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MUonE is a proposed experiment designed to measure the hadronic vacuum polarization contribution to
muon g — 2 through elastic u — e scattering. As such, it employs an extremely high-resolution tracking
apparatus. We point out that this makes MUonE also a very promising experiment to search for displaced
vertices from light, weakly interacting new particles. We demonstrate its potential by showing how it has
excellent sensitivity to dark photons in the mass range 10 MeV < my, < 100 MeV and kinetic mixing

parameter 107> < ee < 1073, through the process u*e™ — ute~A’ followed by A’ — ete.
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I. INTRODUCTION

Dark matter is an enduring mystery. Despite ironclad
evidence for the gravitational effects of dark matter in
astrophysical and cosmological observations, the particle
characteristics of dark matter are still obscure. In fact, dark
matter may be part of an intricate dark sector, and the dark
sector may communicate with the Standard Model (SM)
through “mediator” particles. The masses and couplings of
the dark matter and mediator particles are not constrained
by ab initio principles and can, in theory, span many orders
of magnitude. (For comprehensive reviews of dark matter
and many original references, see, e.g., Refs. [1-7].)

In recent years, dark matter (and its mediators) in the
MeV-GeV mass range has received substantial atten-
tion [8-15] as a compelling alternative to more conven-
tional (and increasingly heavily constrained) dark matter at
the weak scale. Dark sector models, with light mediators of
various spin-parity assignments and diverse couplings,
give rise to distinctive signatures that are potentially
detectable in a variety of experiments, spanning a large
range of energies. Of particular interest are cases in which
the mediators are stable, or characteristically long lived,
and propagate macroscopic scales uninterrupted. These can
give rise to novel experimental challenges and signatures,
e.g., displaced decays [16-37] and missing energy [38—45].

In this paper, we explore the sensitivity of the proposed
MUonE experiment [46,47] to long-lived mediators that
decay visibly and manifest as displaced vertex signatures.
To be concrete, we demonstrate a proof of concept using
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the popular “vanilla” dark photon model [48-52], with
displaced decays of the dark photon to e™e™. We show
that MUonE tracking capabilities enable a very low-
background search for displaced e™e™ vertices of decay
length ~10—-100 mm. In turn, this allows MUonE to have an
excellent discovery potential to a wide swath of currently
uncovered dark photon parameter space, in the range m, ~
10-100 MeV and ee ~ 1075-1073. (See Refs. [53-55] for
other studies of the potential of MUonE to be sensitive to
new physics and Refs. [56—60] for other proposals to search
for light mediators using muon beams.)

II. MUonE EXPERIMENT

MUonE aims to shed light on the discrepancy between
the measurement of the muon anomalous magnetic
moment, (g — 2), [61,62], and the theoretic prediction [63],
a 4.20 anomaly, starting from an extremely precise meas-
urement of the differential cross section for the elastic
scattering process

pre = pte. (1)

This measurement can be used to derive the scale depend-
ence (running) of the electromagnetic fine-structure con-
stant a in the spacelike region, which is subsequently used
as input for the evaluation of the hadronic vacuum
polarization (HVP) contribution [64]. Its concept is based
on the NA7 experiment [65,66], which measured elastic
pion-electron scattering in the 1980s. For an up-to-date
overview of the technique, the current status of MUonE,
and many more original references, see Refs. [67,68].

To carry out this measurement, the MUonE experiment
proposes colliding 160 GeV muons from the CERN M2
beamline with the atomic electrons of thin beryllium targets
organized into a series of 40 consecutive, identical, and
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aligned modules. Each module consists of one target
(15 mm thick), followed by three 10 cm x 10 cm tracking
layers. The first tracking layer is located 150 mm after each
target. The targets are spaced 100 cm apart.

