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A persistence of several anomalies in muon physics, such as the muon anomalous magnetic moment and
the muonic hydrogen Lamb shift, hints at new light particles beyond the Standard Model. We address a
subset of these models that have a new light scalar state with sizable couplings to muons and suppressed
couplings to electrons. A novel way to search for such particles would be through muon beam-dump
experiments by (1) missing momentum searches; (2) searches for decays with displaced vertices. The muon
beams available at CERN and Fermilab present attractive opportunities for exploring the new scalar with a
mass below the dimuon threshold, and potentially covering a range of relevant candidate models. For the
models considered in this paper, both types of signals, muon missing momentum and anomalous energy
deposition at a distance, can probe a substantial fraction of the unexplored parameter space of the new light
scalar, including a region that can explain the muon anomalous magnetic moment discrepancy.
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I. INTRODUCTION

New physics (NP) at low-mass, treated in all generality,
has become an actively pursued topic of the intensity
frontier physics [1–3] given the abundant evidence for NP
in the neutrino and dark matter sectors, coupled with the
lack of NP signal at the Large Hadron Collider (LHC).
Motivations for searches of low-mass, weakly-coupled
particles can come from top-down theoretical arguments
(see e.g. [4]). But a bigger role is played by the existing
anomalous observations in particle experiments, astrophys-
ics, and cosmology, which might find their explanations in
models with NP at low-mass (see e.g. [5–7]). The current
∼3.5σ discrepancy between the predicted and observed
value of the muon anomalous magnetic moment [8], aμ,
will be scrutinized in the upcoming experiments at
Fermilab and JPARC [9,10]. It is not clear that the current
tension is a result of experimental errors or theoretical
errors or a combination of the two. With new measurements
of muon g − 2 and improved Standard Model (SM)
calculations based on lattice QCD [11,12], one hopes to
clarify the origin of the existing discrepancy. Lamb shifts of
muonic atoms, such as muonic hydrogen and deuterium
[13–15], present another formidable puzzle. When inter-
preted in terms of the charge radius of the proton, rp, these
measurements disagree with the electron scattering and
hydrogen spectroscopy extracted values of rp by ∼7σ [16].
In this paper, we are interested in the scenarios where the

deficit of theoretical predictions for aμ is compensated by a

contribution from NP. Although the overall size of the aμ
discrepancy, aobsμ − athμ ≈þ3 × 10−9, is on the order of the
corresponding contributions from the weak sector of the
SM, the NP states correcting the anomalous magnetic
moment do not have to reside at the weak scale. Indeed
it is well known that the existing theoretical deficit can be
compensated by loop contributions from new light particles
[17–19]. One such candidate model, the dark photon, has
been searched for in a variety of experiments, with recent
results ruling out the most minimal version as a possible
explanation of the aμ discrepancy. Some other candidate
models still survive the existing constraints, including the
Lμ − Lτ gauged model and its variations [20,21].
Here we would like to examine the models with a new

light scalar, S, tuned to explain the aμ discrepancy [22,23].
We will employ a simplified framework, with a relevant
Lagrangian given by

L ⊃
1

2
ð∂μSÞ2 −

1

2
m2

SS
2 −

X
l¼e;μ;τ

glSl̄l; ð1Þ

where gl is the coupling between S and leptons. Notice that
Eq. (1) is an effective Lagrangian that does not respect the
full gauge symmetry of the SM. Its SUð2Þ ×Uð1Þ gener-
alization is given by the following dimension-five effective
operator,

O5 ¼
1

Λ
ðL̄EÞHS; ð2Þ

where H is the SM Higgs doublet, and L, E are the lepton
doublets and singlets respectively. The effective operator,
O5, can be embedded into a full model in a variety of ways.
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References [22,23] discuss the phenomenology of such a
model and choose different types of UV completion of O5

with vector-like fermions or multiple Higgs states respec-
tively. The latter UV completion generates strong con-
straints for the mass rangemS > 2mμ due to recent searches
of unexpected peaks in the dimuon mass spectrum for
B → Kðμþμ−Þ decays at the LHCb [24]. The mass range of
mS < 2mμ remains largely unexplored. In this mass range,
the new light particles can be relatively long-lived, and thus
amenable to beam-dump experiments and fixed-target
searches.
In this paper, we investigate the potential of experiments

