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We explore the feasibility of using TeV-energy muons to probe lepton-flavor-violating (LFV)
processes mediated by an axion-like particle (ALP) a with mass O(10 GeV). We focus on pur LFV
interactions and assume that the ALP is coupled to a dark state x, which can be either less or more
massive than a. Such a setup is demonstrated to be consistent with x being a candidate for dark
matter, in the experimentally relevant regime of parameters. We consider the currently operating
NAG64-p experiment and proposed FASERr2 detector as both the target and the detector for the
process pA — TAa, where A is the target nucleus. We also show that a possible future active
muon fixed-target experiment operating at a 3 TeV muon collider or in its preparatory phase can
provide an impressive reach for the LFV process considered, with future FASERv2 data providing a
pilot study towards that goal. The implications of the muon anomalous magnetic moment (g — 2),
measurements for the underlying model, in case of a positive signal, are also examined, and a sample

UV completion is outlined.

I. INTRODUCTION

Firm observational evidence for cosmic dark matter
(DM) strongly argues for a non-trivial extension of the
Standard Model (SM) or perhaps the presence of a new
sector of physics. However, apart from certain theoret-
ical preferences, there is no obvious clue that points to
a particular type of DM, or its typical mass scale. Also,
intense experimental effort to find new physics around
the weak scale (2 100 GeV), a long-time target for DM
phenomenology, has so far only resulted in ever strength-
ening bounds. The above considerations have led to a
broadening of theoretical and experimental DM investi-
gations to include much lighter candidates, in particular
at the GeV scale. Going to lower mass scales goes hand-
in-hand with weaker couplings to the SM sector, in order
to avoid conflict with the existing empirical bounds. This
regime of parameters lends itself well to searches at low
energy probes with large effective luminosities, such as
fixed target experiments.

Motivated by the need for a broad view of new-physics
models to explain DM and other puzzles of the SM, it
is interesting to consider the phenomenology of axion-
like particles (ALPs), a generic class of particles that
can occur in physics beyond the SM (BSM) in many
different contexts [I, 2]. ALPs occur generically as
pseudo-Nambu-Goldstone bosons associated with sym-
metry breaking, so they can naturally exist at or be-
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low the GeV scale even if they are associated with new
physics above the weak scale. ALPs with lepton-flavor-
violating (LFV) couplings are particularly interesting, as
they can have distinctive phenomenological signatures
due to the absence of significant LFV in the SM. Anoma-
lies related to lepton physics such as the well-known dis-
crepancy between theory and experiment for the value of
the muon (g — 2), further motivate the consideration of
leptonic ALP couplings. See Refs. [3| 4] for early work
on flavor-violating axions.

In this paper, we consider using TeV scale muons pro-
duced at high-energy accelerator facilities in order to
explore possible pur LFV interactions of ALPs heavier
than the 7 lepton. For other studies of searches for LEV
ALPs at colliders and fixed-target experiments, cf., e.g.,
Refs [5HI4]. We point out that forward-going muons at
the LHC can be used to study such LFV probes using
the extension of the FASERv detector [15], the proposed
FASERv2 detector at the envisioned Forward Physics
Facility (FPF) [16]. This will complement the existing
muon fixed-target experimental program in the NA64-p
experiment at CERN [I7]. While those measurements
would only go slightly beyond existing ones, they would
serve as a testing ground for the general ideas. However,
we show that a future muon fixed-target experiment op-
erating at > TeV energies can considerably extend the
reach for heavy ALPs with ur LFV couplings. As dis-
cussed in Refs. [I8], [19], such a muon beam-dump experi-
ment could, for example, be related to the preparations of
the proposed muon collider with a 3 TeV center-of-mass
energy [20, 2I]. Here, we extend this idea and consider
a thin active target detector that could operate in tan-
dem with a beam-dump experiment and use a fraction
of the total number of muons on target (MOT) to study
the prospects for the ALP search using 1.5 TeV muons.
In particular, such an experiment can provide a powerful
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probe of the parameter space relevant to the resolution
of the muon g — 2 anomaly. We demonstrate that it can
also probe couplings relevant to DM physics by provid-
ing a simple DM model coupled to the ALP, which in
some scenarios can modify the phenomenology through
invisible ALP decays.

This paper is organized as follows. In section [} we in-
troduce the ALP scenario adopted in our work, analyze
its predictions for (¢ — 2), and DM, and discuss other
bounds on this model. Section [[IT] contains a discussion
of experimental prospects for measuring ALP LFV sig-
nals in high-energy muon fixed-target experiments. We
present our results in section [[V] and conclude in sec-
tion [V} In appendix [A] we present a sample UV com-
pletion for which relatively large non-diagonal ur ALP
coupling values can be obtained.

II. ALPs WITH LFV COUPLINGS
A. Model

The LFV interactions of the ALP, a, may be parame-
terized by the Lagrangian [6]
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where Ci; = /]ai;|? + |vi;]?, 0;; = arctan |v;;/a;;|, and
¢i; = arg(ai;/vi;). We take v;; and a;; to be real, imply-
ing ¢;; = 0. Specializing to the case of 17 flavor-violating
couplings (and dropping flavor indices on angles),

LD —i%aﬂ [(my —my)sind + (m, +m,)cos0+°]

+h.c. (2)

Taking the limit m, — 0 and defining g,,, = Cp.rm. /A,
we have

L D —igurafi[sinf + cos 0~4°] 7 + h.c. (3)

To give a rough sense of the size of the coupling, for
Cur/A = (1TeV)™!, we obtain g,, ~ 2 x 1073, How-
ever, it is possible in certain UV completions that cou-
plings as large as g, ~ O(107!) can be obtained. We
present an explicit UV model realizing this possibility in
appendix [A]

In addition to the C},, coupling, we include a coupling
to a hidden Dirac fermion x which will serve as a DM
candidate. The interaction Lagrangian is

C _ L
LD —ZA—X 2myaxy’x = —igyaxy°x, (4)
X

where we have defined g, = 2C,m,/A,. Note that for
the ALP coupling to DM we can in principle consider a
much lower UV scale A, than in the case of the LFV
coupling discussed above, such that g, could perhaps be
as large as order unity.

We have in mind two scenarios, which will lead to two
distinct experimental signatures:

o Visibly decaying ALP: This scenario involves an
ALP that decays via a — p*7F. This will occur
when m, > m, +m, and when the ALP decays to
DM are kinematically forbidden, m, < 2m,. The
rate for this decay is

C2,m?

8mA2

This corresponds to a characteristic decay length
for mg > m., of order

cTa =~ (107% cm) (g@;@})_a (uisfv). (6)

D(a — pt7r7) ~ ma(1—m2/m2)2.  (5)

In this case, even boosted ALPs with a few hun-
dred GeV energy decay promptly and do not leave
displaced signatures in the detector. The only
exceptions are scenarios with mg, ~ m, + m,
and low values of the coupling constant, e.g., for
Cpur/A ~ 1072 TeV~! and m, = 2 GeV, we find
vBcty ~ a few cm for E, ~ several hundred GeV.
This could lead to displaced decays of the ALP in
the detector and further help identify BSM events.
However, as we will see in sections [[ITC] and [[V]
this only affects a very small region of the parame-
ter space relevant to the sensitivity reach of a future
proposed muon fixed-target experiment. Therefore,
we assume that ALPs decay promptly in the anal-
ysis below.

o Invisibly decaying ALP: This scenario involves an
ALP that decays to DM, leading to missing energy.
Such decays will typically dominate if m, > 2m,,
given the expected larger couplings of ALPs to the
dark sector. Note that in this scenario there are
strong constraints from the LFV decay 7 — pa for
ALP masses below m, < m,; —m,, [§]. Instead, we
focus on heavier ALPs in the following. The rate
for the invisible ALP decay is

C2?m?

