PHYSICAL REVIEW LETTERS 134, 161801 (2025)

Featured in Physics

Discovering Dark Matter with the MUonE Experiment

Gordan Krnjaic !

2.3,%
> Duncan Rocha®,

1 LE

47 and Isaac R. Wang

"Theoretical Physics Division, Fermi National Accelerator Laboratory, Batavia, Illinois, USA
2Deparl‘ment of Astronomy and Astrophysics, University of Chicago, Chicago, Illinois, USA
SKavli Institute Jfor Cosmological Physics, University of Chicago, Chicago, Illinois, USA
4Department of Physics, University of Chicago, Chicago, Illinois, USA

® (Received 23 September 2024; accepted 21 February 2025; published 22 April 2025)

The MUonE experiment aims to extract the hadronic contribution to the muon anomalous magnetic
moment from a precise measurement of the muon-electron differential scattering cross section. We show
that MUonE can also discover thermal relic dark matter using only its nominal experimental setup. Our
search strategy is sensitive to models of dark matter in which pairs of pseudo-Dirac fermions are produced
in muon-nucleus scattering in the target, and the heavier state decays semivisibly to yield dilepton pairs
displaced downstream from the interaction point. This approach can probe sub-GeV thermal-relic dark
matter whose cosmological abundance is governed by the same model parameters that set the MUonE
signal strength. Furthermore, our results show that the downstream electron calorimeter plays a key role in
rejecting backgrounds for this search, thereby providing strong motivation for the MUonE to keep this

component in the final experimental design.

DOI: 10.1103/PhysRevLett.134.161801

Introduction—There has recently been great interest in
developing new search strategies for dark matter (DM)
discovery at fixed target accelerators involving proton
[1,2], electron [3], and muon [4] beams (see Refs. [5,6]
for detailed summaries). Collectively, these efforts aim to
probe models in which sub-GeV DM achieves a thermal-
relic abundance through direct annihilation to standard
model (SM) final states, such that the signal strength in the
laboratory is governed by the same parameters that set the
DM cosmological abundance.

The proposed MUonE experiment (hereafter, MUonE)
at CERN [7,8] aims to measure the angular distribution
of elastic muon-electron scattering to extract the hadronic
contribution to the muon anomalous magnetic moment [9].
In this setup, a 160 GeV muon beam impinges on a series of
thin beryllium target modules surrounded by layers of
tracking material. When muons upscatter stationary elec-
trons in these targets, the angular trajectories of final state
particles can be resolved within ~0.02 mrad. This capabil-
ity also makes MUonE an excellent probe of new forces in
muon-electron [10,11] or muon-nucleon [12] scattering,

“Contact author: krnjaicg @fnal.gov
Contact author: drocha@uchicago.edu
*Contact author: isaacw @fnal.gov

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

0031-9007/25/134(16)/161801(8)

161801-1

provided that the force carriers decay to yield displaced
vertices sufficiently far from the beryllium target layers.

In this Letter, we show for the first time that MUonE can
be sensitive to thermal-relic dark matter without any
modifications to the proposed experimental design. Our
benchmark scenario is a model of inelastic DM in which a
pseudo-Dirac fermion pair with unequal masses couple to a
kinetically mixed dark photon [13]. The heavier of these
states is unstable and decays semivisibly to yield displaced
tracks of charged particles on laboratory length scales. At
MUonE, both states are radiatively produced in muon-
nucleus interactions inside the target layers and the heavier
state decays in the forward direction to yield missing
energy and dilepton pairs downstream in the tracking
layers as depicted schematically in Fig. 1.

Inelastic dark matter—If a dark matter fermion has a
dominant Dirac mass and a small Majorana mass, diagonal-
izing its mass matrix yields two distinct eigenstates with a
mass splitting A [13]. If the original fermion couples to the
standard model through a vector current, in the mass basis
this interaction becomes off-diagonal with several key
implications.

Unstable heavier state: The off-diagonal coupling
through the vector current mediates decay reactions for
the heavier state. Thus, the dark matter today consists
entirely of the stable lighter state.

Inelastic scattering: In order for the lighter state to
scatter off SM targets, it must undergo an inelastic transition.
Since DM is nonrelativistic in our Galaxy, for sufficiently
large A, upscattering into the heavier state becomes kine-
matically forbidden and there are no direct detection signals.

