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1 Introduction

Some of the simplest modifications of the Standard Model (SM) involve a single axion-like
particle (ALP), which is a pseudo-Goldstone boson of a suitable, spontaneously broken global
symmetry. In contrast to the QCD axion [1-4], this symmetry is subject to a large explicit
breaking, which induces an ALP mass that is simply taken as a free parameter. Of particular
interest are masses in the MeV—GeV range, which lead to a very rich phenomenology at particle
colliders [5], depending on the precise form of ALP interactions with SM particles. Though
the explanation of the dark matter abundance is one of the main motivations of these scenarios
(see, e.g. refs. [6-34]), it is important to map current limits from laboratory experiments,
astrophysics and cosmology into the general parameter space of the ALP Lagrangian.

While this task has been performed in much detail for ALP couplings to photons,
couplings to leptons have received far less attention (notable exceptions include refs. [34-40]).
In the present work, we aim to systematically study the model-independent laboratory
constraints on “leptophilic ALPs”, which, by definition, couple dominantly to charged
leptons.! As a result, we provide an exhaustive overview of the relevant constraints from
beam-dump, flavour and collider experiments on leptophilic ALPs, which complement limits
from astrophysics [37, 42-44].

We restrict ourselves to flavour-diagonal couplings and consider four simple scenarios,
where either the coupling to a single lepton family dominates (e, i, 7) or the ALP couples in
a flavour-universal way to leptons. In contrast to previous analyses, we explicitly consider
two cases of possible leptonic ALP interactions, which take the form of either pseudoscalar
or derivative couplings. It is well-known that these interactions are largely equivalent for
tree-level processes involving a single ALP but differ for multi-ALP interactions and, in
particular, by an effective ALP-photon coupling induced by the chiral anomaly. Therefore,
the two leptophilic interactions lead to different predictions for observables that involve an
effective ALP-photon-photon interaction, which is induced by a leptonic loop. The associated
vertex function depends on the external momenta and, thus, on the typical energy scales
of the relevant process (apart from a constant part depending on whether pseudoscalar or
derivative couplings are considered). This energy dependence implies that the phenomenology
of the leptophilic ALP cannot be simply obtained from existing limits on the ALP-photon
coupling but has to be re-calculated using the full momentum dependence for all processes
involving ALP-photon interactions [29, 37]. The complete analysis of the resulting limits
from E137 [45], NA64 [46, 47] and LEP [48] represents the main result of this work.

Although such loop-induced processes are suppressed with respect to tree-level diagrams
involving only leptons, we will show that beam dump experiments like E137 can give highly
relevant constraints on leptophilic ALP, even when both the production and decay of the ALPs
proceed exclusively via photon couplings. When the relevant energy scales are much larger
than the ALP and lepton masses, the loop function becomes suppressed. The resulting vertex
inherits this suppression for pseudoscalar interactions, while the derivative vertex is essentially
given by the constant part induced by the chiral anomaly. This implies that, e.g. limits from
high-energy colliders like LEP that have been derived for effective photon couplings [48] are

'The case of ALPs that couple dominantly to neutrinos was recently discussed in ref. [41].



relevant only for leptophilic ALPs with derivative couplings, and similar conclusions hold
for highly energetic leptonic beam dumps. More generally, a large separation of scales often
permits the approximation of the fully off-shell vertex function by the on-shell coupling, which
largely simplifies calculations, as we discuss in detail. We also point out the great potential
of muon beam-dump experiments, such as NA64x [49], to constrain models of leptophilic
ALPs [50]. Indeed, NA64y already sets relevant constraints on several of the scenarios that
we consider, which will substantially improve in coming years with larger data sets.

The rest of this work is organised as follows. In section 2, we define the basic setup of the
leptophilic ALP models and discuss the difference between the pseudoscalar and derivative
basis and the resulting ALP-photon-photon vertex function. In section 3, we use these
results in order to calculate ALP production at leptonic beam dumps in all relevant channels,
focusing on E137 and NA64. Constraints on leptophilic ALPs from other experiments are
discussed in section 4, and in particular, we derive novel limits by recasting LEP1 data
on multi-photon events (largely following ref. [48]). Here, we also collect existing bounds
in the literature from B factories, W™ boson and rare meson decays, SN 1987A, leptonic
anomalous magnetic moments and cosmology. Our results are presented in section 5, which
mainly consist of novel limits on leptophilic ALPs from E137 and NA64 that have been
carefully derived including the track-length distribution of the beam electrons as well as
secondary electrons and positrons, which we combine with other existing limits in order to
provide a concise overview of all relevant constraints on leptophilic ALPs. We summarise
our conclusions in section 6 and include various appendices with details on the experimental
setup in appendix A and the cross-section calculations in appendix C. We also compare our
results for the exclusion limit from E137 with previous analyses in appendix D.

2 Setup

In this section, we introduce the effective Lagrangians for leptophilic ALP models, discuss in
detail the phenomenological and theoretical differences between pseudoscalar and derivative
couplings and study the general induced one-loop ALP couplings to photons.

2.1 ALP couplings to fermions

The ALP is assumed to be a pseudoscalar that is not charged under the SM gauge group,
arising as a pseudo-Goldstone boson from the spontaneous breaking of a global Peccei-Quinn
(PQ) symmetry at some UV scale A. At scales much smaller than A, the effective Lagrangian is
governed by the non-linearly realised PQ symmetry under which the ALP shifts, a — a4 const.
While for the QCD axion, this symmetry is only broken by QCD instantons, for the ALP
that we consider here, there is also a soft breaking by an explicit ALP mass term. Apart
from this mass term, the most general Lagrangian then involves shift-invariant couplings to
fermions and anomalous couplings to gauge bosons, just as the QCD axion [51].

Here, we focus on leptophilic ALPs, which are described by an effective Lagrangian only
involving charged leptons. Up to higher-dimensional operators and restricting to flavour-
diagonal couplings, the general ALP Lagrangian reads

Lp = %aua oMa — 1mZa2 + % Z Cebey"vse (2.1)
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with real couplings Cy. Equivalently, one can change the field basis and write this Lagrangian
in terms of pseudoscalar couplings to fermions. Under the chiral ALP-dependent rotation
of the lepton fields

.C _ _ .C
e — ezﬁa%ﬂ)z, Yy — Yy eI (2.2)

the derivative couplings above are cancelled when plugging the transformed fields into the
lepton kinetic terms, and the ALP appears in the lepton mass term. Since this transformation
is anomalous, i.e. it does not leave the fermion path integral measure invariant, it also gives
rise to a contribution to the ALP couplings to photons, so that in the new field basis, the
ALP Lagrangian reads (see e.g. refs. [5, 34] for details)
Lp = %@a ota — %mgaQ —ia Z %C’g@g%w + %%FWFW Z Cy, (2.3)
l=e,u,T l=e,u,T
up to higher-order terms in a/A, and F* = e"P7F,, /2 with €’1? = 1. Note that the
truncation explicitly breaks the shift symmetry of lepton couplings, which is restored by
higher-order terms where the shift symmetry just corresponds to a re-phasing of the leptons.
It is well-known [52, 53] that all physical observables remain unchanged under non-linear
field redefinitions of the form in eq. (2.2), which is just a change of variables in the path
integral formulation of QFT. In the context of effective field theories, it has been shown in
ref. [54] that such field redefinitions are largely equivalent to using the equations of motion
for the involved fields (even when off-shell), although care has to be taken beyond the leading
order [55]. Working consistently at leading order in 1/A, i.e. only using vertices involving a
single ALP, the Lagrangians in eq. (2.1) and eq. (2.3) therefore make identical predictions,
even though the latter features ALP couplings to both leptons and photons.
This equivalence implies that a leptophilic Lagrangian in the pseudoscalar basis defined by

1 1 . my . —
Lp = §8Ha oMa — §mga2 —ia Z Icﬂﬂg%w, (2.4)

l=e,p,T

does not give the same results as (2.1) when the corresponding process involves effective
vertices to photons. For this reason, there are two “leptophilic” ALP models with distinct
phenomenology, which in the following we refer to as the “derivative” (eq. (2.1)) and “pseu-
doscalar” (eq. (2.4)) model. To follow the conventional notation in the literature, we also
introduce the dimensionless coupling g,¢ via the relation

Co _ gat

2.5

such that the pseudoscalar interactions can be written as Lp D —igqeat),v5¢¢. In order
to clearly distinguish between derivative and pseudoscalar leptophilic models, we use the
notation Cy/A exclusively for the derivative interaction and the coupling gq¢/my exclusively
for the pseudoscalar interaction. Moreover, we will discuss below four different scenarios,
depending on the values of Cy for the three families. Either the ALP couples to a single
lepton species, e.g. C, # 0, while C}, = C; = 0, or it has flavour-universal couplings in the
derivative basis, i.e. C. = C}, = C;, corresponding to universal PQ charges.



Finally, we briefly discuss the question of which type of leptophilic interaction (eq. (2.1)
or eq. (2.4)) is best motivated from a UV perspective. Simple UV completions seem to
suggest the pseudoscalar form, which can arise from a renormalisable Yukawa coupling with a
non-linearly realised Goldstone boson in a straightforward way. For example, one can imagine
a standard QCD axion scenario like the DFSZ model [56, 57], in addition to some small
explicitly PQ breaking mass term, for example induced by Mpianck-suppressed operators that
generally spoil the solution to the Strong CP Problem in QCD axion models (the so-called PQ
Quality Problem [58]). In DFSZ scenarios, SM fermions are charged under the PQ symmetry,
which is spontaneously broken by the Higgs fields (at least two) and a SM singlet scalar. The
axion is then a linear combination of the pseudoscalar components in the Higgs fields and
the singlet and couples to fermions through the Yukawa interactions (see e.g. refs. [59, 60]
for the explicit construction of generalised DFSZ models)

_ IXHy 7o - IXHy —o— _ IXHy =
Lprsz D —urmyure = " 'PQ —dympdgre  ¢'PQ —epmpere  *PQ + h.c., (2.6)

where x g, , are the PQ charges of the Higgs doublets H, 4 and vpq o A is the PQ break-
ing scale.

Expanding the exponential functions, one obtains mass terms for the fermions as well
as pseudoscalar ALP-fermion interaction terms, while a tree-level coupling between ALPs
and photons is absent in this basis. A chiral redefinition of the fermion fields would trade
the pseudoscalar couplings of eq. (2.6) for derivative couplings and generally non-vanishing
couplings to gauge bosons, unless the PQ charges are such that the electromagnetic (EM)
anomaly coefficient vanishes. In the four leptophilic scenarios discussed above, this anomaly
is indeed non-vanishing since, by construction, only leptons contribute, and the leptonic PQ
charge matrix is not traceless. Thus, in order to obtain one of these scenarios with derivative
lepton couplings and a vanishing photon coupling, one would need to extend the simple
DFSZ UV model with new heavy fermions that have suitable PQ charges to cancel the EM
anomaly, along the lines of common KSVZ models [61, 62].