The planned fixed-target luminosity of the MUonE
experiment (taking into account all 40 targets) is [46,47]

£=15x10*pb'. (2)

It is projected to take around 3 years for the MUonE
experiment to reach this integrated luminosity. Currently,
test runs are underway, and an initial run with the full
experimental setup is expected to take place before the
planned “Long Shutdown” of the LHC starting in
2026 [67,68].

To achieve the resolutions required for the precision
measurement of the running of a, MUonE proposes to use a
CMS-based tracking apparatus [47,69,70], with a resolu-
tion on the outgoing angle reaching as low as 0.02 mrad.

Downstream from this setup are located a 1 m x 1 m
electromagnetic calorimeter (ECAL) and a muon filter, to
be used primarily for particle identification (PID). No
magnetic field is employed, so charge discrimination is
not possible. Performance numbers, such as energy reso-
lution and PID efficiency, have not been established yet.
Below, we will parametrize these and other unknowns in
terms of a minimum energy acceptance for electrons and
muons and a maximum allowed PID fake rate for back-
grounds. A schematic of the experimental setup is shown
in Fig. 1.

A displaced vertex signature is defined as the intersec-
tion of reconstructed tracks away from the nearest upstream
target. Because of its high resolution tracking apparatus,
MUonE is extremely efficient in detecting displaced
vertices for opening angles between tracks which are as
low as 0.1 mrad [71].

Interaction
point

Module 40

ECAL Muon

FIG. 1. Structure of the MUonE experiment and the 2 to 3
process ute~ — uTe~A’. Orange lines: incoming muon beam and
outgoing muon. Blue dashed line: outgoing dark photon. Red line:
outgoing electron from scattering. Green lines: decay products
e*te™ from the dark photon. Black: tracking layers. Gray: thin Be
targets. Green: ECAL. Blue: muon filter. The distance between
two adjacent targets is 100 cm. Notice that the interaction may
happen at any of the 40 targets.

III. DARK PHOTON MODEL

The vanilla dark photon model [48-52] is a popular
simplified model which is used as a benchmark scenario
for exploring light, weakly coupled, long-lived particles
[8-10,12]. In this model, a dark sector Abelian gauge
symmetry, U(1),, is broken and kinetically mixes with the
SM hypercharge gauge factor. Dark gauge bosons that are
much lighter than the weak scale predominantly mix with
the unbroken U(1)gy, factors, and their induced couplings
are photonlike [72-74]. Focusing on this, and denoting the
dark photon and its field strength by A" and F’, respectively,
the model reads

Ly = —%F,’,,,F”“’ —%mﬁ,A;A’” —eeA,Jey.  (3)
where the dark photon interaction with the electromagnetic
current, Jgy, is suppressed by the kinetic mixing parameter,
€, ey = Dok Qulir*wi, and Qy is the electric charge of
the fermion field y; in units of e.

In this work, we assume that the dark photon decays
predominantly visibly to etTe~ pairs. Such a scenario
arises naturally for a dark photon mass in the range
2m, < my < 2m,, when the dark photon decays to the
dark sector are suppressed (due to a small coupling or
phase space). The decay width of the dark photon to ete~
is given by

[y =TA"—>ete)

(ee)? < m; m;
= mA/ 1 + 2 ) 1 - 4 2. (4)
127 my my,

The dark photon decay length (in the laboratory frame) is
given by

do — YaBua _ ba
Al — -
FA’ mA/FA/

10002/ pu /50 MeV))2
~32 , (5
mm< € > (10 GeV>< my > ®)

where we use the characteristic dark photon momentum,
pa =~ 10 GeV; see Appendix A for details. This means the
dark photon typically decays between the target and the
first tracking layer at MUonE.

In the decay A’ — eTe™, given that A’ is sufficiently
energetic, the characteristic opening angle between the
electron and positron is given by

ZmA/
ee — EA’ .

0 (6)

For dark photons with mass ~50 MeV and typical energy
10 GeV, the opening angle is around 10 mrad. Given the
upper bound on the dark photon angle [which also happens
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to be O(10) mrad for these dark photon masses; see
Appendix A], this makes the decay products very likely to
pass through the tracking layers and the ECAL/muon system.