Published by the American Physical Society
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Interaction point

FIG. 1. Schematic diagram of inelastic dark matter production
in muon-nucleus scattering at the MUonE experiment. An
incoming 160 GeV muon beam (orange line) scatters a beryllium
nucleus at the interaction point and produces pseudo-Dirac dark
states y; and y, through the processes depicted in Fig. 2. The
heavier of these states decays semivisibly via y, — y;£7¢~ such
that the dileptons (green lines) emerge from a displaced vertex.
Here, the gray sheets represent the target material and the black
sheets are tracking layers. The downstream ECAL serves to reject
SM background processes. Image adapted from Ref. [10] and
modified for our signal process with a different final state.

Coannihilation:  Since the only dark sector interaction
is off-diagonal, the two states cannot annihilate themselves
but can “coannihilate” each other. Since the heavier state is
generically absent in the present-day Universe, there are
no indirect-detection prospects for this scenario unless
A <« keV, such that coannihilation can be revived [14]
Furthermore, coannihilation is fully compatible with the
predictive thermal freeze-out mechanism and can extend its
viability below masses of O(10 GeV) [15] despite other-
wise strong bounds on from cosmic microwave background
energy injection bounds at low mass [16,17].

Displaced vertices at accelerators: ~ Although direct and
indirect detection are generically unavailable for this
scenario, accelerator production remains a viable and
promising discovery strategy since both light and heavy
states can be produced together with relativistic kinematics
[18-22]. Since the heavier state is unstable, it may decay on
accelerator length scales to yield distinctive displaced
vertices. Generically, the same couplings that govern the
lifetime of the heavier state also set the thermal-relic
abundance in these models.

Thus, since other experimental probes are generically
unavailable for this class of models, accelerator production
may be the only way to test thermal freeze-out within this
framework. In the remainder of this Letter, we explore
inelastic production DM at MUonE within the context of a
benchmark model, but we emphasize that our strategy can
apply to a variety of scenarios with these features.

Representative model—For our benchmark scenario, we
couple a pseudo-Dirac fermion pair y, and y, to a kinetically
mixed dark photon A’ through an off-diagonal interaction,

Lin = —eeA, Jgy — (9pAL 701" x1 +Hee.), (1)

where A’ is a massive “dark photon” mediator with mass m,/
and kinetic mixing parameter €, Jgy; is the SM electromag-
netic current, and the y,, have masses m;, with splitting
A =m, —m,;. The off-diagonal coupling A’y,y*y, in
Eq. (1) can naturally arise if a four-component fermion
has a Dirac mass and a Majorana mass in the interaction
basis, such that its vector current with A’ is off-diagonal in
the mass eigenbasis y;, [13].

In the predictive parameter space of interest [23],
gp > ee and my > my + m,, so the dark branching
fraction satisfies Br(A" — y1y,) ~ 1. If A < my, the unsta-
ble heavier state decays via y, — y, ff where, for each f
channel, which corresponds to the decay length [24],

ct my 4720 MeV\3 /1077

Feoen(oi) (757 ()

Y 10 MeV A e“ap
where y is the boost factor and we have taken the massless
f limit. In principle f here could be any fermion, but for the
A of interest here, most of the MUonE signal arises from
12 = 1€ ¢ decays, where £ = e, pu.

In the early Universe at temperatures 7 >> m 5, the x|,
maintain chemical equilibrium with the SM through
Y1x» < ff coannihilation through virtual A’ exchange,
where f is a charged SM fermion. In the m > m > A, m;
limit, the annihilation cross section times velocity for a
single f final state scales as [2]

2 2 4
eapmy _y o, m
oV X —— = y=eap(—), (2)
mA!

where y is a dimensionless interaction strength parameter
and, in the same limit, the relic density satisfies [25]

y 100 MeV) 2
Q, +Q, ~o.1<10_10)< ) 0

For the larger (order unity) mass splittings we consider
here, the relic density is obtained by numerically solving
the Boltzmann equations for this system, as done in
Refs. [2,15,20,21] and we use these curves from Ref. [21]
for comparison with the MUonE sensitivity.

