
P
o
S
(
E
P
S
-
H
E
P
2
0
2
3
)
1
9
1

Sensitivity for new light, long-lived flavor-changing
scalar bosons at DUNE and NA64𝝁

B. Radics (on behalf of the DUNE collaboration)𝑎
𝑎Department of Physics and Astronomy, York University, Toronto, ON, Canada

E-mail: bradics@yorku.ca

Neutrino-oscillations motivate the search for new beyond-the-Standard-Model particles that might
manifest as light scalar bosons mediating lepton-flavor-changing (LFC) interactions. In a certain
class of theories, the light scalar boson could be produced at accelerator neutrino beams, where
a high-intensity, high-energy muon flux is expected. An example of such a facility is the Deep
Underground Neutrino Experiment (DUNE) using the high-power proton beam at LBNF. If such a
particle exists, it could be produced after the DUNE LBNF beam target. If it is long-lived, it could
travel a few hundred meters, and it could be detected at the DUNE Liquid Argon Near Detector.
In parallel, the existence of such a new LFC scalar boson can also be tested using the 160-GeV
muon beam at the fixed target NA64mu experiment at CERN, in a complementary way. In this
talk, light long-lived LFC boson signatures and projected sensitivities at DUNE and NA64mu will
be presented.
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Sensitivity for new light, long-lived flavor-changing scalar bosons at DUNE and NA64𝜇

Observations in cosmology and astrophysics imply the existence of a Dark Sector with new
particles that could weakly couple to Standard Model (SM) particles [1]. Neutrino oscillations
coupled with non-zero neutrino masses provide an experimental evidence of lepton-flavor violation.
Furthermore, the existing discrepancy between the measured [2] and expected [3, 4] value of the
muon anomalous magnetic moment provides a strong motivation for new physics searches with
muons [5].

In this work [6], 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 boson
associated with 𝜇 − 𝜏 conversion. A class of new theories [7] proposes the search for CLFV, which
is heavily suppressed in the SM. The effective Lagrangian interaction terms describe the coupling
of the new scalar field with leptons,

LI = 𝜙𝜇̄(𝑔𝑉 + 𝑔𝐴𝛾
5)𝑙 + 𝜙∗𝑙 (𝑔∗𝑉 − 𝑔∗𝐴𝛾

5)𝜇 (1)

We explore two different experimental approaches to search for such a CLFV process:

• The proton beam at Fermilab, which is used to produce the neutrino beam for the Deep Un-
derground Neutrino Experiment (DUNE) will produce a high-intensity muon beam dumped
in an steel absorber. The system could be used to search for scalar boson particles at the Near
Detector.

• The NA64𝜇 experiment at CERN uses a 160-GeV energy muon beam with an active target
to search for excess events with missing energy and momentum as a probe of new physics.

The DUNE [8] neutrino beam is produced by a 60-120 GeV proton beam hitting a graphite
target [8], after which hadrons decay to leptons and neutrinos in a ∼ 220-m-long decay pipe. 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. New particles produced in the beam-dump could
be detected at the Near Detector.

The NA64𝜇 [9] is a fixed-target experiment at CERN looking for new particles of Dark
Matter and 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 allow to precisely constrain the momentum of the incoming 160-GeV
muons impinging on an active target. Missing energy/momentum carried away by the produced
hypothetical, long-lived 𝜙 boson, leaves a scattered muon as experimental signature.

𝜙 bosons are generated by the 𝜇-on-target process, and a fraction of them decay and could be
detected. The number of such signal events is

𝑁𝜙 =

∫
𝑑𝐸𝜙Φ𝜙 (𝐸𝜙) ×

𝑙det
𝛾𝛽𝑐𝜏𝜙

, (2)

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

Φ𝜙 (𝐸𝜙) =
∫

𝑑𝐸Φ𝜇 (𝐸) ×
∫ 𝐸

𝐸min

𝑑𝐸𝑙

𝑛𝐴

−𝑑𝐸/𝑑𝑙

∫ 𝜃det

0
𝑑𝜃𝜙 sin 𝜃𝜙

𝑑2𝜎(𝐸𝑙, 𝐸𝜙)
𝑑𝐸𝜙𝑑 cos 𝜃𝜙

. (3)
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Φ𝜇 (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 𝜃det is
the angular acceptance of the detector. In NA64𝜇, the production target thickness is small and the
muon energy loss can be neglected. As a result we use the following expression to estimate the 𝜙

boson flux,

Φ𝜙 (𝐸𝜙) = 𝑙target𝑛𝐴

∫
𝑑𝐸Φ𝜇 (𝐸)

∫ 𝜃det

0
𝑑𝜃𝜙 sin 𝜃𝜙

𝑑2𝜎(𝐸, 𝐸𝜙)
𝑑𝐸𝜙𝑑 cos 𝜃𝜙

, (4)

where 𝑙target is the thickness of the target.
The production cross-section for the 𝜙 boson [14] as a function of the incoming lepton is steeply

rising above a threshold that is constrained by the tau mass. Assuming 𝑚𝜙 ≃ 𝑚𝜏 , the threshold for
the production is given by 𝐸𝜇 > [(2𝑚𝜏 + 𝑚𝑁 )2 − 𝑚2

𝜇 − 𝑚2
𝑁
]/2𝑚𝑁 ≃ 3.8 GeV for a Pb target.

We estimated the sensitivity potential of DUNE and NA64𝜇 to such a benchmark CLFV process
proposed in [7]. We find that both experiments have complementary potential to cover a significant
portion of the benchmark model parameter space, (𝑚𝜙, 𝑔𝑉 ), see Fig. 1. NA64𝜇 with an optimized
setup (a 5-m long target) could probe the coupling parameter down to 𝑔𝑉 ≃ 3× 10−3 in a few years
of data taking, completely covering the muon 𝑔𝜇 − 2 preferred region and thus providing a similar
projected reach as SHiP. DUNE will also be able to cover unexplored parts of the parameter space,
although requiring 10-20 years of data taking, but potentially improving on the obtained constraints
from NuTeV.

Is it noted that a similar setup of NA64𝜇 is capable of searching for other new scalar particle
candidates using the same muon beam. The proposed Muon Missing Momentum (𝑀3) experiment
at Fermilab [10] also plans to probe new physics with a dedicated muon beam. A number of
experiments also have the potential to search for hidden-sector scalar particles, such as SHADOWS
[11], HIKE [12], and ATLAS [13].
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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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