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Observations in cosmology and astrophysics imply the existence of a Dark Sector withnew particles that could weakly couple to Standard Model (SM) particles. In this work[1], we study the sensitivity potential of µ-on-target experiments to new physics using a
charged lepton flavor violation (CLFV) benchmark model, which uses a light, scalar bosonassociated with µ−τ conversion. A class of new theories [2] proposes the search for CLFV,which is heavily suppressed in the SM.
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Figure 4. Primary production modes and representative Feynman diagrams for each mode for the
µ-τ -flavored scalar φ at beam dumps.
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Figure 5. The normalized differential energy distribution from the direct EW production at SHiP
experiment. The blue and red distribution are before and after the angular acceptance selection.
The geometric acceptance slightly favors higher energy with a signal geometric acceptance efficiency
of 42% for SHiP.

We show schematically representative diagrams for each production mode in figure 4.
Depending on the detailed beam and detector setup, different mode dominates the de-
tectable φ fluxes, which we summarize in table 1. We explain each process in this section.

4.1.1 Direct electroweak production
With a high energy beam, the direct weak interaction production from parton scatterings
is one of the primary sources for the φ flux. The electroweak process is with initial states
quark pair colliding to φ plus lepton pairs, namely, qq̄ → τ∓µ±φ(∗). In the

√
s energy

regime suitable for the beam dumps considered in this study, the main contribution is
through the s-channel off-shell photon diagram. Given the minimal partonic center of
mass energy required here is above ∼ 2mτ = 3.4GeV, the parton model works well to
describe the production cross section here. We choose MadGraph [86] to simulate the direct
weak production cross section and kinematics distributions. A typical Feynman diagram
is shown in the left panel of figure 4.

Given the center of mass energy of the beam-on-target collisions is around 15−20GeV,
a partonic center of mass energy above 3.4 GeV corresponds to a sizable x in the parton
distribution functions. Hence, φ productions are typical with small transverse momentum,
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LI = φµ̄(gV + gAγ5)l+ φ∗̄l(g∗V − g∗Aγ5)µ
Two different approaches exploited:
• The proton beam at Fermilab, which is used to produce the neutrino beam for the Deep

Underground Neutrino Experiment (DUNE) will produce a high-intensity muon beamdumped in an absorber. The system could be used to search for scalar boson particlesat the Near Detector.
• The NA64µ experiment at CERN uses a 160-GeV energy muon beam with an activetarget to search for excess events with missing energy and momentum as a probe of newphysics.

Introduction

• The DUNE neutrino beam is produced by a 60-120 GeV proton beam hitting a graphitetarget [3], after which hadrons decay to leptons and neutrinos in a ∼ 220-m-long decaypipe.
• At the end of the pipe a dedicated ∼ 30-m-long stainless-steel structure acts as a beam-dump to stop all muons 300 m upstream from the Near Detector (see simulated muonenergy spectrum on the right.)
•New particles produced in the beam-dump could be detected at the Near Detector.
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DUNE as a muon-on-target experiment

•NA64µ [4] is a fixed-target experiment at CERN looking for new particles of Dark Matterand portal interactions produced in electromagnetic showers.
• The experiment uses the 160-GeV muon beam from the CERN SPS.
•Beam scintillators, veto counters, low material-budget trackers and dipole magnets allowto precisely constrain the momentum of the incoming 160-GeV muons impinging on anactive target.
•Missing energy/momentum carried away by the produced hypothetical, long-lived φboson, leaves a scattered muon as experimental signature.
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•φ bosons are generated by the µ-on-target process, and a fraction of them decay andcan be detected. The number of such signal events is
Nφ = ∫

dEφΦφ(Eφ)× ldet
γβcτφ

,

where ldet/γβcτφ is the fraction of bosons decaying in flight to produce a signal in thedetector, and Φφ(Eφ) is the flux of φ bosons
Φφ(Eφ) = ∫

dEΦµ(E)× ∫ E

Emin dEl
nA

−dE/dl

∫ θdet
0 dθφ sinθφ d2σ (El, Eφ)

dEφd cosθφ.
•Φµ(E) is the flux of the muon beam as a function of energy, nA is the number of targetatoms per volume, El is the muon energy after traveling a length l in the target andlosing energy according to the stopping power −dE/dl, Emin is the energy of the muonat the end of the target, and θdet is the angular acceptance of the detector.
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where |Ā|2 is the amplitude squared, which we calculate
using the FeynCalc tools [23] for Mathematica. We ob-
tain the following expression for the (µ, ⌧) case,

|Ā2!2|2 = �e2mµm⌧ (gAg⇤A � gV g⇤V )