After y|, chemically decouple from the SM, the heavier
- state is further depleted by decays as long as A > 2m,,
which is the relevant parameter space in this work. Thus, for
T < A, the late-time DM population consists only of y;
particles and no y, coannihilation partners. Thus, during the
cosmic microwave background epoch, this model evades
limits on late-time energy injection, which otherwise rule out
thermal relics with mass below 20 GeV [17]. In the present-
day Universe, y; constitutes all of the cosmological and
Galactic dark matter. For a detailed discussion of this model,
its cosmological history, and various experimental con-
straints, see Refs. [15,18,19,21,25].

In the remainder of this Letter, we describe our MUonE
search strategy in the context of the specific model
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presented here. However, the generic features of our
approach naturally generalize to other scenarios with
different mediators and final state particles (see Ref. [26]
for a discussion of other mediators and their limits). We
leave these analyses for future work.

The MUonE experiment—Inspired by NA7 experiment
[27,28], MUonE aims to extract the running a by precisely
measuring the differential u*e~ — uTe~ cross section
[7.8]. This running can be used to extract the hadronic
vacuum polarization contribution to muon anomalous
magnetic magnetic moment [29,30], which is crucial to
resolving the longstanding discrepancy between theory
[31,32] and experiment [9,33,34]. For an up-to-date status
report on MUonE, see Ref. [35].

MUonE plans to deliver a 160 GeV muon beam from the
CERN M2 beamline onto a series of 40 target modules.
Each module consists of one 15 mm Be sheet and three
downstream tracking layers with a 10 x 10 cm? cross-
sectional area. Within each module, the first tracking layer
is positioned 15 cm behind the target. The exact location of
the second and third tracking layers has not been fully
decided yet. In this work, we apply 1 m as the distance from
the target to the third tracking layer as a conservative
selection criterion for angular acceptance and assume the
second tracking layer stands at the middle point between
the first one and the third one. The target modules are
spaced 1 m apart from each other along the beamline and
this setup is expected to achieve an integrated luminosity
of £ = 1.5 x 10* pb™! for p-e scattering, corresponding to
~10'® muons on target.

To achieve high measurement accuracy, MUonE employs a
CMS-based tracking apparatus [8,36,37], which can resolve
the angle resolution of outgoing particles to within 0.02 mrad.
There is no applied magnetic field, so the trajectories of
outgoing charged particles are not bent as they traverse the
beamline. Note that the experimental setup is not designed to
measure the outgoing energies or momenta of any charged
particles passing through the instrumented region.

Behind the last target module, there is a proposed
electromagnetic calorimeter (ECAL), followed by a muon
filter system. The precise particle identification (PID)
efficiency and overall size of this combined system have
not yet been finalized, but its cross-sectional area is expected

Al

to be of order 1 x 1 m? [8]; for concreteness, here we
assume this area is 1 x 1 m?. In Fig. 1, we show a schematic
design of the MUonE experiment with particle trajectories
representing our inelastic DM signal process [38].

Dark matter signal—In our scenario, the MUonE signal
arises from the steps depicted in Fig. 2 and corresponds to
the sequence

uN — uNA', A" =y,

X —onlte, (4
where N is a beryllium nucleus in the target. Since the y is
invisible, the downstream signal arises purely from y,
decays, which generically yield a displaced vertex in our
parameter space of interest. Since ¢t & m%,/(A%¢*ap,) from
Eq. (2), even mild hierarchies in the m, /A > 1 ratio can
yield macroscopic displacements. Note that the same model
parameters that govern the dark matter relic density also set
the signal strength at MUonE, and therefore provide an
experimental milestone for discovering or falsifying this
scenario in the laboratory.