On the other hand, since the derivative coupling is the only dimension-5 operator that
preserves the shift-symmetry of the ALP, other shift-symmetric couplings (such as those to
gauge bosons, e.g. in a KSVZ model) will generally induce this form of coupling through
RGE-evolution [63]. An example is the photophobic ALP discussed in ref. [64], which,
however, certainly requires more model-building effort than the above-mentioned DFSZ-like
constructions. Moreover, as discussed in ref. [64], it comes with additional interactions with
the electroweak gauge bosons (which we do not consider here).

In the remainder of this article, we choose to remain agnostic about the nature of the
UV completions of both bases and simply derive constraints for both scenarios in eq. (2.1)
and eq. (2.4), which will deviate when probing ALP couplings to photons. These couplings
are effectively generated from lepton loops and differ for the two interactions by a constant,
as we discuss in more detail now.

2.2 Effective ALP coupling to photons

Even though leptophilic ALPs do not couple to photons at tree level, an effective ALP-photon
interaction is induced by the triangle diagram shown in figure 1, which corresponds to an
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Figure 1. Triangle diagram inducing the effective ALP-photon interaction.

off-shell ALP-photon-photon vertex function T'Y_ . .(q1,q2) that depends on the outgoing

aryy*
photon momenta ¢ 2, with incoming ALP momentum ¢, = ¢1 + ¢2. It is convenient to

introduce an effective coupling as a scalar form factor by

ng/'y*'y* (QIa C]2) = igzlif'y*'y* (qg,a q%, qg)qlanﬂewjaﬁ ’ (27)

such that ggﬁf,y*v* (¢2,43,q3) is given by a scalar one-loop integral with three external momenta
da, q1, G2, which can be expressed in terms of Passarino-Veltman functions. For ALPs with a
derivative coupling to a single lepton species of the form in eq. (2.1), the effective off-shell
coupling reads [37] (the superscript “D” denotes the derivative basis)

f£,D aCy
gZ ry* (Qa7QI7Q2) T A |:1 +2mZCO(Q%7QS7Qg’m§7m§amz)} ) (28)

where C is the Passarino-Veldman three-point function defined as

2 2 2 o o o _ [d%k 1

ol ab o+ e omhombond) = | o Gy

with k1 = k — ¢1 and k12 = k — ¢1 — @2, following the conventions in ref. [65]. If the ALP

couples to several leptons, the effective coupling is given by the sum over all contributions.

Since the Lagrangian in eq. (2.1) is equivalent to the one in eq. (2.3) for single ALP

vertices, the scalar vertex function for the pseudoscalar coupling in eq. (2.4) differs from

eq. (2.8) by a constant, which is given by the coefficient of the %CLFF operator in eq. (2.3),

aCy/(mA). Indeed, for the effective coupling in the pseudoscalar basis (denoted by the
superscript “P”), one has

ff,P 2 2 2 & Gar 2 2 2 92 2 2
QZ HoyFy* (QaaQIvQQ) ;miﬁ|:2m€CO<QI7QZ,qa7mZamfamé)} ) (210)
where we used gqe/my = Cy/A.
It is instructive to evaluate the fully off-shell couplings for the simplifying cases where one

or more external particles are on-shell. If a single photon is on-shell, we find (in agreement
with ref. [36])

o aC m?
gl (g == =F <1—/ dw/ dy e o ) ;o (211)

—2)(42 — 2yqaq1)

which is valid in the derivative basis, i.e. using the Lagrangian in eq. (2.1). For the analogous
result in the pseudoscalar basis, one simply needs to drop the constant part.



Taking the ALP on-shell footnoteThe alternative case that both photons are on-shell but
the ALP is off-shell is discussed in ref. [66]. g2 = m2, the vertex function depends only on
a single off-shell photon squared momentum ¢? = ¢, and reads

eff,D _ aCZ mj
Gty (1) = 21 (1_/ dm/ 2 2—x(1—$)(ni3—y(m3+t))> o (212)

where we have taken eq. (2.11) and set 2q,q1 = m2 + t. This equality becomes evident by

rewriting the momentum ¢ of the on-shell photon as ¢3 = (¢, — q1)% = m2 — 2q,q1 +t = 0.
Finally, if all particles are on-shell, i.e. if ¢ = 0, the vertex function becomes a constant

efi,p _ @ Cl m? _aCpr 9
Garyy = T A (1_/ dl‘/ dy 2—x(1—x)(1—y)m3> T A (1 7o f (7e) )7 (2.13)

with 7o = 4m?/m? and the function

arcsin(%), if 7>1

flr) = (2.14)

T, i 14+yI-7 . ’
§+§10g(ﬁ>, lf 0<T<1

consistent with the expression derived in refs. [5, 37]. This constant can be identified with
the effective Lagrangian coupling

geff B
Ly = %aF*‘”Fw. (2.15)

and controls the ALP decay into two photons. Since, asymptotically,

1
I L R (2.16)
%(ﬂ—i—iln%) 7K1

the effective photon coupling defined in eq. (2.15) for a derivatively coupled ALP in eq. (2.1)
has the limits

1 2 :

— = (mg/m if mg<€m

gD oc 1 — 7 f(7)? o 12 (Ma/me) oo (2.17)
1 if mg > my

Instead, the effective photon coupling for an ALP coupled to the pseudoscalar current in
eq. (2.4) has the asymptotic behaviour

—1—%(ma/mg)2 me < My

O(logZ(ma/mg) (mg/ma)2) me > my (2:18)

9ol oc =7y f(70)? o {

in agreement with ref. [37].
Therefore, for couplings to leptons significantly lighter than the ALP (7, < 1), the
contribution to the effective photon coupling coming from Cj itself is negligible. In the case

of derivative couplings, this leaves only a constant that results in an effective coupling of

eff, D

Gy~ = aCy/(mA). Instead, for pseudoscalar couplings, the ALP-photon coupling is strongly



suppressed in this limit. Conversely, in the case of couplings to leptons significantly heavier
than the ALP (7, > 1), the limits are effectively reversed. The derivative coupling leads to
a strong suppression in ggf%D due to cancellation between the constant and Cy, while the
pseudoscalar coupling leads to a similar result as the tree-level coupling ggfyf:yp ~ —agae/(mmy),
albeit with the opposite sign. The ALP decay rate to two photons will feature the same limiting

behaviour, see section 2.3. To summarise, the effective on-shell photon couplings are given by

FD _ ¢ Cy 2 gpP _  Gal 2
Javy =k (1 — 10 () ) : Garny —--—;;;5;711172) : (2.19)
for derivative and pseudoscalar couplings, respectively.
The loop function can also be calculated analytically for the case in which one of the
photons is off-shell, i.e. eq. (2.12). In this case, one finds

amg 4mj
2ot ) (22 (2:20)
mCL
where the function B(71,72) is defined as
B(n,m) = 2 (f(n)* = f(m)°). (2.21)

Since t can also be negative, we extend the definition of f to

arcsin(%), if 7>1
fr)={F+5log(1VA=),  if 0<r<1. (2.22)

i VI=r41 .

5 log(ﬁtl» it 7 <0

Note that eq. (2.20) is consistent with eq. (2.13) since in the limit of t — 0
B(r,m) 2225 —1if(n)?, (2.23)
as Tof(72)? becomes constant. Instead, in the limit of ¢t > m2, one has
B(r1, 1) =% —maf(12)? o 2 In? 7, (2.24)

which is particularly relevant for ALP searches with large momentum transfer.

The limit for Cp in eq. (2.20) is sufficient for our phenomenological discussion since at
least one of the photons will be on-shell, or at least approximately so, see section 3.2. To
summarise the resulting effective coupling, one has

eff,D aCy 4m? 47”? eff, P O Gar 4m? 47”%
Lt)=——"F|1+B| —,—= ||, ()= —"*"=B|—,— |, 2.25
gaw 7( ) A [ ( mg ) t ga'y 7( ) P 2 t ( )

for derivative and pseudoscalar coupling, respectively. For ¢ > m%, the vertex function for
the pseudoscalar couplings is suppressed, while it approaches a constant for the derivative
coupling. In the following, we will often suppress the argument, as it is clear from the
subscript whether we refer to the on- or off-shell coupling.



2.3 ALP decay rates

The decay rates for the decay of an ALP into a pair of photons or leptons are [5]

|geff ‘ng
S Y 220

Ty = g%mq 1 4m? _ C?mm, 1 4m? (2.27)
“r 8 m2 8mA2 m2 "’ '

where the effective on-shell photon coupling for derivative and pseudoscalar couplings is given

in eq. (2.19) with the limiting values in eqs. (2.17) and (2.18), respectively. For leptophilic
ALPs with arbitrary couplings to the three lepton species, the total decay rate is given by

Lo =Tasry+ > Tasu. (2.28)

l=e,p,T

3 ALP production at lepton beam dumps

Beam-dump experiments are a valuable asset in the search for physics beyond the Standard
Model (BSM). The general setup of a beam-dump experiment is depicted schematically in
figure 2. A high-intensity beam, usually consisting of protons, electrons or muons, impinges
upon a target material. Inside this target, countless Standard Model processes take place,
creating particles such as pions or kaons [67]. However, a small fraction of the interactions
might produce a weakly interacting BSM particle X, for example, an ALP. In order to shield
the detectors from the SM background, the beam dump is positioned downstream of the
target. The dump absorbs the shower of particles, and only weakly interacting particles are
able to pass. Once past the dump, the particle X may decay back into Standard Model
particles, which leads to a signature in the detectors placed downstream of the dump [68].

Beam-dump experiments are well-suited to searches for particles in the mass range
O(MeV) — O(GeV) with tiny couplings to Standard Model particles. These feebly interacting
particles have long lifetimes and decay lengths and are consequently difficult to detect in
collider experiments. In contrast, the long decay volumes of beam-dump experiments allow
for greater sensitivity to these types of particles since they are able to decay inside the
experiment and be detected [68, 69].

The most sensitive beam-dump experiments for leptophilic ALPs are the ones employing
lepton beams. Concretely, we consider the E137 beam-dump experiment performed at
SLAC [45] to search for neutral metastable particles, as well as the NA64 beam-dump
experiment running at the CERN Super Proton Synchrotron. The latter performs three
different types of searches:

e The standard invisible mode of the NA64 experiment differs from E137 and figure 2
in that the experiment employs an active beam dump. Instead of the detector being
downstream of the target and detecting potential decay products, the target itself is
the detector, and the experiment searches for missing energy [46].

e In contrast to the invisible setup, NA64 run in visible mode uses a similar search strategy
to the one employed by E137 [47].
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Figure 2. Schematic illustration of a beam dump. A BSM particle X is produced at the target and
passes through the dump. It can be detected if it decays into SM particles in the decay volume.

e The NA64p experiment [49] employs a muon beam to search for new particles that
couple primarily to muons, such as the gauge boson of a new U(1) L,—L, 8auge symmetry.
Clearly, this muon mode also possesses great sensitivity to muonphilic ALP models.

