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Motivation
• Dark Sector physics could manifest in interactions with leptons:

• Existing discrepancy between muon g-2 theory and 
experiment.

• Lepton flavor is conserved with massless neutrinos.
• Non-zero neutrino masses: neutrino oscillations motivate 

search for Lepton Flavor violations.
• Charged Lepton flavor violation is heavily suppressed in the 

SM → sensitive test of new physics.
• A lepton-flavor-violating interaction could be mediated by a 

Dark Sector particle, feebly coupling to SM.
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Motivation
• Many experiments use e/muon beams to search for CLFV:

• Muon-e-Gamma (MEG II, PSI): 𝜇+ -> e+ + 𝛾

• Mu3e experiment (PSI): 𝜇+ -> e+e+e-

• Mu2e experiment (Fermilab): 𝜇N -> eN

• COMET experiment (JPARC): 𝜇N -> eN

• Belle (II) e+e- collider: tau decays to 𝓁 leptons, 𝓁=e,𝜇

• NA64e, NA64𝜇: e/𝜇-beam + target: missing energy/momentum 
technique

• DUNE, HyperK: Proton dump experiments producing an intense 
muon beam as a “side product” + Near Detector suite

• Others: M3, SHADOWS, HIKE, ATLAS, SHIP,…
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CLFV model
• Recent model put forward: 

• Flavor-changing scalar boson with accidental longevity
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Observations in cosmology and astrophysics imply the existence of a Dark Sector with
new 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 boson
associated 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-� -flavored scalar � at beam dumps.

Figure 5. The normalized di�erential 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 e�ciency
of 42% for SHiP.

We show schematically representative diagrams for each production mode in figure 4.
Depending on the detailed beam and detector setup, di�erent mode dominates the de-
tectable � 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 � flux. The electroweak process is with initial states
quark pair colliding to � plus lepton pairs, namely, qq̄ � ��µ±�(�). In the �s energy
regime suitable for the beam dumps considered in this study, the main contribution is
through the s-channel o�-shell photon diagram. Given the minimal partonic center of
mass energy required here is above � 2m� = 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, � productions are typical with small transverse momentum,
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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 beam

dumped in an 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.

Introduction

• The DUNE neutrino beam is produced by a 60-120 GeV proton beam hitting a graphite
target [3], 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 (see simulated muon
energy 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 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.
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• φ bosons are generated by the µ-on-target process, and a fraction of them decay and
can be detected. The number of such signal events is

Nφ =
�

�EφΦφ(Eφ) ×
�det

γβ�τφ

�

where �det/γβ�τφ 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) =
�

�EΦµ(E) ×

�
E

Emin

�E�

�A

−�E/��

�
θdet

0
�θφ sin θφ

�
2
σ (E�� Eφ)

�Eφ� cos θφ

�

• Φµ(E) is the flux of the muon beam as a function of energy, �A is the number of target
atoms per volume, E� is the muon energy after traveling a length � in the target and
losing energy according to the stopping power −�E/��, Emin is the energy of the muon
at 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 =
�

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� =

�
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�) =

�
dE�µ(E)� (7)

� E

Emin

dEl
nA

�dE/dl

� �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� =

�
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

�
dE�µ(E)� (8)

� �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 lepton
energy is shown above. Assuming �φ � �τ , the threshold for the production is given
by Eµ > [(2�τ + �N)2 − �

2
µ − �

2
N

]/2�N � 3�8 GeV for Pb.

Expected signal rates

We find [1] that NA64µ and DUNE have complementary potential to cover a significant
portion of the benchmark model parameter space, (�φ� �V ). NA64µ with an optimized
setup could probe the coupling parameter down to �V � 3×10−3, completely covering the
muon �µ − 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, potentially improving
on the obtained constraints from NuTeV.
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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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Figure 5. The normalized di�erential 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 e�ciency
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We show schematically representative diagrams for each production mode in figure 4.
Depending on the detailed beam and detector setup, di�erent mode dominates the de-
tectable � 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 � flux. The electroweak process is with initial states
quark pair colliding to � plus lepton pairs, namely, qq̄ � ��µ±�(�). In the �s energy
regime suitable for the beam dumps considered in this study, the main contribution is
through the s-channel o�-shell photon diagram. Given the minimal partonic center of
mass energy required here is above � 2m� = 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, � productions are typical with small transverse momentum,
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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 beam

dumped in an 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.

Introduction

• The DUNE neutrino beam is produced by a 60-120 GeV proton beam hitting a graphite
target [3], 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 (see simulated muon
energy spectrum on the right.)

• New particles produced in the beam-dump could be detected at the Near Detector.
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where �det/γβ�τφ is the fraction of bosons decaying in flight to produce a signal in the
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at the end of the target, and θdet is the angular acceptance of the detector.

2

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 =
�

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� =

�
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�) =

�
dE�µ(E)� (7)

� E

Emin

dEl
nA

�dE/dl

� �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� =

�
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

�
dE�µ(E)� (8)

� �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

4

0 20 40 60 80
100

101

102

103

104

105

Eµ [GeV]

�
µ
(E

)
[a

.u
.]

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 lepton
energy is shown above. Assuming �φ � �τ , the threshold for the production is given
by Eµ > [(2�τ + �N)2 − �

2
µ − �

2
N

]/2�N � 3�8 GeV for Pb.

Expected signal rates

We find [1] that NA64µ and DUNE have complementary potential to cover a significant
portion of the benchmark model parameter space, (�φ� �V ). NA64µ with an optimized
setup could probe the coupling parameter down to �V � 3×10−3, completely covering the
muon �µ − 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, potentially improving
on the obtained constraints from NuTeV.
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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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Sensitivity potential of DUNE and NA64µ

• m𝛟 < 𝓁2 - 𝓁1 : leads to prompt decay of l2 (lepton lifetime)

• m𝛟 > 𝓁2 + 𝓁1 : prompt decay of 𝛟 (prompt decay searches)

• | 𝓁2 - 𝓁1 |< m𝛟 < 𝓁2 + 𝓁1 : two-body decay not allowed, long lifetime

➡Macroscopic propagation distance between production and decay



CLFV model target parameter
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Observations in cosmology and astrophysics imply the existence of a Dark Sector with
new 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 boson
associated 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-� -flavored scalar � at beam dumps.

Figure 5. The normalized di�erential 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 e�ciency
of 42% for SHiP.

We show schematically representative diagrams for each production mode in figure 4.
Depending on the detailed beam and detector setup, di�erent mode dominates the de-
tectable � 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 � flux. The electroweak process is with initial states
quark pair colliding to � plus lepton pairs, namely, qq̄ � ��µ±�(�). In the �s energy
regime suitable for the beam dumps considered in this study, the main contribution is
through the s-channel o�-shell photon diagram. Given the minimal partonic center of
mass energy required here is above � 2m� = 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, � productions are typical with small transverse momentum,

– 11 –

�� = φµ̄(�V + �Aγ
5)� + φ

∗̄
�(�∗

V
− �

∗

A
γ

5)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 beam

dumped in an 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.

Introduction

• The DUNE neutrino beam is produced by a 60-120 GeV proton beam hitting a graphite
target [3], 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 (see simulated muon
energy spectrum on the right.)

• New particles produced in the beam-dump could be detected at the Near Detector.

LBNF14	Aug	
2015	
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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 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.
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• φ bosons are generated by the µ-on-target process, and a fraction of them decay and
can be detected. The number of such signal events is

Nφ =
�

�EφΦφ(Eφ) ×
�det

γβ�τφ

�

where �det/γβ�τφ 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) =
�

�EΦµ(E) ×

�
E

Emin

�E�

�A

−�E/��

�
θdet

0
�θφ sin θφ

�
2
σ (E�� Eφ)

�Eφ� cos θφ

�

• Φµ(E) is the flux of the muon beam as a function of energy, �A is the number of target
atoms per volume, E� is the muon energy after traveling a length � in the target and
losing energy according to the stopping power −�E/��, Emin is the energy of the muon
at the end of the target, and θdet is the angular acceptance of the detector.

2

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 =
�

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� =

�
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�) =

�
dE�µ(E)� (7)

� E

Emin

dEl
nA

�dE/dl

� �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� =

�
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

�
dE�µ(E)� (8)

� �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 lepton
energy is shown above. Assuming �φ � �τ , the threshold for the production is given
by Eµ > [(2�τ + �N)2 − �

2
µ − �

2
N

]/2�N � 3�8 GeV for Pb.

Expected signal rates

We find [1] that NA64µ and DUNE have complementary potential to cover a significant
portion of the benchmark model parameter space, (�φ� �V ). NA64µ with an optimized
setup could probe the coupling parameter down to �V � 3×10−3, completely covering the
muon �µ − 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, potentially improving
on the obtained constraints from NuTeV.
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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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Figure 1. The parameter regions that explain the muon g − 2 anomaly. Note that the magnetic
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red and blue regions explain the muon g − 2 anomaly within 1σ with mφ = mµ + 0.7me and
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constraint (2.7). We have taken mφ = mµ for the electron g − 2 constraint in this figure, but the
electron g − 2 constraint has little dependence on mφ within the mass range of our interest. Right
panel: the τ – µ case. The red and blue regions explain the muon g − 2 anomaly within 1σ with
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In our model, φ induces other electromagnetic dipole moments as well. In particular,
φ induces the anomalous magnetic moment of l as

a(φ)l = ml

8π2
∫ 1

0
dz

(1 − z)2
[(
|gV |2 + |gA|2

)
zml +

(
|gV |2 − |gA|2

)
mµ

]

−z(1 − z)m2
l + (1 − z)m2

µ + zm2
φ

. (2.6)

The anomalous magnetic dipole moment of τ is only limited as −0.052 < aτ < 0.013 by
LEP [70] and thus we safely ignore the contribution of φ to aτ . In contrast, the anoma-
lous magnetic dipole moment of e is measured with extreme precision [71–74]. Given the
discrepancy between different measurements of the fine structure constant [75, 76] that is
crucial for the SM prediction of ae, we may require that the contribution from φ satisfies

− 3.4 × 10−13 < a(φ)e < 9.8 × 10−13, (2.7)

following [76]. Since a(φ)e picks up the chirality flip from the internal muon unless the
coupling is purely left-handed or right-handed, corresponding to the second term in the
numerator of eq. (2.6), the constraint on a(φ)e prefers |gV | ∼ |gA|, as we show in figure 1.
Therefore we focus on this parameter region in the µ – e case. Moreover, φ induces the
electric dipole moments (EDMs) of the muon and l as

dµ = − Im(g∗
V gA)ml

8π2
∫ 1

0
dz

(1 − z)2
−z(1 − z)m2

µ + (1 − z)m2
l + zm2

φ

, (2.8)

dl = − Im(g∗
V gA)mµ

8π2
∫ 1

0
dz

(1 − z)2
−z(1 − z)m2

l + (1 − z)m2
µ + zm2

φ

. (2.9)

The electron EDM is constrained with high precision [77], while the muon and tau EDM
can be constrained both directly and indirectly [78–81]. For simplicity, we assume no CP
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In order to derive the constraint from NuTeV, we use the analysis in [62]. The NuTeV
collaboration detected three µµ events in the decay channel in this analysis. This is sig-
nificantly more than the expected background, and the origin of these events is still not
clear. In the current paper, we use the CLs method to derive the 95% C.L. exclusion on the
number of signal events in the µµ channel (with the µµνν̄ branching fraction of 17%) i.e.,

NµX(NuTeV) < 46, (4.13)

to estimate the constraint. Similarly, for the CHARM experiment in the dilepton plus
missing energy channel [64], 2 events were observed with 1.4 ± 0.4 expected background.
Hence we have10

NµX(CHARM) < 14. (4.14)

For the SHiP experiment, as an estimation of its sensitivity, we simply assume that
our event is background-free. We then draw the sensitivity line of the SHiP experiment by
requiring that

NµX(SHiP) < 3.0. (4.15)

Here we assume all decay channels of φ can be detected at SHiP experiment with negligible
background.

We summarize the constraints on gV as functions of mφ in figure 9. The purple region
is the 2σ parameter space for the muon g − 2 anomaly. The red and blue regions are

10The dilepton plus missing energy branching fraction for φ is similar to τ leptonic decay branching
fraction, which is 35%.
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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 3.4GeV corresponds to a sizable x in the parton
distribution functions. Hence, φ productions are typical with small transverse momentum,
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through the s-channel off-shell photon diagram. Given the minimal partonic center of
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Observations in cosmology and astrophysics imply the existence of a Dark Sector with
new 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 boson
associated with µ − τ conversion. A class of new theories [2] proposes the search for CLFV,
which is heavily suppressed in the SM.

J
H
E
P
0
2
(
2
0
2
3
)
1
3
5

µ

�

�

“Direct EW”

q

q̄

�� (Z�) Ds

µ

��

�

“Ds decay”

µ �

�

N N

“µ on target”

��

Figure 4. Primary production modes and representative Feynman diagrams for each mode for the
µ-� -flavored scalar � at beam dumps.

Figure 5. The normalized di�erential 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 e�ciency
of 42% for SHiP.

We show schematically representative diagrams for each production mode in figure 4.
Depending on the detailed beam and detector setup, di�erent mode dominates the de-
tectable � 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 � flux. The electroweak process is with initial states
quark pair colliding to � plus lepton pairs, namely, qq̄ � ��µ±�(�). In the �s energy
regime suitable for the beam dumps considered in this study, the main contribution is
through the s-channel o�-shell photon diagram. Given the minimal partonic center of
mass energy required here is above � 2m� = 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, � productions are typical with small transverse momentum,
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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 beam

dumped in an 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.

Introduction

• The DUNE neutrino beam is produced by a 60-120 GeV proton beam hitting a graphite
target [3], 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 (see simulated muon
energy 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 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.
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• φ bosons are generated by the µ-on-target process, and a fraction of them decay and
can be detected. The number of such signal events is

Nφ =
�

�EφΦφ(Eφ) ×
�det

γβ�τφ

�

where �det/γβ�τφ 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) =
�

�EΦµ(E) ×

�
E

Emin

�E�

�A

−�E/��

�
θdet

0
�θφ sin θφ

�
2
σ (E�� Eφ)

�Eφ� cos θφ

�

• Φµ(E) is the flux of the muon beam as a function of energy, �A is the number of target
atoms per volume, E� is the muon energy after traveling a length � in the target and
losing energy according to the stopping power −�E/��, Emin is the energy of the muon
at the end of the target, and θdet is the angular acceptance of the detector.

2

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 =
�

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� =

�
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�) =

�
dE�µ(E)� (7)

� E

Emin

dEl
nA

�dE/dl

� �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� =

�
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

�
dE�µ(E)� (8)

� �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 lepton
energy is shown above. Assuming �φ � �τ , the threshold for the production is given
by Eµ > [(2�τ + �N)2 − �

2
µ − �

2
N

]/2�N � 3�8 GeV for Pb.

Expected signal rates

We find [1] that NA64µ and DUNE have complementary potential to cover a significant
portion of the benchmark model parameter space, (�φ� �V ). NA64µ with an optimized
setup could probe the coupling parameter down to �V � 3×10−3, completely covering the
muon �µ − 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, potentially improving
on the obtained constraints from NuTeV.
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FIG. 3: Constraints from CHARM, NuTeV [16, 17],
and projected sensitivity curves for SHiP [14,
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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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Observations in cosmology and astrophysics imply the existence of a Dark Sector with
new 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 boson
associated 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-� -flavored scalar � at beam dumps.

Figure 5. The normalized di�erential 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 e�ciency
of 42% for SHiP.

We show schematically representative diagrams for each production mode in figure 4.
Depending on the detailed beam and detector setup, di�erent mode dominates the de-
tectable � 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 � flux. The electroweak process is with initial states
quark pair colliding to � plus lepton pairs, namely, qq̄ � ��µ±�(�). In the �s energy
regime suitable for the beam dumps considered in this study, the main contribution is
through the s-channel o�-shell photon diagram. Given the minimal partonic center of
mass energy required here is above � 2m� = 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, � productions are typical with small transverse momentum,
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�� = φµ̄(�V + �Aγ
5)� + φ

∗̄
�(�∗
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− �

∗
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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 beam

dumped in an 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.