2;Axmm/1—4mi/mg. (7)
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B. Muon anomalous magnetic moment

The ALP LFV coupling generates a contribution to
a, = (g —2),/2 at one loop. Considering the regime
mr > my,, the result is
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B 222 log 1-3x

Furthermore, for the sake of completeness, in the low
ALP mass regime the expression simplifies to (assuming
| cos 20| > m,,/m;)

2
ag ~ — 196W2 M cos 20, (10)
w2 m,

though this regime is typically outside of the parameter
region of interest in our study.

The current experimental world average [22] and SM
theory prediction [23] are

)P = 116592059(22) x 107,
ap™ = 116591810(43) x 10~ (11)

This implies a discrepancy of

PP — oM = 249 + 48 x 10711, (12)

or about 5.1 o; however, there is some tension between
data-driven dispersive and lattice QCD inputs (partic-
ularly from Ref. [24]) to the SM theory number; see
Ref. [25] for an updated overview of the situation. We see
from Eq. that for cos20 < 0, or 7/4 < 0 < 37/4 we
obtain the positive shift in Eq. (12]). For cos20 < 0 and
order unity, we thus require an effective LFV coupling
gur ~ few x 1072 or larger to explain the discrepancy.

C. Dark matter

For the Dirac fermion DM candidate x considered here,
there are two potential annihilation channels that may
be relevant for setting the relic abundance. First, for
2m, > m, + my, the DM can annihilate to the SM via
XX — p~ 7t and xyx — 7 pT via s-channel ALP ex-
change. We refer to the sum of these channels simply as
xX — p7. This channel typically dominates when the
DM cannot kinematically annihilate to a pair of on-shell
ALPs. The thermally averaged annihilation cross section
in the nonrelativistic regime is

| G (am =2

(o) = ~or m2(4m2 —m2)?’

(13)

For Dirac x, the observed DM relic abundance is obtained
for an annihilation cross section of (ov) ~ 4.4 x 10726
cm? s71 [26]. Note, however, that the annihilation in
this case occurs in the s-wave and may thus be strongly
constrained by DM indirect detection (ID) searches and
the CMB if m, < 10 GeV. To have a viable scenario for
lighter DM candidates, we can consider asymmetric DM,

710“ 1(‘|1 102
my =mg/3 [GeV]

FIG. 1: Bounds on the asymmetric DM scenario, in which the
DM species efficiently annihilate into p7 final states via the
ALP LFV mediator. We assume m, = 3m,, in the plot. The
constraints on the product of the dark and SM coupling con-
stants are shown, g,-gy. The gray-shaded region at the bot-
tom corresponds to the overproduction of a symmetric DM
component in the early Universe. The colorful shaded re-
gions above present current indirect detection bounds from
Planck [28], Fermi-LAT [29], and AMS-02 [30]. The future
sensitivity of such searches is schematically illustrated with a
black dashed line following Ref. [31].

which would require large annihilation cross sections in
order to deplete the symmetric component.

Figure [I| shows parameter values in the m, — g.-gy
plane where the relic density of the symmetric DM com-
ponent can be suppressed below the measured total DM
relic abundance. For a given DM mass and fixed value of
the dark coupling constant g, this sets the lower bound
on the g, coupling constant. We have fixed m, = 3m,
in the plot. Even a subdominant symmetric DM compo-
nent can be subject to DM ID constraints [27]. We illus-
trate this by considering bounds from the Planck CMB
observations [28], Fermi-LAT ~-ray flux limits from dwarf
spheroidal galaxies [29], and positron measurements by
AMS-02 [30]. These bounds are typically reported for
flavor-diagonal DM annihilation final states, i.e., pTu~
or 7F77. In the plot, for illustration, we present the
impact of the parameter space of the stronger of such
bounds from each of the experiments above. A more pre-
cise modeling should consider a specific 7 annihilation
final state relevant to our scenario that could introduce
mild corrections to the bound on g,,. We also schemat-
ically show future prospects for DM ID searches. This
assumes an order of magnitude improvement in the cross
section limit with respect to the current constraints [31]
and takes into account the change of the present frac-
tional asymmetry between the DM species with the vari-
ation in (ov).

If instead the ALP is relatively light compared to the
DM, then annihilation via xx¥ — aa can set the DM



abundance. The annihilation cross section is [32]

" Tpo. 24w (2m2 —m2)4 m2 '

In this case the cross section does not depend on the me-
diator coupling to the SM, and thus there is no firm relic
density target. For a given DM and ALP mass, one can
obtain the correct relic abundance by adjusting the ALP
- DM coupling g,. Nevertheless, this scenario provides
a motivation for our visible ALP signal at accelerator
experiments. Note also that the annihilation proceeds
in the p-wave, thus evading the otherwise stringent con-
straints from the CMB and ID.

D. Other bounds

While we focus on the phenomenology of the ALP
model with only one non-vanishing ALP-SM interaction,
specifically the LE'V g, coupling, it is important to note
that in realistic UV completions other ALP couplings can
also arise. In appendix [A] we provide an explicit exam-
ple of such a model, which allows for large values of g,
and generates additional ALP-SM interactions, and dis-
cuss further bounds related to this scenario. At a more
general level, the presence of additional ALP couplings
to the charged-lepton sector of the SM could introduce
stringent bounds on our scenario, and we comment on
this below.

Other ALP couplings: As discussed above, impor-
tant bounds on our scenario are related to the predicted
BSM contribution to the anomalous magnetic moment
of the muon. Although we focus only on the case where
the off-diagonal coupling g, is present, the lepton-flavor-
diagonal pseudoscalar coupling g,,, generically gives a
negative contribution to a,, see [5} 6} 33], which would
allow even larger values of g,, to be consistent with the
observed discrepancy. However, the presence of a signif-
icant g,,, would lead to strong bounds from 7 — p~y and
T — 3u [0, 12] that would exclude such large g,, cou-
plings. A similar conclusion holds if an additional ¢,
coupling is present, while a non-zero g.. would induce
further bounds from 7 — pee decays. If such flavor-
diagonal ALP couplings are not present at tree-level, they
could still be radiatively induced if, for example, there are
non-zero ALP-gauge boson couplings [34]. However, in
this case the generated coupling is of order a? and thus
remains negligible compared to the larger values of g,
considered here. It should be noted that if only g, is
present, diagonal couplings g,, and g-, are not radia-
tively generated due to the presence of two Z symme-
tries: Zs,qu (Z2,4-) under which both a and p (7) are
odd while all other fields are even.

We also note that if additional off-diagonal couplings
between ALPs and leptons are present, i.e., gey O Ger,
then stringent bounds from 7 — ey and u — ey con-
strain the available parameter space of the model. These

couplings will not be significantly generated via radia-
tive processes from only g,,, since this coupling preserves
L, + L, (along with the two Zy symmetries mentioned
above). We neglect the ALP couplings other than g,
for the remainder of this work.

Bounds from 7 decay: The g,, coupling alone in-
duces other BSM processes that could be probed. In par-
ticular, we focus below on relatively heavy ALPs with the
mass meq > m,; —m,, such that stringent bounds [9} [35]
on 2-body tau decays into the muon and missing energy,
T — p~+inv., do not apply. We note that these bounds do
not automatically constrain the model with the invisibly
decaying ALP, i.e., the process 7 — u(a* — x¥), as they
rely on the expected peak in the final-state muon energy
in the (pseudo) rest frame of the tau lepton, which is
characteristic for a 2-body decay kinematics.