The details of the different experiments are summarised in appendix A.

In the remainder of this section, we explain how the constraints for these experiments
are calculated. Complementary constraints from other types of experiments will be discussed
in section 4.

3.1 ALP yield in E137

For electron beam-dump experiments like E137 or NA64 run in visible mode, the general
formula for the expected number of ALPs that can be detected by the experiment is given
by the expression [70]

Ne)( Emax Tmax T dU _Lsh (LJ’_L) 7@
N = Mgt /Novs dE dm/ At I(Ey, E, 1) 2 "\ <1_e f
® " Miarget/Navo J B - ; e(Eo, Eyt)

(3.1)

with the number of electrons on target (EOT) N, the unit length of the radiation target X,
the molar mass of the target atom Mi,,get, and the Avogadro constant Ngy,. Furthermore,
Lg, denotes the length of the beam dump, while Ly is the length of the decay volume, i.e.
the distance from the end of the beam dump to the detector. A summary of the experimental
parameters of E137 and NA64 is given in appendix A.3.

The variable x = E,/FE defines the ratio of the energy transferred from an electron (or
muon for muon beam dumps) of energy E to an ALP with energy E,. The lower integration
bound for x can be determined from the requirement that the ALP energy must be greater
than the energy threshold of the detector E.yut, as well as the ALP rest mass. Assuming the
ALP and electron/muon initial and final states are collinear [71], the upper bound can be
approximated by requiring energy conservation in the case that the outgoing electron/muon

,10,



is at rest, with the entire energy (excluding the lepton’s rest mass) being transferred to the
ALP. This means the bounds for z are

max(mg , Ecut) E—my _q (3.2)

Lmin = Tmax =
FE ’ FE F

In this work, we only consider ALPs with mass below 1 GeV, i.e. below the energy threshold,
such that @iy = FEeut/E.

The upper integration boundary for the electron energy is given by the incident beam
energy Enax = Fo. The energy of the electrons decreases after impacting the beam dump
due to shower creation and scattering processes [72]. This is not the case for muon beams
(see section 3.4 below). The lower energy bound is given for the electron energy FEp, at
which the bounds Zminmax are equal. This integration range for the energy FE is, therefore,

in the interval between
Enin = Ecut +my, Enax = Ep. (3'3)

The function I.(Ey, F,t) denotes the energy distribution function for electrons with an energy
E at a depth t inside the beam dump. The maximum depth for ¢ is given by T' = pLtay /X,
where p is the density of the target and Ly, is the thickness of the target.

In this work, we consider the primary shower of electrons Iél), as well as the secondary
shower of electrons and positrons Ié?}, which are created through pair production from
photons in the shower [72]. We use the expressions for 1% derived in ref. [72]. However, we
do not use the simplified distributions, which assume that Ey — F < Fy, but instead use the
full expressions for the distributions, see appendix B. Since the electron energy distribution

is the only function of ¢ in the integral (3.1), we define the integrated energy distribution
T
Ijnt(E(),E,T) = / dtIe(E(),E,t) . (34)
0

The integrated distributions for first and second-generation electrons/positrons in E137 are
shown in figure 3. In addition, we indicate the distribution of first-generation electrons
obtained when using the approximation Fy — F < Ey. The approximate expression differs
substantially from the exact first-generation distribution. However, it coincidentally matches
the more complete result, which includes second-generation effects, quite well.

The absorption of ALPs by electrons in the target is described by [y, which leads to
exponential attenuation. This is relevant for thick targets but can be neglected here [70].
The ALP decay length [, depends on the couplings as well as the energy and mass of the
ALP. It can be written as

| _ Pa 1 VE2Z—m? ValE? —m?2
a=— 5 = =

1 1
ma F(l ma Fa, N ma Fa ‘

(3.5)

The first exponential function in eq. (3.1) can be understood as the probability that the ALP
only decays after leaving the beam dump, such that the decay products do not get absorbed.
Conversely, the last term describes the probability that the ALP does not decay behind the
detector, i.e. that it decays inside the decay volume and can be detected.
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Figure 3. Integrated electron/positron energy distributions for E137.

With the simplifications discussed above, the general formula we use for the expected
number of detected ALPs is

N X Ey Tmax do Lo (  Lgee )
N = J e TN dE de Iin(Ey, E,T)—e T (1—€e " |. 3.6
* " Miarget /Navo J B - +(Eo ) o (3.6)

The only missing ingredient is the differential cross section do/dz for the production of
ALPs, which will be discussed next.

3.2 Dark Bremsstrahlung and Primakoff production

The main ALP production mechanisms in beam-dump experiments are Dark Bremsstrahlung
(DB) and Primakoff production, shown in the top row of figure 4. In the DB diagrams, the
leptophilic ALP couples to the beam electron/muon at tree level, while for the Primakoff
process, it only couples to the photons via the effective loop coupling.

Due to the high energy of the beam compared to the ALP and lepton masses, the photon
that is exchanged between the nucleus and the electron/muon is approximately on-shell [73].
As a result, the nucleus can be replaced by an effective flux of photons, which is described
by the Improved Weizsécker-Williams (IWW) approximation. The IWW approx1mat10n
allows the cross section to be calculated using the reduced 2 — 2 scattering amplitude ]/\/l| .
Thus, for a lepton scattering with a nucleus

= (p)+ N(P;) = ¢~ (p') + N(Py) +a(k), (3.7)
the simplified photoproduction processes are
= (p) + () = £ (p) + alk). (38)

The simplified DB and Primakoff diagrams are shown in the bottom row of figure 4.
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Figure 4. Top row: Feynman diagrams contributing to the process eN — eNa. The diagrams
correspond from left to right to the DB s-channel process, the DB u-channel process and the Primakoff
process. Bottom row: corresponding Feynman diagrams contributing to the process ey — ea. Note
that the lepton loop has been replaced with the effective Primakoff coupling.

The differential cross section for the tree-level DB process can be calculated analytically
(see appendix C.1) and is found to be

daDB: o x2imigxl—x
dz (4m)? E2" x

X

62E2g3[02 1,5

a,max

31—x)(m2(1—2z)+ m§x2)2 (mg(l —x)+a? (E2«92 + m?))3 (3.9)

a,max

X {Bmi(l — x)%2? (E292 + 3m§) + 320 (E202 mg + mi’)Q

a,max a,max
+ mg(l —z)zt (2E4«937max + 9E2027maxm% + 9m2}) + 3m2(1 - x)g} ,

where 0, max denotes the largest angle relative to the beam axis that the ALP can have in
order to be detected. The Primakoff process and the interference term involve the momentum-
dependent effective coupling to photons, so we do not obtain a simple analytical expression
for the corresponding differential cross sections. Instead, we evaluate them numerically.
In order to analyse the mass and energy dependence of the cross sections, we plot the
contributions to o (normalised by the coupling) coming from DB, Primakoff, and interference
processes in E137 in figure 5. We assume that the ALP couples exclusively to electrons and
compare the normalised cross sections for two masses: m, = 10 MeV and m, = 450 MeV.
For mg = 10 MeV, the DB cross section is clearly the main contributor to the total cross
section. This is to be expected, considering these interactions are mediated by tree-level
interactions between the ALPs and electrons. However, it would be wrong to conclude that
the Primakoff process does not give important contributions elsewhere, as can be seen for
mg = 450 MeV. For this mass, Primakoff production outweighs DB production, assuming
the ALP exhibits a derivative coupling to electrons (while for pseudoscalar coupling, the
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Figure 5. Normalised cross sections for non-vanishing ALP coupling to electrons as a function of the
electron energy E. The ALP mass is m, = 10 MeV on the left, m, = 450 MeV on the right. The solid
lines represent derivative couplings, while the dashed lines represent pseudoscalar couplings.

Primakoff contribution is again negligible). This mainly happens because, while it is true
that all cross sections decrease for an increasing ALP mass, the Primakoff one for derivative
couplings decreases only very slowly with respect to the other ones, hence eventually becoming
dominant. This difference arises due to the fact that scale-invariant contribution to the
effective photon coupling remains constant, while the loop factor is suppressed.

It should be noted that comparing ¢ is only illustrative, as the actual integration over
x weighs do/dz with the exponential functions given at the end of eq. (3.6). However, it is
clear that while the Primakoff production of leptophilic ALPs occurs only via an effective
loop coupling, it can still have an impact on constraints that can be set on the ALP mass
and couplings.

Finally, there are still the contributions arising from secondary positrons created in the
shower. Both the DB and Primakoff processes give exactly the same contributions when the
electron line in the Feynman diagrams is replaced with a positron line. The only difference
between the contributions are the electron and positron energy distribution functions I, . This
means that instead of considering the electron and positron production processes separately,
we summarise them together by using the total electron-positron distribution function

T T
Imt(EO,E,T):/O dt(1§1>(E0,E,t)+I§2>(E0,E,t))+/O dtI(Eo, E,t)  (3.10)

T
= / at(I0(Eo, B,t) + 212 (Eo, E, 1)) (3.11)
0
For muonphilic ALPs, there can also be ALP bremsstrahlung from secondary muons
produced in the electromagnetic shower [74]. Comparing our results to the ones in ref. [74],

we find that the loop-induced Primakoff process dominates ALP production for muonphilic
ALPs. Therefore, we do not include the contributions of secondary muons in the present work.

3.3 Annihilation processes

In addition to the contributions from DB and Primakoff production, we also consider ALP

production from processes in which a positron created in a secondary shower annihilates
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Figure 6. Resonant ALP production through the process e~e™ — a.

with an electron inside the beam dump. Since only positrons from the shower contribute to
these processes, the first important change compared to DB and Primakoff production is
that the integrated energy distribution appearing in eq. (3.6) only contains the contributions
from positrons, i.e.

T
Iint (Eo, E,T) = / dt I (Eo, B, ). (3.12)
0

If the annihilation of the positron and electron has a centre-of-mass energy that is exactly
\/§ = mg, an ALP can be produced resonantly:

e (p1) + e (p2) — a(k). (3.13)

The Feynman diagram for this process is shown in figure 6. The matrix element for this
process is simply

2

(Mgl = g“;s , (3.14)

and the differential cross section is given by

dog 7‘926 mg ( ( ”le>>
= - - 1+ 2e)). 1
e 4 g(5(E (2 - me | |0 x (3.15)
_ dme m E

dm,

a

The first delta distribution in eq. (3.15) is equivalent to the condition s = m2. After inserting
this cross section into eq. (3.6), the two delta distributions cancel out the integrations,
leaving behind

Na,res =

NeX nge Lgh _Ldec) (316)

Lt (Eo, By, T e_la*<1—e lax
Mtarget/Navo 4me 1— 47;71723 " ( * )

Here, E, and [,, are the positron energy and decay length, respectively, after applying
the conditions given by the two delta distributions in eq. (3.15). The mass range in which
resonant production can be detected is bounded from below by the fact that the ALP must
have an energy larger than the cutoff energy of the detector and from above by the maximum

possible positron energy, i.e.

m2
Ey=E+m.= "> B, (3.17)
e
2
277; —me < EO . (318)
e
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This means resonantly produced ALPs can only be detected when the ALP mass is in the
interval /2meEeut < ma < /2me(Eo + me).