Introduction

• The DUNE neutrino beam is produced by a 60-120 GeV proton beam hitting a graphite
target [3], 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 (see simulated muon
energy spectrum on the right.)

• New particles produced in the beam-dump could be detected at the Near Detector.
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• NA64µ [4] 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.
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• φ bosons are generated by the µ-on-target process, and a fraction of them decay and
can be detected. The number of such signal events is

Nφ =
�

�EφΦφ(Eφ) ×
�det

γβ�τφ

�

where �det/γβ�τφ 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) =
�

�EΦµ(E) ×

�
E

Emin

�E�

�A

−�E/��

�
θdet

0
�θφ sin θφ

�
2
σ (E�� Eφ)

�Eφ� cos θφ

�

• Φµ(E) is the flux of the muon beam as a function of energy, �A is the number of target
atoms per volume, E� is the muon energy after traveling a length � in the target and
losing energy according to the stopping power −�E/��, Emin is the energy of the muon
at the end of the target, and θdet is the angular acceptance of the detector.

2

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 =
�

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� =

�
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�) =

�
dE�µ(E)� (7)

� E

Emin

dEl
nA

�dE/dl

� �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� =

�
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

�
dE�µ(E)� (8)

� �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 lepton
energy is shown above. Assuming �φ � �τ , the threshold for the production is given
by Eµ > [(2�τ + �N)2 − �

2
µ − �

2
N

]/2�N � 3�8 GeV for Pb.

Expected signal rates

We find [1] that NA64µ and DUNE have complementary potential to cover a significant
portion of the benchmark model parameter space, (�φ� �V ). NA64µ with an optimized
setup could probe the coupling parameter down to �V � 3×10−3, completely covering the
muon �µ − 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, potentially improving
on the obtained constraints from NuTeV.

5

1.7 1.75 1.8 1.85
10�3

10�2

10�1

SHiP

DUNE (20 ys)

DUNE (10 ys)

NA64µ(1 m)

NA64µ(5 m)
µ g-2 ±2�

CHARM

NuTeV

m� [GeV]

g V

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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Sensitivity potential of DUNE and NA64µ

gV = 3x10-3, gA = 0 
gV = 0, gA = 3x10-3

3.1.1 � decay rate

Since we consider the mass range mµ �me < m� < mµ +me, the two-body decay �! µ�e+

is not allowed, and thus � becomes accidentally long-lived. Instead, � mainly decays as

�! e�e+⌫µ⌫̄e through an o↵-shell µ�, whose amplitude is diagrammatically given by

iM = �

e+

e�

⌫µ

⌫̄e

, (3.1)

where the dot indicates the four-Fermi operator and the arrow indicates the flow of the muon

number. The decay width of � is given by (see App. A.1 for derivation)
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2
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e
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In this formula GF is the Fermi constant, m̄µ is the invariant mass of the o↵-shell muon, and

m̄⌫⌫ is the invariant mass of the ⌫µ⌫̄e system, respectively. We plot the decay length of � in

Fig. 2. As one can see, � has a huge decay length compared to the detector length due to the

four-body decay phase space and the smallness of the couplings.

3.1.2 Muonium decay rate

Muonium is a hydrogen-like bound state consisting of µ+ and e�. The mass range mµ�me <

m� < mµ +me (ignoring the binding energy) allows muonium to decay into �⇤ and photon.

The muonium decay rate into �⇤� can be written as

�(Mu ! �⇤�) = | (0)|2 ⇥ �freev(µ
+e� ! �⇤�), (3.6)

where �free(µ+e� ! �⇤�) is the annihilation cross-section of free µ+ and e� going to �⇤ and

�, and  (0) is the muonium wavefunction at the origin, given by

| (0)|2 =
↵3m3

e

⇡
, (3.7)
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• 𝜇-on-target experiments are promising to detect new signals:

• precisely measure incoming muon energies/distributions
• measure outgoing particles and/or search for excess above Bg after dump

• Experimental scenarios:
• NA64𝜇: High-intensity, 160 GeV/c muon beam at CERN SPS (Pb/W target)

• DUNE: High-intensity, wide-energy muon beam produced as by-product 
from neutrino beam production (Steel target)

Eur. Phys. J. C           (2023) 83:775 Page 3 of 7   775 

Fig. 1 Production cross section of the φ boson, with mass mφ = mτ

and coupling constant |gV | = 3 × 10−3, as a function of the incoming
muon energy

inside a detector volume and can be detected. The number of
such signal events is

Nφ =
∫

dEφ#φ(Eφ) × ldet

γβcτφ
, (8)

where γ is the relativistic Lorentz factor, ldet is the length
within which bosons decay, ldet/γβcτφ is the fraction of
bosons decaying in flight to produce a signal in the detector,
and #φ(Eφ) is the flux of φ bosons at the detector, estimated
as

#φ(Eφ) =
∫

dE#µ(E)
∫ E

Emin

dEl
nA

−dE/dl

×
∫ θdet

0
dθφ sin θφ

d2σ (El , Eφ)

dEφd cos θφ
. (9)

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
θdet is the angular acceptance of the detector.

In the following subsections, we separately describe the
two experimental scenarios and the assumptions in the
derived sensitivity limits.

3.1 NA64µ scenario

NA64µ is a fixed-target experiment at CERN looking for new
particles of dark matter and portal interactions produced in
electromagnetic showers and coupled to muons. The exper-
iment uses the secondary 160-GeV muons from the interac-
tions of 400-GeV protons from the CERN SPS with a target.
A set of beam scintillators and veto counters, low-material-
budget trackers, and dipole magnets allow us to precisely
constrain the momentum of the incoming 160-GeV muons
impinging on an active target. The main detector, where φ

may be produced, consists of an electromagnetic calorime-
ter with 40 X0 radiation length. Downstream, the detector is
further equipped with veto counters and a ∼30-interaction-
length hadronic calorimeter. New particles could be produced
by the muon beam scattering in the target and later decay to
visible SM particles that could be seen by their signatures
in a downstream detector. The current work is based on the
detection of missing energy and momentum carried away
by the produced hypothetical, long-lived φ boson, leaving a
scattered muon as experimental signature (with the momen-
tum of the scattered muon in the range of 10–80 GeV/c).
The sensitivity in the search for the φ boson is higher with
respect to the beam-dump approach due to the lower power
in the coupling strength without a decay vertex. Thus, in
NA64µ, only the number of events at the production target
needs to be estimated. Therefore, the number of events is
given by Nφ =

∫
dEφ#φ(Eφ). Furthermore, 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

#φ(Eφ) = ltargetnA

∫
dE#µ(E)

×
∫ θdet

0
dθφ sin θφ

d2σ (E, Eφ)

dEφd cos θφ
, (10)

where ltarget is the thickness of the target.
There has been extensive study of simulating and evaluat-

ing the production of dark matter particles with a muon beam
at NA64 [26,37,38]. We use the same method in this work to
estimate the sensitivity reach of the experiment. We assume
a muon beam with a mean of 160 GeV energy and a width
of 4.3 GeV hitting a lead target with total data of ∼ 3 × 1013

muons-on-target (MOT).

3.2 DUNE/LBNF scenario

The Deep Underground Neutrino Experiment is a next-
generation, wide-energy-beam long-baseline neutrino exper-
iment at Fermilab. It will use an intense (anti)neutrino beam
that passes through a near detector at Fermilab and a far detec-
tor 1300 km away in South Dakota. The neutrino beam line

123

Eur. Phys. J. C           (2023) 83:775 Page 3 of 7   775 

Fig. 1 Production cross section of the φ boson, with mass mφ = mτ

and coupling constant |gV | = 3 × 10−3, as a function of the incoming
muon energy

inside a detector volume and can be detected. The number of
such signal events is

Nφ =
∫

dEφ#φ(Eφ) × ldet

γβcτφ
, (8)

where γ is the relativistic Lorentz factor, ldet is the length
within which bosons decay, ldet/γβcτφ is the fraction of
bosons decaying in flight to produce a signal in the detector,
and #φ(Eφ) is the flux of φ bosons at the detector, estimated
as

#φ(Eφ) =
∫

dE#µ(E)
∫ E

Emin

dEl
nA

−dE/dl

×
∫ θdet

0
dθφ sin θφ

d2σ (El , Eφ)

dEφd cos θφ
. (9)

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
θdet is the angular acceptance of the detector.

In the following subsections, we separately describe the
two experimental scenarios and the assumptions in the
derived sensitivity limits.

3.1 NA64µ scenario

NA64µ is a fixed-target experiment at CERN looking for new
particles of dark matter and portal interactions produced in
electromagnetic showers and coupled to muons. The exper-
iment uses the secondary 160-GeV muons from the interac-
tions of 400-GeV protons from the CERN SPS with a target.
A set of beam scintillators and veto counters, low-material-
budget trackers, and dipole magnets allow us to precisely
constrain the momentum of the incoming 160-GeV muons
impinging on an active target. The main detector, where φ

may be produced, consists of an electromagnetic calorime-
ter with 40 X0 radiation length. Downstream, the detector is
further equipped with veto counters and a ∼30-interaction-
length hadronic calorimeter. New particles could be produced
by the muon beam scattering in the target and later decay to
visible SM particles that could be seen by their signatures
in a downstream detector. The current work is based on the
detection of missing energy and momentum carried away
by the produced hypothetical, long-lived φ boson, leaving a
scattered muon as experimental signature (with the momen-
tum of the scattered muon in the range of 10–80 GeV/c).
The sensitivity in the search for the φ boson is higher with
respect to the beam-dump approach due to the lower power
in the coupling strength without a decay vertex. Thus, in
NA64µ, only the number of events at the production target
needs to be estimated. Therefore, the number of events is
given by Nφ =

∫
dEφ#φ(Eφ). Furthermore, 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

#φ(Eφ) = ltargetnA

∫
dE#µ(E)

×
∫ θdet

0
dθφ sin θφ

d2σ (E, Eφ)

dEφd cos θφ
, (10)

where ltarget is the thickness of the target.
There has been extensive study of simulating and evaluat-

ing the production of dark matter particles with a muon beam
at NA64 [26,37,38]. We use the same method in this work to
estimate the sensitivity reach of the experiment. We assume
a muon beam with a mean of 160 GeV energy and a width
of 4.3 GeV hitting a lead target with total data of ∼ 3 × 1013

muons-on-target (MOT).

3.2 DUNE/LBNF scenario

The Deep Underground Neutrino Experiment is a next-
generation, wide-energy-beam long-baseline neutrino exper-
iment at Fermilab. It will use an intense (anti)neutrino beam
that passes through a near detector at Fermilab and a far detec-
tor 1300 km away in South Dakota. The neutrino beam line

123

Signal yield at detector: Signal flux at production:

D. V. Kirpichnov et al. Phys. Rev. D 104 (2021) 
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• General approach to probe hidden sectors with muon beams on 
target

• Milicharged particle search: 
• Deep-inelastic e-𝜏, 𝜇-𝜏 conversion:

• Vector portal interaction  
with light dark matter:

• Leptonic scalar as portal interaction: 
• Spin-0 mediators: 
• CLFV scalar:

S. Gninenko et al. PRD 100 (2019) 035003

S. Gninenko et al. PRD 98 (2018) 015007

S. Gninenko et al. Phys. Lett. B 796 (2019) 117

S. Gninenko et al. PRD 106 (2022) 015003

H. Sieber et al. hep-ph:arXiv:2305.09015

BR et al. EPJ C (2023) 83:775
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• NA64𝜇 is a fixed-target experiment at CERN looking for DM  
portal interactions.

• The experiment uses the 160-GeV/c muon beam from CERN SPS.
• Beam scintillators, veto counters, low material-budget trackers, dipole magnets 

constrain the incoming beam momentum.
• Missing energy/momentum carried away by a New Particle leaves a scattered 

muon.
• Invisible-mode: muon final-state phase-space from the decaying 𝜏 used as a proxy

Sensitivity potential to a light flavor-changing scalar boson

with DUNE and NA64µ
European Physical Society Conference on High Energy Physics, 21-25 August 2023, Hamburg

B. Radics1
et al. (on behalf of the DUNE collaboration)

1 Department of Physics and Astronomy, York University, Toronto, ON, Canada

Observations in cosmology and astrophysics imply the existence of a Dark Sector with
new 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 boson
associated 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-� -flavored scalar � at beam dumps.

Figure 5. The normalized di�erential 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 e�ciency
of 42% for SHiP.

We show schematically representative diagrams for each production mode in figure 4.
Depending on the detailed beam and detector setup, di�erent mode dominates the de-
tectable � 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 � flux. The electroweak process is with initial states
quark pair colliding to � plus lepton pairs, namely, qq̄ � ��µ±�(�). In the �s energy
regime suitable for the beam dumps considered in this study, the main contribution is
through the s-channel o�-shell photon diagram. Given the minimal partonic center of
mass energy required here is above � 2m� = 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, � productions are typical with small transverse momentum,
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�� = φµ̄(�V + �Aγ
5)� + φ

∗̄
�(�∗

V
− �

∗

A
γ

5)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 beam

dumped in an 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.

Introduction

• The DUNE neutrino beam is produced by a 60-120 GeV proton beam hitting a graphite
target [3], 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 (see simulated muon
energy spectrum on the right.)

• New particles produced in the beam-dump could be detected at the Near Detector.

LBNF14	Aug	
2015	
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and	upgradable	to	2.4	MW		

~	21,000	m2	

Constructed	in	Open	Cut	

Tunneled	excavation	

60-120	GeV	proton	beam	

DUNE as a muon-on-target experiment

• NA64µ [4] 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.

 L. Molina Bueno    1

Exploring Dark Sector physics weakly coupled to muons 
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• φ bosons are generated by the µ-on-target process, and a fraction of them decay and
can be detected. The number of such signal events is

Nφ =
�

�EφΦφ(Eφ) ×
�det

γβ�τφ

�

where �det/γβ�τφ is the fraction of bosons decaying in flight to produce a signal in the
detector, and Φφ(Eφ) is the flux of φ bosons
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�EΦµ(E) ×
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• Φµ(E) is the flux of the muon beam as a function of energy, �A is the number of target
atoms per volume, E� is the muon energy after traveling a length � in the target and
losing energy according to the stopping power −�E/��, Emin is the energy of the muon
at the end of the target, and θdet is the angular acceptance of the detector.

2

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 =
�

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� =

�
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�) =

�
dE�µ(E)� (7)

� E

Emin

dEl
nA

�dE/dl

� �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� =

�
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

�
dE�µ(E)� (8)

� �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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g V

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 lepton
energy is shown above. Assuming �φ � �τ , the threshold for the production is given
by Eµ > [(2�τ + �N)2 − �

2
µ − �

2
N

]/2�N � 3�8 GeV for Pb.

Expected signal rates

We find [1] that NA64µ and DUNE have complementary potential to cover a significant
portion of the benchmark model parameter space, (�φ� �V ). NA64µ with an optimized
setup could probe the coupling parameter down to �V � 3×10−3, completely covering the
muon �µ − 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, potentially improving
on the obtained constraints from NuTeV.
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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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Sensitivity potential to a light flavor-changing scalar boson

with DUNE and NA64µ
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Observations in cosmology and astrophysics imply the existence of a Dark Sector with
new 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 boson
associated 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-� -flavored scalar � at beam dumps.

Figure 5. The normalized di�erential 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 e�ciency
of 42% for SHiP.

We show schematically representative diagrams for each production mode in figure 4.
Depending on the detailed beam and detector setup, di�erent mode dominates the de-
tectable � 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 � flux. The electroweak process is with initial states
quark pair colliding to � plus lepton pairs, namely, qq̄ � ��µ±�(�). In the �s energy
regime suitable for the beam dumps considered in this study, the main contribution is
through the s-channel o�-shell photon diagram. Given the minimal partonic center of
mass energy required here is above � 2m� = 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, � productions are typical with small transverse momentum,

– 11 –

�� = φµ̄(�V + �Aγ
5)� + φ

∗̄
�(�∗

V
− �

∗

A
γ

5)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 beam

dumped in an 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.