Instead, the 3-body decay kinematics resembles that of
the SM decay process, 7 — pvr. Bounds on this scenario
can be derived based on the ratio between the branching
fractions of the 7 leptonic decays into muons and elec-
trons. For light DM and the ALP mass m, ~ 2 GeV, the
bounds could be as severe as g,-g, < 107, cf. Ref. [36]
for related discussion for an intermediate vector boson
Z'. In the following, we will assume the mass ratio be-
tween the ALP and DM to be m,/m, = 3. The consid-
ered bound could then constrain the parameter space of
the invisibly decaying ALP scenario for m, < 2.5 GeV.
However, as the ALP mass approaches this upper limit,
one expects that the bounds become less severe, given
that kinematics of the tau lepton decay into massive DM
species x would not resemble the decay into neutrinos.
We note that a precise bound could be obtained with a
dedicated experimental analysis.

Bounds on a — xx from h and Z decays: Ex-
otic decays of the Higgs boson can also lead to significant
bounds on the off-diagonal coupling g,,. In particular,
LFV decays h — ura are expected in this case, where
the ALP can subsequently decay invisibly. In this case,
existing searches for h — ur decays could apply. How-
ever, we note that the current bounds are based on the
approximate reconstruction of the invariant mass of the
w — 7 system [37H39]. A priori, this is not applicable
to the 3-body kinematics relevant to our scenario, and a
dedicated analysis should be performed.

Further constraints come from Z boson decays. The
predicted 3-body decay branching fraction of the Z boson
to the ALP and a p7 pair is estimated to be B(Z —
pEr¥a) ~ 2 x 1072 [(C,,, /A)/TeV ™12, using the results
of Ref. [14] for the lepton-flavor-conserving case. See also
Ref. [40] for recent studies of W boson decays to ALPs.
This can be compared with the bound on the LFV decay
branching fraction derived by the ATLAS experiment,
B(Z — pr) < 6.5 x 1076 [Tl 42]. We translate the
preceding bound into the approximate constraint on the
ALP coupling constant for the invisibly decaying ALP
scenario of order C,;/A < 60 TeV~!. Note, however,
that the 3-body kinematics of the Z-boson decay into
the ALP could affect the bound, especially for larger ALP



masses.

Bounds on a — p7 from h and Z decays: Visibly
decaying ALPs could be constrained based on searches
for the Higgs boson decaying into two muons and two
tau leptons. Existing bounds, obtained under the as-
sumption of lepton flavor conservation, assume a cascade
decay process with intermediate ALPs, h — aa — purt
and the reconstruction relies, i.a., on measuring the in-
variant mass of the di-muon pair, cf., e.g., Refs [43] 44].
However, the initial 3-body decay kinematics followed
by a 2-body ALP decay, which is characteristic of the
model considered here, differs from these scenarios and
will require other signal selection and background mitiga-
tion strategies. Similar discussion applies to past bounds
based on rare decays of B mesons [0}, 45].

The visibly decaying ALP could also be constrained
in measurements of the Z — 2u27 decays. The CMS
collaboration has recently constrained the ratio R, ..,
between the branching fraction of this decay and the
one for Z — 4p process to be less than 6.9 times the
SM expectation, which was R,;,, ~ 0.9 with the cuts
used in the analysis [46]. We note that the branch-
ing fraction into four muons is measured to be B(Z —
4p) ~ (1.20 £ 0.08) x 107° assuming m,+,- > 4 GeV
for all pairs of oppositely-charged muons [47), 48]. Given
the aforementioned predicted BSM branching fraction of
Z — aut, we find that too large BSM contributions to
the Z — 2u27 decays for the visibly decaying ALP are
excluded, which leads to the bound on the coupling con-
stant Oy, /A <60 TeV ™!,

Explicit LFV ALP signature at colliders: While
the above bounds on visibly decaying ALPs were based
on lepton-flavor-conserving signatures, they can also be
constrained in searches for explicit LF'V at lepton collid-
ers [49] and in Higgs decays at the LHC [I1]. This relies
on the presence of same-sign muons and tau leptons in
the final state, e.g., ete™ — 4, Z0) — ptr—(a® —
uT77). Especially relevant are future colliders operat-
ing at Z-pole, e.g., FCC-ee and CEPC, that will con-
strain the ALP coupling strength to C\,; < O(1 TeV ™)
or g,r S afew x 1072 for the ALP mass up to tens of
GeV [49]. Similar constraints are expected from searches
in the proposed pTRISTAN ptp™ and pte™ collid-
ers [b0]. Even stronger bounds can be obtained for Belle-
I1, up to g, < 107* for m, ~ 2 GeV [§]. However, these
bounds quickly diminish with increasing ALP mass and
are only relevant for m, < 10 GeV. We conclude that
future collider-based searches for explicit LFV in ALP-
induced processes will provide an independent test of the
region favored by the (¢ — 2), anomaly in our model,
which is complementary to the sensitivity of fixed-target
experiments discussed below. Finally, we also note that
it would also be worthwhile to explore LFV signals of
ALPs in Higgs and Z decays at the LHC for our ur LFV
ALP scenario.

III. LFV SIGNAL

One way that LF'V ALPs can be produced in an ac-
celerator experiment is via electromagnetic interactions
between a charged lepton and a heavy nucleus. This has
been considered in the past for electron-nucleus interac-
tions at the EIC [I0], which allows one to constrain the
et coupling of the ALP. Producing GeV-scale ALPs with
an et coupling in this way requires a TeV electron in the
rest frame of the ion, which is possible at the EIC due to
the high energy of the ion in the lab frame. By analogy,
to constrain the pu7 coupling of the model to a similar de-
gree would require TeV-scale muons incident on nuclei.

The 4 — 7 conversion process with a sizable associ-
ated missing momentum was previously studied in the
context of searches in muon fixed-target experiments in
both the deep-inelastic scattering (DIS) regime [51], 52]
and due to the coherent production of GeV-scale BSM
scalar particles in muon interactions with nuclei [53]; cf.
also Ref [54] for past experimental bounds on effective
LFV ur operators with additional couplings to quarks.
Further production and detection modes appear if new
physics species produced in muon scatterings are long-
lived and can visibly decay in a distant detector [55].

In the following, we focus on probing a prompt-decay
regime of ALPs with masses above the tau lepton mass
up to tens of GeV using ongoing and future high-energy
muon fixed-target experiments. Producing such a mas-
sive ALP in a muon fixed-target experiment requires
employing a high-energy muon beam. Such energetic
muons are available in the ongoing NA64-1 experiment
at CERN. Even higher energy muons are abundantly
produced in the forward kinematic region of the LHC
and can be measured in the proposed FPF. However,
as we will see, in both these cases the limited available
muon flux leads to observable event rates only for very
large ALP couplings. A much more powerful probe of
the p7 coupling parameter space would be available at a
beam-dump experiment associated with a future multi-
TeV muon collider, which we also explore.

A. ALP production

In our analysis, we consider ALPs produced from a
high-energy muon electromagnetically interacting with
atoms within a material. The Improved Weizsacker-
Williams approximation [56] is often employed to sim-
plify such calculations, but it has been shown to not al-
ways be accurate in the large-mass regime of the pro-
duced particle [57), [68]. Instead, we integrate the full
cross-section of the 2 — 3 process uN — 7Na, then use
the narrow width approximation for decay of the ALP.
Along with a more accurate cross-section, this approach
allows us to analyze the energy and angular distributions
of the final-state ALP. Details of the cross-section inte-
gration can be found in the appendix of Ref. [I0].