The signal topology from Eq. (4) consists of one primary
muon track and two additional charged tracks originating
from the same displaced vertex. We also require that all three
tracks in the event pass through all three tracking layers in
their module of origin to ensure high event reconstruction
efficiency. Two of these charged tracks must be recon-
structed from a common displaced vertex between the target
and the first tracking layer. These displaced tracks must also
have an opening angle larger than 1 mrad to successfully
reconstruct the displaced vertex [39]. As we will see in
the next section, the two tracks from the displaced vertex
must be either an eTe™ or y*u~ pair in order to reject SM
backgrounds with the PID system. The primary muon must
also be identified by the ECAL and the muon filter, as in the
original proposal of the MUonE experiment. Given the
expected z-direction spatial resolution 6z ~ 1 mm [10,39],
we further require that this displaced vertex is at least 105z
away from both the target and the first tracking layer. Thus,
we require that the longitudinal end points of the fiducial y,
decay region satisfy

25 mm < 7, gecay < 140 mm, (5)

X1 X2 Y
!
gl A M/\/\/\< _Ali ot
N N X2 =

FIG. 2. Feynman diagrams representing the sequence of steps that yield the inelastic DM signal at MUonE. Left: a dark photon A’ is
radiatively produced in yu-N scattering, where N is a Be nucleus. Middle: the A’ decays through the off-diagonal coupling to the pseudo-
Dirac fermions. Right: for A < m,, the heavier state decays via y, — y; "¢~ to yield a displaced dilepton pair downstream of the

interaction point at MUonE.
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Decay volume

ECAL Muon

FIG. 3. A schematic depiction of the inelastic DM signal in one
MUonE target module. Here, the red track is the beam muon
and the green tracks that reconstruct a displaced vertex are the
additional charged tracks from the displaced y, — y,;£"¢~ decay.
We require that the y, decay occur within the ~15 cm fiducial
decay volume (shaded yellow), whose longitudinal end points
satisfy the inequalities in Eq. (5). Image adapted from Ref. [10]
and modified to represent our signal process.

as measured from the interaction point within a given target
module. In Fig. 3, we show a schematic overhead view of a
signal event whose final state tracks satisfy our geometric
selection criteria.

Beyond geometry, we must also ensure that these tracks
correspond precisely to the particles from our signal pre-
diction (one beam muon and two displaced dileptons), as
opposed to fakes from other particles. Furthermore, we must
also ensure that no additional neutral hadrons are produced
in association with three charged tracks, as our scenario
predicts no additional hadronic activity in the final state. For
these purposes, the ECAL and muon system at the end of
the beam line are essential for vetoing backgrounds. For
example, if the displaced tracks arise from charged pions
instead of electrons, the energy deposited in the ECAL can
discriminate between these cases and the absence of muons
in the muon system can rule out the possibility that the
displaced tracks arise from dileptons. Alternatively, even if a
given event has exactly one beam muon and a displaced
dilepton pair, if there are additional energy deposits in the
ECAL that do not correspond to any charged tracks (e.g.,
from a neutron), it can also be vetoed as background.

However, as particles lose energy traversing the tracking
layers, the ECAL PID capability can deteriorate, thereby
reducing its ability to veto backgrounds. Muons and
electrons can scatter off the material when penetrating
the targets and the tracking layers in each module before
they arrive at the ECAL. To mimic the detector response of
the tracking layers and the ECAL, as discussed in Ref. [10]
based on details of energy loss [40,41], we consider a
conservative [42] energy threshold of £ > 5 GeV for each
of the three charged tracks. For the same reason, only the last
five modules are considered in this work to ensure suffi-
ciently high ECAL PID efficiency; events originating in
modules farther upstream risk significant energy loss from
the other 35 target and tracking modules. Furthermore, since
the ECAL has a large surface area, charged tracks with

energy above the energy threshold are guaranteed to enter
the ECAL if they pass through the three tracking stations for
these last five modules.

Our full selection criteria are described in Table I and these
requirements ensure that our search is free from SM back-
grounds. In the End Matter, we provide a detailed description
of our background simulation to justify these numbers.

Signal simulation—To compute the number of expected
signal events in MUonE, we use FeynRules [43] to construct the
inelastic dark matter model. We then use CalcHEP 3.8.9 [44] to
generate Monte Carlo (MC) events for (u~Be — u~Be A’)
with a muon beam energy of 160 GeV and kinematic
distributions for the y, — yje*e™ and y, — yu"u~ decay
channels. For each point, we generate 5 x 10* signal events.
The production events are then reweighted according to the
nuclear form factor of beryllium (an analytic formulation of
this process is described in [45]). These events are then filtered
through the series of cuts discussed in the previous section and
listed in Table I.