All in all, combining Egs. (5) and (6), we conclude that
the geometry and design of MUonE are well suited to
search for dark photons with displaced decays to e™e”
pairs. In the next section, we will propose a number of
search strategies that leverage MUonE capabilities to
identify displaced vertices, determine particle species,
and reject various potential backgrounds.

IV. DISPLACED VERTEX SEARCH

A. Search strategies

We propose to use MUonE to search for dark photons
that are produced in u e scattering,

prem > pte Al (7)

and subsequently decay to eTe™ pairs.

We require events to contain a pair of charged tracks
consistent with production from a displaced A’ — ete™.
To enable accurate tracking and PID, we require these
tracks to pass through the three tracking layers in a module
and make it all the way to the ECAL. As discussed in
previous sections, this requirement has an O(1) acceptance
at MUonE. To further ensure that the displaced e*e™ pair is
accurately reconstructed, we apply a cut on their laboratory
frame opening angle of 6,, > 1 mrad.

The reconstructed tracks must point toward a common
vertex that is significantly displaced from any potential
scattering material (the target or the tracking layers). To
guarantee this, given an expected resolution along the z
direction of the displaced vertex location of 6z = 1 mm [71],
we require a reconstructed vertex that is at least 106z away
from the target and from the first tracking layer. Following the
geometry shown in Fig. 2, we take the fiducial volume for the
dark photon decay to be

Lpin = 25 mm, L. = 140 mm, (8)
as measured from the beginning of each module.

In principle, beam muons can scatter off the target atomic
electrons in any one of the 40 MUonE modules, but energy
loss when traversing multiple targets is a potential issue.
For example, an electron with energy 100 MeV, 1 GeV, and
5 GeV will lose approximately 8%, 5%, and 4% of its
energy when passing through a single beryllium target.1 For
details, see Refs. [75,77]. The accuracy of the tracking
system and PID in the ECAL/muon filter may be degraded

lEnergy loss of the primary muon is much less of an issue. The
muons always have energy larger than 10 GeV; see Appendix A.
A muon with an energy 10 GeV will lose approximately 0.05% of
its energy when passing through a single target, and muons with
higher energies will lose less [75,76].

ECAL Muon

“In-volume”

—15 cm —

FIG. 2. Close look at the decay volume and angular acceptance.
Gray: target where the collision happens. Black: tracking layers.
Blue dashed line: dark photon trajectory. Green lines: decay
products eTe~ pair. Orange line: outgoing muon. Red line:
Outgoing electron from scattering at the target. Cyan region:
“in-volume” requirement region. Red dots: hits left by charged
leptons in the detectors.

due to this energy loss, and the lowest energy for the
particle to be identified by the ECAL also remains
unknown. To minimize this energy loss, only the last five
modules are used in this proposed search.

Furthermore, to model the reduced detector acceptance
due to energy loss, we impose a simple minimum energy
threshold on all the particles in the event. Because of the
uncertainty of the detector behavior, we consider three
different minimum energy thresholds—100 MeV, 1 GeV,
and 5 GeV—in our study. We stress that this is not an
analysis-level cut—we are not assuming MUonE will be
able to accurately measure these energies. Rather, we are
using these minimum thresholds as a proxy for the detector
acceptance; i.e., we assume particles with energy less than
these thresholds will typically be lost or badly recon-
structed, leading the event to be rejected.

The primary muon always has a small angle less than
10 mrad (see Appendix A), so it is guaranteed to pass
through the three tracking layers and also to reach the
ECAL/muon filter. This makes it realistic to identify the
primary muon and measure the angle, and we lose no signal
rate in requiring the presence of the primary muon (with an
angle less than 10 mrad) in every event. This event
topology (two tracks consistent with displaced e"e™ and
one track consistent with the primary muon) will be
referred to as the “three-track search.”

