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ABSTRACT: Neutrino experiments lie at the edge of the intensity frontier and therefore
can be exploited to search for new light particles weakly coupled to the visible sector. In
this work we derive new constraints on axion-like particles (ALPs) using data from the
MicroBooNE experiment, from a search for eTe™ pairs pointing in the direction of the
NuMI absorber. In particular, we consider the addition of higher-dimensional effective
operators coupling the ALP to the electroweak gauge bosons. These would induce K — ma
from kaon decay at rest in the NuMI absorber, as well as ALP decays into pairs of leptons
or photons. We discuss in detail and compare various results obtained for the decay width
K — ma in previous literature. For the operator involving the Higgs, MicroBooNE already
sets competitive bounds (comparable to those of NA62) for ALP masses between 100 and
200 MeV. We also compute the expected sensitivities from the full NuMI dataset recorded
at MicroBooNE. Our results show that a search for a a — 7~y signal may be able to improve
over current constraints from beam-dump experiments on the operator involving the ALP
coupling to the W.
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1 Introduction

Light pseudoscalars may arise as pseudo-Nambu-Goldstone bosons of a spontaneous global
symmetry breaking, and are therefore ubiquitous in extensions of the Standard Model
(SM). These particles as often referred to as axion-like particles (ALPs) since the best
motivated example is the axion [1, 2|, in models that solve the strong CP problem and
could explain dark matter [3-5]. If the scale of symmetry breaking, f,, is much higher
than the electroweak (EW) scale, these particles might be the only accessible BSM relics
of the high-energy theory.

In recent years, model-independent constraints on these particles have been systemat-
ically studied using an Effective Field Theory (EFT) framework [6-14], that includes all
the possible couplings of the ALPs allowed by the SM symmetries and the shift symme-
try. At the renormalizable level, only a soft-breaking ALP mass term is included, while
the leading non-trivial interactions are of dimension five, and therefore suppressed as f; .
As a result, ALPs fall in the category of feebly interacting particles. Although the Peccei-
Quinn solutions to the strong CP problem [15] imply a very restrictive relation between the
axion mass' and f,, fixed by QCD dynamics, alternative scenarios have been considered

The physical mass depends on the tree-level mass arising in some UV extensions, and generically on
the non-perturbative QCD contribution to the axion potential.



where this relation may be significantly modified, increasing the target parameter space
accordingly (see for example ref. [16] for a recent review).

The experimental search for axions and ALPs has intensified enormously in recent
years. This has been driven in part by the operation of new axion search experiments, but
also by the identification of new and complementary opportunities offered by experiments in
the intensity frontier at accelerator facilities, both in beam-dumps and colliders. Stringent
limits have been recently obtained from B-meson decays [17-19], from kaon decays [20,
21] and from neutrino experiments [22]. Very important constraints from past beam-
dump experiments [23, 24] have also been recasted in the context of more general ALP
searches [25]. See e.g., ref. [26] for a recent review of ALP bounds in the region around
the kaon mass, or ref. [27] for a recent review of flavor constraints on the QCD axion.
Furthermore many future experiments are being proposed that can improve the limits
further (for a recent review see ref. [28]).

In this paper we derive a new constraint on ALPs from recent data by the Micro-
BooNE experiment [29]. In neutrino experiments using a conventional beam (such as
MicroBooNE), most of the mesons produced in the proton collisions in the target are fo-
cused by the magnetic horns and decay within the decay pipe. However, a fraction of the
protons (which can be as large as 10-15%) does not get stopped by the target and ends up
hitting the absorber at the end of the decay pipe. The kaons produced in such collisions,
after losing energy as they interact with the medium, eventually decay at rest within the
absorber. Although the fraction of protons which reach the absorber is much smaller than
the ones hitting the target, the detector acceptance will be much larger simply because of
its proximity. This fact was precisely used for the analysis performed in ref. [29], where the
MicroBooNE collaboration searched for monoenergetic scalars coming from the direction
of the NuMI hadron absorber, located at a distance of only 100 m from the detector.

In this work, we concentrate on the ALP couplings to EW gauge bosons and on the
most relevant ALP production channel, K — mwa. The theoretical prediction of this process
has been recently revisited in refs. [11, 12], including running effects and treating the long-
distance dynamics in the context of the chiral effective theory, as originally proposed in [6].
Alternative estimates for this channel have been used before in refs. [7, 8, 14]. We compare
the two approaches in detail, and use the results of ref. [11] to derive our bounds. We then
provide a recasting of the results of the MicroBooNE analysis in ref. [29] and re-derive a
competitive bound on the effective EW couplings of ALPs, using the same decay topology
as in their analysis.