In Fig. 4 we show distributions of A" production in our
signal simulation. The left panel shows the total cross section
for uN — uNA’ production normalized to ¢ = 1 and the
right panel shows the energy distribution of recoiling muons
following A’ production for various values of m, . In Fig. 5
we also show energy angle distribution histograms for the
simulated y, produced in A’ — y,y, decays at MUonE. We
note that our Be form factor becomes uncertain for ¢ > 4m?,,
where ¢ is the momentum transfer squared [46]. We have
verified that our results are unchanged when we apply a cut
to remove events that violate this inequality.

Results and discussion—In Fig. 6 we present our main
results, which demonstrate that, for a design u — Be
luminosity of 4.7 x 10® pb™! [47], MUonE (solid red
curve) can probe much of the parameter space compatible
with thermal freeze-out (solid black curve) for a variety of
different mass splittings. Our projection is defined with a
95% confidence interval using the event selection criteria
from Table I, which corresponds to three signal events
that pass the cuts. For these results, we assume that SM
backgrounds are negligible, which is justified by our
background simulation described above. Also shown are

TABLE I. Event selection criteria for our proposed search. In
our numerical results, these requirements are imposed on our
signal and background MC events. These criteria ensure that SM
backgrounds are negligible for our signal of interest (see End
Matter for a discussion).

Variable Selection criteria
Decay z coordinate 25 mm < z < 140 mm
Decay daughter energy >5 GeV
Decay daughter opening angle >1 mrad
Charged track geometry Hit all 3 trackers
Modules Last 5
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FIG. 4. Left: cross section for dark photon production via the bremsstrahlunglike process uN — uNA’ at MUonE, where N is a beryllium
nucleus, calculated using calcHEP. Right: recoiling A" energy distribution from the same simulation sample prior to any event selection.
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Energy angle distributions for y, from our simulation of uN — uNA'’ scattering, followed by A’ — y,y, decays at MUonE for

various values of m; assuming A = 0.4m, prior to any event selection.

existing limits from BABAR and E137 computed in
Ref. [19]. Note that, for smaller values of A than those
shown here, the y, decay length is much longer than the
fiducial decay region, so the MUonE would only be
sensitive to very large couplings that compensate for this
decrease in A; for A <0.2m; the necessary values of y
needed to compensate for this suppression are all excluded.
Thus, in Fig. 6, we only show splittings in the A =
(0.2-0.4)m, range.

,ap =01, my =3m

The shaded gray regions in Fig. 6 represent existing limits
on this scenario from the BABAR monophoton search
[19,48], the E137 electron beam dump search for long-lived
particles [19,50], and LEP precision electroweak constraints
on kinetically mixed dark photons [49]. The dashed curves
represent future projections for BDX [51,54]], LDMX
[3,25,55], MiniBooNE [19,52], and Belle II [19,56].

In summary, we have shown that the MUonE experiment
can powerfully probe thermal-relic dark matter in models

A =0.4my, ap = 0.1, my = 3my

LEP LEP
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FIG. 6. Projected inelastic DM sensitivity at the MUonE experiment (red curve) for a variety of mass splittings assuming a muon
luminosity of 4.7 x 10° pb~!. Along the black curve, the DM achieves the observed relic density through y,y, coannihilation [25]. The
gray-shaded regions are excluded by BABAR [48], LEP [49], and E137 [50]—the exclusion regions for BABAR and E137 are based on
the reinterpretation in [19]. The dashed curves stand for projected limits from BDX [51], LDMX [3], MiniBooNE [52], and Belle II [53],

also computed in Ref. [19].
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with inelastic mass splittings. In such models, dark states
are produced in muon-beryllium scattering and the heavier
state decays semivisibly to yield a displaced dilepton pair
downstream of the target. Our approach is fully parasitic
with the proposed MUonE experimental setup and requires
no additional equipment. Furthermore, our results demon-
strate the importance of the MUonE ECAL system, which
is currently at risk of being eliminated from the exper-
imental design [57]. In our search, the ECAL plays an
essential role in rejecting SM backgrounds for the dark
matter signal and expanding the MUonE experimental
program. Thus, we strongly encourage the collaboration
to keep this component as part of the full setup.
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End Matter