where the light scalar, S, is sourced by the collision of
muons with nuclei. Subsequent displaced decays of S
present an opportunity for both the missing momentum
and the anomalous energy deposition searches. We take the
existing CERN and Fermilab muon1 sources as an example
and illustrated our main idea in Fig. 1. For a NA64-type
setup at CERN [25,26], the dark emission of S states with S
decaying outside of the detector would cause the anoma-
lous loss of muon energy, which can be detected in the
muon scattering experiment. The muon beam with beam
energy around a few GeVat Fermilab would also provide a
great opportunity. Here muons are stopped in the dense
material, and subsequent anomalous energy deposition is
searched directly behind it. In what follows, we demon-
strate that both approaches allow probing unexplored parts
of the parameter space of the simplified model potentially
responsible for the aμ discrepancy. We use the bremsstrah-
lung, μþ þ N → μþ þ N þ S, as the main production
mechanism as illustrated in Fig. 2, where an incident
muon, μþ, interacts with a target nucleus,N, by exchanging
a photon, γ, and radiates the exotic scalar, S. The two muon
beam-dump experiments considered in this paper can be
easily implemented with only modest modifications/addi-
tions to the existing experimental infrastructure. Looking
into more distant future, the proton beam-dump facilities,

such as SHiP [27], would also provide strong sensitivities
to muon-coupled light states.
The paper is organized as follows: We first show two

specifications of the simplified model in Sec. II and analyze
the two proposed muon beam-dump experiments in
Sec. III. We show the resulting expected sensitivities in
Sec. IV, conclude, and discuss other related experiments
in Sec. V.

II. MODELS WITH NEW LIGHT SCALARS

For the simplified model introduced in the previous
section, Eq. (1), the couplings gl¼e;μ;τ are free parameters.
The muon anomalous magnetic moment, aμ, receives
corrections due to the one-loop contribution of S,

Δaμ ¼
g2μ
8π2

Z
1

0

dz
ð1 − zÞ2ð1þ zÞ

ð1 − zÞ2 þ zðmS=mμÞ2
: ð3Þ

Requiring this correction to reduce current tension between
measurement and the SM calculation of aμ, one arrives at
the preferred values of fgμ; mSg parameters. For example,
given gμ ¼ 5 × 10−4 and mS ¼ 100 MeV, Δaμ is around
1.6 × 10−9. This would bring the theoretical and exper-
imental values for the muon anomalous magnetic moment
within 2σ. Other couplings, ge and gτ, still remains free.
Here we will consider two models with further specifica-
tions on the couplings of ge and gτ:

(i) Model A: Mass proportionality, gl ∝ ml. In particu-
lar, it implies that the couplings between the scalar S
and electrons are ∼200 times smaller than those with

FIG. 1. Setups for muon beam-dump experiments at NA64 (left) and Fermilab (right). For the NA64-type experiment, the muon beam
energy is ∼160 GeV and the target material is lead. We focus on the missing energy searches with S decays into eþe− (a) and γγ (b). For
Fermilab experiment, the muon beam energy is ∼3 GeV and the target material is tungsten. We focus on the decays with displaced
vertices of S. The lengths of the targets and the detectors are shown in the plot.

FIG. 2. Feynman diagrams illustrating the bremsstrahlung
production of the new light states, S, where an incoming muon,
μþ, interacts with a target nucleus, N, by exchanging a photon, γ,
and radiates the exotic scalar, S.

1“Muon” or “μ” refers to μþ for the muon beam-dump
experiments.
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muons. Despite this, the dominant decay channel for
S below the dimuon threshold is S → eþe−.

(ii) Model B: Coupling exclusively to muons, gμ ≠ 0
and ge ¼ gτ ¼ 0. This is the most collider and
electron/proton beam-dumps unfriendly case, that
still can be relevant for the muon g − 2. Due to the
longer lifetime of S, the missing energy search at
NA64-type experiments would be particularly useful
to constrain the parameter space of this model.