The paper is organized as follows. In section 2 we review the ALP EFT as well as
the computation of K — ma when EW couplings are present. Section 3 discusses the
most relevant bounds on this scenario. Our results are then presented in section 4: first,
we derive new bounds using published MicroBooNE data, comparing them to current
constraints; next, we compute the projected sensitivity using the full statistics expected,
and study the interference effects between different effective operators. Our summary and
conclusions are then presented in section 5. Appendices A and B contain technical details
relevant for the discussion in section 2.



2 Electroweak Lagrangian with effective ALP interactions

We consider the following set of effective operators describing ALP interactions with EW
bosons at some high scale A (which we take as A = f,)

0Lpw = C¢O¢ 4+ ¢cgO0p + cwOw , (2.1)

where ¢; stand for the Wilson coefficients of each operator:

OHta
Op =i~ ¢'D o,
OB = _EBMVEW/; (22)
0
OW - _?WZVWI(LIV .

Here, ¢ is the Higgs doublet while B and W* stand for the EW vector bosons, and a is
the ALP field. The dual field strengths are defined as Xw = %e”“p" Xpo, With 0123 — 1,
and 61 D 46 = 61 (Do) — (Do) o,
It can be shown that the operator Oy can be eliminated through a hypercharge rota-
tion [6]
6 — e ing,
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where F' runs over left- and right-handed quarks and charged leptons (with hypercharge
YF). This trades the Oy operator by a set of fermionic operators of the form:

a,u(l(l‘) Z @FVM\IIF ] (24)
o %

2.1 ALP production in kaon decays

While the Oy and Oy operators are flavour-blind, they can lead to flavor-changing neutral-
current (FCNC) processes via the exchange of gauge bosons at one loop, as discussed in
detail in refs. [7, 8]. This will induce new kaon decay modes (e.g., K — ma).

We are interested in these hadronic processes at energies below the EW scale. The
relevant couplings are the induced ALP couplings to the light quark currents in eq. (2.4)

oya(x B _

Oual) > ar kY ar + QL kv QL | (2.5)
fa q Q

where following the notation of ref. [11], lower and upper case for the quark field refers to

the right-handed/left-handed quarks respectively, and k, and kg are 3 x 3 matrices with

indices (u,d,s). The flavour-diagonal axial-current couplings are?

dya(x)

- Z Cqq 4 7“75q, with  cqq = [kg — kQlgq - (2.6)
2fa

q:u7d7s

2Here we neglect the differences between the couplings in the flavor and mass bases as they will only in-
troduce subleading corrections in our case (we refer the interested reader to ref. [9] for a detailed discussion).



The standard approach to incorporate these non-standard interactions in hadronic
physics is to match the theory to Chiral Perturbation Theory (xPT) as first proposed
in ref. [6]. Recently, this approach has been revisited and some previous inconsistencies
related to weak hadron decays have been corrected [11], in particular for the important
decay K — ma. The result for the amplitude found in ref. [11] is

2 2
) mi —ms
tAK ra = _Ki[kq + kQ]dS
2fa
Ng m2(m3. —m?)
6 _ 2 a K a
* 4fa { (Cus + Caa = 2ss 4m?2. — m2 — 3m2

+ [2Cuu + Cad + Css] (m%( - mgr - mg) + 4Cssm¢2z

+ ([kq + kQlaa — [kq + kqlss) (m%( + m72r - mi)} ) (2.7)

where mg, m;, mg stand for the ALP, pion and kaon masses, respectively, and all the
couplings in this amplitude are assumed at an energy scale p = 2GeV. The first term
results from the induced flavor-changing vector currents in the EFT at low energies, while
the rest of the terms are proportional to Ng ~ —ggGF/\/iVusVdeg ~ O(1.5x1077), which
is the dominant coupling of the weak Hamiltonian in yPT that mediates the standard
(AI =1/2) K — 7w decays (see refs. [11, 30] for details).