Introduction

• The DUNE neutrino beam is produced by a 60-120 GeV proton beam hitting a graphite
target [3], 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 (see simulated muon
energy spectrum on the right.)

• New particles produced in the beam-dump could be detected at the Near Detector.

LBNF14	Aug	
2015	

9
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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 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.

 L. Molina Bueno    1
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• φ bosons are generated by the µ-on-target process, and a fraction of them decay and
can be detected. The number of such signal events is

Nφ =
�

�EφΦφ(Eφ) ×
�det

γβ�τφ

�

where �det/γβ�τφ 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) =
�

�EΦµ(E) ×

�
E

Emin

�E�

�A

−�E/��

�
θdet

0
�θφ sin θφ

�
2
σ (E�� Eφ)

�Eφ� cos θφ

�

• Φµ(E) is the flux of the muon beam as a function of energy, �A is the number of target
atoms per volume, E� is the muon energy after traveling a length � in the target and
losing energy according to the stopping power −�E/��, Emin is the energy of the muon
at the end of the target, and θdet is the angular acceptance of the detector.

2

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 =
�

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� =

�
dE���(E�) � ldet

��c��
, (6)

where � is the relativistic Lorentz-factor, and ��(E�) is

0 50 100 150
10�7

10�6

10�5

10�4

10�3

Eµ [GeV]

C
ro

ss
se

ct
io

n
[1

0�
3
6

cm
2
]

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�) =

�
dE�µ(E)� (7)

� E

Emin

dEl
nA

�dE/dl

� �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� =

�
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

�
dE�µ(E)� (8)

� �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

1.7 1.75 1.8 1.85
10�3

10�2

10�1

SHiP

DUNE

NA64µ(0.6m)

NA64µ (5m)

µ g-2 ±2�

CHARM

NuTeV

m� [GeV]

g V

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 lepton
energy is shown above. Assuming �φ � �τ , the threshold for the production is given
by Eµ > [(2�τ + �N)2 − �

2
µ − �

2
N

]/2�N � 3�8 GeV for Pb.

Expected signal rates

We find [1] that NA64µ and DUNE have complementary potential to cover a significant
portion of the benchmark model parameter space, (�φ� �V ). NA64µ with an optimized
setup could probe the coupling parameter down to �V � 3×10−3, completely covering the
muon �µ − 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, potentially improving
on the obtained constraints from NuTeV.
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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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• Sensitivity study using an ideal 
scenario:
• Assuming ~3 x 1013 MOT
• Assuming a future optimized of 

target length/material (Pb/W)
• No reconstruction, trigger 

effects
• Both leptonic and hadronic 

decay modes allowed

BR, L. Molina-Bueno, L. Fields, H. Sieber, P. Crivelli EPJ C (2023) 83:775 
https://doi.org/10.1016/j.cpc.2021.108129
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magenta line), DUNE (solid, brown and blue lines for 10 and 20 years of operation, respectively) and NA64µ
(dashed, brown and black lines), in the µ-on-target production 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 parameter range explaining the muon

gµ � 2 anomaly.
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• Challenges:
• Assumed total collected data: ~3 x 1013 MOT
• Muon beam intensity for NA64: CERN M2 can deliver 1012 POT per spill, 3500 spills/day, 2 x 108 
𝜇/spill (note: SHiP p beam intensity is expected to be higher)

• Assuming 1011 MOT/day, 80% duty cycle, 3 x 1013 MOT is reachable in ~43 days…
• Current NA64𝜇 capable to operate at 107 𝜇/spill 

• Planned updates during LS3 (2026-2028) to trigger, electronics, detectors to reach ~6 x 107

• Beam induced background increases with higher intensity (pile-up, muon beam halo)
• Trigger on downstream muon from 𝜏 leptonic decay: 17% decay BR

• Other 𝜏 hadronic final states travel long due to c𝜏 before decaying

• Target several meters of heavy Z nuclear target… (W ECAL to be tested in 2024)

BR, L. Molina-Bueno, L. Fields, H. Sieber, P. Crivelli EPJ C (2023) 83:775 
https://doi.org/10.1016/j.cpc.2021.108129

https://doi.org/10.1016/j.cpc.2021.108129
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• Ongoing work: full Geant4 simulation using the DMG4* package

*M. Bondi et al. Comp. Phys. Comm. 269 (2021). 
https://doi.org/10.1016/j.cpc.2021.108129

ECAL + HCAL energy vs reconstructed momentum of non-DM events
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• Sensitivity using current NA64𝜇 setup:

• Assuming ~3 x 1013 MOT
• Full Geant4 simulation
• Including det acceptance, tracking 

reconstruction, quality cuts
• Current eff. 24.9 cm Pb ECAL target
• ~17% leptonic decay mode
• (Signal cuts still being optimized)
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FIG. 1: Constraints from CHARM, NuTeV [1, 2], and projected sensitivity curves for SHiP [3, 4] (dash-dotted,

magenta line), DUNE (solid, brown and blue lines for 10 and 20 years of operation, respectively) and NA64µ
(dashed, brown and black lines), in the µ-on-target production 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 parameter range explaining the muon

gµ � 2 anomaly.
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LBNF

LBNF/DUNE Overview
•  LBNF (Long Baseline Neutrino Facility) and DUNE (Deep Underground 

Neutrino Experiment):
•  Neutrinos from high-power proton beam
•  1.2 MW from day one; upgradeable to 2.4 MW

•  Near detector to characterize the beam
•  Massive underground Liquid Argon Time Projection Chambers
•  4 x 17 kton (fiducial mass of more than 40 kton)

ICHEP20187

• LBNF (Long-Baseline Neutrino Facility) and DUNE (Deep 
Underground Neutrino Experiment):
• Neutrinos from high-power proton beam: 1.2 MW, 

upgradable to 2.4 MW
• Near Detector to characterize the neutrino beam
• Far Detector: 40 kton Liquid Argon underground detectors



Sensitivity potential to a light flavor-changing scalar boson

with DUNE and NA64µ
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Observations in cosmology and astrophysics imply the existence of a Dark Sector with
new 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 boson
associated 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-� -flavored scalar � at beam dumps.

Figure 5. The normalized di�erential 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 e�ciency
of 42% for SHiP.

We show schematically representative diagrams for each production mode in figure 4.
Depending on the detailed beam and detector setup, di�erent mode dominates the de-
tectable � 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 � flux. The electroweak process is with initial states
quark pair colliding to � plus lepton pairs, namely, qq̄ � ��µ±�(�). In the �s energy
regime suitable for the beam dumps considered in this study, the main contribution is
through the s-channel o�-shell photon diagram. Given the minimal partonic center of
mass energy required here is above � 2m� = 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, � productions are typical with small transverse momentum,

– 11 –

�� = φµ̄(�V + �Aγ
5)� + φ

∗̄
�(�∗

V
− �

∗

A
γ

5)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 beam

dumped in an 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.

Introduction

• The DUNE neutrino beam is produced by a 60-120 GeV proton beam hitting a graphite
target [3], 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 (see simulated muon
energy spectrum on the right.)

• New particles produced in the beam-dump could be detected at the Near Detector.

LBNF14	Aug	
2015	
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To	SUR
F	

LBNF Beamline

Designed	to	run	at	1.2	MW	beam	power	(PIP-II)		
and	upgradable	to	2.4	MW		

~	21,000	m2	

Constructed	in	Open	Cut	

Tunneled	excavation	

60-120	GeV	proton	beam	

DUNE as a muon-on-target experiment

• NA64µ [4] 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.

 L. Molina Bueno    1

Exploring Dark Sector physics weakly coupled to muons 
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• φ bosons are generated by the µ-on-target process, and a fraction of them decay and
can be detected. The number of such signal events is

Nφ =
�

�EφΦφ(Eφ) ×
�det

γβ�τφ

�

where �det/γβ�τφ 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) =
�

�EΦµ(E) ×

�
E

Emin

�E�

�A

−�E/��

�
θdet

0
�θφ sin θφ

�
2
σ (E�� Eφ)

�Eφ� cos θφ

�

• Φµ(E) is the flux of the muon beam as a function of energy, �A is the number of target
atoms per volume, E� is the muon energy after traveling a length � in the target and
losing energy according to the stopping power −�E/��, Emin is the energy of the muon
at the end of the target, and θdet is the angular acceptance of the detector.

2

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 =
�

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� =

�
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�) =

�
dE�µ(E)� (7)

� E

Emin

dEl
nA

�dE/dl

� �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� =

�
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

�
dE�µ(E)� (8)

� �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.

ACKNOWLEDGMENTS

We gratefully acknowledge conversations with D. Har-
ris. This work was supported by XY. We acknowledge
ZY.

[1] Y. Ema, Z. Liu, K-F Lyu and M. Pospelov, Flavor-
changing light bosons with accidental longevity, JHEP

135 (2023).

• The production cross-section for the φ boson [5] as a function of the incoming lepton
energy is shown above. Assuming �φ � �τ , the threshold for the production is given
by Eµ > [(2�τ + �N)2 − �

2
µ − �

2
N

]/2�N � 3�8 GeV for Pb.

Expected signal rates

We find [1] that NA64µ and DUNE have complementary potential to cover a significant
portion of the benchmark model parameter space, (�φ� �V ). NA64µ with an optimized
setup could probe the coupling parameter down to �V � 3×10−3, completely covering the
muon �µ − 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, potentially improving
on the obtained constraints from NuTeV.
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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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of DUNE is a result of exhaustive design and optimization

work [19]. The beam is produced by a 60–120-GeV proton

beam hitting a graphite target, after which the produced pions

and kaons decay to leptons and neutrinos in a ∼ 220-m-long

decay pipe. At the end of the pipe, a dedicated ∼ 30-m-

long stainless-ste
el structure acts as a beam dump to stop all

muons 300 m upstream from the near detector. We use the

simulation of the neutrino beam production to trace particles

along the beam axis. The muon flux used in the calculation is

estimated from a dedicated tracking plane, which is located

at the end of the decay pipe in the simulation. An example of

the obtained muon energy spectrum is illustrated in Fig. 2.

The peak of the spectrum is at Eµ
" 2.5 GeV; however,

the long high-energy tail is responsible for the majority of φ

boson production due to the rapid increase in the cross section

with the incoming lepton energy (see Fig. 1). At the lower-

energy region, the production rate is much smaller. From the

neutrino flux simulation we estimate an integrated muon flux

of "µ
" 5 × 1019 muons for 1.1 × 1021 protons on target

(POT), corresponding to 1 year of data-taking.

In DUNE, a signal could be detected in the near detec-

tor from the decay of the φ boson that was produced by

the muons hitting the stainless-ste
el dump. We consider the

decay channel φ → µ
+µ

− νµντ
with a branching ratio of

17% [14], motivated by the dimuon results from NuTeV [16].

Possible backgrounds leading to a dimuon signature include

deep inelastic scattering (DIS) and resonance production of

mesons in charged-current (CC) muon–neutrino (νµ) inter-

actions with a target nucleus. The mesons could decay in

semi-leptonic mode, producing an extra muon. In order to

analyze such potential background processes, we performed

simulations with the GENIE [39] Monte Carlo (MC) event

generator that provides a comprehensive neutrino interaction

modeling in the Eν
∼ 100 MeV − few-hundred GeV neu-

trino energy region, including quasi-elastic, resonance, and

DIS processes. Unlike the φ boson decay, events with DIS or

resonant meson production are accompanied by additional

activity in the final state. Similarly to previous findings for

NuTeV, after discriminating for low-multiplicity events with

two muons, we found that these backgrounds could be com-

pletely suppressed in an MC simulation of 400 million events

of neutrino interactions on an argon target (corresponding

to ∼ 5 years of operation of DUNE at the nominal inten-

sity). However, further studies are planned with a full detec-

tor simulation to gain a detailed understanding of the possible

bounds on the background rejection.

4 Resu
lts

We illustrate the sensitivity potential for the benchmark

CLFV scenario with the complementary muon beams at

NA64µ and DUNE in Fig 3. For both experiments, the

Fig. 2
Energy spectrum of muons at the end of the decay pipe from

the full DUNE neutrino beam line simulation [19], see explanation in

the text

double-differential cross section in Eqs. (9) or (10) is eval-

uated given the energy spectra of each experiment, "µ(E
),

and the kinematic limits on the final-state φ-boson fractional

energy, x , which is constrained by the masses of the boson φ

and the τ .

In the case of the NA64µ experiment, a total integrated

muon flux of ∼ 3 × 1013 MOT is achievable [20]. The time

needed to accumulate the assumed total MOT is estimated

to be ∼ 100 days. This conservative estimation is based on

the CERN SPS delivering on average 3500 spills per day

and 2 × 108 muons per spill. Benefiting from the unique

combination of a 160-GeV muon beam with missing-energy

and momentum search, NA64µ would be able to perform a

competitive search for such a CLFV signal. Furthermore, the

sensitivity reach critically depends on the length of the active

target. We find that a 1-m-long target would already be able

to explore a large part of the parameter space, gV ≥ 6×10−
3 .

However, the experiment is highly modular, and a possible

optimization of the setup could further enhance its potential:

a feasible option is to increase the target length to 5m which

would make it possible to completely cover the (gµ − 2)

preferred region and to probe a variety of other new physics

scenarios involving muons. We also find that, already with

a 1012 MOT and a ∼ 3-m-long target, the gV ≥ ×10−
2

parameter region can be covered. A detailed Monte Carlo

simulation of an optimized setup will follow as a next step.

For the DUNE experiment, the φ-boson production is

driven by the high-end tail of the muon flux. Compared to

123

Sensitivitypotentialtoalightflavor-changingscalarboson

withDUNEandNA64µ
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B.Radics1etal.(onbehalfoftheDUNEcollaboration)
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ObservationsincosmologyandastrophysicsimplytheexistenceofaDarkSectorwith

newparticlesthatcouldweaklycoupletoStandardModel(SM)particles.Inthiswork

[1],westudythesensitivitypotentialofµ-on-targetexperimentstonewphysicsusinga

chargedleptonflavorviolation(CLFV)benchmarkmodel,whichusesalight,scalarboson

associatedwithµ−τconversion.Aclassofnewtheories[2]proposesthesearchforCLFV,

whichisheavilysuppressedintheSM.
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Figure4.PrimaryproductionmodesandrepresentativeFeynmandiagramsforeachmodeforthe

µ-�-flavoredscalar�atbeamdumps.

Figure5.Thenormalizeddi�erentialenergydistributionfromthedirectEWproductionatSHiP

experiment.Theblueandreddistributionarebeforeandaftertheangularacceptanceselection.

Thegeometricacceptanceslightlyfavorshigherenergywithasignalgeometricacceptancee�ciency

of42%forSHiP.

Weshowschematicallyrepresentativediagramsforeachproductionmodeinfigure4.

Dependingonthedetailedbeamanddetectorsetup,di�erentmodedominatesthede-

tectable�fluxes,whichwesummarizeintable1.Weexplaineachprocessinthissection.

4.1.1Directelectroweakproduction

Withahighenergybeam,thedirectweakinteractionproductionfrompartonscatterings

isoneoftheprimarysourcesforthe�flux.Theelectroweakprocessiswithinitialstates

quarkpaircollidingto�plusleptonpairs,namely,qq̄��
�µ±�(�).Inthe

�senergy

regimesuitableforthebeamdumpsconsideredinthisstudy,themaincontributionis

throughthes-channelo�-shellphotondiagram.Giventheminimalpartoniccenterof

massenergyrequiredhereisabove�2m�=3.4GeV,thepartonmodelworkswellto

describetheproductioncrosssectionhere.WechooseMadGraph[86]tosimulatethedirect

weakproductioncrosssectionandkinematicsdistributions.AtypicalFeynmandiagram

isshownintheleftpaneloffigure4.