Appendix—In this appendix we identify and simulate
the backgrounds for our proposed search strategy
described above. standard model processes that fake
our signal fall into two distinct categories:
(1) Misreconstructed events. Backgrounds can arise from
SM events with charged tracks that originate within the
target but are misreconstructed as displaced vertices.
This category also includes events in which SM particles
produced inside the target interact later to generate

additional e"e~ tracks within the downstream tracking
layers. By requiring the decay volume to have a 10 6z
displacement away from both the target and the first
tracking layer, this category of events can be safely
rejected [10,39]. (2) Long-lived hadrons. Genuine
displaced vertex can arise from long-lived hadrons that
decay to yield dileptons in between the target and first
tracking layer. These particles are produced in inelastic
muon-nucleon scattering and decay downstream of the
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target to yield high multiplicities of charged tracks
(more than two charged tracks plus the beam muon),
which can easily be vetoed.

To estimate the number of background events from the
second category, we run Pythia 8.307 [58] to simulate muon-
nucleon scattering at MUonE. The muon-nucleon scatter-
ing can be categorized by Q?, the momentum transfer to the
nucleus. A large Q2 corresponds to deep-inelastic scatter-
ing (DIS), which can be modeled using perturbative QCD,
and in this regime, the muon deflection angle has a
minimum value. Below this threshold, soft QCD produc-
tion dominates, in which case the muon deflection angle is
bounded from above.

We generate 1.5 x 10'° soft QCD events and 6 x 103
deep-inelastic scattering (DIS) events; both samples greatly
exceed the expected number of such events in each
category for the MUonE luminosity [59]. The minimum
simulated Q” delivered to the target for DIS (a free
parameter in Pythia) is chosen so that the differential cross
section for hadroproduction is continuous across the soft-
QCD and DIS kinematic regimes. Using these samples, we
veto any simulated SM events that contain tracks beyond
the three that can fake our signal topology (one track from
the beam muon and two displaced tracks from the dilepton
pair). Such additional tracks can arise from charged
particles with energies above the 5 GeV lepton energy
threshold (see Table I). In addition, any neutral particles
above this energy threshold (except neutrinos) can be
detected and vetoed using the downstream ECAL.
Importantly, we find that this conclusion is insensitive to
the choice of energy threshold, varying from 10 MeV
to 5 GeV. Note that the vast majority of the background
events from hadronic processes arise from K* — 7z~ or
A — pr~ decays. In these cases, none of the charged tracks
faking the displaced vertex are real electrons or muons. Our
simulation finds approximately 3500 such background
events are expected to fake the signal event topology

before running the PID system; these can be safely rejected
as long as the fake rate of the PID is lower than ~2% per
particle species.

There are potentially important backgrounds from a
variety of possible sources that include the following.

Real lepton + fake hadron: Processes involving one
real electron or muon and a second charged particle
produced together from a common displaced vertex (e.g.,
K° - nte"p, or A - pe~p,) can fake our signal if the
charged hadron is misidentified as an electron or muon.
Using the same simulation details described above, we find
that MUonE can expect approximately ~6 SM events for
~10'® muons on target, and these can be safely rejected
using PID as long as the per-particle fake rate is lower
than 18%.

Real dileptons: There are also SM processes that result
in displaced eTe™ pairs with displaced vertices (e.g., K* —
7°72° with one 7° — e*e~y decay), which also fakes our
signal topology. However, such production processes are
always accompanied by high-energy photons (coming from
the 7° — e*e~y decay and from the other z° decay in the
event), so these processes can be efficiently vetoed; our
simulation shows that no such background events passed
our selection criteria. This conclusion is consistent with the
results of Ref. [10], which found similarly low SM back-
grounds for MUonE sensitivity to new forces.

QED hadroproduction:  Finally, electromagnetic muon-
nucleus scattering can occasionally produce a K° or A to
fake our signal via uN — uNy*(y* — gq). This process,
however, is suppressed by both the production cross section
and the branching ratio for the g to combine into a K° or a
A. We estimate that such processes contribute fewer than
one event per 10'® muons on target.

Based on these considerations, we conclude that SM
backgrounds are negligible for our selection criteria.
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