Model A can be explicitly constructed using the leptonic
Higgs doublet model completion of Ref. [23]. In that
model, the lepton flavor conservation and gl ∝ ml pro-
portionality are guaranteed, as only one Yukawa matrix
determines the lepton masses and their couplings to S.
Model B is in some sense more artificial but phenomeno-
logically minimal. Only one coupling is introduced that is
necessary to correct aμ in this model.
In both models, S dominantly decays to μþμ− for

2mμ < mS < 2mτ. For the mass range that we concentrate
on, 2me < mS < 2mμ, the total decay width, ΓS, is a sum of
the decay widths of S → eþe− and S → γγ channels. They
are respectively given by

Γeþe− ¼ mS

8π
g2e

�
1 −

4m2
e

m2
S

�
3=2

ð4Þ

and

Γγγ ¼
α2m3

S

64π3
X

l¼e;μ;τ

g2l
m2

l
jτl½1þ ð1 − τlÞfðτlÞ�j2; ð5Þ

where τl ≡ 4m2
l=m

2
S and the loop function fðτÞ reads,

fðτÞ ¼
(
arcsin2ðτ−1=2Þ; τ > 1

− 1
4

h
ln
�
1þ ffiffiffiffiffiffi

1−τ
p

1−
ffiffiffiffiffiffi
1−τ

p
�
− iπ

i
2
; τ ≤ 1

: ð6Þ

For model A, the decay is dominantly through S → eþe−,

ΓA
S ¼ Γeþe− þ Γγγ ≈ Γeþe− ð7Þ

For model B, the only decay channel is S → γγ via μ loop,
i.e.,

ΓB
S ¼ α2m3

S

64π3
g2μ
m2

μ
jτμ½1þ ð1 − τμÞfðτμÞ�j2 ð8Þ

Given ΓS, the decay length of the scalar S is expressed by

LS ¼
ES

mS

βS
ΓS

; ð9Þ

where ES is the energy of the scalar and the boost factor
βS ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −m2

S=E
2
S

p
. In particular, taking a fiducial choice

of parameters, and the energy of the scalar ES ¼ 3 GeV, we
find

LS ¼ 25 cm ×

�
5× 10−4

gμ

�
2

×

�
100 MeV

mS

�
2

; Model A;

ð10Þ

LS ¼ 20 m×

�
5 × 10−4

gμ

�
2

×

�
100 MeV

mS

�
4

; Model B:

ð11Þ

These sizable decay lengths give a good motivation to
search for S in the beam-dump experiments.
A previous study of the muon-beam-initiated emission of

axionlike particles, [28], shares several common features
with our scalar model. Light dark vector particles emitted
from a muon beam, in the context of the NA64 experiment,
have been also studied in [26]. Our paper aims to extend
these previous works to the scalar case, and explore the
sensitivity reach on the mS–gμ parameter space.

III. SIGNALS AND BACKGROUNDS

A. Signals

1. NA64-type muon beam-dump experiment

In this subsection we investigate the constraints from the
NA64-type experiment at CERN. NA64 is a fixed-target
experiment searching for dark sector particles and kaon
invisible decays at the CERN Super Proton Synchrotron
(SPS). The detailed setup of the NA64 experiment can be
found in Refs. [25,26], and the experiment has reported its
first results from the 2.75 × 109 electrons on target in 2017
[29]. We adopt similar geometries of the target and detector
as suggested in Refs. [25,26] and sketch the setup in Fig. 1.
The target is made of lead (Pb) with a thickness of ∼20 cm.
The length of the detector is ∼5 meters. As pointed out in
Ref. [26], the muon beam has a maximum luminosity of 106

muons per second in order to evade loss of the signal
efficiency due to the pileup effect.We assume a three-month
run of the experiment at the maximum luminosity, which
yields 8 × 1012 muons in total on target. The incident muon
beam energy, Eμ;beam, is assumed to be around 160 GeV.
To estimate the reach, we need to calculation of the

differential cross section of the beam-dump process
μþ þ N → μþ þ N þ S as shown in Fig. 2. Given the
large muon beam energy of NA64, we use the improved
Weizsacker-Williams (IWW) approximation [30] in the
evaluation.
When the beam energy is far greater than the mass of

beam particle and the mass of produced particle,
Ebeam ≫ mbeam, mS, virtual photons generated by the
highly-boosted beam particle are nearly transverse and
behave as plane waves. Then the virtual photon can be
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approximate as a real photon, and the phase space
integration of a 2 → 3 (μþ þ N → μþ þ N þ S) process
is simplified to a 2 → 2 (μþ þ γ → μþ þ S) process. This
is the so-called Weizsacker-Williamsuses (WW) approxi-
mation [30]. The WWapproximation can be further refined
by using the fact that the production of S is dominantly
collinear when the energy of S approaches the energy of μ.
This yields the improved Weizsacker-Williamsuses (IWW)
approximation where the integration limits on the virtuality,
t, are further simplified [30,31]. The original IWW deri-
vation [30,31] regards the beam particle to be massless. A
detailed derivation of IWW with massive beam particles is
presented in [32]. The resulting differential cross section is
given by