One might expect that a large momentum-transfer is
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FIG. 2: The ALP production process in a coherent muon
scattering off a nucleus.

necessary to create GeV-scale ALPs, but this is not al-
ways the case, as the required momentum transfer is de-
pendent on both the ALP mass and the incident muon
energy. In particular, an ALP of mass m, can be pro-
duced from a muon of energy F,, exchanging a photon
with a nucleus provided the momentum transfer is larger
than tmin ~ (m2/2E,)?. Since the coherent scattering
cross section is increasing for low momentum transfer
t, it grows with the incident muon energy. Additional
cross-section could be gained by considering photon ex-
change in the deep-inelastic scattering (DIS) regime, but
this is especially relevant when ty;, = 1 GeV, which
corresponds to m, 2 40 GeV for a 1 TeV muon beam.
Here we only consider coherent and diffractive interac-
tions between the muon and the nucleons of the nucleus
for which backgrounds can be rejected more easily, and
we impose a cut-off on ¢ of 1 GeV rather than considering
DIS effects.

For coherent interactions, the cross-section is enhanced
by a factor of Z2, and for diffractive interactions, it is still
enhanced by a factor of around Z (although for larger
ALP masses, this effect is diminished by a smaller form
factor). The diagram for ALP production is shown in
fig. Pl For simplicity, we treat the nucleus as a scalar
with mass M and charge Ze, which is a reasonable ap-
proximation in the absence of spin-related effects. The
photon-ion interaction vertex is then given by

iV* =ieZF(q*)(P{' + PY), (15)

where F(¢?) is a normalized form factor that incorpo-
rates both the coherent and diffractive interaction of the
nucleus. In particular, we decompose the squared form

factor into an elastic and inelastic component,
2R (@) = G ()G (¢P)
+GRa™ (¢ G (@), (16)
where the superscripts “atom” and “nuc” refer to the
atomic and nuclear contributions, and the subscripts “el”

and “inel” correspond to elastic and inelastic form fac-
tors. For the atomic form factors, we take [59)]

+ a’t 1?
Ga™"(t) = [H_agt] ) (17)
12 2
atom _ a’“t
C;(inel (t) - |:1 + a/2t:| ) (18)

with a = 111273 /m,, and o’ = 571.4272/3 /m,..

For the nuclear inelastic form factor, we use the dipole
approximation for the electromagnetic form factors of the
nucleons within the nucleus [59],

1 2 2
B8O =y 20 (40
HA = 2)(d fam2)] (19)

with tg = 0.71 GeV?, i, = 2.79, and p,, = 1.91. The first
term represents the elastic form factor of the proton, and
the second term represents the elastic form factor of the
neutron. The neutron’s contribution is only comparable
to the proton’s when t ~ mf,, as expected. The dipole ap-
proximation becomes less accurate at higher momentum
transfer,[60] so we impose a cut-off on the form factors
at t =1 GeV.

Finally, for the nuclear elastic form factor, we use an
approximation of the Fourier-transform of the Woods-
Saxon distribution [61], given by

2
(D) =
2
{(sin (RaV't) — Rav/tcos (RA\/E)) 1—|—12t} . (20)
o

where ag = 0.79 fm and R4 = (1.2 fm)A'/3. Note that for
small ¢, this agrees with the form of the coherent nuclear
form factor used in Ref. [59], but falls off more quickly
at large ¢ (~ 1/t5 instead of ~ 1/t?). The contribution
of the coherent and diffractive form factors to the total
cross-section for ALP masses m, = 2 GeV and m, =
10 GeV is shown in fig.

With the above form factor, one can use the vertex
eq. to compute the total production cross-section.
We refer the reader to Refs. [10, 57, 58] for details and
formulae regarding the full 2 — 3 cross section.

B. Experiments

We consider two distinct scenarios for the decay of the
ALP: visible decays into 7T, and invisible decays into
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FIG. 3: Diffractive (dashed), coherent (dotted), and total
(solid) cross-section vs. incident muon energy for mq, = 2 GeV
(green) and m, = 10 GeV (blue). Here we have fixed A = 1
TeV.

the dark fermions yx. Different search strategies must
be designed to target these distinct ALP decay modes.
The discovery prospects also depend on the capability
to reconstruct short tau lepton tracks and determine the
incident muon charge. Below we first briefly describe the
experimental facilities of interest to our work and then
discuss sample signal selection strategies for both of the
considered ALP decay modes.

The NA64-u experiment at CERN employs the
high-intensity SPS muon beam with E, ~ 160 GeV [17].
The muons are dumped on lead-scintillator (Pb-Sc) tar-
get material serving as an electromagnetic calorimeter
(ECAL) with approximately forty radiation lengths of
lead [62]. Below we present the projected exclusion
bounds assuming 10! MOT. We also estimate the cur-
rent bounds based on 2 x 101 MOT [63].

Other specific muon beam-dump experiments have also
been proposed, such as the Muon Missing Momentum
(M?) experiment at Fermilab [64]. This experiment
would, however, employ a muon beam with a lower
energy of E, = 15 GeV, resulting in a substantially
smaller production cross section for heavy ALPs. In-
stead, the same high-energy CERN muon beam with
E, ~ (150 — 160) GeV could also be used to search for
light BSM particles in the MUonE experiment [65]. In
this case, however, the low-Z target materials [66] result
in a significantly suppressed coherent ALP production
cross section compared with the NA64-1 detector setup.

The proposed Forward Physics Facility at the
LHC will offer an opportunity to exploit even more en-
ergetic muons, up to O(TeV), which are created in the
decays of hadrons produced in pp collisions at the AT-
LAS interaction point (IP). Despite the impact of the
LHC magnets and shielding by the infrastructure, a sig-
nificant number of both negative and positive muons can

reach the far-forward experiments, which are proposed to
be placed about 620 m away from the IP. Our sensitiv-
ity studies employ the muon flux and spectrum predic-
tions obtained for the FPF by the CERN FLUKA (STI)
team [67]. It extends up to E, ~ a few TeV energy. In
the following, we assume that the FPF experiments can-
not determine the incident high-energy muon charge (pu™
or pu~ ), while the outgoing muon charge can be measured.

In our analysis, we specifically focus on the proposed
FASERw2 experiment [16] [68], which will employ 20 tons
of tungsten target material and emulsion detector tech-
nology. This detection technique is currently used, i.a.,
in the FASERv [15] 69] and SND@QLHC [70, [71] detectors
at the LHC. The total length of the tungsten layers in
FASER»2 is 6.4 m. Emulsion detectors feature excellent
spatial resolution, allowing for a detailed study of high
energy neutrino interactions, including the precise mea-
surement of tau lepton tracks produced in charge current
interactions of v;s. This can be done with a resolution
of dpasgry2 = 2 mm, which corresponds to the thick-
ness of the tungsten layers interleaved with emulsion. In
the following, we will rely on these expected FASERv2
capabilities to study muon-induced ALP signals.

We note that the central LHC detectors have also been
proposed to work in the muon beam-dump mode and
search for the missing-momentum signature [72]. In this
case, due to the required purity of the muon sample, only
muons from W and Z boson decays were considered with
an average energy of order tens of GeV. For this reason,
and since the dominant source of high-energy muons at
the LHC is due to decays of hadrons with lower masses
and pr, we focus on forward-going muons and the pro-
posed FASER»2 detector in the following.