Giventhecenterofmassenergyofthebeam-on-targetcollisionsisaround15�20GeV,

apartoniccenterofmassenergyabove3.4GeVcorrespondstoasizablexintheparton

distributionfunctions.Hence,�productionsaretypicalwithsmalltransversemomentum,

–11–

��=
φµ̄(�V+�A

γ
5)�+φ

∗�̄(�
∗
V

−�
∗
A
γ
5)µ

Twodifferentapproachesexploited:

•TheprotonbeamatFermilab,whichisusedtoproducetheneutrinobeamfortheDeep

UndergroundNeutrinoExperiment(DUNE)willproduceahigh-intensitymuonbeam

dumpedinanabsorber.Thesystemcouldbeusedtosearchforscalarbosonparticles

attheNearDetector.

•TheNA64µexperimentatCERNusesa160-GeVenergymuonbeamwithanactive

targettosearchforexcesseventswithmissingenergyandmomentumasaprobeofnew

physics.

Introduction

•TheDUNEneutrinobeamisproducedbya60-120GeVprotonbeamhittingagraphite

target[3],afterwhichhadronsdecaytoleptonsandneutrinosina∼220-m-longdecay

pipe.

•Attheendofthepipeadedicated∼30-m-longstainless-steelstructureactsasabeam-

dumptostopallmuons300mupstreamfromtheNearDetector(seesimulatedmuon

energyspectrumontheright.)

•Newparticlesproducedinthebeam-dumpcouldbedetectedattheNearDetector.

LBNF
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•NA64µ[4]isafixed-targetexperimentatCERNlookingfornewparticlesofDarkMatter

andportalinteractionsproducedinelectromagneticshowers.

•Theexperimentusesthe160-GeVmuonbeamfromtheCERNSPS.

•Beamscintillators,vetocounters,lowmaterial-budgettrackersanddipolemagnetsallow

topreciselyconstrainthemomentumoftheincoming160-GeVmuonsimpingingonan

activetarget.

•Missingenergy/momentumcarriedawaybytheproducedhypothetical,long-lived
φ

boson,leavesascatteredmuonasexperimentalsignature.

 L. Molina Bueno    
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•φbosonsaregeneratedbytheµ-on-targetprocess,andafractionofthemdecayand

canbedetected.Thenumberofsuchsignaleventsis

Nφ=
�

�EφΦφ(Eφ)×

�det

γβ�τφ

�

where�det/γβ�τφisthefractionofbosonsdecayinginflighttoproduceasignalinthe

detector,andΦφ(Eφ)isthefluxofφbosons

Φφ(Eφ)=
�

�EΦµ(E)×

�E

Emin

�E�

�A

−�E/��

�θdet

0

�θφsinθφ

�2σ(E��Eφ)

�Eφ
�cosθφ

�

•Φµ(E)isthefluxofthemuonbeamasafunctionofenergy,�Aisthenumberoftarget

atomspervolume,E�isthemuonenergyaftertravelingalength�inthetargetand

losingenergyaccordingtothestoppingpower−�E/��,Eministheenergyofthemuon

attheendofthetarget,andθdetistheangularacceptanceofthedetector.

2

where|Ā|
2istheamplitudesquared,whichwecalculate

usingtheFeynCalctools[23]forMathematica.Weob-

tainthefollowingexpressionforthe(µ,�)case,

|Ā2�2|
2=�

e
2mµm�(gAg

�
A�gVg

�
V)

(m
2
µ�s)

2(m
2
��u)

2
�

(4)

�[m
4
µ(m

2
�+u)+2m

3
µ(m
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��m�u)
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2
µ
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��2m

2
�s�2m

2
�u+u(u�2s)

�

+2mµm�s(u�m
2
�)+s
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�s+m

4
��2m

2
�u+u(s+u)

�]

wheree=
�4��,m�,m�,mµarethemassesofthe

boson�,�andµ,respectively,ands,uaretheMandel-

stamvariables,whichcanbeevaluatedinthelaboratory

frame,s=(p+q)
2�m

2
µ�

u�m
2
�

1�x

(5)

u=(p�k)
2��Eµx�

2
��

1�x

x
m

2
�+(1�x)m

2
µ.

Tocalculatethelifetimeofthe�boson,��,weuse

Equations3.2-3.5in[1]adaptedtothe(µ,�)case.We

calculatethecross-sectionanddecay-widthusingthe

GNUScientificLibrary(cite).Theproductioncross-

sectionforthe�bosonasafunctionoftheincoming

leptonenergyisshowninFig.1.Assumingm��m�,

thethresholdfortheproductionisgivenbyEµ>[(2m�+

mN)
2�m

2
µ�m

2
N]/2mN�3.8GeVforPb,abovewhich

thecross-sectionsteeplyrises.Inthefollowing,weuse

thecorrespondingmuonbeamfluxofeachexperiment

(NA64µandDUNE)toevaluatetheexpressionsforthe

�productionviathevariablesdefinedinEq.5.

III.µ-ON-TARGETEXPERIMENTS

Weestimatetheprojectedexclusionsensitivityof

anexperimentbyfindingthepairofparametervalues

(gV,m�),whereN�appropriatesignaleventsarepro-

ducedeitherinthetarget(NA64µ)orinthedetector

(DUNE),asexplainedlater,afteragivenexposure.The

fundamental�bosonproductionprocessisthesamefor

boththeNA64µandDUNE/LBNFcases.However,the

di�erencesbetweenthetwoexperimentsarethefluxof

themuonbeam,�µ(E),andthetargetthicknessand

materials.

InthecaseofDUNE,�bosonsaregeneratedbythe

µ-on-targetprocess,and,afterproduction,afractionof

themdecayinsidethedetectorvolumeandcanbede-

tected.Thenumberofsuchsignaleventsis

N�=

�
dE���(E�)�

ldet

��c��

,

(6)

where�istherelativisticLorentz-factor,and��(E�)is

0

50

100

150

10
�7

10
�6

10
�5

10
�4

10
�3

Eµ[GeV]

C
ross

section
[10 �

3
6

cm
2
]

FIG.1:Productioncross-sectionofthe�boson,with

massm�=m�andcouplingconstant|gV|=

3�10
�3,asafunctionoftheincomingmuon

energy.

thefluxofthe�bosonatthedetector,estimatedas

��(E�)=

�
dE�µ(E)�

(7)

�E

Emin

dEl

nA

�dE/dl

��det

0

d��sin��

d
2�(El,E�)

dE�dcos��

.

Here,�µ(E)isthefluxofthemuonbeamasafunction

ofenergy,nAisthenumberoftargetatomspervolume,

Elisthemuonenergyaftertravelingalengthlinthe

targetandlosingenergyaccordingtothestoppingpower

�dE/dl,Eministheenergyofthemuonattheendof

thetarget,and�detistheangularacceptance.

InthecaseofNA64µweuseaslightlysimplifiedap-

proach.Aswillbeexplainedlater,inNA64µonlythe

numberofeventsattheproductiontargetneedstobees-

timatedbecausetheexperimentlooksformissingenergy,

anditdoesnottrytodetectthedecayproducts.There-

forethenumberofeventsisgivenbyN�=
�dE���(E�).

Anotherdi�erenceisthattheproductiontargetthickness

ismuchsmaller,thereforethemuonenergylosscanbe

neglected,andweusethefollowingexpressiontoesti-

matethe�bosonflux,

��(E�)=ltargetnA

�
dE�µ(E)�

(8)

��det

0

d��sin��

d
2�(E,E�)

dE�dcos��

,

whereltargetisthethicknessofthetarget.Forbothex-

periments,thedouble-di�erentialcross-sectioninEq.6or
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FIG.2:Energyspectrumsimulatedmuonsattheend

ofthedecaypipefromthefullDUNEneutrino

beamlinesimulation[20],seeexplanationinthe

text.

eterspace,reachingtogV�10
�2.However,anopti-

mizationoftheneutrinobeamlinecouldpotentiallyen-

hancethecontributionofhigh-energymuonsintheflux

andsubsequentlyreachintothegV�10
�2region.This

scenarioispartiallymotivatedbyarecentworkexplor-

ingthealternativeoperationinabeam-dumpmodeto

probenewphysicswithDUNE[27].

V.CONCLUSIONS

Insummary,wepresentthesensitivitypotentialoftwo

complementaryexperiments,NA64µandDUNE,both

usingorproducingintensemuonbeamsthatallowto

exploreparametersinsearchfortheexistenceofahy-

potheticalscalarboson,�,motivatedbyneutrinoflavor-

oscillationsaswellasrecentdiscrepanciesbetweenex-

perimentandtheory.BothNA64µandDUNEhavethe

potentialtosearchforsuchaparticleandexplorealarge

partofthemodelparameterspace,(m�,gV).NA64µ

hastheadvantageoflookingformissingenergyonlyand

thusnotrequiringadecaypatternwithasubsequentsup-

pressionfromhigherpowersofthecouplings.DUNE,on

theotherhand,hastheadvantageofproducingamuch

moreintensemuonfluxasaside-productoftheneutrino

beamline.Thestainlesssteelmuonbeamdumpatthe

endofthebeamlineactsasatargetforthemuonswhere

newparticlescouldpotentiallybecreatedandlaterde-

tectedwiththeDUNENearDetectorsuite.Wefind

thatbothNA64µandDUNEhavethepotentialtocover

asignificantportionofthe(m�,gV)modelparameter

space.NA64µwithanoptimizedsetupcouldcoverthe
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FIG.3:ConstraintsfromNuTeVandCHARM[17,18],

andprojectedsensitivitycurvesforSHiP[1,19]

(dash-dotted,magentaline),DUNE(solid,blue

line)andNA64µ(dashed,brownandblack

lines).Thelightblueregionshowsthebench-

markparameterrangeexplainingthemuong�2

anomaly.

couplingparameterdowntogV�3�10
�3,covering

themuongµ�2preferredregion.Inacomplementary

way,DUNEwillalsobeabletoexplorealargepartof

thesameparameterspaceandapproachthegµ�2re-

gion.Anoptimizationoftheneutrinobeam,increasing

thecontributionfromthehigh-energytail,couldallow

tofurtherenhancethesensitivityofDUNE.
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•Theproductioncross-sectionfortheφboson[5]asafunctionoftheincominglepton

energyisshownabove.Assuming�φ
�

�τ,thethresholdfortheproductionisgiven

byEµ
>[(2�τ+�N)2−�

2µ−�
2
N]/2�N

�3�8GeVforPb.

Expectedsignalrates

Wefind[1]thatNA64µandDUNEhavecomplementarypotentialtocoverasignificant

portionofthebenchmarkmodelparameterspace,(�φ
��V).NA64µwithanoptimized

setupcouldprobethecouplingparameterdownto�V
�3×10

−3,completelycoveringthe

muon�µ
−2preferredregionandthusprovidingasimilarprojectedreachasSHiP.DUNE

willalsobeabletocoverunexploredpartsoftheparameterspace,potentiallyimproving

ontheobtainedconstraintsfromNuTeV.
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FIG.3:ConstraintsfromCHARM,NuTeV[16,17],

andprojectedsensitivitycurvesforSHiP[14,

18](dash-dotted,magentaline),DUNE(solid,

brownandbluelinesfor10and20yearsofoper-

ation,respectively)andNA64µ(dashed,brown

andblacklines),intheµ-on-targetproduc-

tionmode(exceptforCHARM).Inthecase

ofNA64µtheoptimizedsetupwith1-m-long

(browndashedline)and5-m-long(blackdashed

line)targetsarealsoshownseparately.The

lightblueregionshowsthebenchmarkparam-

eterrangeexplainingthemuongµ�2anomaly.

[41].Itisalsonotedthattherearedi�erencesinthe

beamintensitybetweenNA64µandSHiP.Weassumea

10
12POTperspillintensityattheCERNSPSinthe

caseofthemuonbeamlineusedbyNA64µ,whilefor

SHiPtheprotonbeamintensityisusuallyexpectedto

beanorderofmagnitudehigher.

WenotethatasimilarsetupofNA64µiscapableof

searchingforothernewscalarparticlecandidatesusing

thesamemuonbeam[26].Inaddition,theproposed

MuonMissingMomentum(M
3)experimentatFermilab

[42]alsoplanstoprobenewphysicswithadedicated

muonbeam.Finally,anumberofexperimentsalsohave

thepotentialtosearchforhidden-sectorscalarparticles,

suchasSHADOWS[43],HIKE[44],andATLAS[45].

V.CONCLUSIONS

Insummary,wepresentthesensitivitypotentialoftwo

µ-on-targetexperiments:NA64µandDUNE,ascomple-

mentarymodesofsearchingfornewphysicswithmuon

beams.WefindthatbothNA64µandDUNEhavethe

potentialtocoverasignificantportionofthebenchmark

modelparameterspace,(m�,gV).NA64µwithanopti-

mizedsetupcouldprobethecouplingparameterdownto

gV�3�10
�3,completelycoveringthemuongµ�2pre-

ferredregionandthusprovidingasimilarprojectedreach

asSHiP.DUNEwillalsobeabletocoverunexplored

partsoftheparameterspace,potentiallyimprovingon

theobtainedconstraintsfromNuTeV.Anoptimization

oftheneutrinobeamline,increasingthecontribution

fromthehigh-energytail,couldallowtofurtherenhance

thesensitivityofDUNE.

AlthoughweuseagivenCLFVmodelasabenchmark

inthiswork,wenotethatsimilartechniquescanbeused

tostudythesensitivitypotentialofexperimentswith

muonbeamstootherphysicsscenarios.Beyondthegµ�2

discrepancyandneutrinoflavoroscillations,searchesfor

DarkSectorparticlesarealsomotivatedbythematter-

antimatterasymmetry,theknownDarkMatterabun-

dancefromastrophysicalandcosmologicalobservations,

orbytheoreticalmotivationsstronglysuggestingtheex-

istenceofadditionalgaugegroupsweaklycouplingtoSM

fields[1,46].
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• Full simulation of LBNF beam by DUNE beam group
• Extract muon flux at the end of the decay pipe
• Estimated integrated muon flux 𝛷𝜇 ~ 5 x 1019 per 1 x 1021 POT (1 year of operation)

• Cross-section steeply rising: tail of the muon flux enhances production

Sensitivity potential to a light flavor-changing scalar boson

with DUNE and NA64µ
European Physical Society Conference on High Energy Physics, 21-25 August 2023, Hamburg

B. Radics1
et al. (on behalf of the DUNE collaboration)

1 Department of Physics and Astronomy, York University, Toronto, ON, Canada

Observations in cosmology and astrophysics imply the existence of a Dark Sector with
new 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 boson
associated 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-� -flavored scalar � at beam dumps.

Figure 5. The normalized di�erential 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 e�ciency
of 42% for SHiP.

We show schematically representative diagrams for each production mode in figure 4.
Depending on the detailed beam and detector setup, di�erent mode dominates the de-
tectable � 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 � flux. The electroweak process is with initial states
quark pair colliding to � plus lepton pairs, namely, qq̄ � ��µ±�(�). In the �s energy
regime suitable for the beam dumps considered in this study, the main contribution is
through the s-channel o�-shell photon diagram. Given the minimal partonic center of
mass energy required here is above � 2m� = 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, � productions are typical with small transverse momentum,

– 11 –

�� = φµ̄(�V + �Aγ
5)� + φ

∗̄
�(�∗

V
− �

∗

A
γ

5)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 beam

dumped in an 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.

Introduction

• The DUNE neutrino beam is produced by a 60-120 GeV proton beam hitting a graphite
target [3], 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 (see simulated muon
energy spectrum on the right.)

• New particles produced in the beam-dump could be detected at the Near Detector.