In addition to the resonant production discussed above, electron-positron annihilation can
also proceed non-resonantly. The corresponding cross sections are discussed in appendix C.2.

3.4 ALP yields in NA64

While eq. (3.6) holds for E137 and the visible mode setup of NA64, there are some relevant
changes when calculating the expected yield of ALPs for the invisible setup as well as the
muon setup of NAG4.

NAG64 in invisible mode. Since the invisible setup of NA64 is an active beam dump that
measures the missing energy of an event instead of detecting particles downstream of the
dump, one can consider the decay volume to be infinitely large, i.e. one can set Lge. — 00.
This simplifies the equation for N, to

Lgh

N X Eo Tmax do _
Ny=——¢ dE/ Azl (Eo, B, T)—e Ta | 3.19
¢ Mtarget /Navo FEmin T nt ( 0 ) dx ( )

min

where the various quantities that enter this equation are given in appendix A.3. In principle,
it would also be possible to simplify the expression for do/dz, since there is no longer a
restriction on the emission angle 6, of the ALP. Since the main contribution to the cross
section comes from small angles [75], one can safely extend the integration to large angles of
order unity. Concretely, in analogy to E137, we introduce an arbitrary cutoff for the angle
based on the geometry of the detector given by

Rsh
ea max — 7 > 3.20
s = 7 (3.20)

where Ry, ~ 60cm is the approximate radius of the detector, in this case of the hadronic
calorimeters (HCALs).

NAG64u. The general setup of the NA64u experiment is similar to that of NA64 run in
invisible mode, with it being an active beam dump. This means that the formula (3.19)
applies to NA64y as well, with the caveat that the electron lines in the DB and Primakoff
diagrams in figure 4 need to be replaced with muon lines, and the EOT N, should be replaced
with the muons on target (MOT) N,. Since there are no muons for the anti-muons in
the beam to annihilate with, the contribution discussed in section 3.3 is absent. Finally,
an important difference is the energy distribution function of the muons compared to the
electrons. Since muons are much more massive than electrons, they lose significantly less
energy due to bremsstrahlung compared to electrons, allowing them to easily penetrate the
beam dump [49]. This means the muon’s energy distribution function is independent of the
depth t. Therefore, we can use the thin-target approximation to calculate the distribution
function for muons, which is given by [72]

1,(Eo, E,t) =6(Ey—E) = Ln(FEo, BE,T) =Ts(Ey— E). (3.21)
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This means the expected yield of ALPs simplifies to

NMX ZTmax dO' _Lsn
v T de—e o, 3.22
Mtarget /Navo Tmin dx ( )

N, =

where it is implied that E' = FEy in the expressions of Zmin,max, la; and the cross section. It is
important to note that this makes N, very sensitive to the length 7" of the beam dump. This
is in contrast with the other electron beam dumps, in which the electron shower attenuates
after several radiation lengths.

4 Other constraints

In this section we review other experimental and theoretical constraints of relevance for
leptophilic ALPs.

4.1 Perturbative unitarity

A simple but important constraint on the ALP coupling to leptons can be obtained by
considering the scattering process £T¢~ — ¢T¢~ via s-channel ALP exchange. Even though
the ALP interaction is non-renormalisable, the matrix element for this process becomes
independent of the centre-of-mass energy for /s > m,. The requirement of unitarity of the
J = 0 partial wave ag, i.e. |[Re ap| < 1/2, implies [38]

Co  Yar 1 /8
— == — = 4.1
A my < my 3 ( )

4.2 LEP bounds on exotic Z boson decays

Ref. [48] studied constraints on ALP couplings to photons from LEP measurements on the
Z pole. Here, we apply this analysis to the present setup, where photon couplings are
induced via lepton loops. As we will see, these loops are strongly suppressed by m? /M%
for the case of pseudoscalar ALP couplings, meaning relevant constraints from LEP only
arise for derivative couplings.

There are two processes of interest: eTe”™ — Z — a7 via on-shell production of a Z
boson, and eTe~™ — v* — a~y via an off-shell photon at the Z peak. For light ALPs with
mass below m,, the photons from the radiative ALP decay are very collimated, so that both
processes look like the forbidden SM decay Z — 2v [76]. For Z-boson decays we follow
ref. [48] and use the bound

BR(Z — av) x BR(a — vy) x P(l;) <52 x 1077, (4.2)

which is inferred from the 95% confidence level LEP limit BR(Z — 7%y) < 5.2 x 107° [77].
Here, we conservatively include only the fraction BR(a — ) of ALPs decaying into two
photons since it is unclear whether a leptonically decaying ALP could mimic a 7% decay
when strongly boosted. Moreover, the factor

PU)=1—¢ e, (4.3)
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gives the probability that the ALP decays inside the decay volume and can be detected. Here,
lo is the ALP decay length in the laboratory frame (see section 3.1), and we take L = 10 cm.
The above limits are used for mg, < m o = 135MeV. For larger ALP masses up to 1 GeV we
use the limits obtained in ref. [48] from simulating angular distributions for the three-photon
decay (ete™ — Z — a+~ — 37), which were compared bin by bin to the distributions given
in ref. [77]. The resulting bounds are weaker than those for m, < m o by about 30%.

These constraints can be directly interpreted as a bound on lepton couplings, using the
decay rates for derivative (D) and pseudoscalar (P) couplings [36]

r(z o m% a? |Cyl? ( 9 1/4)2 14 B )|2 (1 m3>3
ary SW - B T, TZ - )
= 9673 s2c2 A2 m?
m3 o |gaul? 2 m2 s
I(Z — Z a 2 _1/4)"|B ol [ — 4.4
( ay)p 967T3 82 C2 % <5w / > |B(7e, 72)| QZ ) (4.4)

with sy, denoting the sine of the Weinberg angle, 7 = 4m? /M2, 7 is defined below eq. (2.13),
and B(71,72) given in eq. (2.21). Since here we consider m, < myz, one has 77 < 7y, SO
that to good approximation

B(1y,72) =72 (fQ(Tg) - fQ(TZ)) < 1. (4.5)

Constraints on the pseudoscalar scenario are thus much weaker than those in the derivative
scenario. In fact, they are weaker than the perturbative unitarity bounds for all leptons
and, therefore, irrelevant.

For the derivative scenario, the constraints are more relevant but still rather weak due
to the small Z boson couplings to SM leptons resulting from the accidental cancellation
52 ~ 1/4. As we will see below, the LEP limits from Z decays are coincidentally of the same
magnitude as the limits from ALP production via off-shell photons.

Indeed, the same signature as Z — a~y is generated from ALP production via off-shell

photons eTe™ — v* — ay with s = M% Therefore, the cross-section is limited by
olete” = 7" = a7)|s:M2 < Olimit(eTe” = Z — CW)’s:M2
12
— ~BR(Z — e*e”)BRymie(Z — a7)
m
7.9x1077 1 1

X X , 4.6

GeV? BR(a = vvy)  P(l,) (4.6)
where we have used the narrow-width approximation in the second line and eq. (4.2) in
the third line. The cross section at the Z pole can be calculated using the general vertex

function with a single off-shell photon in the derivative and pseudoscalar scenario, respectively
(cf. eq. (2.25))

aCy
Loy = iy @ daks [+ B m2)]
P .fal
il = zﬂ_—n;e“l/aﬁqakﬂB(Tg, 77), (4.7)
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where the external on-shell photon has outgoing momentum ¢ and polarisation index u, k is
the outgoing momentum of the axion, and p = k+ ¢ is the inflowing momentum of the off-shell
photon with polarisation index v, with p? = s = M% The total cross-section is given by

2
2m;,

m2 3
1- ™) (1+
3 2 2 2
- o |Cy < m> ( m )
e —>’Y*—>G’Y)D=24 2|A2| z 22 1+ B, m2)%,
& \/1—4m2 /M2
3
2m?2
oy e = g BT A

2
= 70, 72)|"
24m? mj \/1—4m2/m?

Again, constraints on the lepton couplings in the pseudoscalar scenario are weaker than those

+

o(e

ISRV

m

NN

+

o(e (4.8)

from perturbative unitarity, such that constraints from ALP production at LEP are relevant
only in the derivative scenario. They are accidentally of the same size as the constraints
from Z boson decays, since

2

2,2
'y e’ss.cy,

12rMzBR(Z — ete™) (s2, — 1/4)

5~ 0.94. (4.9)

The resulting constraints on the lepton couplings in the derivative scenario are shown
in the (mg, — Cp/A plane) in figure 7 for all three individual lepton couplings as well as the
universal case, with the limits from perturbative unitarity shown in grey. Note that, as
explained above, for m, < m_o the bounds are slightly stronger than above, due to highly
collimated photons looking like the forbidden Z — ~v decay [48]; moreover, the spikes in
correspondence of 2m, and 2m,, originate from the leptonic ALP decay becoming allowed,
hence lowering the corresponding BR(a — ~7); finally, the plateau observed for the muon
case between ~ 100 MeV and 2m,,, and for the tau case above ~ 400 MeV, correspond to
the ALP mass values where P(l,) ~ 1.

4.3 B factories

In ref. [78], the BaBar collaboration reported results from a search for dark photons A’
produced in the reaction ete™ — vA', A’ — (T4~ with £ = e,y in terms of a 90% CL
upper bound on the kinetic mixing parameter € as a function of the dark photon mass m 4.
We reinterpret these results in terms of the couplings of leptophilic ALPs by comparing
the cross section for dark photon production with the one for non-resonant production of
ALPs, see appendix C.2.

Since the BaBar search focuses on dark photon decays to light charged leptons, the bound
does not apply to models of ALPs coupled exclusively to tau leptons. For ALPs coupled
exclusively to electrons, we only reinterpret the bounds up to the muon production threshold,
mq < 2my,. Similarly, for ALPs coupled exclusively to muons, we only reinterpret the BaBar
bound for m, > 2m,,. Note that even though there is no tree-level coupling to electrons in
this case, the ALP can still be produced through the s-channel process e et — v* — avy
via the effective photon coupling induced through the muon loop.

In ref. [79], the Belle II collaboration reported results from their search for a muonphilic
scalar S via the process e”e™ — pu~u™S with S — u~u+. The Belle II collaboration assumed
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Figure 7. Constraints on ALP derivative couplings from LEP searches for Z — 3+ from direct
ALP production either via on-shell or off-shell photons (purple), see text for details. Also shown are
the limits from perturbative unitarity (gray), which always dominate over analogous constraints on
pseudoscalar couplings.

an interaction Lagrangian of the form Ly D —igaﬂa%‘@b#, which allows us to directly use
their results, neglecting the small differences of scalars compared to pseudoscalars. Moreover,
this constraint applies to both the derivative and pseudoscalar coupling cases since it involves
a tree-level coupling between the muon and the ALP.

