonia
and light vector mesons, and single Dalitz decays of pseudoscalar mesons: Run 3 — /s = 13.6 TeV,
Lint o, =30fb~!; HL-LHC — /s = 14 TeV, L%, = 300 fb~!. The shaded areas represent the regions
of parameter space excluded by previous searches at the 95% CL (except the BEBC bounds, which
correspond to the 90% CL) [25, 27, 54, 68-71]; milliQan* denotes the milliQan demonstrator [54]. The
grey dashed and black dotted lines represent the most stringent indirect 20 upper limits derived from
the Planck full-mission results [2] on the effective number of different neutrino species (Neg) [72] and
the region associated with a potential resolution of the EDGES anomaly (f, = 0.4%) [12], respectively.

For the LHC’s Run 3, the projected exclusion limits for MAPP-1 probe new parameter
space for mCP masses in the range of ~ 0.35-70 GeV. At the HL-LHC, assuming a 10-fold
increase in integrated luminosity, MAPP-1 exhibits sensitivity at the sub-millicharge level for
a sizable region of parameter space and covers unexplored parameter space for mCP masses
of 0.2 < my < 130GeV. In previous work [18], we established Drell-Yan-only exclusion limits
assuming a 100% detector efficiency; here, we significantly improved those limits across the
entire mass range in which the studied meson decays contribute, even after incorporating
signal efficiency estimates. Notably, the projected sensitivity of MAPP-1 is highly competitive
with the bounds reported by the other two dedicated mCP search experiments at the LHC —
milliQan [19] and the FORward MicrOcharge SeArch (FORMOSA) [20] — as well as other
approved experiments, such as the SUB-Millicharge ExperimenT (SUBMET) experiment
at J-PARC [30].

Although the analysis of the projected sensitivity of MAPP-1 to mCPs presented herein
represents our most comprehensive to date, it is essential to address potential limitations
concerning the estimation of the detector acceptances for mCPs, which neglected the material
between the detector and the IP. In particular, this omission excluded considerations of
multiple-scattering-induced trajectory deflections and attenuation by the intervening material.
However, our preliminary findings obtained using the SUMMA GEANT4 model indicate that
the impact of multiple scattering on mCP trajectories is generally negligible. For instance,
mCPs with an effective charge of 0.1 e and masses of 0.1 and 1 GeV exhibited total average
scattering angles of 0.763 mdeg and 0.882 mdeg, respectively. Furthermore, the largest
maximum scattering angles obtained from our simulation results (on the order of 20 mdeg)
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yielded negligible total deflections (< 1 mm). Additionally, it is worth noting that while some
deflected mCPs might subsequently miss the detector, multiple-scattering events could also
redirect other mCPs towards it, thereby compensating for any potential loss in acceptance;
thus, the decision to neglect such effects in our analysis is unlikely to have a significant
impact on our sensitivity projections. Concerning attenuation, our initial results, based on
10 million events, suggest that in the worst-case scenario across various mCP parameters
studied (m, = 0.1, 1GeV; Q, = 0.1¢, 0.01 ¢, 0.001 ¢), approximately 10* mCPs may be
attenuated by the intervening material, i.e., ~ 0.1% that do not penetrate the material and
reach MAPP-1. Consequently, the attenuation effects, while present, are not anticipated to
significantly impact the projected limits presented, especially considering that for the low
to intermediate values of effective charge spanned by the maximum sensitivity projections,
such mCPs are highly penetrating.

5 Minicharged strongly interacting dark matter

Traditionally, searches for dark matter have primarily focused on the weak-interaction regime,
employing specific detection techniques designed to target particles that interact weakly
with ordinary matter. Weakly interacting massive particles (WIMPs), the most well-known
example of such particles, have been a focal point in dark matter search experiments [75].
Typically, large detector volumes comprising materials that offer high sensitivity to low-
energy nuclear recoils, such as liquid xenon and argon, are deployed deep underground to
conduct direct-detection searches in an environment with reduced cosmic rays and background
radiation. A myriad of such search experiments have been conducted, resulting in very strong
constraints on the WIMP parameter space [76]. Researchers have thus expanded the search
to include other well-motivated dark matter candidates, such as axions [77-79] and strongly
interacting dark matter (SIDM) [80, 81]. The latter models consider a scenario in which
dark matter comprises particles that interact with SM particles with cross-sections above
those associated with weak interactions (i.e., it does not refer to interactions mediated by
the strong force). Terrestrial direct-detection experiments are limited in their ability to
search for such particles as there are critical cross-section values above which the particles
interact too strongly and lose the majority of their energy in the atmosphere and geosphere
before they reach the detectors [82].