A high-energy muon fixed-target experiment
employing future TeV-scale muon beams will be able to
harness both advantages — high intensities and high ener-
gies — of the aforementioned experiments at CERN. Re-
cently there has been renewed interest in the possibility
of a multi-TeV muon collider |73} [74], which would offer
a new window into the energy frontier. In this context,
it is interesting to explore other physics applications of
high energy muon beams.

Here we consider the possibility of a high energy muon
fixed target experiment, as has been recently investigated
in Refs. [I8, M9]. Such an experiment could be con-
structed as one component of the muon collider facility,
or developed even earlier during the muon beam R&D
phase. The original proposal considered a TeV-energy
muon beam dumped on a thick target (~ 10m) along with
a detector located ~ 100 m downstream. Such a setup
is well suited to searches for light, weakly-coupled, long
lived particles. In order to facilitate such new physics
searches, a strong magnet should be placed downstream
in order to deflect the muons leaving the target mate-
rial and mitigate backgrounds. In contrast, new light
BSM particles will not be affected by the magnet and
can travel forward to the decay volume located further
downstream and preceded by a front veto. The visible



decay products of the BSM species can then be analyzed
in the main detector, which should be capable of tracking
and measuring the energy of charged particles, including
muons. The predicted BSM sensitivity depends on the
total number of MOT, which can be as large as 100 for
the multi-year run.

Here we propose a complementary active thin target
concept for a high energy muon fixed-target experiment,
schematically illustrated in fig. For concreteness, we
consider a thin target composed of a 2 cm lead plate
placed in between two veto or tracking layers. The target
is positioned directly in front of a spectrometer. Inter-
leaving this target with additional tracking layers could
further improve the physics sensitivity. In the following,
we will assume that a 2 mm track identification resolution
can be achieved in the lead target material using elec-
tronic detectors or emulsion. We stress that we consider a
much smaller total detector length than FASER»2, which
facilitates such an interleaved design.

The inclusion of interleaved tracking layers will allow
for improved spatial resolution and event timing capabil-
ities. Importantly, however, even the simplest detector
setup in which the 2 cm lead plate is not instrumented
inside will be sufficient to probe interesting regions of
the parameter space of the ALP models. The interleaved
tracking layers should then be treated as optional for this
search.

Secondary visible particles produced in high-energy
muon interactions in the active material will be measured
in the detector placed downstream. This could follow the
design of the aforementioned detector of a beam-dump
experiment. On top of tracking capabilities and energy
measurement, muon identification is essential to study
the signal of our interest. In particular, we assume that
pts can be disentangled from charged pions. The ac-
tive thin target run could operate concurrently with the
beam-dump mode. In this case, even a small fraction
all the muons of order 10 MOT is enough for a mean-
ingful search, as we discuss below. We also note that
the muon beam should be largely unaffected by the ac-
tive thin target detector, suggesting that our experiment
could be placed upstream of and run in tandem with a
thick target muon beam dump experiment, such as the
setup proposed in Ref. [I§].

For reference, 10'® MOT corresponds to only about
an hour of operation of the muon beam source to be de-
signed for the muon collider, assuming 5 Hz muon source
repetition rate and 2 x 10'2 muons per bunch relevant for
the MAP parameters [74] [75]. We assume these muons
will be dumped on the active target material before de-
caying. Below, we will present the results for a 1.5 TeV
muon beam. We reiterate that it is conceivable to as-
sume a thin-target detector that we propose to operate
in the preliminary stage of the work toward constructing
the muon collider, as it relies on only a single high-energy
muon beam.

In particular, using such a muon beam with 1 TeV
energy has recently been investigated in the context of
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FIG. 4: The LFV signature of the ALP u7 coupling in a
thin metal plate (light green rectangle on the left) surrounded
by electronic detectors (gray bars) and placed in front of a
spectrometer (light blue) at a high-energy muon beam-dump
experiment. The incident negative muon interacts coherently
with a heavy nucleus in the target material, producing the
ALP and negative tau lepton. The thin target material could
be additionally interleaved with tracking layers, as indicated
by black horizontal lines in the plot. In the considered process,
the ALP immediately decays into DM or the tau and muon
pair. We present the latter case in the figure. The outgoing
muon can have the opposite charge to the incident one, which
we illustrate by varying the green shade of both lines. The
intermediate tau lepton tracks are shown in red and yellow.
We considered the 3-prong 7 decay channel into three charged
mesons (h = ¥, Ki) shown in purple and a neutrino (light
brown dotted lines).

the proposed pTRISTAN project at the J-PARC facil-
ity [76]. While the proposed concept focuses on colliding
muon and electron beams, the search discussed in our
study could rely on installing an additional dedicated
fixed-target experiment to capture muons leaving the ac-
celerator before decaying to study LFV ALPs and other
feebly-interacting particles.

We also emphasize that the intensity and energy of the
muon beam considered here are unprecedented in current
and near-future experiments, which should be considered
when designing the experiment. For instance, a highly
collimated muon beam could potentially damage the ac-
tive detector. In this case, beam defocusing would be
advantageous before it hits the target. The experiment
could also operate under a reduced beam intensity in a
short, dedicated run. Additional effects will be related to
interactions of an electron cloud surrounding the muon
beam. Being less energetic than muons, these could be
partially deflected away or shielded on their way to the



detector. These and other detector requirements, e.g.,
cooling, must be analyzed in detail to assess the feasi-
bility of such a detector. We leave this for future stud-
ies, while, in the following, we focus on the discovery
prospects for ALPs with LFV couplings.

C. Signal and Backgrounds

Having described the experimental facilities of interest,
we now discuss details of the signal selection process and
expected backgrounds. These depend on the ALP decay
mode.

Invisibly decaying ALP: In the case of an invisibly
decaying ALP, much of the incident muon energy is car-
ried by the massive pseudoscalar particle in the scattering
process ptN — 7T N(a* — xX), leading to substantial
missing energy. Instead, the outgoing tau lepton decays
promptly into semi-visible final states. The signal se-
lection prospects depend on the 7 decay mode and the
capability to reconstruct the intermediate short tau track
before it decays.

The tau lepton can decay leptonically to a muon with
a branching fraction of B(t~ — p~v,v,) = 0.1739 [77].
In this case, and for small tau decay lengths, the only
detectable tracks are the ones left by the incident and
outgoing muons, with a significant invisible energy loss
and the muon kink.

NAG64-u The relevant muon missing momentum signa-
ture is currently studied in the NA64-p experiment [17].
In this case, we assume that the intermediate tau lep-
ton track cannot be reconstructed and we focus on only
the muon tracks. In the search, the outgoing muon is
required to carry < 80 GeV energy, i.e., less than half of
the incident 160 GeV beam energy. We have verified that
this is the case for our events of interest, given the signif-
icant missing energy associated with the produced ALP
with mq > m, and neutrinos from the tau lepton decay.
Beyond this, events with energy deposition in the ECAL
that is larger than that expected from minimum ioniz-
ing particles are rejected. Similarly, events with more
than one charged track in the tracking detectors or addi-
tional activity in the veto and hadronic calorimeters are
also rejected. These cuts are satisfied for coherent scat-
terings, while diffractive processes can also satisfy them,
especially for low-energy proton recoils. In the following,
we assume 100% detection efficiency in the signal region
to ensure a fair comparison with other experiments, cf.
Ref. [63] for the detailed discussion about the signal se-
lection and background rejection in NA64-p.