4.4 Meson and W1 boson decays

Ref. [35] pointed out the possibility of searching for leptophilic ALPs using rare meson decays

such as 7t — eTwva [80] or Kt — etwva [81], or W™ boson decays such as Wt — etva.

The resulting constraints can be directly applied to our setup, noting that the derivative
scenario corresponds to the “weak-violating” ALP in ref. [35] and the pseudoscalar scenario
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to the “weak-conserving” ALP. These terms are defined above their eq. (7), from which,
along with their eq. (1), one can directly see that the “weak-violating” model is identical
with our derivative coupling case in eq. (2.1). On the other hand, the “weak-conserving”
model is better mapped to our scenarios using the basis in their eq. (3), which for the
“weak-conserving” model contains the pseudoscalar coupling, but also the anomalous coupling
between ALP and the photon, so it is not identical with the pseudoscalar scenario in eq. (2.4).
Nevertheless, as can also be seen from their figure 1, the limits from rare meson decays in
ref. [35] only constrain the first and last terms in their eq. (3), and the last term vanishes for
the “weak-conserving” ALP. Thus, in practice, this case constrains our pseudoscalar scenario.

The decay 7+ — etwva can also occur in air showers, in which case the subsequent ALP
decays may be observed with Super-Kamiokande [82]. For the case of ALPs coupling only
to tau leptons, ref. [83] derived constraints from BESIII searches for J/i — v + inv [84]
and J/¢ — 3v [85].

4.5 Supernova bounds

A burst of ALPs can be produced by the electrons, muons or photons that are present in
large numbers in the hot and dense plasmas of core-collapse supernovae. In 1987, one of
these explosions, named SN 1987A, was observed in the Large Magellanic Cloud, around
50 kpc away from Earth. This is the only supernova to date for which the accompanying
neutrino emission was measured by experiments here on Earth. The duration of this neutrino
burst is in overall agreement with simulations [86], which can be used to constrain ALP
models. If any exotic particle would be produced in the central neutrinosphere of the nascent
proto-neutron star in the supernova core and was coupled so weakly that it escaped without
re-depositing its energy, it would provide an additional cooling channel that is not present in
simulations. Following approximate, order-of-magnitude physical arguments supported by
early simulations of the explosion, the additional cooling power cannot be larger than the
neutrino luminosity — otherwise the duration of the neutrino burst would be significantly
shortened, contrary to observations [87, 88].

Furthermore, one can derive a bound from the ALPs transferring energy into the mantle
of the progenitor star, which would contribute to the explosion energy of the circumstellar
material [89, 90]. For typical supernovae such as SN 1987A, this explosion energy is observed
to be around 10°! erg, about one percent of the total neutron star binding energy released
in the explosion [91]. There are SNe with explosion energies lower by about an order of
magnitude, which might also be used to constrain ALP energy deposition [92]. Finally, we
point out that recently refs. [44, 93] have argued for modifications of both the cooling and
energy deposition constraint in the strong coupling regime, which were not included in some
of the older references we cite below.

For ALPs coupled to electrons, ref. [44] computed a collection of SN constraints, including
the above mentioned cooling and explosion energy bounds, which are the relevant ones for the
regions of parameter space studied in this work. The loop-induced ALP-photon interactions
in the SN plasma are claimed to be negligible, in contrast to the finding of ref. [37],% and

2We point our here that even following the prescription that ref. [44] argues for, namely to evaluate
the effective loop-induced ALP-photon coupling as in vacuum but with the thermal electron mass instead
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thus are not included in either ALP production or reabsorption rates. In this way, the
bound could both be underestimated or overestimated at its upper end, depending on which
production and reabsorption effects would dominate. However, as long as loop-effects are
ignored, pseudoscalar and derivative couplings lead to the same phenomenology and we can
show the constraints for both cases in figure 10. We show the most conservative constraint
shown in ref. [44]. For ALP masses m, < 1MeV, ref. [44] does not show any constraints.
Since scattering processes in the plasma should be independent of the ALP mass for such
light ALPs, we extrapolate the cooling constraint to lower masses but choose to cut off the
energy deposition bound since in principle it depends on the decay length of the ALP, which
of course changes significantly with m, especially at the threshold m, = 2m..

For interactions with muons, the cooling constraint on the derivative coupling was
presented in ref. [94]. Note, however, that these results have been criticized in refs. [91]
and [95], mainly pointing out that since absorption is only considered in the radial direction,
i.e., is underestimated, and hence the upper end of the bound overestimated, and furthermore
that the muons are assumed to be non-relativistic even though typical thermal energies are
3T ~ my,. The latter effect also tends to overestimate the constraint in the strong coupling
regime. Hence, we show the bound as a dashed line in the left panel of figure 11 to indicate
where SN phenomenology should become relevant, but caution that there are potentially
large numerical uncertainties on the exact value of the bound. The constraint is different for
pseudoscalar couplings since the differing loop-induced photon coupling significantly affects
the upper end of the bound for 5 MeV < m, < 2m, ~ 211 MeV, and has been calculated
in ref. [91]. More importantly, for m, < 10 MeV, ref. [91] furthermore estimates that the
explosion energy constraint in this case is gau/m, 2 2.26 - 1072 GeV~!. The bound is
approximated by demanding that the total energy emitted in ALPs, in the “Stefan-Boltzmann
approximation” discussed and shown to be a good estimate in simple models of SN-ALP
emission [95], does not exceed the SN explosion energy. We show this constraint, which
is stronger than the cooling bound in the relevant parameter region, in the right panel of
figure 11. Also at larger ALP masses there should be a constraint on the muon coupling.
However, since m, = T for heavier ALPs — especially near the upper end of the bound
that constrains ALPs produced in the colder outer regions of the proto-neutron star — the
estimates of production, absorption, and decay rates in ref. [91] do not hold anymore, and
the bound is not simply extrapolated to larger masses.

For ALPs coupled only to tau leptons, one can safely integrate them out, given that the
tau mass is much larger than typical temperatures reached in the proto-neutron star. This
leaves only a constant on-shell coupling to photons for the pseudoscalar case, which could be
constrained by the usual analyses, while for the derivative case, the coupling is suppressed
by m2/m?2 or E2/m? with the ALP energy FE, (for ALP production or reabsorption via

of me, would leave a nearly maximal gi3.0" (|t ~ T% 2 m? ) S aCe/mA for both the pseudoscalar

avy*y e,thermal
as well as the derivative-coupling case. This is because the thermal electron mass is set by temperature
and chemical potential, both of which also determine the typical energy in the Primakoff process — see
section 2.2 and ref. [37]. And since photon coalescence becomes important for mq 2 O(10 MeV) > me thermal,

at least in the derivative-coupling case, also that process (or its inverse) is not significantly suppressed as
gfﬁ;{D (ma > Me thermal) ~ aCe/mA. Nevertheless, ref. [44] improves over the work in ref. [37] in many ways

and hence we include their results here.
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the Primakoff process). In ref. [83], SN constraints on g, are translated into constraints
on the derivative coupling C;/A. However, the fact that the effective photon coupling
is energy dependent if one of the photons is off-shell, as in the Primakoff process, is not
taken into account (not many details are given, but the loop-function seems only to be
evaluated using the ALP mass). We also note that due to the energy-dependence of the
effective ALP-photon coupling, the constraints on g, cannot simply be rescaled but the
energy integrals have to be reevaluated using the respective loop-functions. Thus, we choose
not the show these constraints, but remark that they should be present in some form in
this region of parameter space.

In the universal coupling case, production from electrons, muons, and the loop-induced
photon interaction (also receiving a contribution from g,;) have to be taken into account,
and the same holds true for reabsorption and decay events. Thus, neither of the bounds
on electron or muon couplings are accurate estimates for this case, and we thus choose not
to show any SN constraints for this scenario either, but again remark that they should be
present somewhere in the parameter space.

4.6 Proton beam-dump experiments and forward-physics detectors

Proton beam dump experiments provide sensitive probes of the effective ALP-photon cou-
pling [96, 97]. A detailed reinterpretation of these constraints in the context of leptophilic
ALPs is not straightforward since the typical momentum transfer ¢ from the target nucleus
to the ALP can be comparable to m%, such that the full momentum dependence of the lepton
loop needs to be included for an accurate estimate.

To obtain a first estimate of the expected constraints, we implemented the constant piece
nyfv = aCy/(mA) in the public code ALPINIST [98],
which allows for a reinterpretation of proton-beam dump data for ALPs with different

of the loop-induced photon coupling g

coupling structures. The resulting constraints are found to be weaker than the ones from E137
and NA64. Given the results from ref. [99] for muonphilic scalars, we anticipate the same
conclusion to hold also for muonphilic ALPs, which can be produced via Bremsstrahlung
from secondary muons. Since a more accurate calculation is not expected to give significantly
stronger bounds, we refrain from a detailed study and omit these constraints from our
analysis. For the same reason, we do not attempt to reinterpret the recent search for ALPs
coupled to photons at FASER [100].

4.7 Lepton g — 2

Leptophilic ALPs contribute to the anomalous magnetic moment of the charged leptons,
ap = (g — 2)¢/2 with £ = e, u, 7. The main contributions for the muonic case are shown
in figure 8.

At the one-loop level, there is no difference between derivative and pseudoscalar couplings
due to the direct coupling of the ALP to the external charged lepton lines. Conversely, the
two-loop contribution, which features an effective ALP-photon coupling, distinguishes the
two coupling types. The expression for the one-loop contribution is given in ref. [5], while
the expressions for the two-loop contributions can be found in refs. [21, 34] and [101] for
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Figure 8. One-loop contributions (left) and two-loop contributions (right) of muonphilic ALPs to
(9= 2)p-

pseudoscalar and derivative couplings, respectively. Note that, in the latter case, the result
depends on the UV cutoff scale A, which we will set here to A ~ 1TeV.

The theoretical situation regarding the muon anomalous magnetic moment is currently
under scrutiny, see e.g. ref. [102] and references therein. Indeed, up to a few years ago, the
theoretical consensus was a value [103] that currently shows a negative 5.20 discrepancy with
the current experimental world average [104], a discrepancy that would only be exacerbated by
ALPs contributions. However, the latest lattice determinations of the so-called leading order
hadronic vacuum polarisation (LOHVP) contribution increase the theoretical prediction of a,,
effectively resulting in a compatibility at the 0.90 level [105, 106]. Yet these determinations
are incompatible with the previous LOHVP determinations at the 4o level. While waiting for
the resolution of this theoretical controversy, we decided to adopt a conservative approach
here and include in our results only a dashed line corresponding to the ALP parameter
values such that its presence would decrease aLheory by da, = —107?, i.e. corresponding
to a negative 20 shift from the current experimental value, when current theoretical and
experimental errors are combined. Nevertheless, this result must not be considered as a
binding constraint, as nothing prevents the presence of additional new processes contributing
to a, and counteracting the ALP effect.