LBNF14	Aug	
2015	

9

To	SUR
F	

LBNF Beamline

Designed	to	run	at	1.2	MW	beam	power	(PIP-II)		
and	upgradable	to	2.4	MW		

~	21,000	m2	

Constructed	in	Open	Cut	

Tunneled	excavation	

60-120	GeV	proton	beam	

DUNE as a muon-on-target experiment

• NA64µ [4] 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.

 L. Molina Bueno    1

Exploring Dark Sector physics weakly coupled to muons 
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• φ bosons are generated by the µ-on-target process, and a fraction of them decay and
can be detected. The number of such signal events is

Nφ =
�

�EφΦφ(Eφ) ×
�det

γβ�τφ

�

where �det/γβ�τφ 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) =
�

�EΦµ(E) ×

�
E

Emin

�E�

�A

−�E/��

�
θdet

0
�θφ sin θφ

�
2
σ (E�� Eφ)

�Eφ� cos θφ

�

• Φµ(E) is the flux of the muon beam as a function of energy, �A is the number of target
atoms per volume, E� is the muon energy after traveling a length � in the target and
losing energy according to the stopping power −�E/��, Emin is the energy of the muon
at the end of the target, and θdet is the angular acceptance of the detector.

2

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 =
�

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� =

�
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�) =

�
dE�µ(E)� (7)

� E

Emin

dEl
nA

�dE/dl

� �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� =

�
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

�
dE�µ(E)� (8)

� �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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SHiP

DUNE

NA64µ(0.6m)

NA64µ (5m)

µ g-2 ±2�

CHARM

NuTeV

m� [GeV]

g V

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 lepton
energy is shown above. Assuming �φ � �τ , the threshold for the production is given
by Eµ > [(2�τ + �N)2 − �

2
µ − �

2
N

]/2�N � 3�8 GeV for Pb.

Expected signal rates

We find [1] that NA64µ and DUNE have complementary potential to cover a significant
portion of the benchmark model parameter space, (�φ� �V ). NA64µ with an optimized
setup could probe the coupling parameter down to �V � 3×10−3, completely covering the
muon �µ − 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, potentially improving
on the obtained constraints from NuTeV.
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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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• Assume visible mode: CLFV boson decays before/within the 
LArTPC Near Detector

• Signature: look for 𝜇+𝜇- pair without any other activity

• Possible backgrounds: 
• Neutrino trident production (Investigation w/ GENIE v3) 

- Small cross section at E𝜈 ~ 1-10 GeV neutrino energy 
- M𝜇𝜇 invariant mass distribution steeply falling at low mass

• Neutrino-Ar quasi-elastic, Resonant, and DIS scattering with  
meson production + decay (GENIE v3) 
- additional hadronic activity in the final state

• Discriminating for low-multiplicity events and no hadronic activity, 
and using M𝜇𝜇 invariant mass cut, could eliminate backgrounds

• GENIE v3: simulated comprehensive neutrino-Argon interactions 
with LBNF beam, low multiplicity cut eliminated all backgrounds

• Full detector simulation to be done

3.1.1 � decay rate

Since we consider the mass range mµ �me < m� < mµ +me, the two-body decay �! µ�e+

is not allowed, and thus � becomes accidentally long-lived. Instead, � mainly decays as

�! e�e+⌫µ⌫̄e through an o↵-shell µ�, whose amplitude is diagrammatically given by

iM = �

e+

e�

⌫µ

⌫̄e

, (3.1)

where the dot indicates the four-Fermi operator and the arrow indicates the flow of the muon

number. The decay width of � is given by (see App. A.1 for derivation)

�� =
G2

F

384⇡5m�

Z (m��me)2

m2
e

dm̄2
µ

(m̄2
µ �m2

µ)
2

Z (m̄µ�me)2

0
dm̄2

⌫⌫I1(m̄µ, m̄⌫⌫)

⇥

h⇣
|gV + gA|

2 m̄2
µ + |gV � gA|

2m2
µ

⌘
I2(m̄µ)� 2(|gV |

2
� |gA|

2)memµm̄
2
µI3(m̄µ)

i
, (3.2)

where

I1 =

✓
1 +

m̄2
⌫⌫ � 2m2

e

m̄2
µ

+
m4

e +m2
em̄

2
⌫⌫ � 2m̄4

⌫⌫

m̄4
µ

◆q�
m̄2

µ � m̄2
⌫⌫

�2
� 2m2

e(m̄
2
µ + m̄2

⌫⌫) +m4
e,

(3.3)

I2 =
m2

� � m̄2
µ �m2

e

4m2
�

q
(m2

� � m̄2
µ)

2 � 2m2
e(m

2
� + m̄2

µ) +m4
e, (3.4)

I3 =

q
(m2

� � m̄2
µ)

2 � 2m2
e(m

2
� + m̄2

µ) +m4
e

2m2
�

. (3.5)

In this formula GF is the Fermi constant, m̄µ is the invariant mass of the o↵-shell muon, and

m̄⌫⌫ is the invariant mass of the ⌫µ⌫̄e system, respectively. We plot the decay length of � in

Fig. 2. As one can see, � has a huge decay length compared to the detector length due to the

four-body decay phase space and the smallness of the couplings.

3.1.2 Muonium decay rate

Muonium is a hydrogen-like bound state consisting of µ+ and e�. The mass range mµ�me <

m� < mµ +me (ignoring the binding energy) allows muonium to decay into �⇤ and photon.

The muonium decay rate into �⇤� can be written as

�(Mu ! �⇤�) = | (0)|2 ⇥ �freev(µ
+e� ! �⇤�), (3.6)

where �free(µ+e� ! �⇤�) is the annihilation cross-section of free µ+ and e� going to �⇤ and

�, and  (0) is the muonium wavefunction at the origin, given by

| (0)|2 =
↵3m3

e

⇡
, (3.7)
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We present a measurement of neutrino tridents, muon pairs induced by neutrino scattering in the
Coulomb field of a target nucleus, in the Columbia-Chicago-Fermilab-Rochester neutrino experiment at
the Fermilab Tevatron. The observed number of tridents after geometric and kinematic corrections,
37.0+ 12.4, supports the standard-model prediction of 45.3+ 2.3 events. This is the first demonstration
of the 8 -Z destructive interference from neutrino tridents, and rules out, at 99% C.L., the V—2 predic-
tion without the interference.

PACS numbers: 13.10.+q, 12.15.3i, 14.80.Er, 25.30.Pt

A neutrino trident is the scattering of a neutrino in the
Coulomb field of a target nucleus (N),

v„(v„)+N~ v„(v„)+p+p +N.
Momentum is balanced by the coherent exchange of a
virtual photon between one of the emergent muons and
the nucleus. The signature is a dimuon event with zero
visible hadron energy. In the standard model this reac-
tion can proceed via two channels (Fig. 1): charged (W)
and neutral (Z) boson exchange. A measurement of this
process determines the interference between 8' and Z
channels providing a crucial test of the gauge structure
of the standard model. We report the first measurement

FIG. 1. Feynman diagram showing the neutrino trident pro-
duction in v„-8 scattering via the 8'and the Z channels.

of this destructive interference in v tridents,
Many theoretical papers discuss v-trident produc-

tion. ' As an almost purely leptonic process, its cross
section can be precisely calculated using the known elec-
tromagnetic form factor of the iron nucleus. Most early
theoretical papers deal only with the V—A theory (W
exchange alone) ignoring the W-Z interference. Howev-
er, in the standard model the neutral-current channel
(Z mode) interferes destructively with the charged-
current channel (W —). Assuming the standard vector
and axial-vector couplings, the interference causes an ap-
proximate 40% suppression of the trident production as
compared to the prediction using 8'exchange only. '

In spite of the elegance of the theoretical prediction,
the experimental study of v tridents has been difficult for
two reasons: (a) the extremely small cross section, about
2.3 && 10 (4.6 x 10 ) of the inclusive v„N(v„N)--
charged-current process at (E,) =160 GeV; and (b) the
relatively low energy of the secondary muon associated
with the trident. These difficulties are overcome in a
high-statistics high-energy neutrino experiment. Early
experimental investigations of v tridents (for a review,
see Ref. 10) failed to conclusively demonstrate their ex-
istence. ' ' ' More recently, the CCFR experiment '

and, notably, the CHARM II experiment' have report-
ed clear evidence for v tridents. Although these data are
consistent with the standard-model prediction, there has
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NA64µ, the lower muon energies at DUNE and thus lower
production cross section are compensated by the more intense
muon flux. Assuming 10–20 years of operation at nominal
intensity, DUNE would be able to explore a significant part
of the parameter space, reaching into the gV ! 10−2 region
and potentially improving the constraints from NuTeV. How-
ever, an optimization of the neutrino beam line could fur-
ther enhance the contribution of high-energy muons in the
flux and subsequently approach the gV ≤ 10−2 benchmark
region. This scenario is partially motivated by a recent work
exploring an alternative beam-dump operation mode to probe
new physics with DUNE [40].

For comparison, we also show the projected sensitivity for
the same µ-on-target mode calculated by [14] for CHARM,
NuTeV, and SHiP. Here, we do not show the constraints or
projected sensitivity limits derived for the direct electroweak
and heavy meson decay process, which was included in the
previous work [14], since we only focus on the µ-on-target
scenario. In the case of SHiP, the assumed total data cor-
responds to 2 × 1020 protons on target (POT). The worse
sensitivity in DUNE relative to SHiP stems from the lower
muon energies in the flux [41]. It is also noted that there are
differences in the beam intensity between NA64µ and SHiP.
We assume 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 generally 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 Miss-
ing Momentum (M3) experiment at Fermilab [42] 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].

5 Conclusions

In summary, we present the sensitivity potential of twoµ-on-
target experiments, NA64µ and DUNE, as complementary
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,
(mφ, gV ). NA64µ with an optimized setup could probe the
coupling parameter down to gV ! 3 × 10−3, completely
covering the muon gµ − 2 preferred region and thus provid-
ing a similar projected reach as SHiP. DUNE will also be
able to cover unexplored parts of the parameter space, poten-
tially improving on the obtained constraints from NuTeV. An
optimization of the neutrino beam line, increasing the con-
tribution from the high-energy tail, could allow us to further
enhance the sensitivity of DUNE.

Fig. 3 Constraints from CHARM, NuTeV [16,17], and projected sen-
sitivity curves for SHiP [14,18] (dash-dotted, magenta line), DUNE
(solid brown and blue lines for 10 and 20 years of operation, respec-
tively), and NA64µ (dashed brown and black lines) in the µ-on-target
production mode (except for CHARM). In the case of NA64µ, the opti-
mized 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 parameter range explaining the muon gµ − 2
anomaly

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 discrep-
ancy and neutrino flavor oscillations, searches for dark sector
particles are also motivated by the matter–antimatter asym-
metry, the known dark matter abundance from astrophysical
and cosmological observations, or by theoretical motivations
strongly suggesting the existence of additional gauge groups
weakly coupling to SM fields [1,46].
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• NA64 is an inclusive mode experiment: all possible quark flavor combinations are 
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the NA64 experimental setup. Note that elastic and quasi-elastic channels are included in deep inelastic cross section
we analyzed. For study of the e− τ conversion the NA64 experiment could employ the 100 GeV electron beam from
the H4 beamline with a maximal intensity " (3− 4) · 106 per SPS spill or 4.8 s produced by the primary 400 GeV/c
proton beam with an intensity of a few 1012 protons on target. For study of the µ− τ conversion it is planned to use
the 150 GeV muon beam from the M2 beamline with the muon intensity " 2 · 109 per SPS spill and intesity of 1013

protons on target.

II. THEORETICAL SETUP

We start with the low-energy effective Lagrangian relevant for two subprocesses of e− τ (ETC) and µ− τ (MTC)
conversion:
(1) on quarks

e− + qi → τ− + qf , µ− + qi → τ− + qf (2)

(2) and on antiquarks

e− + q̄f → τ− + q̄i , µ− + q̄f → τ− + q̄i . (3)

Its most general form up to the dominant dim=6 operators is

L!τ =
∑

I,if,XY

(

Λ!τ
Iif,XY

)−2

O!τ
Iif,XY

+ H.c. , " = e, µ , (4)

where

S− type: O!τ
Sif,XY

= (τ̄PX l)(q̄fPY qi) , (5)

V − type: O!τ
Vif,XY

= (τ̄ γµPX l)(q̄fγµPY qi) , (6)

T− type: O!τ
Tif,XX

= (τ̄σµνPX l)(q̄fσµνPXqi) (7)

are dim=6 operators with " = e−, µ−. In Eq. (4), the summation over I = S, V, T , the quark flavors i, f = u, d, s, c, b, t
and chiralities X,Y = L,R are implied. As usual, PL,R = (1∓ γ5)/2 are the chirality projection operators. The mass
scales Λ!τ

Iif,XY
set the strength of the low-energy effect of the corresponding operators. In total there are 360 = 6×6×10

operators for the six quark flavors for each quark field and ten possible chirality combinations. These operators are
subject to various already existing experimental constraints. Using these constraints we estimate the physics reach
of the NA64 experiment [25] in the sense of the prospects of the observation of ETC and MTC (1) or improving the
existing limits on the scales Λ!τ

Iif,XY
. Prospects for the experimental searching for µ− τ conversion in different context

have been previously discussed in Refs. [2, 14, 15] for the scalar operators.
Note that we use nonuniversal scales Λ!τ

AB to characterize the strength of the corresponding low-energy effective
pointlike operators. From the view point of a high-scale underlying theory the operators (5)-(7) represent low-energy
limits of the diagrams with two renormalizable vertices and a heavy intermediate particle of a typical mass M0. These
diagrams are proportional to a product of two coupling constants, say, ga and gb. We denote this product C!τ

AB ≡ gagb.
After integrating out the heavy particles each operator goes accompanied with the factor

C!τ
AB

M2
i

≡
1

(

Λ!τ
AB

)2
. (8)

In what follows we derive lower limits on Λ!τ
AB. With the above relation one may easily translate our limits to limits on

Mi for certain values of the effective couplings C!τ
AB. The latter depend on a high-scale model. For a weakly coupled

high-scale model their “natural” values 1 are

C!τ
AB = O(1). (9)

1 For more details we refer reader to Ref. [15].
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Limits on the operators (5)-(7) can be extracted from the decays,

τ → "+M0 ,

B → "+ τ , (31)

B → "± + τ∓ +M ,

where M is a generic meson allowed by energy-momentum conservation. Using the existing experimental bounds in
Ref. [15], the authors extracted limits from some of these processes on the scales of the scalar, pseudoscalar, vector
and axial-vector µ − τ LFV effective operators, which differ from our basis (5)-(7). Thus, their limits translate to
limits on linear combinations of our operators. Assuming no significant cancelations in these combinations we have
the results of Ref. [15] translated to the scales of our operators:

S− operators : ΛSdd,XY
,ΛSuu,XY ≥ 5.8 TeV , ΛSss,XY ≥ 5 TeV , ΛSsd,XY

≥ 1.9 TeV , ΛSbd,XY
≥ 4.7 TeV , (32)

V − operators : ΛVdd,XY
,ΛSuu,XY ≥ 5.7 TeV , ΛVss,XY ≥ 4.8 TeV , ΛVsd,XY

≥ 1.8 TeV ΛVbd,XY
≥ 4.1 TeV .(33)

As seen from Tables XII and XIV, the DIS µ − τ conversion on nuclei (1) covers a much wider set of the quark
bilinears, providing limits on ΛIif,XY

, where i, f = u, d, s, c, b and I = S, V, T . Our limits shown in Tables XI-XIV
have been derived from the expected sensitivity (27) of the NA64 experiment. We conclude that the limits from the
decays (31)-(32) on the set of Λ in (32)-(33) are typically about factor stronger than ours, but there are missing limits
on the operators with many other combinations of quark flavors, neither there are limits on the T-operators, provided
by the DIS µ− τ conversion on nuclei (1).
The following comment on the scalar operators may be in order. It is known that the scalar LFV operators with

heavy quarks can contribute LFV conversion via a triangle diagrams with two gluons legs immersed in a nucleus.
This contribution is significant for the case of coherent nuclear µ− e-conversion (see, for instance, Refs. [5, 30]), being
proportional to the nuclear mass. For deep inelastic LFV conversion, studied in our paper, this contribution is the
part of the full contribution of the heavy-quark nucleon sea and is characterized by the following stages g → b̄ + b,
b+ "1 → "2 + b, b̄+ b → g. In the inclusive setting of the experiment, which is the case of NA64, all the possible fates
of the b quark are summed up after its interaction with the initial lepton, including channels with and without final
b̄+ b → g. Obviously, the channel with annihilation in the final state is subdominant in this sum.
Note that the T-operators operators for some quark flavor combinations can be constrained by the decays (32). We

have not found such limits in the literature and leave the study of this possibility for a future publication.