Next we need to connect the couplings kq(u), kg(it), ¢qq(pt) to the high-energy param-
eters, c4(A), e (A) and c¢g(A) in eq. (2.1). At tree level the only contribution comes from
the operator Oy, leading to flavour-diagonal and universal couplings of the form:

Fu(A) = —5co(A), KalA) = 2es(A), kg(h) = —es(A) (2)
for quarks and

ke(A) = 2c4(A), k(M) = cg(A), (2.9)
for charged leptons. This implies
—cg(A)  for f=u,c,t,
crr(A) = cg(A) for f=d,s,b, (2.10)
co(A) for f=e,u,7.
The axion operators mix under renormalization and, at the weak scale u,,, flavour non-
diagonal contributions result from the matching to the low-energy EFT (i.e., without

W, Z,t). Let us stress that the normalization used for the operators in ref. [11] differs
from the one in eq. (2.1). Denoting the former as ¢;, they are related as

O‘Z(WA)(; )2 ) = —ep(A), (2.11)

with a1 = a/c2, as = a/s

w(A) = —ew(A),

2

w?

where s2 = sin?6,, ~ 0.231 is the Weinberg angle and
c2 =1 —s2. Setting p, to the top mass (m;), the effective coupling [kg|as reads [11]

v (my) 3a(my) z
1672 2ms2,

2 m
[kQ(mi)]as = VigVis {—éft(mnl\) + yiéﬂ;)ctt(mt)f(ﬂﬁt)

w(A)h(ﬂft)} 7
(2.12)



where
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while V4 stands for the CKM matrix elements, y; is the top-quark Yukawa, x; = m?/ m%v
(mw being the mass of the W), and « is the fine structure constant. The function I; and
the top axial current ¢; depend on the couplings at A as follows:

Ti(ppaw, ) = —Cw (M) 11 (phaw, A) = Ep(A) I3, A)

~o(8) [T A) = 2 Al )] (2.14)

and

cut(pw) = Ew (M) Ia(ptw, A) + Ea(A) L4 (p, A)
(M) [1 = Al A) — Tg(piar M) (2.15)
where the integrals I;_g and the function A are given in appendix A.

Substituting egs. (2.14) and (2.15) into eq. (2.12) we obtain the following expression
in terms of the high-energy parameters:

Rgitelis — gy ) [0+ S gy — SRS )| 4
+ éB(A) [é[gg + ati{:”)f(l‘t)h
— cod) [T+ Al )+ 2 ) - A8 - 1] | (216)

where oy = y?/(47). We are now in a position to evaluate the effective coupling numerically.
Setting A = 1 TeV, and substituting egs. (2.11) into eq. (2.16) we find

[FQ(1w)las
ViaVis

~ —9.7x 103y (A) + 8.2 x 107 3¢4(A) — 3.5 x 10 °cg(A).  (2.17)
A=1TeV
From this expression we see that the contribution from the Op operator to the effective
coupling is strongly suppressed, so the production mechanism will be dominated by the O,
and Oy operators. Furthermore eq. (2.17) is the leading contribution to the amplitude,
eq. (2.7), being much larger than Ng ~ 10~7. No other flavour-changing coupling is gener-
ated, in particular [ky(fw)]as = 0. Moreover, once the EW bosons have been integrated out
of the theory there is no additional running of the coupling constants, and we can therefore
take [kQ(ftw)]as at energies below the EW scale, as discussed in ref. [9]. Hence to a good
approximation we have

, m2 —m?2
IAK ra ™ — K2f (kQ (1) ds - (2.18)
The decay width obtained from this amplitude reads
3 k 2 2\ 2
DK+ = nta) = mic|liq (k) lsd Az (- D) (2.19)
64w mi



with the definitions

>\7ra = )‘(17 m?z/m%() m?r/m%() ’ (220)

Ma,b,c) = a® + b* + ¢ — 2ab — 2ac — 2bc. (2.21)

Other recent estimates of this width (including tree-level and loop corrections) have
been presented in refs. [7, 8, 14]. In refs. [7, 8], the one-loop correction to [kg|qs from the
operators Oy and Oy is assumed to be the dominant contribution. The physical amplitude
mediated by this coupling is written in terms of the scalar form factor between a kaon and
pion, and extracted from lattice QCD (see refs. [7, 8] for further details). This result is
equivalent to that obtained in xyPT as long as the effective coupling [kg|qs is the same,
and if the form factor is set to one,® which is a good approximation. The result quoted in
ref. [8] for the effective coupling is

[k (1)) ds 92 (pw)? cp(A) A?
— ~ T A — log — 2.22
‘/tfi‘/ts A=1TeV 167T2 3CW( )g(xt) 4 o8 ﬂz ’ ( )

w

where g(z) = zh(x), and g2(uyw) is the weak gauge coupling evaluated at the weak scale.
Using eq. (2.11) and the relations m; = yv/v/2, a0 = /5%, v = 2myy/ge, it is straightfor-
ward to show that eq. (2.22) is equivalent to the dominant contributions in eq. (2.16) up
to a global sign:

[kQ]ds ~ at(ﬂw) 3a ] [1 :|
~ —Cw (A )| — co(A) |=A(pw, N) |, 2.23
since (see appendix A)
N 9g3 A?
A(p, A) ~ a2t log 2 (2.24)

Finally, in ref. [14] the authors considered additional contributions to K — ma at tree
level, stemming from a non-universal ALP coupling to fermions. Even in that case the
one-loop contributions are found to dominate over the tree-level diagrams, as long as the
ALP coupling to the top quark in the loop is non-vanishing. It should also be noted that
both the tree-level and one-loop diagrams (plus additional contributions not considered in
from ref. [14]) are accounted for in the calculation using xPT, eq. (2.7).

2.2 ALP decay channels

For ALP masses below 400 MeV, the decay channels that are kinematically open are a —
vy, a — ete” and a — puTp~. The decay width into leptons can be written as:

2 4m2
D(a — 0H0) = |egp2 e 1 _ 2T 2.25
(a — ) = |ce] Sr /2 m2 (2.25)

3In the case of B — Ka decays, the decay width can be obtained from eq. (2.19) replacing the CKM
matrix elements and meson masses by the corresponding ones in this case, and noting that the relevant
form factor is f& 7% (¢® = 0) ~ 0.37 (see e.g., figure 33 in ref. [31]).




where at low energies (u ~ 2 GeV) ¢y is given at one loop by [8, 32]

3a [(3ew 5CB> fa
= —_— 1
Cop = Cp + e < 3121} + C%U og —

and to simplify the notation we have written ¢; = ¢;(A). Similarly, the decay width into

6a 2 2 mW
+— (CB Cyp +ew sw> log g (2.26)

two photons reads

> My
Ila—=y7) =ley "5 (2.27)
A fz
where the effective coupling at low energies is given at one loop by [8, 32]
Coy =C 824—2—&32(7 ) —i—chQ—ca<B—m?‘> (2.28)
W Pe T W w50y \ 70 m2—m2)’ ’

Here, By and By are loop functions (which can be found in appendix B), and 7y =
A comparison of the different terms entering the effective couplings ¢, and ¢y allows
to see that:

o the partial width I'(a — 77) depends exclusively on the mass of the ALP, while
I'(a — ¢£+¢7) depends also on the lepton mass. This means that, for similar values
of the effective couplings ¢, and ¢y, then I'(a — vy) > T'(a — £147);

« once the decay channel a — p* ™ is open, it will completely dominate over the decay
channel a — eTe™, due to the much larger muon mass;

o if ¢y > cw,cp the ALP will predominantly decay into lepton pairs since the terms
in ¢gy which are proportional to cg, cy are suppressed by a. Conversely, if cyy > cg
then the ALP will decay mostly into photons;

« if loop-corrections are neglected, the effective coupling for I'(a — v7) reads cyy ~
s2ew + c2ep. Thus, the operator Op can have a significant impact on (and even
lead) the decay width for this channel, since s2, < c2,.

Before concluding this section it is worth pointing out how the scenarios studied in this
work may be mapped onto phenomenological benchmarks commonly used in the literature,
such as the ones defined in e.g., refs. [28, 33]. For the gluon-dominance benchmark there is
no equivalence with our study, since we do not include the GG operator. However, if the
only operator included is Oy, our results can be exactly mapped onto the so-called photon-
dominance benchmark, since the ALP couples predominantly to photons in this case. The
relation between the standard coupling used in this benchmark (see e.g., ref. [33]) and cyy is

oy = cfﬂ (4311 + %0 ( Ma )) . (2.29)

a mw

Finally, the case when only the Oy operator is included is approzimately equivalent to
the fermion-dominance benchmark: while in our scenario the couplings to all fermions are
not universally generated (see eq. (2.10)), our results in this case are fully dominated by



the coupling to the top quark. Therefore the equivalence is realized up to a very good
approximation. The corresponding relation is

v
gy =~ C¢7 . (230)
a

When showing our results, we will also present the limits on the effective parameters gq.
and gy for completeness.