A similar conservative approach is required as well for the electron anomalous mag-
netic moment, albeit for different reasons. In this case, the discrepant determinations of
the LOHVP do not play a relevant role because this contribution is negligible due to its
electron mass suppression. However, at the current level of accuracy of 10713, the theoretical
prediction is sensitive to different measurements of the fine-structure constant employed in
its determination, where a 5.40 difference has been observed in its two latest experimental
determinations [107, 108]. The latest experimental determination of a., measured with a
precision similar to the theoretical uncertainty, sits between the two theoretical determi-
nations [109]. Therefore, we adopt a similar approach to the muon case, showing in our
results a dashed line corresponding to ALP parameter values such that they would decrease
agheory by 107, Once again, this constraint does not have to be considered binding due
to possible additional contributions to this channel.

Finally, we also consider the effect a tauphilic ALP would have on the anomalous
magnetic moment of the tau lepton, a.. The recent determination of a, from photon fusion
at CMS [110] provides a, = (OQfg%) x 1073. Given this experimental uncertainty, we choose
once again to mark the parameter space where the presence of a tauphilic ALP decreases
atheory by 1073 just by a dashed line.
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4.8 ALP lifetime

Axion-like particles decaying into leptons and photons in the early universe may change its
expansion rate, the temperature of the electron-photon bath relative to the one of neutrinos
and the primordial element abundances [111]. While a detailed calculation of these constraints
is challenging, in particular for the muonic decay mode, it is expected that ALP decays are
harmless for cosmology if the ALP lifetime is shorter than 0.1s. To give the reader a feeling
for how relevant this consideration is, we indicate a dashed line labelled “7, = 0.1s” in our
plots. This line should, however, not be interpreted as a hard constraint since additional
effects can change the cosmological evolution, and the resulting constraints may be weaker.

5 Results

In this section, we present and discuss the bounds on the leptophilic ALP models obtained
from the beam-dump experiments E137 and NA64 discussed in section 3 as well as the other
constraints discussed in section 4. In order to remain agnostic about the UV completion of
this scenario, we analyse different coupling structures independently:

Scenario E: non-vanishing electron coupling gge # 0

» Scenario M: non-vanishing muon coupling gq, # 0 ,

Scenario T: non-vanishing tau coupling g, # 0 ,

[ ]

Scenario U: universal lepton coupling Gee = Jay = Gar

where we have introduced the definitions Gu¢ = gare/me or Jor = Cp/A for the pseudoscalar
or the derivative case, respectively. For each scenario, we consider both derivative and
pseudoscalar couplings and set all other ALP couplings to zero. All bounds are calculated
at 90% confidence level, except the ones from LEP and W+ — etva, which are at 95%
confidence level.

5.1 Effect of the coupling type on the E137 bound

Before presenting our full results, we compare the effect of the choice of coupling type
on the bounds derived from the E137 experiment. The comparisons of the bounds for all
scenarios are shown in figure 9.

In this figure, aside from comparing the derivative coupling given in eq. (2.1) and the
pseudoscalar coupling in eq. (2.4), we also show a comparison with a simplifying approximation,
in which the effective off-shell coupling of the ALP to photons is set to the constant on-
shell value, in order to judge the relevance of the momentum dependence of the effective
photon coupling. We approximate the couplings according to the limits of the derivative
and pseudoscalar couplings given in egs. (2.17) and (2.18), respectively. Since the ALP
mass is larger than that of the electron in the most relevant regions of parameter space,
we assume 7, = 4m2/m2 < 1. For the muon and tau contribution, on the other hand,
we can approximate 7, > 1 in the parameter regions probed by E137. In the on-shell
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approximation, we thus approximate the derivative coupling by the constant values

‘:S\e ) for Scenario E,
aC,, m? .
off D off D off D i 12;{3 ) for Scenario M,
ga'y*'y, - gcw:y ~ ga*y'y,const = aC mg f g io T (51)
— TR Tz 3 ] or Scenario T,
aCp (1 mg _ mg .
A (1 TomZ — T2m? ) , for Scenario U.

Similarly, the approximate pseudoscalar couplings read

0, for Scenario E,
2
QFapn _1 My ) f r n ri M
geff,P — geff,P ~ geff,P ) mmy ( 12'”2“% ’ O Scenario , (5 2)
ay*?, a ~ YJaryy,const — ) .
o B " ar (1 — 15 for Scenario T
My 2m2 ) )
2 2
Obar (1 _ Ma_ _ 1 _ Mg .
Ty ( 1 12m? 1 IZmZ) , for Scenario U.

Specifically, in the approximation for the case of pseudoscalar couplings to electrons only, we
set the loop-induced coupling to photons to zero and consider only the tree-level contribution
from electrons. For Scenario U, we also consider a simplified tree-level model of ALPs,
where we set all effective loop-induced photon couplings to zero in order to estimate their
relevance for the final exclusion bounds.

Beginning with Scenario E in the top-left panel of figure 9, one can see the bounds on
the derivative coupling, the pseudoscalar one and their respective constant approximations.
For clarity, only the contributions coming from DB and Primakoff production are shown,
100 MeV, the agreement
of the bounds between all couplings is close to perfect. However, for larger masses, the

but not the positron annihilation processes. For ALP masses m, <
differences between the couplings become evident. While the lower bounds on the derivative
coupling remain relatively constant until reaching the tip, the pseudoscalar bounds are weaker
for the higher ALP mass range.

The derivative and pseudoscalar couplings perfectly match their respective constant
approximations. This is unsurprising, especially at the tip of the plot, as the ALP mass is
much larger than the electron mass, making eq. (5.1) an excellent approximation for the
effective photon coupling in the derivative basis. Similarly, the fact that the bound for the
pseudoscalar coupling can be reproduced by setting the loop-induced photon coupling to
zero agrees with the expectation from eq. (2.18), as the effective photon coupling in the
pseudoscalar basis is strongly suppressed by the electron mass.

We note that this excellent agreement between the approximated couplings and the
exact couplings is still present at the very left side of the plot, where m, ~ 10 MeV and the
approximation 7 < 1 starts to become invalid. This agreement can be explained by the fact
that the Primakoff production mechanism, which is the contribution sensitive to the effective
coupling, is dwarfed by the tree-level DB production channel, as can be seen in figure 5. No
matter which coupling type is used, their differing effects are irrelevant compared to DB
production, hence the agreement is good for low masses as well. At the tip of the exclusion,
on the other hand, the Primakoff production actually outweighs the DB production (see
figure 5), such that the two coupling scenarios give slightly different results.
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Figure 9. Bounds derived from E137 using different types of couplings to electrons (top-left), muons
(top-right), tau leptons (bottom-left) and universal couplings to all leptons (bottom-right).

This difference becomes much more pronounced in the top-right panel of figure 9, which
shows the comparison of the bounds derived using Scenario M. Since in this scenario only the
muon coupling is present at tree level, the only production mechanism in E137 is Primakoff
production. Below the threshold m, = 2m,, ~ 211 MeV, the ALP can only decay into photons,
whereas above the muon threshold, the decay into muons proceeds so fast that the ALPs
can never leave the dump and reach the detector. As a result, the bounds on this model
are very sensitive to the type of coupling used. Indeed, since the effective coupling in the
derivative basis is smaller than in the pseudoscalar basis for large lepton masses, the bounds
for the derivative coupling are shifted to higher g,, to compensate.

In addition to the derivative and pseudoscalar couplings, we also show the bounds derived
using constant couplings. For the constant approximation of the pseudoscalar coupling,
the bounds are generally in very good agreement with the bounds derived from the full
pseudoscalar coupling, except close to the threshold m, = 2m, where the approximation 7 > 1
becomes invalid. For the constant approximation of the derivative coupling, the bounds of the
full and approximate couplings start to deviate significantly for low masses. In other words,
it is essential to consider the full momentum dependence of the effective photon coupling to
accurately describe the bounds on the ALP-muon coupling for the derivative coupling case.
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One can observe the same effect in Scenario T, which is shown in the bottom-left panel
of figure 9. Since the ALP masses are far below the tau threshold, the ALPs can only
decay into photons via the effective coupling. As in Scenario M, the ALPs can only be
produced via Primakoff production. As a result, the qualitative discussion for Scenarios
M and T are almost identical. The only major difference is that, since the relevant ALP
mass range remains well below 2m,, the constant coupling approximation works very well
for mg 2 100 MeV. For lower masses, however, the momentum dependence of the couplings
in the derivative case again becomes apparent.

Finally, the bottom-right panel of figure 9 considers Scenario U, i.e. universal couplings
to all leptons. The general shape of the bounds is similar to Scenario E for m, < 2m,,,
but features the cutoff at m, = 2m, seen in Scenario M. Since there is now once again a
tree-level coupling to the beam electrons, the DB production of ALPs is the dominant process
for lower ALP masses, such that pseudoscalar and derivative couplings agree in this mass
range. The difference between the two coupling types only becomes apparent at masses

around m, 2 100 MeV, when the loop-induced decays into photons start to compete with

the tree-level decays into electrons [8].

Similarly to Scenario E, both the derivative coupling and the pseudoscalar one are
described quite accurately by their relative constant coupling approximation in most of
the mass range. However, the additional muon and tau couplings in Scenario U lead to a
non-trivial momentum dependence in the effective Primakoff coupling near the threshold
mq = 2m,,, particularly in the pseudoscalar case. By coincidence, the derivative case is well
approximated by considering only tree-level couplings, i.e. setting the effective ALP-photon

coupling to zero and neglecting both Primakoff production and decays into photons.

5.2 Combined constraints

Having discussed the pertinent differences between pseudoscalar and derivative couplings for
the bounds from E137, as well as the relevance of the momentum dependence in the effective
couplings, we now turn to the various other constraints on leptophilic ALPs. Our main results
are shown in figures 10 to 13, corresponding to the four scenarios introduced above. In each
case, we show in the left (right) panel the constraints for derivative (pseudoscalar) couplings.
The bounds that have been (re)computed by us, namely the ones from sections 3 and 4.2,
are shown in the foreground, each highlighted with a differently coloured area. Conversely,
the laboratory constraints from sections 4.1, 4.3,and 4.4, which have been taken directly
from the literature, are shown in the background as a unified, gray-shaded area. Supernova
constraints, where applicable and known, are indicated as dashed lines since they are somewhat
approximate (and even contain some errors) in this strong coupling regime, cf. section 4.5
— they nevertheless show that SN phenomenology should become relevant in the indicated
region of parameter space. Non-binding constraints, namely the ones coming from anomalous
magnetic moments described in section 4.7 and the ALP lifetime discussed in section 4.8, are
indicated for reference as dashed lines. Finally, for the NA64u experiment, we also indicate
projected bounds for a total of 104 MOT, compared to the current 1.98 - 1019 MOT.