To further reduce the background (see the next sub-
section), one can further require the primary electron to
pass through the tracking layers and the ECAL. We call this
the “four-track search.” However, the primary electron is
generally the lowest-energy particle in the event and can be
subject to significant energy losses. Thus, the number of
signal events might be more sensitive to the detailed
modeling of the detector response.
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B. Backgrounds

A comprehensive estimation of the rates for background
processes at MUonE requires dedicated simulation tools
(for example, a GEANT4 [78-80] model of MUonE) and is
therefore well beyond the scope of this work. Nevertheless,
it is instructive, as a preliminary estimate, to enumerate and
discuss the potential backgrounds of the displaced vertex
search. These backgrounds typically fall into two primary
categories: a) SM processes with an inherently displaced
vertex and b) an SM process in which a prompt vertex fakes
a displaced vertex due to tracker resolution effects.

In the first category, the displaced vertex signature arises
from the production of long-lived SM particles such as
neutral kaons, which can travel and decay to a z*z~ pair
that could potentially fake the electron/positron pair. At
MUonE, such particles would be produced in muon-nucleon
scattering. To simulate these background processes, we use
the SOFTQCD functionality of PYTHIA8.307 [81] to simulate
muon-proton collision. This includes all the soft QCD
processes in a full range of Q7 that can be a good complement
to the deep inelastic scattering (large Q? only).2 As described
in the main text, we require events to have exactly three or
four charged tracks, with one or two originating from the
target and two originating from a displaced decay in the
fiducial volume. We reject any events that have additional
tracks that hit even a single tracking layer or neutral particles
that hit the ECAL. To achieve a comprehensive picture of
the possible background events (and a reasonably accurate
estimate of their numbers), we simulated 15 billion SOFTQCD
events, which is about ten times more events of this type than
expected from the experiment.

Based on our simulation, we expect approximately 4000
events can fake the signal topology of the three-track search
before PID, in the planned lifetime of the MUonE experi-
ment. The vast majority of these arise from displaced K* —
atz~ and A° = pz~ and so have two displaced tracks that
must fake an electron/positron pair. These events can be
rejected by the ECAL/muon PID system, as long as the per-
particle-fake rate is less than 1.6%. A much smaller number
(just eight events expected) have one real electron/positron
and one other particle (usually a charged pion) faking a
displaced track; these can arise from rare decays such as
K% — 7te¥y, and A’ — pe~1,. Finally, just 0.5 events are
expected to contain a genuine displaced e*e™ pair. These
can arise from decays like K — 7z°72°, with one pion
decaying to e™e~y, and with only the electron-positron pair
recorded by the detector. Fortunately, we find that all
genuine displaced ete™ events have at least one non-
electron particle hitting the ECAL (usually a charged pion

The deep inelastic scattering processes can be easily rejected
as they always lead to a primary muon with angle larger than
10 mrad, whereas primary muons from the dark photon signal
always have angle less than 10 mrad. For this reason, we only
consider other processes.

from the primary interaction). So, these few events with one
or two real displaced electron/positrons should all be easily
rejected by the ECAL/muon PID system.

Meanwhile, in the four-track search strategy where the
presence of the primary electron is also required (note that
this is a strict subset of the three-track search, which allows
for the primary electron but does not require it), we find the
number of background events before PID is expected to be
around 2000, the vast majority of which again have no e*
in the final state. Therefore, they can all be safely rejected
as long as the per-particle-fake rate is less than 8.0%.