3 Previous constraints

In this section we provide a brief summary of the most relevant constraints for ALPs in
the mass range 2m. < m, < mg — m;, and explain how these have been recasted to the
specific scenario studied in this work. For a recent review of current bounds on ALPs in
this mass region, see ref. [26] (and references therein, such as refs. [7, 12, 22, 25, 32, 34, 35]).

Visible ALP decays. At fixed-target experiments, the ALP can be produced through
Primakoff scattering (that is, the conversion of a photon into an ALP in the vicinity
of a nucleus), or through its mixing with pseudoscalar mesons produced in the target
(7°,m,n'). If it couples directly to quarks or electrons, it can also be produced by proton
or electron Bremsstrahlung. The analyses performed in the literature typically assume
that the ALP is coupled predominantly to either photons or electrons and therefore the
leading production and decay mechanisms will be different in the two scenarios. If the ALP
predominantly couples to photons, the strongest constraints below 500 MeV come from the
E137 experiment [24], see e.g., refs. [22, 25, 34]. We take the limit from ref. [25], where the
E137 bound was recasted on the ALP coupling to photons after EW symmetry breaking,
Javy~- Since they were obtained assuming that the ALP couples predominantly to photons,
they can be directly applied® to the ¢y coupling. Conversely, if Oy dominates the ALP
couples mostly to electrons. In this case we use the analysis of ref. [22], which computed the
excluded regions for E137 and CHARM [36] assuming the ALP is predominantly produced
through its mixing with pseudoscalar mesons, and that it decays into e*e™ pairs. Here we
use their CHARM bound, which is stronger than the one obtained from E137.

At higher masses, significant constraints are also obtained from CHARM [36] and
LHCb [18, 19], assuming that the ALP is produced from B-meson decays (via B — Ka)
and that it decays visibly within the detector as a — pTpu~. Note that, although the
obtained constraints in this case are less stringent they are applicable in a wider mass
range, 2m,, < mq < mp —mg. We take these from refs. [8, 37]. Relevant bounds are also
obtained from searches for B — Ka, a — vy at BaBar [38].

Additional bounds can be obtained from NA64, where the ALPs would produced
in the forward direction through the Primakoff effect in interactions of high-energy
Bremsstrahlung photons with nuclei in the target: e N(A,Z) — e” N(A, Z)~, followed
by YN(A,Z) — aN(A, Z) where the ALP is produced through the exchange of a virtual
photon with the nucleus N(A,Z). The collaboration reported a limit for the search of

“The bound is rescaled as go,/4 = cws2,, considering the different normalization used in ref. [25] for
the Ow operator.



ALPs decaying into two photons in ref. [39]. Finally, at electron-positron colliders ALPs
could be produced through an off-shell photon (for example, via ete™ — v* — ~a) or in
photon fusion (eTe™ — eTe~a) and decay to two photons. The strongest bound in this
case is obtained from a reanalysis of LEP data [35]. In our scenario, both NA64 and LEP
bounds apply to the cy coupling.

Invisible ALP decays. If the ALP is sufficiently long-lived (for very light masses, or
small enough couplings) it may exit the detector without decaying. This would lead to an
excess of decays of kaons into pions plus missing energy (K — m-+inv), or B mesons to kaons
plus missing energy (B — K +inv), which can be constrained using data from K — 7vw or
B — Kvv searches [7, 8, 22]. In this work, unlike in refs. [7, 8] we do not assume significant
ALP couplings to the dark sector and, therefore, we need to take into account that if the
ALP is sufficiently short-lived it will not contribute to the mentioned observables. Thus,
an upper bound is imposed on BR(M — M'a) X Peyit, where M, M’ stand for the parent
and daughter mesons, respectively, and Pyt ~ e~ Blaet/La ig the probability of the ALP to
exit the detector without decaying. Here Afg; stands for the approximate detector size
and L, = 7v,8acT, is the ALP decay length in the lab frame (7, denotes the proper lifetime
of the ALP and ~,, 8, correspond to the boost variables, while ¢ is the speed of light).

The strongest limits on K — ma are obtained from the NA62 experiment [40, 41], where
we assume Alger ~ 100 m as detector size and px ~ 75 GeV as the kaon momentum [41].
However, the very competitive bounds from E787 & E949 [20] are comparable (and even
dominate) in the region close to the pion mass. In this case we assume the kaon decays
at rest, and we take Afget ~ 1.5 m. In the case of B — Ka decays, we saturate the
upper bound from the Belle experiment on BT — KTvi [42], taking Alge; ~ 5 m [43]
and p, ~ 2.5 GeV. Experimental limits on invisible ALP decays are also obtained from
precision measurements of the pion momentum in K — 7w.X: if a two-body decay of the
form K — ma takes place, this would lead to a monochromatic line in the pion momentum
distribution. We take the limit from ref. [44]: since no photon veto is imposed in this
analysis, this bound always applies regardless of the lifetime of the ALP.