FASER»2 A similar muon missing-momentum signa-
ture was analyzed for the FASERv2 detector in the FPF
in Ref. [78]. As discussed therein, the excellent capabil-
ities of emulsion detectors could allow for the identifica-
tion of the interaction vertex and reconstruction of the
kink angle with high precision. The measurement of the
incident muon energy would rely on multiple Coulomb

scatterings in FASERv2, while the outgoing muon en-
ergy and charge could be additionally measured with the
FASER2 spectrometer placed downstream of the emul-
sion detector. The presence of the final-state muon is es-
sential to guarantee that the interface tracker placed in
between the emulsion detector and spectrometer is acti-
vated. This helps properly triggering such events, which
otherwise remains much more challenging due to the lack
of time stamps in the emulsion alone.

It is important to mention that this search in FASERv2
could suffer from substantial backgrounds from the
muon-induced photon bremsstrahlung process. A priori,
given the lack of time information, it remains challeng-
ing to properly associate the photon-induced ete™ pair
production vertex in a separate part of the detector with
the parent muon kink. Ref. [78] discusses possible im-
provements in track reconstruction and event detection
algorithms that would be necessary to perform this search
in emulsion.

On the other hand, if the intermediate tau lepton
track is detected, the bremsstrahlung backgrounds could
be greatly suppressed. In this case, two consecutive
bremsstrahlung processes with a high muon energy loss
and a small distance between the interaction vertices
would have to happen to mimic the signature. The back-
ground rate is drastically reduced then, assuming that
both muon kinks can be resolved separately.

In the left panel of fig. [5] we show the decay length dis-
tribution of the 7 lepton produced in the incident muon
LFV scattering process, uN — 7aN. We present the
results for several initial muon energies, E, = 160 GeV,
1.5 TeV, and 5 TeV, and for two representative ALP
masses, m, = 2 GeV and 10 GeV. The y axis of the plot
corresponds to the differential scattering cross section for
the ALP production in muon scatterings off the heavy
nuclei, and ¢ = 1—E,/E, ~ E;/E, is the relative muon
energy transfer to the tau lepton. In the plot, we also
mark the aforementioned expected track reconstruction
resolution in the emulsion detector, dpasgrye = 2 mm,
as a gray-shaded region. As one can deduce from the
plot, for m, = 2 GeV the incident muons with E, of
order a few hundred GeV or so will produce tau leptons
with a sufficiently large decay length to be detected in
FASERwv2 as a separate short track.

The precise detector resolution will additionally de-
pend on the kink angles; as extremely collimated tracks
are more difficult to disentangle. Since both the ALP
production vertex and the subsequent tau decay would
produce significant missing energy and momentum, we
assume for simplicity that such a reconstruction can be
performed thanks to the impressive angular resolution of
emulsion detectors if the distance between the vertices
exceeds dpasgry2- The expected single-layer angular res-
olution in FASERvV is 0ang ~ 0.23 mrad [7§]. Detailed
detector simulations should further verify this assump-
tion, which is beyond the scope of this work.

In the following, we present the projected FASERvr2
bounds after requiring in our simulations that the 7 decay
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FIG. 5: Left: The differential cross section distribution for the ALP production process, uAz — T7aAz, where Az denotes a
nucleus N of charge Z (here we consider lead, Zp, = 82), with respect to the energy transfer to the tau lepton. The distribution
is shown as a function of the tau lepton decay length. The black, red, and blue solid (dashed) lines correspond to incident
muon energies of 160 GeV, 1.5 TeV, and 5 TeV, respectively, for an ALP mass m, = 2 GeV (10 GeV). The gray-shaded region
on the left corresponds to the expected emulsion detector resolution of 2 mm, which we also assumed for the high-energy muon
fixed-target detector instrumented with additional tracking layers. The green-shaded region corresponds to 2 cm, which is the
considered thickness of the lead target plate at the future fixed-target experiment. Right: Similar to the left but for the tau
lepton produced in the subsequent process of the visible ALP decay, a — pur.

length is larger than the track identification resolution.
Hence, we require that the entire chain of p — 7 — p
tracks can be reconstructed, and there are no additional
charged tracks emerging from the two interaction ver-
tices of interest. We then assume backgrounds can be
suppressed to a negligible level. For completeness, we
also show the ultimate sensitivity of FASERv2 after con-
sidering all the 7 decay modes and no additional cuts.

High-energy muon fixed-target experiment The pro-
posed experiment employing a high-energy muon beam
could use a similar detection strategy. In this case, we
consider a fixed-target experiment with only a 2-cm lead
plate used as a thin target. After correcting for the dif-
ference in the detector size and inverse interaction length
in lead and tungsten, the ALP production probability is
more than two orders of magnitude lower in this plate
than in FASERv2. However, the expected sensitivity of
the detector can be driven by the large number of MOT
that could exceed the FPF predictions by even a few
orders of magnitude. As discussed above, we focus on
one possible experimental setup with fixed muon energy
equal to F, = 1.5 TeV. This further enhances the pro-
duction cross section for heavy ALPs compared with the
broad muon energy spectrum at the FPF, which has a
substantial fraction of muons at lower energies.

Given the small total length of the considered detector,

we assume it will be possible to time stamp events. This
can be achieved thanks to the interleaved tracker layers
and by measuring charged particles entering the detector
after leaving the active thin target material. The times-
tamp and good position resolution could allow for better
tau lepton identification by measuring its 3-prong decays
into three charged hadronic final-state particles (pions
or kaons). The relevant branching fraction is equal to
B(T3-prong) =~ 0.15 [77]. We require this tau lepton decay
mode when presenting results below.

Visibly decaying ALP: The search for ALPs de-
caying promptly and visibly into the p7 pair requires
a different dedicated strategy. Combined with the ALP
production, the relevant process produces one muon and
two tau leptons in the final state, uN — 7N(a — u7).
Depending on the lepton charges produced in the ALP
decay, the final-state muon can have the same or the
opposite charge as incident one. The case with the con-
served muon charge suffers from large SM backgrounds
from di-tau production in high-energy muon scatterings
with an intermediate photon or off-shell gauge boson
emission [79]. We estimated the relevant number of SM
events to be Nom p—purr =~ 2.8k in FASER»2, while it
grows to 2.1 x 10% in the 2 cm thick lead plate in the fu-
ture high-energy muon fixed-target experiment operating



at E, = 1.5 TeV assuming 10'® MOT.

Instead, the muon charge flip, e.g., uy” N — 777" u™N,
marks the presence of explicit LFV and could be a smok-
ing gun signature of BSM effects. We illustrate this in
fig. [4] for an incident negative muon and 3-prong tau lep-
ton decays. Notably, this search requires charge measure-
ment for both the incident and outgoing muon and capa-
bilities to identify the two outgoing tau leptons. Charged
hadrons produced in tau lepton decays should be further
measured in a downstream hadronic calorimeter to dis-
entangle them from the outgoing muon. Combined, such
detection prospects would be possible to achieve in the
future high-energy muon fixed-target experiment, and we
focus on this proposed detector for further discussion of
the ALP model with visible decays.

As discussed above, the tau lepton identification
prospects can be greatly improved depending on the as-
sumed detector spatial resolution. In the right panel of
fig. we show the 7 decay length distribution corre-
sponding to the tau lepton produced in visible ALP de-
cays, a — ut. As can be seen, for m, = 2 GeV, the tau
lepton will typically decay outside the lead plate, and
dmc = 2 cm is sufficient to reconstruct such events prop-
erly. Improved detector resolution will, however, posi-
tively impact the tau identification for heavier ALPs, as
shown for m, = 10 GeV. In this case, the ALP carries
away most of the incident muon energy and its energy
is approximately fixed, £, ~ F,. Since m, > m,,m,
for the growing ALP mass, one expects a flat energy dis-
tribution of both the ALP decay products in the labora-
tory frame and we find a plateau in the distributions for
mg = 10 GeV.