Although the possibility of dark matter comprised entirely of mCPs is very strongly
constrained (see, e.g., ref. [83]), as mentioned in section 4, a small minicharged subcomponent
of dark matter of f, < 0.4% remains consistent with CMB data and could help to explain
a portion of the dark matter abundance. This scenario of minicharged SIDM (mC-SIDM)
has been discussed throughout the literature [20, 22, 70, 84-86]. Additionally, various recent
studies have recognized an unexplored region of parameter space [70, 84, 85] — the so-
called minicharged SIDM window — a large subregion of which current accelerator-based
experiments such as MAPP could probe.

Limits in the mC-SIDM scenario are typically presented in terms of a reference cross-
section for DM-electron scattering [20, 85, 87],

Teref = 167ra262,uie/q§7ref. (5.1)
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Figure 7. The sensitivity of MAPP-1 to minicharged strongly interacting dark matter at the LHC’s
Run 3 and the HL-LHC established at the 95% confidence level. Additional exclusion limits shown
on the plot in grey correspond to projections of constraints set by several strongly interacting dark
matter searches assuming a small minicharged fraction of dark matter of f, = 0.4%: direct-detection
experiments [84, 85], the X-ray quantum calorimetry (XQC) experiment [88], and a balloon-based
experiment (RRS) [89]. The solid grey line denotes the critical reference cross-section (e ref crit);
milliQan* denotes the milliQan demonstrator [54].

Here, py represents the reduced mass of x and the electron, and ggref denotes the reference 3-
momentum transfer. Following refs. [20, 85, 87], gqref = ame is selected based on the standard
momentum transfer in DM-electron interactions for semiconductor and noble liquid materials.

From eq. (5.1), MAPP-1’s exclusion limits for mCPs can be projected to the mC-SIDM
scenario. Our results are presented in figure 7. Under the assumption of a 0.4% minicharged
subcomponent of dark matter, several additional exclusion regions are featured, including
limits set by terrestrial direct-detection experiments [84, 85], the X-ray quantum calorimetry
(XQC) rocket experiment [88], and the balloon-based experiment conducted by Rich et al. [89]
(denoted as RRS). Also shown is the critical reference cross-section (Ge ref crit) [82, 84, 85]
denoting the upper limit in the sensitivity of direct-detection experiments.

Notably, for both Run 3 and the HL-LHC, MAPP-1 can probe significant unconstrained
regions of the mC-SIDM parameter space that are out of reach to direct-detection experi-
ments. Moreover, as the authors of ref. [20] pointed out, the exclusion limits imposed by
accelerator-based searches do not have a dependence on the total minicharged dark matter
subcomponent, f,.

6 Conclusions

This study reported the latest results of our detailed investigation of the MoEDAL’s Appara-
tus for Penetrating Particles (MAPP) Experiment’s flagship benchmark scenario involving
minicharged particles (mCPs). We considered a host of production mechanisms of mCPs in
pp collisions, including the Drell-Yan process and various meson decays. Our findings revealed
highly competitive exclusion limits for the Phase-1 MAPP detector (MAPP-1) for mCPs
produced at the LHC’s Run 3 and the HL-LHC, which surpass the most stringent current
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bounds by over an order of magnitude across a sizable range of mCP masses. These results
indicate that MAPP-1 demonstrates sensitivity to a wide range of unexplored parameter space
and can detect effective charges as low as 8 x 107%e and 6 x 10~*e for Run 3 and the HL-LHC,
respectively. Additionally, in the minicharged strongly interacting dark matter scenario,
MAPP-1 exhibits significant sensitivity to an unexplored and unique window of parameter
space that is inaccessible to direct-detection experiments. These results and their associated
analyses serve as the foundation for the future of mCP searches at the MAPP Experiment.

Several upgrades to the MAPP-1 detector are planned. First, an auxiliary detector for
the MAPP-1 bar detector, known as the outrigger detector, aimed at improving the sensitivity
of the experiment to high-mass, intermediate-charge mCPs, is currently under review by the
LHC Experiments Committee. Second, multiple possible upgrades to the MAPP-1 detector
to improve the overall sensitivity of the experiment for the HL-LHC are in discussion.

We are excited to share that MAPP-1 is on track to begin data-taking at the LHC’s
Run 3 early into 2024. Furthermore, a complete study involving a comprehensive analysis
of background sources and detailed mCP energy loss simulations is currently underway;
additional production mechanisms, such as proton bremsstrahlung, are also actively under
investigation. We anticipate the completion of this work during the Run-3 data-taking phase.
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