In principle, searches for mono-photon signals at colliders (e.g., at BaBar [45, 46] or
LEP [47]) may be reinterpreted in the context of an ALP that decays outside the detector [7,
48, 49]. However, these are milder than the rest of the limits considered in this work.

ALP contributions to kaon three-body decays. A third set of constraints can be
derived from the decays K — mee or K — myy. An ALP would contribute to these
through the same penguin diagram leading to K — m, with an extra vertex coupling the
ALP propagator (which can be either on-shell [7] or off-shell [8]) to either two photons or
an electron-positron pair. If the dominant coupling is ¢y these are superseeded by other
constraints; however if ¢y dominates, relevant bounds are obtained from measurements of
K* — 7ty at NA62 [50] and E949 [51], and K — 7%y at NA48/2 [52] and KTeV [53],
which we take from ref. [26].

Astrophysical bounds. Three main bounds are obtained from supernovae data: (1)
from the requirement that the energy loss induced by ALP emission does not exceed the



energy loss from neutrino emission [54, 55]; (2) from the visible signal resulting from the
ALP burst, in the case where the ALP decays into pairs of photons [56]; and (3) from the
observation of low-luminosity core-collapse supernovae, which constrains the total energy
deposition in the progenitor star from radiative ALP decays, such as a — vy or a —
ete™ [57]. In this work we focus on laboratory experiments, and refer the interested reader
to refs. [57-59] for recent updates on astrophysical constraints. We note that the supernova
bounds explore a different region of parameter space than laboratory experiments, since
they typically apply to smaller couplings and masses (see e.g., figure 7 in ref. [26]).

4 Axion-like particles at MicroBooNE

The results from section 2 can be used to compute the branching ratio into the K — mwa
channel as well as the differential angular distribution of the ALP flux.

In order to compute the expected number of events at MicroBooNE from the NuMI
absorber, we use the same NuMI kaon distributions as in ref. [60], which were derived
from a Monte Carlo simulation of the NuMI target when exposed to a 120 GeV proton
beam. As outlined in the introduction, the expected ALP flux from the NuMI absorber
would correspond to that of kaons decaying at rest. Since the production takes place via a
two-body decay an isotropic flux is expected, with energy E, = (—m2Z+m2+m%)/(2mg).

For a total number of Ng kaon decays, the event rate expected from ALP decays into
eTe™ pairs inside the MicroBooNE detector can be computed as

Nk x BR(K — ma)
47

Nevents =

BR(a — eTe™) Eeff/ dSY Pecay(2) , (4.1)
AQqet

where the integral runs over all trajectories with solid angle ) intersecting the detector,
and AQqet is the solid angle of the detector as seen from the absorber. Here e.g stands
for the detection efficiency (which depends on m,) and BR(a — e*e™) is the branching
ratio for the ALP to decay into an electron-positron pair. Moreover, we have assumed
an isotropic flux of kaons as well as a point-like absorber. Finally, Pgecay represents the
probability of an ALP to decay inside the detector:

_ Ldet _ Algey
Piecay =€ La |1 —€ "La |, (4.2)

where £4e¢ is the distance traveled before it reaches the detector, and Afge is the length
of the ALP trajectory intersecting the detector. In practice, both fge and Afge; depend
on the angle of the ALP trajectory. In this work we perform a numerical integration over
all ALP trajectories, using the same detector dimensions and orientation with respect to
the absorber as in ref. [29]. However, for estimation purposes it is useful to neglect the
dependence of Pyecay With the solid angle and write the expected number of events as

Nevents ~ Nig X BR(K — 7ma) X €qet X €eff X (Pecay) X BR(a — ete”), (4.3)

where (Pjecay) represents the average probability of an ALP to decay inside the de-
tector (obtained assuming as typical values fget ~ 100 m and Algey ~ 4 m), while
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fdet = AQqet/(47) ~ 1.5 x 1073 stands for the detector geometric acceptance. As-
suming that the Oy coupling dominates, the branching ratio into electrons dominates,
BR(a — eTe™) =~ 1, see section 2.2. Regarding the total number of kaons produced,
numerically we find N ~ 0.2Np,r kaons produced in the NuMI absorber, where Npyr
stands for the number of Protons on Target (PoT) considered. According to this estimate,
we find that a few signal events are a priori expected for m, = 100 MeV and cg ~ 2 x 1073,
for an exposure of Npyr ~ 2 x 1029, As we will see below, this agrees very well with the
results from the exact numerical calculation.