IV. RESULTS

Invisibly decaying ALP In the left panel of fig. [6]
we illustrate the projected exclusion bounds of all con-
sidered experiments on the invisibly decaying ALP pa-
rameter space. In particular, we present the projected
constraint for the NA64-y experiment with 10'* MOT;
we find that the current NA64-u bounds exclude regions
above C,./A = 100 TeV ™!, which is not shown in the
plot. We present the projected FASERr2 bounds as-
suming that the entire chain of y — 7 — p tracks can be
reconstructed, as discussed in section [[IT C}] We also show
the ultimate FASERv2 sensitivity obtained, assuming all
7 leptons can be properly reconstructed in the emulsion.

The plot also illustrates the impact of the cuts on
the projected exclusion bounds of the high-energy muon
fixed-target experiment with a £, = 1.5 TeV beam and
106 MOT. In this case, we show the expected results
for either dpc = 2 mm or 2 cm track reconstruction
resolution. The better (2 mm) resolution requires using
additional tracking layers interleaving the lead target, as
discussed in section [[TTB] The better the resolution dyc,
the stronger the expected bounds, which is more relevant
for larger ALP masses as discussed above. For complete-
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ness, we also show the ultimate sensitivity of the high-
energy muon fixed-target experiment obtained based on
all possible tau decay modes and no additional cuts.

In the right panel of fig. [6] we compare our projected
exclusion bounds for different experiments with the muon
anomalous magnetic moment predictions. In particular,
for several selected values of the angle 6 (see discussion
in section, we show the corresponding regions (dark
colored bands) in which the (g—2),, theoretical prediction
can be increased by the ALP contribution to match the
experimental result within 20. The regions above the
dark colored bands are disfavored since the ALP con-
tribution to (g — 2), is too large for the corresponding
specified values of 0. In particular, the ALP contribution
to the anomalous magnetic moment of the muon is max-
imized for § = /2, in which case the preferred region
for mq ~ m; is obtained for C),; /A ~ 2 TeV 1, i.e., for
gur =~ 4 x 1073, Other values of the angle then require
larger ALP LFV couplings to account for the (g — 2),
discrepancy.

As can be seen, the expected bounds from NA64-p and
FASERy2 lie in parameter regions that are already ex-
cluded by (g — 2), for most values of the angle 6, with
the exception of § ~ 7 /4. Instead, much stronger pro-
jected exclusion limits can be obtained for the proposed
high-energy muon fixed-target experiment. This will be
able to thoroughly probe the remaining allowed region of
the parameter space, in which the (g — 2), anomaly can
be explained up to 6 ~ 7/2 and m, ~ 10 GeV or so.

The scenario with the invisibly decaying ALP is addi-
tionally constrained by relic density and indirect detec-
tion bounds on asymmetric DM species, as discussed in
section [[TC] We show these bounds in the plot assuming
gy = 1 and m, = 3m,. As can be seen, these bounds
and projected limits almost close the remaining param-
eter space of this model below the (g — 2), 20 region
obtained for § = 7/2. These constraints limit the avail-
able parameter space from below, while the future high-
energy muon fixed-target experiment could constrain it
from above. Combined, these bounds will fully probe the
asymmetric DM scenario for the considered benchmark
model.

Visibly decaying ALP In fig.[7} we present the pro-
jected exclusion bounds obtained for the visibly decay-
ing ALP. As discussed above, in this case, we show the
results only for the proposed future high-energy muon
fixed-target experiment with 10'¢ MOT. From top to
bottom, the exclusion limits correspond to the resolution
dmc = 2 cm and 3-prong tau decays, similar predictions
for dpic = 2 mm, and the ultimate sensitivity with no
cuts. In the 3-prong decay case, we require both tau
leptons to decay into this final state, so the projected
exclusion bounds are slightly worse than in the invisibly
decaying ALP scenario. The visible decay bounds ad-
ditionally correspond to the muon charge flip signature,
i.e., we require the ALP to decay into the opposite charge
muon compared to the incident one.

Despite these limitations, values of the coupling con-
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FIG. 6: Left: The projected exclusion bounds for the ALP model with a LFV pur coupling as a function of the ALP mass
mq. We assume that the ALP decays invisibly into DM particles with a branching fraction B(a — x¥). The plot assumes
zero background events after cuts and Ne, = 3 signal events. From top to bottom, the green solid line is the expected future
sensitivity reach of the NA64-u detector, the purple solid (dashed) line is the projected bound for FASER»2 with and without
the cuts discussed in the text. The bottom blue lines correspond to the proposed high-energy muon fixed-target experiment
with E, = 1.5 TeV and 10'® MOT, for which we assume the outgoing tau lepton decays into the 3-prong final state. The
dashed line further assumes dyc = 2 cm track reconstruction resolution, the solid line is obtained for dmc = 2 mm, and the
dotted line at the very bottom is the ultimate sensitivity derived with no additional cuts. Right: Same as left panel but here
we compare the projected exclusion bounds with the predictions for the (¢ — 2), anomaly and DM. We assume g, = 1 and
mq = 3m,, in this plot. The dark colored bands on top corresponds to the regions in the parameter space favored by (g — 2).
for several selected values of the angle 6, cf. section [[TB] The light colored regions above the corresponding colored band are
disfavored for the given angle 6 as the ALP contribution to (¢ — 2), is too large. The light gray-shaded region at the bottom
is excluded as the predicted thermal DM relic abundance is too large. The dark gray-shaded band is excluded by DM ID and
CMB bounds, cf. section @ In this case, we assume an asymmetric DM scenario with only a small thermal symmetric DM

component sensitive to indirect searches. We discuss other bounds on this model in section [[TD}

stant as low as g, ~ 10~3 can be probed in this sce-
nario. This also allows for a thorough test of the pa-
rameter space resolving the (¢ — 2), discrepancy. As
discussed in section m the correct DM abundance, in
this case, can be obtained thanks to secluded annihila-
tions, xx — aa, independent of the ALP LFV coupling.
In particular, assuming m, = 3m,, this can be obtained
for g, ~ 0.1 x /mq/GeV. Hence, for visibly decaying
ALPs, the DM relic target can also be probed by the fu-
ture high-energy muon fixed-target experiment assuming
an O(1) value of the dark coupling constant. We note
that the active thin target detector will provide an inde-
pendent probe of this scenario, complementary to future
constraints from central detectors at high-energy colliders
discussed in section [[TD] and it can extend beyond these
projected bounds if the incident muon number can be
increased beyond 10'® MOT as considered in our study.

V. CONCLUSIONS

ALPs constitute a well-motivated class of light BSM
physics and may play a key role in addressing some of
the open questions in particle physics and cosmology. In
particular, new ALP interactions in the charged lepton

sector are motivated by unresolved experimental anoma-
lies such as the muon anomalous magnetic moment, and,
furthermore, such ALPs may serve as a mediator between
the SM and DM. It is therefore of great interest to search
for new phenomena associated with ALP-charged lepton
interactions, including those with LF'V.

In this work, we have studied the discovery prospects
for one such scenario in which ALPs with O(10 GeV)
masses and LFV couplings to the 2nd and 3rd gener-
ation charged leptons mediate interactions between the
dark and visible sectors. As we have demonstrated, there
is substantial open parameter space in which both the
(9 —2),, anomaly can be explained and the observed DM
abundance can be produced in the early universe. For a
Dirac fermion DM candidate, the latter requires assum-
ing an initial asymmetry in the DM sector for m, < mq,
or alternatively it can be achieved through standard ther-
mal freezeout of secluded annihilations of heavier DM to
lighter ALPs.