d
dx

σðμþþN→ μþþNþSÞ

≃g2μα2

4π
χβμβS

x3½m2
μð3x2−4xþ4Þþ2m2

Sð1−xÞ�
½m2

Sð1−xÞþm2
μx2�2

; ð12Þ

where x≡ ES=Eμ is the ratio between the energy of the
exotic scalar, ES, and the energy of the muon, Eμ, inside the
material. The boost factor for muon and the new scalar are

given respectively by βμ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −m2

μ=E2
μ

q
≈ 1 and βS ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 −m2
S=ðxEμÞ2

q
. The effective photon flux, χ, is given by

χ ¼
Z

tmax

tmin

dt
t − tmin

t2
G2ðtÞ

≃
Z

m2
Sþm2

μ

m4
S=ð4E2

μÞ
dt
t −m4

S=ð4E2
μÞ

t2
G2ðtÞ; ð13Þ

where G2 is the combined atomic and nuclear form factor.
The explicit expression of G2 is given in the appendix. The
simplified integration on t from the IWW approximation is
implemented in the second approximation of Eq. (13).
Unlike earlier studies for the dark sector searches via

electron beam-dumps, here we keep the beam particle mass
to be non-zero. As a consequence, the expected energy
spectrum of S varies quite significantly as mS increases. In
Fig. 3, we demonstrate this point by comparing x spectrum
for mS ¼ 10 MeV and mS ¼ 100 MeV. The emission of
light particles (mS ≪ mμ) clearly favors the low x region,
while for mS ≈mμ, the outgoing S takes more significant
portion of the muon energy.
The total number of events, NS, can be obtained as a

convolution of the production cross section and the decay
probability. It is given by

NS ¼ Nμ

Z
ymax

ymin

dynatom

Z
1

xmin

dx
dσ2→3

dx

Z
zmax

zmin

dzPðzÞ ð14Þ

¼Nμ

Z
ymax

ymin

dynatom

Z
1

xmin

dx
dσ2→3

dx
ðe−

zmin
LS −e−

zmax
LS Þ; ð15Þ

where Nμ is the total number of incident muons and σ2→3 is
a shorthand for σðμþ þ N → μþ þ N þ SÞ. natom is the
number density of target nuclei and its integration over the
muon penetration length, y, accounts for the number of
target nuclei that a incident muon encounters. PðzÞ stands
for the decay probability density (per length) of S decaying
within the fiducial decay range from zmin to zmax. LS is the
decay length given by Eq. (9) with ES ¼ Eμx. We also
impose a xmin in the integration over x to satisfy the specific
requirements for the search of the signal.
Muon beams penetrate the target to a much longer depth

compared to that of the electron beams. It can lose energy
through multiple mechanisms [33]. For the energy range we
are interested in, from a few GeV to ∼100 GeV, the muon
energy loss is dominantly through the ionization and the
stopping power hdEμ=dyi is relatively flat with respect to
the muon momentum [33]. Hence we approximate the
muon energy loss per unit length hdEμ=dyi to be a constant.
Consequently Eμ is related to the penetration length y via

Δy≡ y − ymin ¼
Eμ;beam − Eμ

hdEμ=dyi
; ð16Þ

where Eμ;beam is the initial energy of the incident muon
beam. Equation (16) can be used to simplify Eq. (15) into

NS ≈
Nμnatom
hdEμ=dyi

Z
Eμ;beam

Eμ;min

dEμ

Z
1

xmin

dx
dσ2→3

dx
ðe−

zmin
LS − e−

zmax
LS Þ;

ð17Þ
where the fiducial range for the decay, zmin and zmax, are
respectively given by

zminðEμÞ ¼ Ltg þ Ldet − ΔyðEμÞ; zmax ¼ ∞: ð18Þ

FIG. 3. Distributions of the fraction of the energy of the
incident muon taken by the emission of an exotic scalar S for
various scalar masses. The red dashed curve is for mS ¼ 10 MeV
and the black solid curve is for mS ¼ 100 MeV.
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Ltg and Ldet represent the lengths of the target and detector,
respectively. For a lead target, natom ¼ 3.3 × 1022=cm3 and
hdEμ=dyi ≈ 12.7 × 10−3 GeV=cm for the relevant beam
energy range [34]. For the thin target (Ltg ¼ 0.2 m),
the muon energy after penetrating the target, Eμ;min ¼
159.75 GeV, is close to the incident beam energy
Eμ;beam ¼ 160 GeV.
The signature of the signal at NA64-type experiment for