The rest of this section is structured as follows. First, we present the current constraints
derived from MicroBooNE data in section 4.1. In section 4.2 we proceed and determine the
future sensitivity to this scenario using the whole collected (unprocessed) data, and consider
additional search channels in addition to a — eTe~. Finally, in section 4.3 we study possible
interference effects when two operators are simultaneously included in the analysis.

4.1 Bounds from current MicroBooNE data

In order to determine the limit on the effective Wilson coefficients, we follow the same
approach as in ref. [29] and perform an unbinned y? analysis, taking nyg = 1.9 as the ex-
pected total number of background events and ngps = 1 as the observed number of events.?
We also include two nuisance parameters in order to account for systematic uncertainties
affecting the overall normalization of the events for the signal (£5) and background (&).
For each uncertainty a penalty term is added to the y?, which is then minimized over the
nuisance parameters. Our x? reads:

2 . Nobs 53 El?
X~ = ming, ¢, 2(npred — nobs) + 2n0ps log + ) + =, (4.4)
Npred o o

where we take o; = 30% for the signal and o, = 89% for the backgrounds (according to
table I in ref. [29]). Here npeq is the predicted number of events

Npred({¢}, Ma, &, &) = [1+ & nsig({c}, ma) + [1 + &) nag (4.5)

where ngj, stands for the signal predicted by the model for an ALP with mass m, and a
given set of operator coefficients {c¢}. When computing ng, we take the selection efficiencies
provided in the supplemental material of ref. [29] as a function of the scalar mass. We
believe these efficiencies are directly applicable to our model given that the final topology
for the decay is exactly the same.

Our derived constraints using the y? definition in eq. (4.4) are presented in figure 1,
under the assumption that the production branching ratio and the decay width are com-
pletely independent. Although in a given model the two quantities are typically correlated,
this allows us to derive a model-independent constraint so that our results can be easily
recasted for other scenarios. Note that, for each line shown, the bound is presented as-
suming that the branching ratio of the decay into the channel indicated is 1; for a given

5The collaboration observed two candidate events in the dataset passing the cuts; however, one of them
was rejected.
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Figure 1. MicroBooNE bounds (at 95% C.L.) in the plane of ¢ vs the ALP production branching
ratio, for two different ALP masses as indicated by the labels (blue regions). Our bounds are
obtained from a reanalysis of the data in ref. [29], which used 1.93 x 10?° Protons on Target (PoT)
and looked for e*e™ pairs. For comparison we also show the constraints (at 90% CL) from invisible
decays derived from Belle [42], NA62 [40, 41] and E787 & E949 [20] data, as well as the constraints
(at 95% CL) from searches for visible ALP decays from LHCb [18, 19] and CHARM |[23, 36] (taken
from ref. [37]), and from BaBar data [38]. Note that the LHCb and CHARM constraints only
apply to ALP masses m, > 2m, while the limits from NA62 and E787 & E949 only apply for
me < mi —my. We also show the constraints from Yamazaki et al. [44] which apply regardless of
the ALP lifetime, see text for details. In this figure we only show constraints obtained from on-shell
production of the ALP in meson decays.

model these would have to be rescaled according to the corresponding branching ratios.
The MicroBooNE region (shown in blue) shows the portion of parameter space where we
obtain a x? > 3.84, corresponding to 95% confidence level (CL) for a counting experiment.
Our results are shown for two illustrative values of the mass of the ALP, below (left panel)
and above the kaon mass (right panel).