In the second category, the displaced vertex signature
arises from SM processes which are prompt; i.e., the
production of the background event occurs at the target
[for a recent calculation of background process at next-to-
next-lo-leading order (NNLO) relevant to this proposed
search, see Ref. [82]). Because of tracker resolution effects,
tracks in the event may reconstruct to a vertex that
manifests as displaced. This category includes processes
which share the same particle content as the signal, such as
pue — pey*(y* — ete”), as well as processes such as
pe — ueC*tC~, where C* is any charged particle that can
fake an electron signature. We estimate that the decay-in-
volume requirements (recall we are requiring the displaced
vertex be reconstructed at least 106z away from the target
or tracking layer boundaries) combined with particle-
identification requirements should be more than sufficient
to completely eliminate such backgrounds. A more precise
estimate, that takes into account, e.g., the effect of non-
Gaussian tails, would require a full and detailed detector
simulation. But even if these types of background events are
more than expected from the naive Gaussian resolution, we
note that the fiducial volume for displaced decays can be
further reduced without suppressing the reach too much—for
example, changing the cut from 100z to 256z will shrink the
maximum mass we can probe by only 15 MeV.

In the remainder of this analysis, we assume that back-
ground rates are negligible.

V. ANALYSIS AND RESULTS

In this work, we simulate dark photon events using
MadGraph5_aMC@NLO3.4.1 [8§3—86], with Universal FeynRules
Output file implemented in FEYNRULES2.3.32 [87,88]. For the
mass range [2 MeV, 200 MeV| that we are interested in, the
cross section (ee) 2 varies from 10° to 10° pb, decreasing
as mass increases. (See also Ref. [89] for a data-driven
approach to dark-photon production cross section estima-
tion.) Samples of 100,000 pe — peA’ events are generated
for each dark photon mass point. Dark photon decays to e™e™
are simulated by hand using Eq. (4). Event selection is
performed for the search strategies described in Sec. IVA.
The dark photon event yield following these cuts is given by

5

N = EE 0 Esignals (9)
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3—track search

— E>100MeV

— E>1GeV

— E>5GeV

my: [GCV]

FIG. 3.

4—track search

— E>100MeV
— E>1GeV

— E>5GeV

my [GCV]

Exclusion curves at 95% C.L. (red). Shaded regions are excluded by other experiments. MUonE results in different

strategies in this work are shown by solid lines. Future projections from HPS [108,109], the LHCb upgrade [89,110], Mu3e [111], and
NA64e++ [112] are shown by dashed lines. Left panel: three-track search. Right panel: four-track search. Blue: energy threshold
100 MeV. Red: energy threshold 1 GeV. Purple: energy threshold 5 GeV.

where €, 18 the fraction of events that satisfy our require-
ments, the integrated luminosity is given in Eq. (2), and the
factor 5/40 comes from the fact we are only using the last five
modules.

For each mass point, the dark photon production cross
section, o, is estimated in simulation with ee = 1 and is
rescaled by e%¢? for each (e,m) parameter-space point.
Similarly, the decay in volume probability, is estimated for
each parameter-space point using the dark photon decay
length, Eq. (5).

Assuming zero background events, the MUonE sensi-
tivity reach at 95% C.L. is shown in Fig. 3 for the different
search strategies and energy thresholds. Signal event
contours can be found in Appendix B. The existing limits
(from Refs. [16,17,19-29,90-106]) are reconstructed via
DARKCAST [107].

There are several other experimental proposals to probe the
dark photon in this parameter space, e.g., HPS [108,109], the
LHCb upgrade [89,110], Mu3e [111], and NA64e++ [112]
(for areview, see Ref. [113]). For comparison, we also show
these projections in Fig. 3. From this figure, we see that the
MUonE reach is complementary (covers different parameter
space) to that of HPS, Mu3e, and NA64e+-+. Meanwhile, it
is a subset of the claimed reach of LHCb upgrades. However,
we note that LHCb is a very different (messier, hadronic)
environment, with a completely different set of backgrounds
and systematics, so even if their projections prove to be
accurate, having another probe of the same physics with
MUonE could be valuable.