V. POLARIZED LEPTON BEAM AND NUCLEAR TARGET

Following Refs. [31, 32], we consider the lepton conversion for specific choice of spin configurations of incoming beam
and nuclear target. For the studied energies of incoming leptons we may safely neglect quark and lepton masses. As
shown in Refs. [31, 32] for mN $ E! the orientation of the nucleon spin S is irrelevant, while there is a dependence
on the helicity of the initial lepton λ.
The differential cross section of the "-τ conversion, taking into account the initial lepton helicity λ, can be written

as

σpol("+ (A,Z) → τ +X) =
∑

I,if,XY

QA
Iif,XY

(λ)

Λ4
Iif,XY

(34)

with

QA
Iif,XY

(λ) =
s

64π

1
∫

0

dx

1
∫

0

dy

[

x fI,XY (y,λ) q
A
i (x, sxy) + x gI,XY (y,λ) q̄

A
f (x, sxy)

]

, (35)

where the functions fI,XY (y,λ) and gI,XY (y,λ) are given in Appendix A.
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we derive lower limits for Λk and compared them with the corresponding limits existing in the

literature. We show that the DIS e(µ) − τ conversion is able to provide a plenty of new limits as

yet nonexisting in the literature. We also analyzed the energy spectrum of the final-state τ and
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I. INTRODUCTION

The lepton flavor violation (LFV) is absent in the Standard Model (SM), if neutrinos are massless. Nowadays,
nonzero neutrino masses and flavor mixing is a matter of experimental fact. LFV can be transmitted from the
neutrino sector to the charged lepton one via the charged-current neutrino loop which, however, is heavily suppressed
by the small neutrino mass square-differences. On the other hand, the possible high-scale physics beyond the SM
(BSM) may contribute to the LFV in the charged lepton sector directly without the mediation of the neutrino sector.
The high-scale BSM leaks into the low-energy theory via several universal effective nonrenormalizable LFV operators
parametrizing in a generic way all the possible UV realization of BSM. In what follows, we specify these operators
and estimate their possible contribution to the deep-inelastic e− τ and µ− τ conversion

e(µ) + (A,Z) → τ +X (1)

of the initial electrons (muons) in the fixed-target with the atomic and mass numbers Z and A, respectively.
The e+p → τ +X process was searched for by the ZEUS Collaboration at HERA (DESY) [1] in e+p collisions at a

center-of-mass energy
√
s $ 300 GeV. Theoretical study of the e− τ , µ−e, and µ− τ conversion has been done before

in Refs. [2]-[24]. The experimental study of e − τ and µ − τ conversion is planned by the NA64 experiment at the
CERN SPS. The NA64 experiment is a fixed-target experiment combining the active beam dump and missing energy
techniques to search for rare events. The experiment will build and operate a fully hermetic detector placed on the
H4 beam line at the CERN SPS with the primary goal to search for light dark photon (A′) coupled to photon, e.g.
dark photons (A′), or sub-GeV dark gauge boson Z ′ coupled only to quarks or only to charged leptons. Other goals
of the experiment are to search for the Lµ − Lτ gauge boson and the KL → invisible decay, which is complementary
to K+ → π+νν̄, and invisible decays of light pseudoscalar mesons (π0, η, η, KS).
The NA64 experiment is also capable for study lepton conversion in the inclusive scattering of electrons or muons on

nuclei e−(µ−)+ (A,Z) → τ− +X . This inclusive experimental mode is the only realistic for such kind of processes at

2

the NA64 experimental setup. Note that elastic and quasi-elastic channels are included in deep inelastic cross section
we analyzed. For study of the e− τ conversion the NA64 experiment could employ the 100 GeV electron beam from
the H4 beamline with a maximal intensity " (3− 4) · 106 per SPS spill or 4.8 s produced by the primary 400 GeV/c
proton beam with an intensity of a few 1012 protons on target. For study of the µ− τ conversion it is planned to use
the 150 GeV muon beam from the M2 beamline with the muon intensity " 2 · 109 per SPS spill and intesity of 1013

protons on target.

II. THEORETICAL SETUP

We start with the low-energy effective Lagrangian relevant for two subprocesses of e− τ (ETC) and µ− τ (MTC)
conversion:
(1) on quarks

e− + qi → τ− + qf , µ− + qi → τ− + qf (2)

(2) and on antiquarks

e− + q̄f → τ− + q̄i , µ− + q̄f → τ− + q̄i . (3)

Its most general form up to the dominant dim=6 operators is

L!τ =
∑

I,if,XY

(

Λ!τ
Iif,XY

)−2

O!τ
Iif,XY

+ H.c. , " = e, µ , (4)

where

S− type: O!τ
Sif,XY

= (τ̄PX l)(q̄fPY qi) , (5)

V − type: O!τ
Vif,XY

= (τ̄ γµPX l)(q̄fγµPY qi) , (6)

T− type: O!τ
Tif,XX

= (τ̄σµνPX l)(q̄fσµνPXqi) (7)

are dim=6 operators with " = e−, µ−. In Eq. (4), the summation over I = S, V, T , the quark flavors i, f = u, d, s, c, b, t
and chiralities X,Y = L,R are implied. As usual, PL,R = (1∓ γ5)/2 are the chirality projection operators. The mass
scales Λ!τ

Iif,XY
set the strength of the low-energy effect of the corresponding operators. In total there are 360 = 6×6×10

operators for the six quark flavors for each quark field and ten possible chirality combinations. These operators are
subject to various already existing experimental constraints. Using these constraints we estimate the physics reach
of the NA64 experiment [25] in the sense of the prospects of the observation of ETC and MTC (1) or improving the
existing limits on the scales Λ!τ

Iif,XY
. Prospects for the experimental searching for µ− τ conversion in different context

have been previously discussed in Refs. [2, 14, 15] for the scalar operators.
Note that we use nonuniversal scales Λ!τ

AB to characterize the strength of the corresponding low-energy effective
pointlike operators. From the view point of a high-scale underlying theory the operators (5)-(7) represent low-energy
limits of the diagrams with two renormalizable vertices and a heavy intermediate particle of a typical mass M0. These
diagrams are proportional to a product of two coupling constants, say, ga and gb. We denote this product C!τ

AB ≡ gagb.
After integrating out the heavy particles each operator goes accompanied with the factor

C!τ
AB

M2
i

≡
1

(

Λ!τ
AB

)2
. (8)

In what follows we derive lower limits on Λ!τ
AB. With the above relation one may easily translate our limits to limits on

Mi for certain values of the effective couplings C!τ
AB. The latter depend on a high-scale model. For a weakly coupled

high-scale model their “natural” values 1 are

C!τ
AB = O(1). (9)

1 For more details we refer reader to Ref. [15].
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• Synergy with CLFV scalar boson: mean energy for 𝜏 depends on the type of operator, 
but similarly boosted 𝜏 in the final state.

• Both cases fall into the sensitivity range of NA64 (see tables below). Final-state tau 
energy is similar to the CLFV scalar boson final-state.

• Backgrounds (dominated by bremsstrahlung) are expected to be suppressed by a 
minimal cut on the final-state energy 10-30 GeV.

• We are in the process of implementing this into the full simulation of NA64 and DMG4.

S. Gninenko et al. PRD 98 (2018) 015007 
https://doi.org/10.1103/PhysRevD.98.015007
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I. INTRODUCTION

The lepton flavor violation (LFV) is absent in the Standard Model (SM), if neutrinos are massless. Nowadays,
nonzero neutrino masses and flavor mixing is a matter of experimental fact. LFV can be transmitted from the
neutrino sector to the charged lepton one via the charged-current neutrino loop which, however, is heavily suppressed
by the small neutrino mass square-differences. On the other hand, the possible high-scale physics beyond the SM
(BSM) may contribute to the LFV in the charged lepton sector directly without the mediation of the neutrino sector.
The high-scale BSM leaks into the low-energy theory via several universal effective nonrenormalizable LFV operators
parametrizing in a generic way all the possible UV realization of BSM. In what follows, we specify these operators
and estimate their possible contribution to the deep-inelastic e− τ and µ− τ conversion

e(µ) + (A,Z) → τ +X (1)

of the initial electrons (muons) in the fixed-target with the atomic and mass numbers Z and A, respectively.
The e+p → τ +X process was searched for by the ZEUS Collaboration at HERA (DESY) [1] in e+p collisions at a

center-of-mass energy
√
s $ 300 GeV. Theoretical study of the e− τ , µ−e, and µ− τ conversion has been done before

in Refs. [2]-[24]. The experimental study of e − τ and µ − τ conversion is planned by the NA64 experiment at the
CERN SPS. The NA64 experiment is a fixed-target experiment combining the active beam dump and missing energy
techniques to search for rare events. The experiment will build and operate a fully hermetic detector placed on the
H4 beam line at the CERN SPS with the primary goal to search for light dark photon (A′) coupled to photon, e.g.
dark photons (A′), or sub-GeV dark gauge boson Z ′ coupled only to quarks or only to charged leptons. Other goals
of the experiment are to search for the Lµ − Lτ gauge boson and the KL → invisible decay, which is complementary
to K+ → π+νν̄, and invisible decays of light pseudoscalar mesons (π0, η, η, KS).
The NA64 experiment is also capable for study lepton conversion in the inclusive scattering of electrons or muons on

nuclei e−(µ−)+ (A,Z) → τ− +X . This inclusive experimental mode is the only realistic for such kind of processes at

15

TABLE VII: The same as in Table V, but for for a Pb target and an electron beam with Ee = 100 GeV.

(IiXY ) Q̃A
Iif,XY

(IiXY ) Q̃A
Iif,XY

S operators

(SuXY ) 3.44 (SdXY ) 3.96

(SsXY ) 0.68 (ScXY ) 0.18

(SbXY ) 0.004

V operators

(V uLL/RR) 81.73 (V uLR/RL) 50.33

(V dLL/RR) 93.87 (V dLR/RL) 58.45

(V sLL/RR) 12.13 (V sLR/RL) 12.13

(V cLL/RR) 2.67 (V cLR/RL) 2.67

(V bLL/RR) 0.02 (V bLR/RL) 0.02

T operators

(TuLL/RR) 1001.40 (TdLL/RR) 1155.30

(TsLL/RR) 183.18 (TcLL/RR) 39.88

(TbLL/RR) 0.22

TABLE VIII: The same as in Table VII, but for for a muon beam with Eµ = 150 GeV.

(IiXY ) Q̃A
Iif,XY

(IiXY ) Q̃A
Iif,XY

S operators

(SuXY ) 5.06 (SdXY ) 5.82

(SsXY ) 1.03 (ScXY ) 0.29

(SbXY ) 0.02

V operators

(V uLL/RR) 119.80 (V uLR/RL) 74.00

(V dLL/RR) 137.52 (V dLR/RL) 85.79

(V sLL/RR) 18.26 (V sLR/RL) 18.26

(V cLL/RR) 4.35 (V cLR/RL) 4.35

(V bLL/RR) 0.07 (V bLR/RL) 0.07

T operators

(TuLL/RR) 1469.25 (TdLL/RR) 1693.52

(TsLL/RR) 275.69 (TcLL/RR) 64.82

(TbLL/RR) 0.89

TABLE IX: 〈Eτ 〉I (in GeV) for different LFV operators in the case of an electron beam with Ee = 100 GeV.

Operator 〈Eτ 〉I

S operators 25

V operators 57

T operators 62

TABLE X: The same as in Table IX, but for a muon beam with Eµ = 150 GeV.

Operator 〈Eτ 〉I

S operators 38

V operators 86

T operators 93

Mean 𝜏 energy  
e-beam, E = 100 GeV

15

TABLE VII: The same as in Table V, but for for a Pb target and an electron beam with Ee = 100 GeV.

(IiXY ) Q̃A
Iif,XY

(IiXY ) Q̃A
Iif,XY

S operators

(SuXY ) 3.44 (SdXY ) 3.96

(SsXY ) 0.68 (ScXY ) 0.18

(SbXY ) 0.004

V operators

(V uLL/RR) 81.73 (V uLR/RL) 50.33

(V dLL/RR) 93.87 (V dLR/RL) 58.45

(V sLL/RR) 12.13 (V sLR/RL) 12.13

(V cLL/RR) 2.67 (V cLR/RL) 2.67

(V bLL/RR) 0.02 (V bLR/RL) 0.02

T operators

(TuLL/RR) 1001.40 (TdLL/RR) 1155.30

(TsLL/RR) 183.18 (TcLL/RR) 39.88

(TbLL/RR) 0.22

TABLE VIII: The same as in Table VII, but for for a muon beam with Eµ = 150 GeV.

(IiXY ) Q̃A
Iif,XY

(IiXY ) Q̃A
Iif,XY

S operators

(SuXY ) 5.06 (SdXY ) 5.82

(SsXY ) 1.03 (ScXY ) 0.29

(SbXY ) 0.02

V operators

(V uLL/RR) 119.80 (V uLR/RL) 74.00

(V dLL/RR) 137.52 (V dLR/RL) 85.79

(V sLL/RR) 18.26 (V sLR/RL) 18.26

(V cLL/RR) 4.35 (V cLR/RL) 4.35

(V bLL/RR) 0.07 (V bLR/RL) 0.07

T operators

(TuLL/RR) 1469.25 (TdLL/RR) 1693.52

(TsLL/RR) 275.69 (TcLL/RR) 64.82

(TbLL/RR) 0.89

TABLE IX: 〈Eτ 〉I (in GeV) for different LFV operators in the case of an electron beam with Ee = 100 GeV.

Operator 〈Eτ 〉I

S operators 25

V operators 57

T operators 62

TABLE X: The same as in Table IX, but for a muon beam with Eµ = 150 GeV.