Let us start our discussion from Scenario E, for which bounds are given in figure 10.
Contrary to the previous section, where only contributions from DB and Primakoff production
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Figure 10. Laboratory bounds on an ALP with derivative (left) and pseudoscalar (right) coupling to
electrons.

were considered for estimating K137 constraints, an additional bump is now present because
we include the resonant ALP production yields as well.?> We find that E137, which ran over 40
years ago, is still able to set some of the most stringent constraints on the electrophilic ALP
models, especially for high ALP masses. However, the bounds set by NA64, both in its visible
and invisible modes, complement those by E137, particularly for higher values of the coupling.
This is particularly relevant in the pseudoscalar case, where these additional constraints cover
all the otherwise unconstrained regions for ALP masses below 10 MeV and couplings above
1072 GeV~!. While most of the parameter space under consideration is now covered for the
derivative case, this is not the case in the pseudoscalar one. In particular, the absence of
constraints coming from LEP and W™ decays leave the large coupling region for an ALP
mass above ~ 200 MeV unconstrained. To determine the viable parameter regions of smaller
couplings, it would be desirable to perform a detailed calculation of the constraints from SNe
for pseudoscalar couplings, including the effect of loop-induced couplings to photons.
Moving onto Scenario M, for which bounds are shown in figure 11, we observe, as
expected, that the strongest constraints come from NA64 ., which is exceptionally well suited
to probing muonphilic ALPs. Contrary to the previous scenario, E137 is only relevant for
couplings between about 1073 GeV~! and 1074 GeV ™!, and masses above 100 (10) MeV,
for the derivative (pseudoscalar) case. However, if NA64y extends its programme to 104
MOT, it is expected to push its constraints down to 107> GeV !, hence totally encompassing
E137 ones. Complementary constraints also come from Belle II and from LEP (only in the
derivative case) and SNe. We therefore conclude that, as for Scenario E, the parameter space
is more constrained in the derivative coupling case than in the pseudoscalar coupling one.
Concerning Scenario T, from figure 12, it becomes clear that currently not many con-
straints are stronger than the unitarity bounds. We also observe that, in this scenario, the
main additional bound comes from E137, which is stronger in the pseudoscalar coupling
case than in the derivative one. As a result, in this scenario, the pseudoscalar coupling

3While resonant ALP production is not possible in NA64y, it could in principle play a role in NA64 run in
invisible and visible modes. However, due to the high cutoff energy FEc,. = 20 GeV of NA64, the condition
Mg > V/2meFEcut derived in section 3.3 cannot be satisfied in the parameter regions probed by NA64.
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Figure 11. Laboratory bounds on an ALP with derivative (left) and pseudoscalar (right) coupling to
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Figure 12. Laboratory bounds on an ALP with derivative (left) and pseudoscalar (right) coupling to
tau leptons.

case is more tightly constrained than the derivative one. Current bounds from NA64 have
marginal relevance in the former case, namely only in the ALP mass range 10-30 MeV, while
in the latter one, they improve the unitarity bound by a factor of 2. The final NA64u
results will be able to provide much stronger constraints, improving the current bound by
about two orders of magnitudes in the coupling and encompassing almost completely the
ones from E137 in the derivative case.

We conclude with Scenario U, for which constraints are reported in figure 13. As expected,
if the ALP couples to all charged leptons, the different constraints from the three previous
scenarios become relevant simultaneously. We therefore find that the combination of E137,
NA64, BaBar and Belle IT measurements exclude ALP couplings above about 1072 GeV 1.
The strongest constraint comes again from E137, which pushes the bound down to almost
107° GeV~! in the 1-200 MeV ALP mass range, while for smaller ALP masses NA64 excludes
couplings larger than 1072 GeV~!. With 10'* MOT, NA64 is expected to push the coupling
bounds down to about 107> GeV~! for ALP masses up to the muon threshold, going beyond
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Figure 13. Laboratory bounds on an ALP with universal derivative (left) and pseudoscalar (right)
coupling to all charged leptons.

the E137 reach and covering the vast majority of the currently unconstrained parameter
space studied here. For the case of universal couplings to charged leptons, there is no
relevant difference between the derivative and the pseudoscalar coupling cases, except a small
unconstrained window for ALP masses in the 30-200 MeV mass range for the latter case.

6 Conclusion

Axion-like particles (ALPs) arising as pseudo-Goldstone bosons from a spontaneously broken
approximate global symmetry are one of the most well-motivated ways to extend the Standard
Model with a new state below the GeV scale coupled feebly to known particles. While couplings
of ALPs to SM gauge bosons and SM quarks have been studied in great detail, the case
of leptophilic ALPs, which couple dominantly to charged leptons, has received much less
attention. In the present work, we have filled this gap by providing an exhaustive overview
of the relevant constraints from beam-dump, flavour and collider experiments, as well as
from theoretical considerations and astrophysics.

First of all, we have pointed out that the precise definition of leptophilic ALPs is rather
subtle since the assumed absence of tree-level couplings to photons leads to a distinction
between ALPs with pseudoscalar couplings and ALPs with derivative couplings. We take a
complete model-independent perspective and discuss both interactions in parallel, highlighting
their differences.

In both cases, effective interactions of ALPs to photons are generated through lepton
loops, which depend on the momenta of the ALP and the two photons. If all particles are
on-shell, one reproduces the standard photon coupling, but for off-shell particles, the loop
function depends non-trivially on the momenta, which are specific to the relevant experimental
setup. We have shown that this effect plays an important role in the analysis of electron
beam-dump experiments such as E137 and collider constraints from, e.g. LEP and have
derived suitable approximations that can be used to simplify the analysis.

In our analysis, we have then considered separately the three cases where ALPs couple
only to one generation of charged leptons, as well as the case of universal couplings to all

— 31 —



charged leptons. In all cases, we find that K137 gives highly relevant constraints, even if both
the production and decay of the ALPs proceed exclusively via loop-induced photon couplings.
Further relevant constraints come in particular from searches for missing energy and displaced
decays at NA64, in particular when using a muon beam. Indeed, future runs of NA64u
constitute a highly promising way to further probe the parameter space of leptophilic ALPs.

For cases in which the ALPs couple to muons, beam dump experiments are not sensitive
to ALP masses above the threshold m, > 2m,,, where ALPs rapidly decay back into muons. In
this parameter region, future searches for di-muon resonances at Belle II [79] are particularly
promising. Below the threshold, relevant sensitivity may come from the planned proton
beam-dump experiment SHiP [112] as well as from the proposed forward-physics experiment
FASER2 [113], both of which can exploit the presence of secondary muons in hadron showers
to search for leptophilic ALPs. A detailed study of this production mode, including Monte
Carlo simulations of the secondary muon distributions, is left for future work. Finally, an
improved understanding of the bounds from SN 1987A for all the different coupling scenarios
is needed in order to identify the most interesting regions of parameter space at very small
couplings. Combining all of these different strategies will enable us to further explore the
parameter space of leptophilic ALPs.
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A Experimental details

A.1 E137

An electron beam with an energy of 20 GeV was directed at an aluminium target. Over the
course of the experiment, a total of 30 C (Coulombs) of electrons were deposited in the dump,
corresponding to N, = 1.87 - 10?Y electrons on target (EOT). The target was placed in front
of a hill 179 m in length, which absorbed all SM particles except neutrinos. The detector
was placed behind the hill, providing a decay length of 204 m. The detector consisted of
an 8-radiation-length shower calorimeter, which could detect photons and electrons. For
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the first phase of the experiment, the detector was arranged in a 2 x 3 mosaic of 1m X I m
chambers, which was later changed to 3m x 3m chambers. The cutoff energy for the detector,
i.e. the minimum ALP energy to be considered a candidate, was set to 2 GeV. No candidate
events were observed.

A.2 NA64

Invisible mode. The detector consists of one electromagnetic calorimeter (ECAL) and
three HCAL. The ECAL consists of lead and scintillator plates, having a total length of
45 cm and a width of 23cm x 23 cm. The ECAL is the active target and detects the energy
deposition of electrons. Each HCAL is made of iron and scintillator plates intended to detect
charged and neutral hadrons. The three HCALSs have a combined length of approximately
5m, and a width of 60 cm x 60 cm. Using this setup, the calorimeters are able to determine
the energy deposited inside the beam dump. If an ALP or other weakly interacting particle
were to be produced inside the dump and was long-lived enough, it would escape the detector
and carry away a fraction of the original energy of the beam. This missing energy can be
measured and registered as an event [46].

The main beam has an energy of 100 GeV. The energy cutoff for the detector is set
at 50 GeV. In the runs from 2016-2022, NA64 had a total of N. = 9.37 - 10! EOT. In
the 2016 run, a fourth HCAL was placed in line with the other three HCALSs, which was
moved downstream to be a zero-degree HCAL to help with background detection in later
runs. A detailed description of the layout of the experiment can be found in ref. [114]. No
candidate events were observed [115].

Visible mode. The setup used for the visible mode is described in ref. [47]. The beam is
directed toward an electromagnetic calorimeter composed of tungsten and scintillator plates
(WCAL). The WCAL serves as an active beam dump, with the first layers being the main
regions in which BSM particles would be produced. The rest of the WCAL serves as a dump
for the SM particles created in other processes, while weakly interacting particles would pass
through the dump. After a decay length of approximately 3.5 m, the WCAL is followed by
the ECAL and HCALs discussed above. If an ALP or any other particle was produced and
subsequently decayed inside the decay volume, the ECAL would register the energy of the
decay products. If the energy that is deposited in the ECAL is the same as the missing
energy in the WCAL, i.e. Fgcar, = Ebeam — FwcaL, then this is a candidate event [116].
In 2017, the beam was run at an energy of 100 GeV. The length of the WCAL was varied
from 290 mm, with 2.4 - 10!° EOT, to 220 mm, with 3 - 10'® EOT. The cutoff energy for the
detector was set to 20 GeV. In 2018, the beam energy was increased to 150 GeV, with 3 - 100
EOT, with the cutoff energy being set to 30 GeV. No candidate events were observed [47, 116].

Muon mode. The experimental setup for NA64y is illustrated in ref. [49]. As with the
original NA64 run with an electron beam, the experiment is built to detect the invisible
decay of BSM particles by measuring the missing energy of an event. A muon beam with an
energy of 160 GeV is directed at an ECAL, similar to the one in previous runs. The ECAL
has a total length of 49 cm. Further downstream, a magnetic spectrometer is placed, which
uses a bending magnet (MS2) to deflect the muon beam, as well as two HCALS to remove
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Experiment Target 7 A X ) Miarget
[gem™?]  [gem™]  [gmol™]
E137 Al 13 27 24.01 2.7 26.98
NAG64 (invisible,u) | Pb 82 207  6.37 11.35 207.2
NA64 (visible) W 74 184  6.76 19.3 183.84
Table 1. Material parameters for E137 and NA64 [118].
Experiment EOT/MOT  Ej FEewt  Lsn  Lec T 04, max
[GeV]  [GeV]  [m]  [m]

E137 1.87-10%° 20 2 179 204 2012.9 4.4-1073
NAG64 (invisible) | 9.37-10* 100 50 55 oo  979.8 0.11
NAG64 (visible):

Run 1 (2017) 2.4 -1010 100 20 029 35 828 6.9-1072
Run 2 (2017) 3-1010 100 20 022 35 628 6.9-1072
Run 3 (2018) 3-1010 150 30 022 35 628 6.9-1072

NA64pu 1.98-10%° 160 80 11 oo 873 55-1072

Table 2. Experimental parameters for E137 and NA64.

residuals from the upstream detectors [49]. The muon momentum can then be reconstructed.
Candidate events are defined as events in which the reconstructed muon momentum is smaller
than 80 GeV and the energy deposition in the calorimeters is compatible with a minimum
ionising particle, such that the missing energy is larger than 80 GeV. This setup results in a
shielding of approximately 11 m, which the ALP must traverse before decaying. After the
2021 test run and the 2022-2023 runs, the experiment accumulated a total of 1.98 - 1010
muons on target (MOT). No candidate events were observed [117].