the incoming electron mode is a single EM shower in the
target corresponding to the final state electron with sig-
nificant missing energy. The required missing energy, Emiss,
should be above expected background values. In the muon
mode, the detection strategy would be modified somewhat,
as one would need to detect the energy of the final state
muon. As suggested by [26,29], here we require
Emiss > Eμ; bearm=3 ≈ 53 GeV, which is equivalent to set-
ting xmin ¼ 1=3 given Eμ is close to Eμ;beam for the thin
target of NA64. We further assume the efficiency for the
signal reconstruction ≈100% and leave a more detailed
detector modeling and study for the future.

2. Fermilab muon beam-dump experiment

Fermilab have capabilities of producing a more intense
source of muons, albeit at a smaller muon beam energy. We
suggest the simplest muon beam dump experiment, where a
muon beam is fully stopped in a dense target with a
thickness of several meters. Similar to the NA64-type of
experiments, we can estimate the number of signal events
using existing setup for the Fermilab muon beam. The
incident muon beam energy we propose for the experiment,
Eμ;beam, is ∼3 GeV, as the accelerator complex is already
tuned to this energy for the muon g − 2 experiment [35].
Such a beam will be completely stopped in 1.5 m thickness
tungsten target (natom ¼ 6.3 × 1022=cm3 and hdEμ=dyi ≈
22.1 × 10−3 GeV=cm for the beam energy range [34]).
Hence we propose a setup for the Fermilab muon beam-
dump experiment as shown in Fig. 1. The lengths of the
target (tungsten) and detector are around 1.5 m and 3 m,
respectively. The total exposure taken for this proposed
experiment is 107 muons per second for 1 year of running,
or 3 × 1014 muons in total on target.
To avoid the background from soft muons, we adopt a

lower limit on the muon beam energy Eμ;min ¼ 0.5 GeV.
To estimate the number of signal events, we need to
account for the muon energy loss inside the target via an
integration over Eμ from 0.5 GeV to 3 GeV. Here the
IWW approximation is not applicable since the
muon energy around Eμ;min is not much greater than
mμ. Instead we use MADGRAPH 5 AMC@NLO [36] to
obtain the cross sections of σðμþ þ N → μþ þ N þ SÞ for
various Eμ. The combined atomic and nuclear form
factor, G2ðtÞ, is implemented in the model file (see
Appendix for more details) and the decay probability
is implemented by reweighting the generated events. The

procedure yields numerical values of the reweighed cross
section

~σðEμÞ ¼
Z

1

xmin

dx
dσ2→3

dx
ðe−

zmin
LS − e−

zmax
LS Þ ð19Þ

as a function of Eμ. The fiducial range of the decay here is
given by

zminðEμÞ¼Ltg−ΔyðEμÞ; zmaxðEμÞ¼Ldetþ zmin: ð20Þ

To estimate the number of signal events, we interpolate
over the samplings of ~σðEμÞ and preform the integration
over Eμ according to Eq. (17).
The signature of the signal at Fermilab experiment is a

decay with a sizable displaced vertex reconstructed from
eþe− or γγ. A typical electron or photon tracker/calorimeter
requires a minimum momentum/energy of the particle
around 10 MeV. This threshold is much smaller than the
momentum of the decayed electrons or photons in the lab-
frame, plab

e;γ ≈ γSmS=2 ¼ xEμ=2, and hence can be easily
satisfied given a small x. Therefore we approximate xmin ≈
0 in the estimation of NS. Like the NA64 case, we further
assume the efficiency for the signal reconstruction ≈100%
and leave a more careful detector modeling for future
experimental studies.

3. Difference between setups of NA64-type and Fermilab
muon beam-dump experiments

Table I summarizes the setups of NA64-type and
Fermilab muon beam-dump experiments. To illustrate
the kinematic difference between the two setups, in
Fig. 4 we show the decay probabilities of S within the
geometrical acceptance with ms ¼ 100 MeV in model A
(black) and model B (red dashed) for the NA64 (left) and
Fermilab (right), respectively. For the NA64-type experi-
ment (Fig. 4, right panel), the curve corresponding to model
B (red dashed) rises earlier as we gradually turn off the
coupling. This is due to the fact that the decay length of S in
model B is much longer compared to that in model A. Since
the fiducial volume is from ∼5 m to infinity, we find that
the decay probabilities remain close to one for very small
gμ, corresponding to the region of parameter space where
the scalars are very long-lived. This tells us that the lower
contours of NA64 in Fig. 5 is set by the production rate.
Since the production rate of the light scalar is identical in
both models A and B as illustrated in Fig. 2, the lower
limits for both models for NA 64 in Fig. 4 are the same. For
the muon beam-dump experiment at Fermilab, the width of
the peak is due the finite size of the detector. Similar to the
NA64 case, the curve corresponding to model B (red
dashed) peaks earlier as the decrease of the coupling gμ.
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B. Potential backgrounds