While searches for such LFV ALP mediators in this
mass range remain challenging at lower energy experi-
ments, and with experiments using electron or proton
beams, they become more promising in setups utilizing
high-energy muon beams. In particular, we have ob-
tained projected exclusion bounds for the ongoing NA64-
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FIG. 7: The same as the left panel of fig. [f] but for the visi-
bly decaying ALP, a — p 77, assuming an incident negative
muon g, such that the muon charge-flip can be observed.
Here, only the future projected bounds for the high-energy
muon fixed-target experiment are shown, and both tau lep-
tons are required to decay into 3-prong final states. We also
show colored bands in the parameter space, which are favored
by the (g — 2), anomaly, assuming a few selected values of
the angle 6.

v experiment and the proposed FASERv2 detector at
CERN. We have also proposed an active muon beam
thin-target experimental concept for a future high-energy
muon facility, which could be carried out as a part of an
R&D phase of the preparations for a future muon col-
lider. We have demonstrated that such an experiment
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has the potential to thoroughly probe a significant por-
tion of the (¢ — 2), and DM motivated parameter space
of the model for ALP masses up to tens of GeV. The
proposed active thin-target detector can also be used to
search for other new physics species coupled to muons
and we leave this for future studies.

Digital data for this work can be found as
ancillary files in the arXiv submission.
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Appendix A: Example UV completion

In this section, we outline a simple UV model that can give rise to the types and magnitudes of couplings that are
explored in this work. This model is not meant to be a complete proposal for understanding flavor physics, but rather
as a simple proof of principle.

We introduce new left- and right-handed Weyl fermion fields F, r that have the same quantum numbers as the
right-handed leptons of the SM. Here, F7, has charge Qx = +1 under a new global U(1)x symmetry. In addition, we
include two complex scalar fields ®; and ®2, both also with charge Qx = +1 under the new U(1)x. None of the SM
fields carry U(1)x charge. A summary of the new fields and their charges is given in table[ll In general, two complex

Ul)x Uy UMz, UM)r,
1

Fr| +1 -1 + 0
Fr| O -1 0 +1
o) +1 0 0 0
Oy +1 0 0 0

TABLE I: New fields in the UV model and their charges under various U(1) symmetries. U(1)x is a new global symmetry,
U(1)y is hypercharge, and U(1)z, and U(1)z, are the lepton numbers associated with muons and 7’s in the SM. As discussed
in the text, the Weyl fermions F, and Fr have the same quantum numbers as the right-handed SM muon and 7 respectively.

scalar fields ®; and ®, will conserve two distinct U(1) symmetries, but we presume that one linear combination is
broken explicitly (for example by an interaction of the form (®1)2®2 in the scalar potential), leaving only U (1) x to be
spontaneously broken by the vevs of ®; 5 and give rise to a single massless Goldstone boson which we call a. Further
soft breaking of U(1)x will give mass to a.

Adding the heavy fermions F' as well as the SM lepton fields, we have the following interaction terms:

L =1 P21 FLFR + yo®oFrug + A\HFRr(, + H.C., (A1)

where /.- is the left-handed 7 doublet. The interaction y; explicitly breaks the two individual lepton number symmetries
down to the diagonal combination U(1)r,4r,. Most other Yukawa terms are forbidden by U(1)x or by this residual
lepton-number symmetry; for the other remaining interactions, we assume their corresponding Yukawa couplings are
small enough that they can be neglected.

This model is free of gauge anomalies. There is a global anomaly between U(1)x and U(1)y, which can lead to an
O(a) coupling of the form aF| ;wﬁ ¥ We neglect this a7y~ coupling in our main analysis, but the coupling generated
by the global anomaly is likely small enough to not give significant new bounds; at any rate, it could be reduced by
further modifications to this simple UV model if necessary.

We assume the form of the scalar potentials for the ®; and ®, fields is such that both obtain non-zero vevs,
(®1) = v1/Vv/2 and (®3) = vy/v/2, both of which break the U(1)x symmetry. The Higgs field also acquires a vev
(HYy =v/ V2, with v ~ 246 GeV. Inserting these vevs into eq. gives rise to three parameters with dimensions of
mass:

Mpzylvl/\/i; m#FEvag/\/i; mTFE)\v/\/i. (A2)

We will consider the scenario in which Mr > m,p, m,r, and further will take the Yukawa coupling A ~ 1, which
means that m,p ~ v. After diagonalization of the mass matrix, the 7 and p leptons mix slightly with the Dirac
fermion F', and their masses are also changed from their SM values, albeit very slightly; the corrections to the p and
7 masses are of order 1/M2.

To continue, we parameterize each of the complex scalars in terms of its magnitude and phase, ®; = % (stJrvi)e““/ vi,

We take the scalar modes s; to be very heavy, and also assume that the single light Goldstone mode a can be identified
with the pseudoscalar as associated with ®5. We assume that a soft mass m, is generated for a. Integrating out the
heavy F' fermion, the Lagrangian then contains the flavor-changing interaction of interest:

imuFm‘rF — 1+ 75
— . A
LD Mpos at ( 5 ) " (A3)

Comparing this to eq. , we find for the effective theory § = w/4 and (taking m, < m,),

Cur 1 murm,rp 1 \ v
A Mg vem, _Mpy2 m,
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If we take Mp ~ 10 TeV and m,r ~ vs (so that the ratio m,r/vs ~ 1), then we have

% ~ 14 TeV™ ! (A5)

Modest adjustments to the parameters can easily yield a value of C\;/A ~ 102 TeV ™!, the largest values that we
consider in this work, without resulting in any inconsistencies in the UV model.

Other couplings are generated by the UV model, in particular new couplings of the Higgs boson. As a consequence
of the mass diagonalization between u, 7 and F, the Lagrangian will contain the term

)\m I _ _
LD B + , A6
\/QMF (TLMR MRTL) ( )

which can mediate the flavor-violating decay h — pur. The resulting decay width for the Higgs would be

2,2

mp A“M g

F(h T'u)%16ﬂ' M; ’
2

(A7)

with the approximation from taking m,,m, < mj. From Ref. [38], the limit on the branching fraction is B(h —
7)< 0.15, which we can rewrite in the form

)\2m2 02 Usz
pk _ Zpr Y27 -6
W AT .2 <2x1079, (A8)

taking the Higgs width I'y, = 4 MeV. With the numerical values we have assumed above of A = 1 and Mp ~ 10 TeV,
this becomes m,p ~ vo < 14 GeV. Thus, for relatively large C\, /A, we may anticipate a correlated h — 7u signal in
this UV completion.

Finally, additional constraints can arise from decays of the form h — aa, with the ALPs decaying subsequently to
u7. This was studied in Ref. [II]. Since our UV model preserves an approximate shift symmetry of the a field the
leading operators involving d,,a will be generated (the equations of motion for a were used to write the coupling a7
above.) A box diagram involving the fermions p, 7 and F' will, after integrating out the heavy F' fermions, generate
a coupling of the form

Lot D — (0,02 H H - Y 1(0,0)%, (A9)

M M,
which, in the notation of Ref. [I1] gives

Can 1
Can 1 Al

The constraints from searches studied in Ref. [I1] are only effective for Cyp, /A% > 0.1/TeV?, whereas for My ~ 10
TeV we have Cyp/A? ~ 1072/TeV?, well below the sensitivity of current searches.