A.3 Summary of experimental parameters

For ease of reference, the values of all experimental parameters we use to calculate N, are
listed in tables 1 and 2. Since the experimental parameters were varied for the different
runs of NA64 operated in visible mode, the sum over all runs is taken when determining
the total number N,

Na - ZNa,i- (Al)

runs
The invisible mode of the NA64 experiment has three HCALs downstream of the ECAL,
giving a total length of approximately 5.5 m. In the first run in 2016, the experiment had
a fourth HCAL, which was later moved to a zero-degree HCAL. This means the length
of the shielding of the 2016 run was greater compared to the later runs. Nevertheless, we

approximate Lg, = 5.5m for all runs, as the error would be minimal on account of the
relatively low contribution of the 4.5 - 10! EOT from this run to the total 9.37 - 10'* EOT.

— 34 —



B Details on electron energy distribution functions

For the calculation of the electron and positron energy distributions, we use the expressions
that were derived in ref. [72], namely, eq. (22) for the first generation electrons, eq. (24) for
the first generation photons, and eq. (12) for the second generation electrons and positrons:

1 In(Ey/E)"!

IV, E) = B T (B.1)
fct t bt
tk k:/d bt’—l—l <lnu>
s pye (B2
X[u+zn'n+bt’+l)<lnu) 1’
) ,1 In(E'/E)Pt—*)-1
I3t E /dt/ dE'— ) .

k k 2 El2
1
</ dk2I( () k) [b(l — E,) + (E,) hg
where Ej is the initial beam energy, u = k/Ep, b = 4/3, and ¢ = 7/9.

C Details on cross section calculations

C.1 Dark Bremsstrahlung and Primakoff production

It is convenient to define modified Mandelstam variables 3, @, and to in the same way as [71],
noting the use of the opposite sign of the metric. Assuming the incoming lepton has an
energy that is much greater than the masses of the ALP and lepton, one can make the
approximations [71]

U B 1—=z x
i = —xF%*0? — m? —miz, ty=

§=— i+ m?2. (C.1)

1—2z’

In the IWW approximation, the cross section is given by [71]

. 2
do a m2 1 —g [Umax | M|
il S o L di 2
(dx)lww am2\" T BN /u . (©2)

min

with the boundaries

— My, Umax = —M

- _ 202
Umin = —TF Ga max — M

—mizx, (C.3)

a

where the maximum scattering angle 6, max depends on the geometry of the detector. The
effective flux of photons x is given by

tmax  f — tmin 2
X :/ et tmin g2y (C.4)
tmin t2

Here, F' is the form factor. The inelastic form factor can be neglected here as its contribution
is negligible compared to the elastic form factor [71], given by

a’t 1
F(t) = <1+a2t> (1+t/d)Z' (G-5)
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The first part accounts for the atomic form factor, while the second part accounts for the
nuclear form factor [70, 119]. Here, a = 11123 /m, and d = 0.164 GeVZA~2/3, The integers
Z and A are the atomic number and mass number of the target atom, respectively.

Using FeynCalc [65], we calculate that the spin-averaged, squared amplitude for the
simplified DB processes is

|Mps]

(C.6)

Using eq. (C.2) and the substitutions in eq. (C.1), we then obtain eq. (3.9). Since the DB
diagrams have tree-level couplings to the ALP, the choice between a pseudoscalar or derivative
ALP-lepton coupling has no effect on the amplitude.

For the Primakoff process, the amplitude is

2
g5 ()| [~t2 (32 + @2) — 2m3 (5 + 0)?]
4t2 ’

e2

Mp]” =

(C.7)

where the effective off-shell coupling ggff*y(tg) is defined in eq. (2.25) and should be understood

as the sum over the three effective couplings coming from the couplings to the leptons, i.e.

ff ff
gg'y*’y(tQ) = Z gg'y*’y(t27 mf) : (CS>
l=e,u,m

Additionally, the interference term between the two processes gives the contribution

» €’Re (ggg*y(fz))gaeme(g +a)°

M C.9
] — (C9)
C.2 Non-resonant production
The Feynman diagrams for the non-resonant production of an ALP

e (p1) + e (p2) — alk) + (k) (C.10)

are shown in figure 14. The positron can annihilate with the electron through either an
s-channel, t-channel or u-channel diagram, of which the latter two are tree-level diagrams. The

squared, spin-averaged matrix elements for the tree-level, loop-level, and interference terms are

WW““%f:u—mSQ%_maz
{8 me) (o) (o o =) 2 (s = ) (v = )
2
o g?‘il@‘ 1)
X {mi (2mg + 5) —2m2s (mi + s+ t) + 2s (mg —2m2t +t(s + t)) n 53} |
[ M nter] :62 Re <9§§w(8)>gaeme (s — m2)®

s (t —mg) (u—mg) ’
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Figure 14. Feynman diagrams contributing to the process e“et — a7y.

respectively. The Mandelstam variables are defined in the standard way
s=(p1+p2)’, t=(p1—k)> u=(p—k)? (C.12)

The cross section for non-resonant production of ALPs is

dUNR 1 1 —_2
= a,max — Ya), 1
dr  16ms1— %WNR' 6(0, ba) (C.13)

with the angle 6, defined via

2AE +me)Ey — s —mi _ 2(E +me)(By —me) —m? (C.14)

cos(8,
() 2Iplka] 2lpllka]

The final Heaviside step function ensures that the trajectory of the ALP is within the angular
coverage of the detector. For non-resonant annihilation, the integration boundaries in egs. (3.2)
and (3.3) are not applicable. Instead, using the Mandelstam variable s = 2mq(E + m.),
the integration boundaries are

1 1 4m?2
Tmin = E -max | Eeyt , m (5 + mz —\/1- s s (S - mg))] ) (015)
1 9 4m? 9
Tmax = E : A, s+mg+14/1— s (5 - ma) ) (016)
Smin
Emin = 2 — Me, Emax = EO ) (Cl7>
Me

(m?2 — 2meEecy) (« [E2, —m2 + Ecut> +m2me

m2 — 2meEeyt + m2

(C.18)

Smin = Max mg, Me

It is important to note that for m, > v/2meE.y, the diagrams contributing to the
non-resonant production of ALPs exhibit an infrared divergence at the lower integration
bound Spin = mg due to the low-energy photon. This could be remedied by including
one-loop corrections to the ALP-lepton vertex, which are, however, beyond the scope of the
present work. We therefore neglect the sub-leading non-resonant production in this region of
parameter space and focus solely on the dominant contribution from resonant production.
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Non-resonant production of ALPs can also be compared to the production of Dark
Photons in BaBar to convert bounds on Dark Photons into bounds on ALPs. The differential
production cross section for Dark Photons for high lepton beam energies is approximately [120]

m2,/s
doar 2rea? mi, 1+ cos? (0) + (lfrr?i//S)Q C
_ 1— 1
dcos(6) s s 1 — cos2(0) ’ (C.19)

with the Dark Photon mass m 4 and the kinetic mixing parameter €. In order for the Dark
Photon to be detected, we require that the angles satisfy cos(fmin) < cos(#) < cos(fmax) in the
centre-of-mass system, where cos(0min) =~ —0.92 and cos(fmax) ~ 0.87 [120]. By integrating
and matching the cross sections of Dark Photons and ALPs

d cos(0) dcos()

/COS(emax) do—& _ /COS(emaX) ﬂ (C 20)
c08(Ormin) decos()  Jeos(Omin) deos()” |

we can derive constraints on our leptophilic ALP model using the constraints on o 4/ in ref. [78].

D Comparison of E137 with other implementations

In this appendix, we compare our implementation of 137 and the resulting constraints on the
ALP-lepton couplings with previous studies in the literature. In ref. [70], the concurrent effects

of an ALP-photon and ALP-electron coupling were analysed. The authors give the constraints
ff

e
Our results can be compared by taking the constraints in ref. [70] for g

which are however taken to be constant.

eff
ayy

them to our tree-level model constraints from figure 9 (“Constant (P)” for Scenario E). This

on a derivative coupling ggge for various values of g
= 0 and comparing

comparison is shown in figure 15. For low ALP masses, our constraints are in good agreement
with those in ref. [70], but we obtain substantially stronger bounds for high masses.

It should be noted that ref. [70] does not consider the contributions to ALP production
arising from electron-positron annihilation. Therefore, we also compare our constraints with
those given in ref. [35], based on ref. [45], where this contribution is included. The original
analysis from ref. [45] did not discuss the bounds for large couplings, which were estimated
in ref. [35] assuming the ALPs to be monoenergetic. Clearly, this approximation is not very
accurate and leads to a very different upper bound. A more accurate derivation of the upper
bound was performed in ref. [29] using a formalism similar to ours. Indeed, the upper bound
obtained in this case® agrees well with our results.

The shape of the lower bounds from refs. [29, 45], which include the contribution from
positron annihilation, matches ours relatively well, but the bound is shifted to larger couplings.
This shift may be attributed to the different implementations of the track length. Indeed,
the track length distribution that we use (see figure 3) is larger for low energies than the one
given in figure 14 of ref. [45], which is based on the (unpublished) EGS shower code. We
note that our implementation agrees very well with the results from ref. [121], which has run
GEANT4 simulations for E137. Another potential difference between our analysis and the
one from ref. [45] is that the E137 analysis uses a much more sophisticated implementation

“Note that ref. [29] only considers ALPs with universal couplings to all leptons. The constraint on ALPs
coupled only to electrons shown in figure 15 was kindly provided by Sophie Mutzel.
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Figure 15. Constraints on the tree-level electron coupling from E137. The result from this work is
shown as the blue-shaded region, while the results from refs. [35, 70], and [29] are shown as solid red,
dashed green, and dotted black lines, respectively.

of the detector acceptance, tracking the ALP decay products and their interactions with
the detector, which is beyond the scope of our analysis.

As discussed in appendix C.2, our bounds have a discontinuity at mg = v/2meFeut =
45.2MeV, because we conservatively neglect the non-resonant production channels. Including
these channels is expected to further improve the agreement with ref. [45], which finds a
continuous bound.
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