The NA64 experiment has addressed the issues of
potential background for the missing energy/momentum
search, and many components of the experiment are tuned
to reject various sources of backgrounds [26,29]. As
described above, those studies suggest a missing energy
cut Emiss ≳ 50 GeV, which is equivalent to requiring
1=3 < x < 1. A more detailed analysis on potential back-
grounds requires knowledge of the detector and is beyond
the scope of this paper.
Next, we focus on possible backgrounds to the proposed

Fermilab muon beam-dump experiment. All charged par-
ticles can be efficiently stopped inside the target given the
target length we adopted. Potential backgrounds may arise
from the neutral long-lived kaons. They are produced by
muons and decay after reaching the detector. They can
mimic the long-lived scalars S. For model B, KL →
πþπ−π0 and KL → 3π0 decays are particularly worrisome,
as they produce photonlike energy deposition. It is instruc-
tive to estimate how many KL reach the end of the target
without suffering the degradation in energy. To do that we
consider the muon-initiated kaon production cross section
σðμþ N → μþ K0 þ XÞ, where X is a baryonic state with

an open strangeness. The cross section size can be
estimated using the WW approximation, and related to
the underlying kaon photoproduction cross section,

dσðμþN→ μþK0þXÞ∼σðNþ γ→K0þXÞdnγ; ð21Þ

where nγ is the number of quasireal (or equivalent) photons
carried by the muon. The total number of KL is then
given by

Nkaon≃Nμ

2

Z
Eμ;beam

Eμ;min

dEμ
natom

hdEμ=dyi
Z

ωmax

ωmin

σðωÞdnγðωÞe−
zmin
LN ;

ð22Þ

where σðωÞ is the kaon photoproduction cross section
with an incident photon energy ω on a tungsten nucleus.
We assume that the cross section is given by an incoherent
sum of the production cross section on individual
nucleons, ∝ Aσkaon with A being the number of nucleons.
In turn, σkaon receives contributions from several subpro-
cesses, σðγ þ n → K0 þ ΛÞ, σðγ þ p → K0 þ ΣþÞ, and
σðγ þ n → K0 þ Σ0Þ. Each of these individual cross

FIG. 4. Decay probabilities of S within the geometrical acceptance withmS ¼ 100 MeV in model A (black) and model B (red dashed)
at NA64 (left) and Fermilab (right), respectively.

TABLE I. Parameters for the proposed muon beam-dump experiments at NA64 and Fermilab.

NA64-type Fermilab

Incident muon beam energy, Eμ;beam 160 GeV 3 GeV
Total number of incident muons, Nμ 8 × 1012 3 × 1014

Target material Tungsten (W) Lead (Pb)
Atomic number density, natom 3.3 × 1022=cm3 6.3 × 1022=cm3

Muon energy loss per unit length, hdEμ=dyi 12.7 × 10−3 GeV=cm 22.1 × 10−3 GeV=cm
Target Length, Ltg 0.2 m 1.5 m
Detector Length, Ldec 5 m 4.5 m
Min fiducial range for the decay, zmin Ltg þ Ldec − ΔyðEμÞ Ltg − ΔyðEμÞ
Max fiducial range for the decay, zmax ∞ Ltg þ Ldec − ΔyðEμÞ
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sections is about 0.8 μb on average, and becomes very
small for ω < 1.5 GeV [40–42]. The neutral kaons are
produced predominantly in the upstream part of the target,
and then propagate through about a meter of dense
material. In the process of doing so their energy is

degraded, and an idealized factor e−
zmin
LN in Eq. (22) is to

account for the probability of the produced kaons reaching
the end of the target without interaction with the material.
LN represents the nuclear collision length, which is≃6 cm
for tungsten. Estimated that way, for one year of running,
the number of kaons produced is around Oð1Þ before any
cuts. We expect that those background events can be further
rejected by applying selection criteria, such as absence of
charged pions and/or invariant mass cuts. The kaon back-
ground can also be reduced by lowering the energy of the
incident muon beam. Therefore we neglect the kaon
background for Fermilab muon beam-dump in the projec-
tion below. More detailed background estimations can be
achieved via specialized simulations for a concrete exper-
imental design.