(m2
µ � s)2(m2

⌧ � u)2
⇥ (4)

⇥ [m4
µ(m2

� + u) + 2m3
µ(m3

⌧ � m⌧u)

+ m2
µ

�
m4

⌧ � 2m2
�s � 2m2

⌧u + u(u � 2s)
�

+ 2mµm⌧s(u � m2
⌧ ) + s

�
m2

�s + m4
⌧ � 2m2

⌧u + u(s + u)
�
]

where e =
p

4⇡↵, m�, m⌧ , mµ are the masses of the
boson �, ⌧ and µ, respectively, and s, u are the Mandel-
stam variables, which can be evaluated in the laboratory
frame,

s = (p + q)2 ' m2
µ � u � m2

⌧

1 � x
(5)

u = (p � k)2 ' �Eµx✓2
� � 1 � x

x
m2

� + (1 � x)m2
µ.

To calculate the lifetime of the � boson, ⌧�, we use
Equations 3.2-3.5 in [1] adapted to the (µ, ⌧) case. We
calculate the cross-section and decay-width using the
GNU Scientific Library (cite). The production cross-
section for the � boson as a function of the incoming
lepton energy is shown in Fig. 1. Assuming m� ' m⌧ ,
the threshold for the production is given by Eµ > [(2m⌧+
mN )2 �m2

µ �m2
N ]/2mN ' 3.8 GeV for Pb, above which

the cross-section steeply rises. In the following, we use
the corresponding muon beam flux of each experiment
(NA64µ and DUNE) to evaluate the expressions for the
� production via the variables defined in Eq. 5.

III. µ-ON-TARGET EXPERIMENTS

We estimate the projected exclusion sensitivity of
an experiment by finding the pair of parameter values
(gV , m�), where N� appropriate signal events are pro-
duced either in the target (NA64µ) or in the detector
(DUNE), as explained later, after a given exposure. The
fundamental � boson production process is the same for
both the NA64µ and DUNE/LBNF cases. However, the
di↵erences between the two experiments are the flux of
the muon beam, �µ(E), and the target thickness and
materials.

In the case of DUNE, � bosons are generated by the
µ-on-target process, and, after production, a fraction of
them decay inside the detector volume and can be de-
tected. The number of such signal events is

N� =

Z
dE���(E�) ⇥ ldet

��c⌧�
, (6)

where � is the relativistic Lorentz-factor, and ��(E�) is
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FIG. 1: Production cross-section of the � boson, with
mass m� = m⌧ and coupling constant |gV | =
3 ⇥ 10�3, as a function of the incoming muon

energy.

the flux of the � boson at the detector, estimated as

��(E�) =

Z
dE�µ(E)⇥ (7)

Z E

Emin

dEl
nA

�dE/dl

Z ✓det

0

d✓� sin ✓�
d2�(El, E�)

dE�d cos ✓�
.

Here, �µ(E) is the flux of the muon beam as a function
of energy, nA is the number of target atoms per volume,
El is the muon energy after traveling a length l in the
target and losing energy according to the stopping power
�dE/dl, Emin is the energy of the muon at the end of
the target, and ✓det is the angular acceptance.

In the case of NA64µ we use a slightly simplified ap-
proach. As will be explained later, in NA64µ only the
number of events at the production target needs to be es-
timated because the experiment looks for missing energy,
and it does not try to detect the decay products. There-
fore the number of events is given by N� =

R
dE���(E�).

Another di↵erence is that the production target thickness
is much smaller, therefore the muon energy loss can be
neglected, and we use the following expression to esti-
mate the � boson flux,

��(E�) = ltargetnA

Z
dE�µ(E)⇥ (8)

Z ✓det

0

d✓� sin ✓�
d2�(E, E�)

dE�d cos ✓�
,

where ltarget is the thickness of the target. For both ex-
periments, the double-di↵erential cross-section in Eq. 6 or
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FIG. 2: Energy spectrum simulated muons at the end
of the decay pipe from the full DUNE neutrino
beam line simulation [20], see explanation in the

text.

eter space, reaching to gV ' 10�2. However, an opti-
mization of the neutrino beam line could potentially en-
hance the contribution of high-energy muons in the flux
and subsequently reach into the gV  10�2 region. This
scenario is partially motivated by a recent work explor-
ing the alternative operation in a beam-dump mode to
probe new physics with DUNE [27].