VI. CONCLUSIONS

In this work, we have shown that the design of the
MUonE experiment makes it a promising environment to
search for light mediators with visibly displaced decays.
Focusing on the vanilla dark photon model for a proof of

concept, we have identified y + e - u+ e + A’ with A’ —
ete™ as a promising final state, and we have argued that
backgrounds are likely to be negligible. By searching for
visibly displaced e ™ e~ pairs, possibly in conjunction with u
and e from the initial 2 — 3 scattering process, we have
demonstrated that MUonE could have excellent sensitivity
to a crucial range of dark photon parameter space (1,
between 10 and 100 MeV and ee between 107°—1073).

Of course, this being just a proof-of-concept study, much
work remains to accurately estimate background and signal
yields; this likely requires detailed GEANT4 simulations that
are beyond the scope of this work. Also, it would be
interesting to consider other light mediator models that
MUonE could be sensitive to besides vanilla dark photons,
such as axion-like particles (ALPs) and leptophilic medi-
ators. Leptophilic models would be an especially attractive
target for MUonE, since many of the bounds shown in Fig. 3
rely on couplings of dark photons to quarks and hence would
disappear for such models. In any case, we hope this work
provides further motivation for the MUonE proposal and
illustrates how it could have multiple purposes beyond its
original goal of measuring HVP for muon g — 2.
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APPENDIX A: PHASE-SPACE CONSTRAINTS 4= ey — E) +m, (A4)
INTHE 2 - 3PROCESS u= ¢~ > pu~e" A’ Scm
The phase-space constraints on the angle and energy of b — sem +m2 — (m, + my)? (AS)
the outgoing particle X = e, u, A’ in the 2 — 3 scattering X=e — 2mo/Scm
process p~ e~ — pu~e” A’ at MUonE are given by
b Scu + my = (me + my)” (A6)
2 2 X=p —
a”—b 2m,\/S
o < arccos( 2—1X> (A1) pvIeM
a—
by = T = e M),
Ey <EQ < E; (A2) N
= 0.0150
3 102 r v
10 1 s ; 0.0125
of o 10g =
% . _ . % 1 r " 0.0100
2 _1E " g 10’15- " 0.0075
o 10 ?F = o ? -. ]
10_2;__ = an 1072E L] 0.0050
=-m,,r:2 MeV | » -m,,:zo Mev | " i
103F 1073
A i i i | | A i i i | | bk 0.0025
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102 102 102} I 0.06
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L5 () (5]
<) Q QO 0.04
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10 10F 0.02
lo 102 106 105 107 100 107 I
0, [rad] 0
[ r 0.05
10°E 107 10°F
10 o 10; 004
(E 1 é E 1 é_ i (E' 1 - 0.03
o 107! & 10*1:- 5 10*1:- o
102 102F 102k

ol 44 PEERTTTT BETRERTTTT L ETTT
105 10* 1072 102 100 1
Gy [rad]

T LTI B
10-5 10* 1073 1072 107" 1
Oy [rad]
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FIG. 4. Density plots for the energy and outgoing angle of the electron, muon, and the dark photon for dark photon mass
my = 2,20, 100 MeV and coupling ee = 1.0. Vertical and horizontal lines: limits on the maximal/minimal angle and energies from the

phase-space constraints. Curves: phase-space constraints.
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and we have used
(AB)

Scm = m% + 2meE;4“ + m,%.

We note that these arise at MUonE because the muon
projectile is heavier than the target electron. Density plots

3 tracks, 100 MeV

my [GCV]

3 tracks, 1 GeV

my [GeV]

3 tracks, 5 GeV

my [GeV]

FIG. 5.

in the energy vs angle plane for the outgoing muon,
electron, and the dark photon are shown in Fig. 4.

APPENDIX B: CONTOURS OF NUMBER
OF EVENTS FOR DIFFERENT SEARCHES

Here, we show the total expected number of signal
events for different searches in Fig. 5.

4 tracks, 100 MeV

my [GCV]

4 tracks, 1 GeV

my [GeV]

4 tracks, 5 GeV

my [GeV]

Contours of the total number of signal events under different search strategies.
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