Operator 〈Eτ 〉I

S operators 38

V operators 86

T operators 93

6

A. Expected limits from NA64 experiment

The quantity of the interest in the planning measurements of the electron (muon)-tau lepton conversion is the ratio:

R!τ =
σ(" +A → τ +X)

σ(" +A → "+X)
(26)

where σ(" +A → "+X) ≈ σBS("+A → "+X).
The physics reach of the NA64 experiment in this quantity is expected to be at the level of

R!τ ∼ 10−13 − 10−12. (27)

Assuming single operator dominance, the most optimistic value of (27) would result in the constraints on the LFV
scales ΛIif,XY

shown in Tables XI-XIV. As seen from these tables, the limits are in the ranges

S − operators : Λeτ ≥ 0.04− 0.24 TeV , Λµτ ≥ 0.56− 3.05 TeV ,

V − operators : Λeτ ≥ 0.05− 0.44 TeV , Λµτ ≥ 0.78− 5.60 TeV ,

T − operators : Λeτ ≥ 0.09− 0.66 TeV , Λµτ ≥ 1.45− 10.06 TeV . (28)

The worst limits are set on the operators with b-quark. Such low scales may look incompatible with the concept
of effective low-energy pointlike 4-fermion interactions (4)-(7) used in our analysis. In this respect the following
comments are in order. First of all, the low values for the lower bounds of Λ!τ

AB indicate deficiency of the method of
their derivation saying nothing about their actual values. It is believed that the scales of the LFV operators are at a
scale of >∼ 1 TeV. Alas, for the weakly constrained scales, shown in (28), there are no experimental constraints as yet.
Also, as we pointed out at the end of Sec. II, we assume natural values (9) of the effective couplings of a high-scale
model underlying the effective low-energy Lagrangian (4). Then, for the masses of heavy LFV mediators we have
M0 ∼ Λ!τ

AB. Deviation from the point-like regime of the interactions (4) would manifest itself in the propagator effect

1

M2
0

−→
1

t̂+M2
0

(29)

for the particle exchange in the t-channel and analogously in u, s - channels. From Eqs. (11) it follows for the average
values 〈t̂〉, 〈ŝ〉, 〈û〉 ≤ 94(140) GeV2 for the electron Ee = 100 GeV (muon Eµ = 150 GeV) beam energy at NA64,
which, for M2

0 ≥ 1600 GeV2, is going to result in a mild propagator effect irrelevant for our rough estimations. An
exception may happen for a Leptoquark (LQ) with the mass M2

LQ ≤ 2mNE! = 200(300) GeV2 in the s-channel for
Ee = 100 GeV (Eµ = 150 GeV). In this case, the pointlike picture breaks down and the on-shell LQ is produced in
"− q-collision. However, the value MLQ <∼ 20 GeV even for an LQ coupled only to b − e, for which there are neither
direct nor indirect constraints, such a small value looks unlikely.
Let us note that our limits shown in Tables XI-XIV have been derived from the best expected sensitivity (27) of the

NA64 experiment and may look too optimistic. However, lower limits on Λ’s extracted from an experimental upper
bound on Rlτ scale as (Rlτ )1/4 and, therefore, for the less optimistic case of R!τ ∼ 10−12, or even worse, they will be
comparable with the limits in our Tables and still valuable as they are obtained for the first time.

B. Limits from other experiments

In the literature there exist limits on many of the operators (5)-(7). As a reference point, from the accelerator
experiments let us mention the constraint from the ZEUS experiment [1] at HERA (DESY), which is

Λeτ
ZEUS ≥ 0.41− 1.86 TeV . (30)

These limits apply to the scales for all the operators in Eq. (5)-(7), but only for the first generation quarks u, d.
Note that Ref. [1] used another basis of the four-fermion operators motivated by the leptoquark exchange, which we
adjusted to our in Eqs. (5)-(7) and thus obtained (30) from the limits on the leptoquark mass in Ref. [1].

Mean 𝜏 energy  
𝜇-beam, E = 150 GeV

https://doi.org/10.1103/PhysRevD.98.015007
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• Charged lepton flavor violating signature could be a sensitive 
test of New Physics.

• Benchmark: scalar CLFV boson with longevity.
• Considered two 𝜇 beam-dump experiments: NA64𝜇 and DUNE

• Both experiments have potential to explore the parameter 
space - although both are challenging.

• The techniques used are general and other DM and Portal 
Interaction scenarios could be tested at NA64.

• DIS e/𝜇 →𝜏 conversion that could hint at New Physics 
operators suppressed at low-energy.

• Other ideas for 𝜇-on-target tests are welcome!



Thank you for the attention!
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Sensitivity potential to flavour-changing scalar bosons at NA64µ and DUNE

We report on the sensitivity potential of DUNE and NA64µ to new, long-lived flavour-changing
scalar bosons. The NA64µ experiment uses a high-energy muon beam to search for excess in missing
energy as a test of production, while the Deep Underground Neutrino Experiment (DUNE) will
employ a unique high-intensity muon beam to potentially produce and a liquid argon near detector
to detect decay products of new scalar boson candidates. We find that the NA64µ experiment could
have a sensitivity reach to test the parameter space relevant to the gµ � 2 anomaly, and DUNE
would be able to cover large parts of the same parameter space.

I. INTRODUCTION

The existing discrepancy between the measured [1] and
expected [2, 3] value of the muon anomalous magnetic
moment provides a strong motivation for new physics
searches in the muon sector [4]. Observations in cosmol-
ogy and astrophysics imply the existence of a Dark Sector
containing Dark Matter particles that could weakly cou-
ple to SM particles [5]. Experimental evidence for neu-
trino oscillations coupled with non-zero neutrino masses
provides an example of lepton-flavor violation. Moti-
vated by these discrepancies and evidence, a certain class
of new theories proposes the search for charged-lepton-
flavor violation (CLFV), which is heavily suppressed in
the Standard Model (SM). An experimental observation
of CLFV would therefore suggest the existence of new
physics beyond the SM (BSM).

In the coming decades, a new generation of experi-
ments will conduct experimental searches for CLFV [6–
11]. In parallel, the next-generation long-baseline neu-
trino oscillation experiments [12, 13] will explore neutrino
oscillations. Neutrino experiments, however, employ a
high-intensity proton beam on a fixed target to produce
the neutrino beam, in turn creating a high-energy muon
flux impinging on a beam stop that could potentially pro-
duce new BSM particles. In a complementary way, the
NA64µ [14] experiment explores the Dark Sector with a
high-energy muon beam at CERN.

A recent work [15] introduced a model for a light, scalar
CLFV boson, and derived constraints from data in exist-
ing experiments (LSND[16], NuTeV [17], CHARM [18])
and provided projections for the SHiP experiment. In
this work we explore the sensitivity potential for the
same model using the muon beam at the CERN SPS
at the NA64µ fixed-target experiment, and the high-
intensity muon beam of the Long-Baseline Neutrino Fa-
cility (LBNF) [19] at DUNE.

II. FLAVOUR-CHANGING SCALAR WITH
ACCIDENTAL LONGEVITY

The model proposed by Ema et al. [15] considers
a new complex scalar field, �, with a mass window
[m⌧ � mµ,m⌧ + mµ] that couples to (µ, ⌧). The e↵ec-
tive Lagrangian interaction terms describe the coupling
of the scalar field with leptons, LI = �µ̄(gV + gA�5)l +
�⇤ l̄(g⇤V � g⇤A�

5)µ with vector and axial vector coupling

gV , gA. This model produces a target parameter region
explaining the muon g� 2 anomaly, that is illustrated in
Fig. 1. With such a mass range, long lifetimes can be
achieved with propagation distances on the order of tens
of kilometers. In the µ-on-target scenario, high-energy
muons pass through dense material and could produce
the � boson via the exchange of a virtual photon with
the nuclei of the target, µ(p)N(Pi) ! ⌧(p0)�(k)N(Pf ),
and produce missing energy or propagate long distances
and may be detected in a detector downstream. Follow-
ing Ema et al., we estimate the double-di↵erential cross
section of the 2 ! 3 production process using the equiv-
alent photon approximation [20],
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where Eµ is the initial muon energy, E� is the energy
and ✓� is the scattering angle of the � with respect to the
initial muon in the lab frame, x = E�/Eµ, q = Pi � Pf ,
t = �q2 is the momentum transfer, ↵ = 1/137 is the fine
structure constant, �� is the relativistic factor for �, and
� is the e↵ective photon flux, defined as
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where F (t) = Z2/(1 + t/d)2 is the form factor with
d = 0.164 GeV2A�2/3, and the limits are given in the
appendix of [15]. The analytical expression for � we cal-
culate using Mathematica [21]. In Eq. 1, �(p+q ! p0+k)
is the cross section for the 2 ! 2 scattering process,
µ(p)�(q) ! ⌧(p0)�(k),
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where |Ā|2 is the amplitude squared, which we calculate
using the FeynCalc tools [22] for Mathematica. We ob-
tain the following expression for the (µ, ⌧) case,
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• Production:

where the quantities with the subscript 2 indicate the Mandelstam variables of µ� ! ⌧�.
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with d = 0.164GeV2A�2/3 and tmax = m2
�. We ignore the atomic form factor since that is

irrelevant for our energy scale. Finally the di↵erential cross section of µ� ! ⌧� is given by
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We set tmin = 0 in the evaluation of this expression.
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Sensitivity potential to flavour-changing scalar bosons at NA64µ and DUNE

We report on the sensitivity potential of DUNE and NA64µ to new, long-lived flavour-changing
scalar bosons. The NA64µ experiment uses a high-energy muon beam to search for excess in missing
energy as a test of production, while the Deep Underground Neutrino Experiment (DUNE) will
employ a unique high-intensity muon beam to potentially produce and a liquid argon near detector
to detect decay products of new scalar boson candidates. We find that the NA64µ experiment could
have a sensitivity reach to test the parameter space relevant to the gµ � 2 anomaly, and DUNE
would be able to cover large parts of the same parameter space.

I. INTRODUCTION

The existing discrepancy between the measured [1] and
expected [2, 3] value of the muon anomalous magnetic
moment provides a strong motivation for new physics
searches in the muon sector [4]. Observations in cosmol-
ogy and astrophysics imply the existence of a Dark Sector
containing Dark Matter particles that could weakly cou-
ple to SM particles [5]. Experimental evidence for neu-
trino oscillations coupled with non-zero neutrino masses
provides an example of lepton-flavor violation. Moti-
vated by these discrepancies and evidence, a certain class
of new theories proposes the search for charged-lepton-
flavor violation (CLFV), which is heavily suppressed in
the Standard Model (SM). An experimental observation
of CLFV would therefore suggest the existence of new
physics beyond the SM (BSM).

In the coming decades, a new generation of experi-
ments will conduct experimental searches for CLFV [6–
11]. In parallel, the next-generation long-baseline neu-
trino oscillation experiments [12, 13] will explore neutrino
oscillations. Neutrino experiments, however, employ a
high-intensity proton beam on a fixed target to produce
the neutrino beam, in turn creating a high-energy muon
flux impinging on a beam stop that could potentially pro-
duce new BSM particles. In a complementary way, the
NA64µ [14] experiment explores the Dark Sector with a
high-energy muon beam at CERN.

A recent work [15] introduced a model for a light, scalar
CLFV boson, and derived constraints from data in exist-
ing experiments (LSND[16], NuTeV [17], CHARM [18])
and provided projections for the SHiP experiment. In
this work we explore the sensitivity potential for the
same model using the muon beam at the CERN SPS
at the NA64µ fixed-target experiment, and the high-
intensity muon beam of the Long-Baseline Neutrino Fa-
cility (LBNF) [19] at DUNE.

II. FLAVOUR-CHANGING SCALAR WITH
ACCIDENTAL LONGEVITY

The model proposed by Ema et al. [15] considers
a new complex scalar field, �, with a mass window
[m⌧ � mµ,m⌧ + mµ] that couples to (µ, ⌧). The e↵ec-
tive Lagrangian interaction terms describe the coupling
of the scalar field with leptons, LI = �µ̄(gV + gA�5)l +
�⇤ l̄(g⇤V � g⇤A�

5)µ with vector and axial vector coupling

gV , gA. This model produces a target parameter region
explaining the muon g� 2 anomaly, that is illustrated in
Fig. 1. With such a mass range, long lifetimes can be
achieved with propagation distances on the order of tens
of kilometers. In the µ-on-target scenario, high-energy
muons pass through dense material and could produce
the � boson via the exchange of a virtual photon with
the nuclei of the target, µ(p)N(Pi) ! ⌧(p0)�(k)N(Pf ),
and produce missing energy or propagate long distances
and may be detected in a detector downstream. Follow-
ing Ema et al., we estimate the double-di↵erential cross
section of the 2 ! 3 production process using the equiv-
alent photon approximation [20],

d2�(p+ Pi ! p0 + k + Pf )

dE�d cos ✓�
= (1)
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where Eµ is the initial muon energy, E� is the energy
and ✓� is the scattering angle of the � with respect to the
initial muon in the lab frame, x = E�/Eµ, q = Pi � Pf ,
t = �q2 is the momentum transfer, ↵ = 1/137 is the fine
structure constant, �� is the relativistic factor for �, and
� is the e↵ective photon flux, defined as
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where F (t) = Z2/(1 + t/d)2 is the form factor with
d = 0.164 GeV2A�2/3, and the limits are given in the
appendix of [15]. The analytical expression for � we cal-
culate using Mathematica [21]. In Eq. 1, �(p+q ! p0+k)
is the cross section for the 2 ! 2 scattering process,
µ(p)�(q) ! ⌧(p0)�(k),
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where |Ā|2 is the amplitude squared, which we calculate
using the FeynCalc tools [22] for Mathematica. We ob-
tain the following expression for the (µ, ⌧) case,
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|Ā2!2|2 = �e2mµm⌧ (gAg⇤A � gV g⇤V )

(m2
µ � s)2(m2

⌧ � u)2
⇥ (4)

⇥ [m4
µ(m

2
� + u) + 2m3

µ(m
3
⌧ �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)
�
]

2->2

• Feyncalc:

Sensitivity potential to a light flavor-changing scalar boson

with DUNE and NA64µ
European Physical Society Conference on High Energy Physics, 21-25 August 2023, Hamburg

B. Radics1
et al. (on behalf of the DUNE collaboration)

1 Department of Physics and Astronomy, York University, Toronto, ON, Canada

Observations in cosmology and astrophysics imply the existence of a Dark Sector with
new 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 boson
associated 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-� -flavored scalar � at beam dumps.

Figure 5. The normalized di�erential 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 e�ciency
of 42% for SHiP.

We show schematically representative diagrams for each production mode in figure 4.
Depending on the detailed beam and detector setup, di�erent mode dominates the de-
tectable � 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 � flux. The electroweak process is with initial states
quark pair colliding to � plus lepton pairs, namely, qq̄ � ��µ±�(�). In the �s energy
regime suitable for the beam dumps considered in this study, the main contribution is
through the s-channel o�-shell photon diagram. Given the minimal partonic center of
mass energy required here is above � 2m� = 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, � productions are typical with small transverse momentum,
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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 beam

dumped in an 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.

Introduction

• The DUNE neutrino beam is produced by a 60-120 GeV proton beam hitting a graphite
target [3], 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 (see simulated muon
energy spectrum on the right.)

• New particles produced in the beam-dump could be detected at the Near Detector.

LBNF14	Aug	
2015	
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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 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.
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• φ bosons are generated by the µ-on-target process, and a fraction of them decay and
can be detected. The number of such signal events is

Nφ =
�

�EφΦφ(Eφ) ×
�det

γβ�τφ

�

where �det/γβ�τφ 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) =
�

�EΦµ(E) ×

�
E

Emin

�E�

�A

−�E/��

�
θdet

0
�θφ sin θφ

�
2
σ (E�� Eφ)

�Eφ� cos θφ

�

• Φµ(E) is the flux of the muon beam as a function of energy, �A is the number of target
atoms per volume, E� is the muon energy after traveling a length � in the target and
losing energy according to the stopping power −�E/��, Emin is the energy of the muon
at the end of the target, and θdet is the angular acceptance of the detector.

2

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 =
�

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� =

�
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�) =

�
dE�µ(E)� (7)

� E

Emin

dEl
nA

�dE/dl

� �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� =

�
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

�
dE�µ(E)� (8)

� �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.

ACKNOWLEDGMENTS

We gratefully acknowledge conversations with D. Har-
ris. This work was supported by XY. We acknowledge
ZY.

[1] Y. Ema, Z. Liu, K-F Lyu and M. Pospelov, Flavor-
changing light bosons with accidental longevity, JHEP

135 (2023).

• The production cross-section for the φ boson [5] as a function of the incoming lepton
energy is shown above. Assuming �φ � �τ , the threshold for the production is given
by Eµ > [(2�τ + �N)2 − �

2
µ − �

2
N

]/2�N � 3�8 GeV for Pb.

Expected signal rates

We find [1] that NA64µ and DUNE have complementary potential to cover a significant
portion of the benchmark model parameter space, (�φ� �V ). NA64µ with an optimized
setup could probe the coupling parameter down to �V � 3×10−3, completely covering the
muon �µ − 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, potentially improving
on the obtained constraints from NuTeV.
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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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FIG. 1. Schematic view of the 2021 muon pilot run experimental set-up to search for Z0 ! invisible production from 160
GeV/c muon bremsstrahlung.

ducing the beam-line, detectors and physics, as well as
estimating the background and signal topology within
the set-up.