IV. RESULTS

Based on the estimations of the number of signal events
for the muon beam-dump experiments at NA64 and
Fermilab, we project sensitivities for the two proposed
experiments for various models. Figure 5 shows the
resulting exclusions with 95% confidence level (CL) on
themS vs. gμ plane for model Awhere S dominantly decays
through eþe− (left) and model B where S decays into γγ via
a τ-loop (right). The orange and cyan contours on the plots
represent constraints from NA64 and Fermilab respectively.
The projected constraints from the muon beam-dump

experiments are compared with current constraints and
the favored parameter space from other experiments. The
red band is the favored region to solve the aμ discrepancy
with 2σ CL. The blue region are contributions of S to aμ
that excluded with 5σ CL. We have also show the limits
from electron beam-dump experiments, Orsay [38] (purple)
and E137 [39] (gray) for model A. Those limits are not
relevant for model B since there S does not couple to
electrons. The BABAR collaboration search through the
process eþe− → μþμ−S [37] and excludes the upper right
corner of the parameter space for both models.
For model A, the projected constraints from NA64 and

Fermilab is largely covered by existing E137 constraint for
small mS and gμ. Nevertheless, the muon beam-dump
experiments will cover new grounds for the range of mS

from 50 MeV to 210 MeV and gμ from several of 10−5 to
10−3. They can effectively exclude the aμ favored region
for the mS range, which is not reached by E137. The
importance of this region of parameter space has also been
pointed out by [43] in the context of a more general model,
where the authors attempt to address both the muon g-2
anomaly and the proton charge radius puzzle. As for model
B, both muon beam-dump experiments at Fermilab and
NA64 can place strong limits and completely exclude the
parameter space favored by muon g − 2 experiment below
the di-muon threshold. Again the NA64-type experiment is
more sensitive to smaller gμ region comparing to the
Fermilab experiment.

V. CONCLUSIONS AND DISCUSSIONS

Muon beams have many applications in particle physics.
Among fundamental physics applications, they have been

FIG. 5. Prospects and constraints in the mS vs. gμ plane for model A (left) and model B (right), respectively. The orange and cyan
contours show the projected constraints from NA64-type and Fermilab muon beam-dump experiments, respectively. We include the 2σ
CL favored region and the 5σ CL exclusions of aμ [9,10], and BABAR constraints [37] for both models. For model A (left), we also
include constraints from Orsay [38] and E137 [39]. See text for more details.
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used to study nuclear structure and perform precision
measurements of g − 2. The latter presents an intriguing
3σ–4σ deficit of theoretical predictions relative to exper-
imental observations. It could be a sign of low-mass new
physics coupled to muons. All attempts to find such
particles so far have rendered only exclusions on masses
and couplings of such particles. The majority of those
searches have concentrated on hadron or electron-initiated
production. In light of the main discrepancy coming from
the muon sector, it makes sense to explore the possibility of
light particles coupled predominantly to muons, and try to
use a muon beam as a source of such particles.
We have shown that muon beam-dump experiments at

NA64 and Fermilab can effectively explore the light scalars
that are predominantly coupled to muons. Full UV-
complete models with such scalars can be built. In this
paper we have explored a simplified low-energy version of
such models without going into details of the UV com-
pletion. The scalarS can have a small, or vanishing, coupling
to electrons. This also make the exotic scalar, S, long-lived,
leading to the displaced decays in the beam-dump experi-
ments. We have found that the experiments with muon
beams indeed extend the reach to the parameter space of the
exotic scalars. In particular, the favored parameter space to
explain the aμ discrepancy can be effectively probed.
Below we would like to discuss additional aspects of the

low-mass new physics experiments with muon beams and
the models they can explore:

(i) Practical aspects of muon beam-dump at Fermilab.
The beam-dump experiment with the anomalous
energy deposition downstream from the dump is
among the simplest particle physics experiments.
The muon beam energies available at Fermilab allow
to make this setup relatively compact, with the total
length of a few meters. As such this proposed
experiment could go into the g − 2 experimental
hall. Moreover, depending on the availability of
protons, the proposed beam-dump can be run in
parallel with the g − 2 experiment.