V. CONCLUSIONS

In summary, we present the sensitivity potential of two
complementary experiments, NA64µ and DUNE, both
using or producing intense muon beams that allow to
explore parameters in search for the existence of a hy-
pothetical scalar boson, �, motivated by neutrino flavor-
oscillations as well as recent discrepancies between ex-
periment and theory. Both NA64µ and DUNE have the
potential to search for such a particle and explore a large
part of the model parameter space, (m�, gV ). NA64µ
has the advantage of looking for missing energy only and
thus not requiring a decay pattern with a subsequent sup-
pression from higher powers of the couplings. DUNE, on
the other hand, has the advantage of producing a much
more intense muon flux as a side-product of the neutrino
beam line. The stainless steel muon beam dump at the

end of the beam line acts as a target for the muons where
new particles could potentially be created and later de-
tected with the DUNE Near Detector suite. We find
that both NA64µ and DUNE have the potential to cover
a significant portion of the (m�, gV ) model parameter
space. NA64µ with an optimized setup could cover the
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FIG. 3: Constraints from NuTeV and CHARM [17, 18],
and projected sensitivity curves for SHiP [1, 19]
(dash-dotted, magenta line), DUNE (solid, blue
line) and NA64µ (dashed, brown and black
lines). The light blue region shows the bench-
mark parameter range explaining the muon g�2

anomaly.

coupling parameter down to gV ' 3 ⇥ 10�3, covering
the muon gµ � 2 preferred region. In a complementary
way, DUNE will also be able to explore a large part of
the same parameter space and approach the gµ � 2 re-
gion. An optimization of the neutrino beam, increasing
the contribution from the high-energy tail, could allow
to further enhance the sensitivity of DUNE.
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• The production cross-section for the φ boson [5] as a function of the incoming leptonenergy is shown above. Assuming mφ ' mτ , the threshold for the production is givenby Eµ > [(2mτ +mN)2 −m2
µ −m2

N ]/2mN ' 3.8 GeV for Pb.

Expected signal rates

We find [1] that NA64µ and DUNE have complementary potential to cover a significantportion of the benchmark model parameter space, (mφ, gV ). NA64µ with an optimizedsetup could probe the coupling parameter down to gV ' 3×10−3, completely covering themuon gµ−2 preferred region and thus providing a similar projected reach as SHiP. DUNEwill also be able to cover unexplored parts of the parameter space, potentially improvingon the obtained constraints from NuTeV. 5
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FIG. 3: Constraints from CHARM, NuTeV [16, 17],
and projected sensitivity curves for SHiP [14,
18] (dash-dotted, magenta line), DUNE (solid,
brown and blue lines for 10 and 20 years of oper-
ation, respectively) and NA64µ (dashed, brown
and black lines), in the µ-on-target produc-
tion mode (except for CHARM). In the case
of NA64µ the optimized setup with 1-m-long
(brown dashed line) and 5-m-long (black dashed
line) targets are also shown separately. The
light blue region shows the benchmark param-
eter range explaining the muon gµ � 2 anomaly.

[41]. It is also noted that there are di↵erences in the
beam intensity between NA64µ and SHiP. We assume a
1012 POT per spill intensity at the CERN SPS in the
case of the muon beam line used by NA64µ, while for
SHiP the proton beam intensity is usually expected to
be an order of magnitude higher.

We note that a similar setup of NA64µ is capable of
searching for other new scalar particle candidates using

the same muon beam [26]. In addition, the proposed
Muon Missing Momentum (M3) experiment at Fermilab
[42] also plans to probe new physics with a dedicated
muon beam. Finally, a number of experiments also have
the potential to search for hidden-sector scalar particles,
such as SHADOWS [43], HIKE [44], and ATLAS [45].

V. CONCLUSIONS

In summary, we present the sensitivity potential of two
µ-on-target experiments: NA64µ and DUNE, as comple-
mentary modes of searching for new physics with muon
beams. We find that both NA64µ and DUNE have the
potential to cover a significant portion of the benchmark
model parameter space, (m�, gV ). NA64µ with an opti-
mized setup could probe the coupling parameter down to
gV ' 3⇥10�3, completely covering the muon gµ �2 pre-
ferred region and thus providing a similar projected reach
as SHiP. DUNE will also be able to cover unexplored
parts of the parameter space, potentially improving on
the obtained constraints from NuTeV. An optimization
of the neutrino beam line, increasing the contribution
from the high-energy tail, could allow to further enhance
the sensitivity of DUNE.

Although we use a given CLFV model as a benchmark
in this work, we note that similar techniques can be used
to study the sensitivity potential of experiments with
muon beams to other physics scenarios. Beyond the gµ�2
discrepancy and neutrino flavor oscillations, searches for
Dark Sector particles are also motivated by the matter-
antimatter asymmetry, the known Dark Matter abun-
dance from astrophysical and cosmological observations,
or by theoretical motivations strongly suggesting the ex-
istence of additional gauge groups weakly coupling to SM
fields [1, 46].
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