A. The beam profile at M2 location

Because of the importance of an accurate knowledge
of the initial muon momentum and beam spatial distri-
bution for the trigger criteria, the M2 beam-line optics is
fully simulated using the TRANSPORT [49], TURTLE [50] and
HALO [51] software [45] and made compatible to GEANT4
through the HepMC software [52]. This yields realistic
beam profiles as shown in Fig. 3. Simulations reproduce
the large contribution of low-energy halo muons around
the beam spot (about 20% of the full beam intensity [36])
that are populating the low-energy tail of the beam en-
ergy distribution. Such muons can be e�ciently removed
using the beam-defining counters S0 and S1 , leaving 78%
of the full beam intensity, with muons energy � 100 GeV,
with beam spot size �x ⇠ 0.9 cm and �y ⇠ 1.9 cm.

B. Signal

To estimate both the signal yield and signal topol-
ogy, and thus the choice of adequate selection criteria,
the Z 0 vector boson is simulated using the fully GEANT4-
compatible DMG4 package [48]. Dark matter observables,
such as total cross-section production and di↵erential
cross-sections are correspondingly implemented accord-
ing to the Weiszäcker-Williams (WW) phase-space ap-
proximations as discussed in [39]. The program selects
an event where the Z 0 production should occur accord-
ing to the total cross section, and then both its fractional
energy, x, and emission angle, ✓, are accurately sampled
using a Von-Neumann accept-reject sampling algorithm.
The typical energy spectra of a Z 0-strahlung vector bo-
son is shown in Fig. 4 for the mass range 10 MeV to 1
GeV.
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FIG. 4. Normalised energy spectra of Z0 vector boson for
di↵erent masses obtained from GEANT4 [47] using the DMG4
[48] package. The mixing strength is ✏ = g0/

p
4⇡↵ = 10�4,

where ↵ = 1/137. See [39] for more details.

C. Background

Missing energy/momentum experiments such as
NA64µ rely not only on a robust detector hermeticity in
order to avoid events with large missing energy appearing
because some particles escaped detection due to accep-
tance, but also on a precise momentum reconstruction.
Many processes, such as hard muon nuclear interactions
in the ECAL, hadron admixture in the M2 beam-line,
or mismatch in momentum reconstruction, can a↵ect the
likelihood to truly observe a Z 0-strahlung process. In
the following paragraphs, the full study of those main
background contributions is covered, being carried out
through detailed MC simulations.
Muons usually behave as MIP, thus most of them tra-
verse the whole set-up with nominal momentum ⇠ 160
GeV/c, with small energy deposit in the calorimeters
(EECAL ⇠ 0.5 GeV, EHCAL ⇠ 2.3 GeV). On the op-
posite, scattered muons accompanied by Z 0 emission are
identified with energy E0

µ
 0.5E0 ' 80 GeV. Accurate

momentum reconstruction thus allows to discriminate be-
tween possible signal candidates and SM muon events.
The muon momentum is reconstructed both upstream
the target and downstream the ECAL through a series

• Scattered muon carries away E𝜇’ = fE𝜇, DM (1-f)E𝜇, Emiss = E𝜇 - E𝜇’

• 40X0 ECAL (Pb-Scint), 
• VHCAL (Cu-Scint) to veto charged secondaries by upstream muon 

interactions.
• HCAL modules, 7.5𝜆I Steel-Scint, 

• 2nd magnetic spectrometer with 1.4 T*m, 6 MM detectors for tracking
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ducing the beam-line, detectors and physics, as well as
estimating the background and signal topology within
the set-up.

A. The beam profile at M2 location

Because of the importance of an accurate knowledge
of the initial muon momentum and beam spatial distri-
bution for the trigger criteria, the M2 beam-line optics is
fully simulated using the TRANSPORT [49], TURTLE [50] and
HALO [51] software [45] and made compatible to GEANT4
through the HepMC software [52]. This yields realistic
beam profiles as shown in Fig. 3. Simulations reproduce
the large contribution of low-energy halo muons around
the beam spot (about 20% of the full beam intensity [36])
that are populating the low-energy tail of the beam en-
ergy distribution. Such muons can be e�ciently removed
using the beam-defining counters S0 and S1 , leaving 78%
of the full beam intensity, with muons energy � 100 GeV,
with beam spot size �x ⇠ 0.9 cm and �y ⇠ 1.9 cm.

B. Signal

To estimate both the signal yield and signal topol-
ogy, and thus the choice of adequate selection criteria,
the Z 0 vector boson is simulated using the fully GEANT4-
compatible DMG4 package [48]. Dark matter observables,
such as total cross-section production and di↵erential
cross-sections are correspondingly implemented accord-
ing to the Weiszäcker-Williams (WW) phase-space ap-
proximations as discussed in [39]. The program selects
an event where the Z 0 production should occur accord-
ing to the total cross section, and then both its fractional
energy, x, and emission angle, ✓, are accurately sampled
using a Von-Neumann accept-reject sampling algorithm.
The typical energy spectra of a Z 0-strahlung vector bo-
son is shown in Fig. 4 for the mass range 10 MeV to 1
GeV.
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C. Background

Missing energy/momentum experiments such as
NA64µ rely not only on a robust detector hermeticity in
order to avoid events with large missing energy appearing
because some particles escaped detection due to accep-
tance, but also on a precise momentum reconstruction.
Many processes, such as hard muon nuclear interactions
in the ECAL, hadron admixture in the M2 beam-line,
or mismatch in momentum reconstruction, can a↵ect the
likelihood to truly observe a Z 0-strahlung process. In
the following paragraphs, the full study of those main
background contributions is covered, being carried out
through detailed MC simulations.
Muons usually behave as MIP, thus most of them tra-
verse the whole set-up with nominal momentum ⇠ 160
GeV/c, with small energy deposit in the calorimeters
(EECAL ⇠ 0.5 GeV, EHCAL ⇠ 2.3 GeV). On the op-
posite, scattered muons accompanied by Z 0 emission are
identified with energy E0

µ
 0.5E0 ' 80 GeV. Accurate

momentum reconstruction thus allows to discriminate be-
tween possible signal candidates and SM muon events.
The muon momentum is reconstructed both upstream
the target and downstream the ECAL through a series

• Initial muon tag:S0 x S1 x S𝜇 

• S4 shifted from beam axis
• Combined trigger eff for S0 x S1 x S4 x S𝜇

• Additional veto in V1 x Vm1-2 gives trigger eff. of 0.1%
• Cuts: 

• Initial beam momentum [140, 180] GeV/c
• Single downgoing track with with < 80 GeV/c (10-12)
• No energy deposit in VHCAL, 
• No deposit in HCAL (MIP)

2

physics run to allow to probe the region of parameter
space suggested by the (g � 2)µ anomaly in the context
of current and future searches.

II. THE METHOD OF SEARCH

The NA64µ experiment [36], is a complementary ex-
periment to NA64e [40, 41] aiming to look for dark sectors
weakly coupled to muons. The experiment is foreseen
in two phases. Its first phase physics goal is to search
for invisible decays of the Z 0 boson, produced in the
muon scattering process µ�N ! µ�NZ 0. Additionally,
similarly to the electron mode, the experiment also ex-
plores the production of dark photons, A0, through the
bremsstrahlung µ�N ! µ�NA0, allowing to enlarge the
parameter space of interest towards large masses [42].
NA64µ can also probe scalar, axion-like particles (ALPs),
millicharged particles [43] and could also be used to test
lepton Flavour Violation (LVF) in µN ! ⌧X conversion
in flight [44]. A second phase of the experiment will be
devoted to explore these processes [36].
The experimental set-up for the feasibility studies to look
for a light Z 0 boson is sketched in Fig. 1. The exper-
iment will use the high-energy muon beam M2 at the
CERN SPS [38, 45] with momentum ' 160 GeV/c pro-
duced by a 450 GeV/c primary proton beam (intensity
1012-1013 protons/spill). Within this context, muons are
dumped against an active target, which is a 40 radia-
tion lengths (40X0) shashlik-like (lead-scintillator) elec-
tromagnetic calorimeter (ECAL), with a 6⇥5 cell matrix
structure. While the scattered muon carries away a frac-
tion E

0

µ
= fEµ of the primary muon energy Eµ, the

other fraction of the energy, (1 � f)Eµ, is carried away
by the bremsstrahlung dark boson Z 0 and its decay prod-
ucts resulting in missing energy Emiss = Eµ � E

0

µ
. The

sub-detectors downstream the target include, in particu-
lar, a 5 interaction lengths (5�I) copper-scintillator veto
calorimeter (VHCAL) segmented with a 4⇥ 4 matrix of
cells and a hole in the middle, to veto charged secon-
daries produced by upstream muon nuclear interactions.
Then, a series of two large 120 ⇥ 60 cm2 (6 ⇥ 3 matrix)
hadronic calorimeter (HCAL) modules, with 7.5�I steel-
scintillator, ensure maximal hermeticity. The experiment
will use two magnet spectrometers in order to reconstruct
the incoming and outgoing muon momentum. The initial
muon beam momentum will be measured by the existing
Beam Momentum stations (BMS) from the COMPASS
experiment [46]. A set of Micro-MEsh Gaseous Structure
(Micromegas) tracking detectors will be located next to
the stations to have a second measurement of the in-
coming momentum. The scattered muon momentum is
reconstructed through a second magnetic spectrometer
(a single dipole magnet with 1.4 T·m, MS2) with a set of
six Micromegas tracking detectors.
A signal event, i.e. the production of a Z 0-boson, is
defined as a scattered muon after the target with mo-
mentum about half of the beam nominal energy (E0

µ
.

0.5E0 ' 80 GeV) (see Fig. 1). The muon missing mo-
mentum will be used to keep the trigger rate at the re-
quired level. Using the deflection of the scattered muon
in the transverse plane, a simplified trigger system has
been considered for the initial phase to run the experi-
ment at the low beam intensity of 107 µ/spill. This trig-
ger option is based on the selection of the well-defined
primary muon beam within the small lateral size, diver-
gency, and momentum spread by using small size beam
defining counters, the BMS station and the trackers next
to it. The initial muon is tagged with a set of three scin-
tillator counters, two of them before the target (S0 and
S1), and one ensuring the presence of the muon at the
end of the set-up (Sµ). An additional counter in front
of the HCAL, S4, shifted from the beam axis guarantees
that only muons with enough deflection hit this counter.
The signal e�ciency for di↵erent Z 0 masses at this trig-
ger level is illustrated in Fig. 2. A set of veto counters,
before the HCAL modules (V1), and within MS2 (Vm1,2),
are used to further veto undeflected beam muons and
veto charged secondaries produced in upstream interac-
tions. The trigger rate after this selection is 0.1% of the
primary beam intensity.
To further suppress background coming from SM events,
a set of selection criteria (cuts) is applied as follows, (i)
an initial beam momentum reconstructed in the energy
window [140, 180] GeV, (ii) a single track in the track-
ing detectors with reconstructed momentum smaller than
half of the beam energy (iii) no energy deposit in the VH-
CAL, (iv) no energy deposit in the HCAL modules (i.e.
compatible with the one of a minimuon ionizing particle
(MIP)).
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FIG. 2. Trigger e�ciency as a function of the Z0 vector boson
mass. The beam nominal energy is both (blue) 160 GeV and
(green) 100 GeV, for which the scattered muon deflection is
larger.

III. SIMULATION FRAMEWORK

Detailed Monte Carlo (MC) simulations are performed
using the GEANT4 toolkit [47] and the Geant4 compatible
DM package DMG4 [48] aiming at realistically repro-
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FIG. 3. Beam profiles at the entrance of the NA64µ set-up as obtained through the TRANSPORT [49], TURTLE [50] and HALO [51]
software [45] for (Left) beam spatial distribution and (Right) beam energy spectrum with no trigger (blue) and (red) trigger
S0 + S1 + Sµ.

of magnetic spectrometers. To account for multiple scat-
tering (material) e↵ects as well as tracking detectors res-
olution, the precision on momentum reconstruction was
estimated using the Kalman-filter-based GenFit toolkit
[53] to be �p/p ⇠ 3%. The mis-measurement, and thus
mis-identification between Z 0-strahlung and SM muons,
is extracted from the exponential tails of the momen-
tum residuals distribution. Through extrapolation, the
probability of a 160 GeV SM muon to be reconstructed
with momentum  80 GeV is . 10�12 per MOT. This
result is obtained assuming that in particular selection
criterium (ii) holds, i.e. a single hit per tracking detec-
tors. In the case of more than one hit per tracker, the
MM detector ine�ciency should be taken into account.
An example of such a physics process are highly energetic
secondaries produced by muons in the tracker material
through ionisation, µe ! µe, accompanied by a poorly
detected parent muon, and thus yielding a reconstructed
momentum with energy < 100 GeV. The probability for
such an event to happen is estimated from the full sample
of simulated muons, taking into account the values for
Micromegas trackers ine�ciency (⇠ 0.02) extracted by
previous NA64e run data, and assuming that in the sec-
ond tracker downstream MS2 there is more than one hit.
From the simulations, a conservative value of  10�11 per
MOT is obtained, and can be further reduced by placing
additional n trackers downstream, with a factor ⇠ 0.02n.
In the case of NA64µ, the level of hermeticity of the de-
tectors is inferred in the plane defined by the muon en-
ergy after ECAL and the total energy deposited in the
calorimeter (ECAL, VHCAL and HCAL), (E0

µ
; ECAL),

as shown in Fig. 5. Whereas region A corresponds to
events with large energy deposit on the HCAL and the
diagonal B to events with energy deposited in the ECAL,
the bulk C is associated to events with energy deposition
in the calorimeters compatible with a MIP. Thus a high
level of hermeticity is reached for all events lying within
those three regions. On the other side, poor detector
hermeticity due to geometrical acceptance or dead ma-
terial can lead to events with large missing energy, and

thus leakage towards the signal box defined in the re-
gion D (red box) of Fig. 5 (ECAL  20 GeV; E0

µ


80 GeV). From the distribution extrapolation in the
plane (E0

µ
; ECAL), the probability of leakage in region

D due to non-hermeticity (i.e. detector acceptance) are
estimated to be . 10�12 per MOT.
Apart from geometrical properties of the detectors, and
thus acceptance, two main sources of physical back-
ground contribute to events with large missing energy.
The first one arises from hadron admixture in the M2
beamline, typically charged and neutral hadrons, such
as ⇡�, K� and K0

L(s), and their subsequent (semi-

)leptonic decays along the set-up. The level of contam-
ination is measured with a set of Beryllium absorbers
in the beamline, and found to be Ph = ⇡/µ ⇠ 10�6,
with K/⇡ ⇠ 0.03 [38]. To estimate the hadron decay
probability, Ph!X , and the related level of background,
hadrons are simulated at the end of the COMPASS
BMS to account for particle mis-identification (mis-PID)
through momentum reconstruction. From MC simula-
tions, along the typical distance to the active target of
⇠36 m, it is found that PK�!X ⇠ O(10�3), whereas
P⇡�, K0

L!X ⇠ O(10�4). Thus the total number of de-
cay hadrons before the entrance of the set-up is esti-
mated through Nh!X = NMOT ⇥ Ph ⇥ Ph!X , which is
⇠ O(10�10

� 10�11) per MOT. From those in-flight de-
cays, background is associated to events with final state
muons in the decays products, namely h ! µ�X, where
X is mostly associated to neutrino in the case of ⇡� and
K�, susceptible to carry away a large fraction of its par-
ent hadron energy, thus mimicking a Z 0-strahlung event
with missing energy. For such a distance, the probability
of kaons decaying to muons through the purely leptonic
channel, K�

! µ�⌫̄µ, is about PK�!µ� ' 0.018. For
final state muons with energy Eµ < 100 GeV, this prob-
ability reduces to PK�!µ�(Eµ < 100 GeV) ' 0.011.
In the case of pion decays, this probability is strongly
reduced because of the kinematics of the process. The
overall probability for such a process, given the kaons
contamination of the beam, is estimated at the level of