(ii) Model dependence. The simplified model of one
scalar particle considered in this paper is an example
of a physics goal that muon beam-dump experiments
may pursue. An interesting variation of this is when
the multiplicity of exotic states Nd is large, as may
occur in the models with extra dimensions where the
dark forces are allowed to live [44–46], or in models
with some conformal dynamics, where the new states
are continuously spread over the invariant mass [47].
It is easy to see the qualitative difference in the
phenomenology of such models compared to an
exotic single state models. The effects of virtual dark
force particles (such as corrections to g − 2) can be
enhanced by large multiplicity. Therefore, smaller
individual couplings can be responsible for the same
size of the corrections. Moreover, the mass step,

ΔmS, can lead to overlapping resonances within a
detector mass resolution, undermining the “bump
hunt” searches. This type of models with, e.g. a tower
of dark photons, will escape current direct searches at
NA48=2, BABAR etc., but can be a source of sizeable
corrections in g − 2. It is easy to see that such models
generically lead to longer lifetimes of individual
states, and therefore can be subjected to tighter
displaced decay bounds. Such models can also be
probed in the muon beam-dump experiments.

(iii) The advantage of running NA64 in the muon mode.
NA64 experiment currently occupies a unique niche
(which can be followed up by a similar experiment
in North America [48]). In this paper we have argued
that a muon run in NA64 is warranted, as it provides
a very strong sensitivity to models (model B) where
the decay of S happens well outside the detector.
This adds to an important case of Lμ − Lτ gauge
boson with massmZ0 < 2mμ, where the final state of
decay is always neutrinos [26].

(iv) Neutrino sources, SHiP. In this paper, we have
concentrated on considering dedicated experiments
with muon beams. Two other possibilities involve
proton beam-dumps, which also creates a lot of
muons, as well as beams of mesons used to source
the neutrino beams. None of these possibilities is
suitable for themissing energy ormissingmomentum
studies. However, the anomalous energy deposition at
the distance can indeed be probed, as is well known.
Perhaps a very powerful probe of new physics
coupled to muons can be achieved at a proposed
SHiP facility [27]. There, a large number of muons
created in the target propagates through tens ofmeters
of material before getting stopped or deflected. The
decay products of the light particles produced in the
collision of muons with nuclei can be detected
downstream, and a relatively short distance to detector
(compared to past proton beam-dump experiments),
as well as large boosts, may significantly increase
the reach to unexplored parts of parameter space.
Constraints on the muonic forces from the proton
beam-dumps deserve a separate dedicated study.

(v) Tau-initiated production. Finally, model A with
gl ∝ ml can be probed at high-luminosity eþe−
colliders through the process eþe− → τþτ−S →
τþτ−eþe− [23]. In light of the discussions in this
paper, the decay of S can also be displaced,
producing a rather unique signature that is easy to
be distinguished from the SM processes. Both Belle
and BABAR collaborations could perform corre-
sponding analyses.
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APPENDIX: ATOMIC AND NUCLEAR
FORM FACTORS

The combined atomic and nuclear form factor, G2, is
presented in [30,31,49,50]. Two components contribute to
G2: (1) the elastic part is given by

Gel
2 ðtÞ ¼

�
a2t

1þ a2t

�
2

Z2

�
1

1þ t=d

�
2

; ðA1Þ

where the virtuality t represents the momentum transfer
squared. a ¼ 111Z−1=3=me under Thomas-Fermi model
and d ¼ 0.164 GeV2A−2=3 where A and Z stand for the
mass number and atomic number of the target material,
respectively. me is the electron mass [30,49,50]; (2) the
inelastic part, in the limit t=m2

p is small, is given by

Gin
2 ðtÞ ¼

�
a02t

1þ a02t

�
2

Z

�
1þ tðμ2p − 1Þ=ð4m2

pÞ
ð1þ t=ð0.71 GeV2ÞÞ4

�
2

; ðA2Þ

wheremp is the proton mass, a0 ¼ 773Z−2=3=me, and μp ¼
2.79 [30].
For the parameter space of mS we are interested in, the

expression for Gin
2 is valid, and we do not have to include

the inelasticity at the nucleon level. The form factors dress the
nucleus-nucleus-photon vertex with G1=2

2 ¼ðGel
2 þGin

2 Þ1=2,
whichwe implement inMADGRAPH5AMC@NLOaccording
to [51].
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