In a given model, however, the values of the branching ratios and the lifetime of the
ALP will be correlated since they both will depend on the same set of couplings as well
as on the mass of the ALP. This typically leads to decrease in sensitivity for experiments
searching for visible ALP decays, as is the case of MicroBooNE in this work. For example,
from the left panel in figure 1 we see that MicroBooNE would be in principle sensitive to
values of the production branching ratio of the ALP at the level of O(2x10711). Taking into
account the expression for the branching ratio in eq. (2.19), for a mass of 50 MeV this can be
obtained setting ¢y ~ O(5 x 10™%); however, this leads to very large values of ¢t ~ 1500 m
(and even larger values if we assume that the ALP is coupled via the O, operator instead of
Ow). In this regime the expected number of decays in the detector scales as Alget/Lq, see
eq. (4.2), suppressing the sensitivity for very large values of L,. Therefore, once we impose
this restriction the relative comparison between the sensitivity of visible and invisible decay
searches changes dramatically, as shown in figure 2. However, in spite of this we still find
that MicroBooNE is generally competitive with current constraints, and is able to improve
over these for ALP masses close to the pion mass.
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Figure 2. MicroBooNE bounds (at 95% C.L.) on ¢y, for f, = 1 TeV and setting ¢y = c¢g = 0.
These are obtained from a reanalysis of the data in ref. [29], which used 1.93 x 10?° Protons on
Target (PoT). For comparison we also show the constraints from the NA62 experiment [21, 40], E787
& E949 [20], CHARM [22, 36] and LHCb [8, 18, 19]. The shaded vertical band is excluded due to
the large a — ¥ mixing, and is taken from ref. [8]. In the right axis we show the corresponding limit
on the effective coupling for the so-called fermion-dominance scenario (defined e.g., in refs. [28, 33]),
see eq. (2.30).

4.2 Future sensitivity

The limits shown in section 4.1 were obtained using only a reduced subset of the available
NuMI data, and only searching for decays into e*e™ pairs. However, according to ref. [29],
MicroBooNE has collected about 10 times more NuMI data, which has not been processed
yet. Moreover, the MicroBooNE detector consists on a Liquid Argon Time Projection
Chamber (LAr TPC), which allows to study not only final state topologies involving ee™
pairs, but also vy and pt ™ pairs. Here we compute the expected sensitivity using the
full NuMI dataset recorded at MicroBooNE (corresponding to ~ 2.2 x 10*! PoT), and for
three different searches using the three possible final states for the decay of the ALP.

The same x? definition as in the previous section, eq. (4.4), will be used here. However,
in this case we assume that the experiment will observe a number of events fully consistent
with the background expectation. In order to derive the limits on the couplings, we perform
a hypothesis test, that is, for a fixed value of the mass we compute a Ax? as

Ax*(ma, {c}) = x*(ma, {c}) = X&mr - (4.6)

which is expected to be chi-squared distributed. The sensitivity regions are determined by
the set of couplings for which we obtain Ax?({c}) above a certain value.

For the ee channel, the number of background events is estimated rescaling the pre-
dicted background in ref. [29] by a factor of ~ 10 in order to account for the much larger
exposure. Regarding the pp and v+ channels the backgrounds may of course be very dif-
ferent, the same angular and timing cuts as for the ee channel may also be applied here.
In the case of the 7 channel, while in principle a neutrino NC17° interaction could induce
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Figure 3. MicroBooNE sensitivity projections, for ¢, (left panel) and ey (right panel) as a function
of mg, assuming f, = 1 TeV, for Npor = 2.2 x 102!, The regions enclosed by the colored lines
satisfy Ax? > 3.84, corresponding to 95% CL for 1 degree of freedom (d.o.f.). Results are shown
separately for the decay channels with the largest branching ratios in each case: a — vy, a — ete™
and a — ptu~, as indicated by the labels. Solid lines assume o = 0.89 and o, = 0.3; dashed lines
assume o5 = 0y, = 0.2; and dotted lines indicate the no-background limit, taking o, = 0.2 (see text
for details). The shaded areas show current bounds from BaBar [38], E137 [24, 25], NA62 [21, 40],
E787 & E949 [20], LHCb [8, 18, 19], CHARM [22, 36], NA64 [39] and LEP [35]. We also show
bounds from measurements of K — wyy at E949 [51], NA48/2 [52], NA62 [50] and KTeV [53]
(taken from ref. [26]), as well as our bound derived from MicroBooNE data in section 4.1. The
shaded vertical band is disfavored due to the large a — 7" mixing, and is taken from ref. [8]. In
each panel only one operator is switched on at a time, setting the remaining operator coefficients
to zero. The right axes show the corresponding limits on the effective couplings for the so-called
photon-dominance and fermion-dominance scenarios, see egs. (2.29) and (2.30).

a background, the invariant mass of the two photons would reconstruct to the 7% mass.
In the case of the y~u™ channel, a possible background could arise from CClm neutrino
events, where the charged pion is mis-reconstructed as a muon. However, additional cuts
could potentially reduce this background further: for example, an analysis of a similar back-
ground at the DUNE near detector in the context of trident searches (where two muons are
also expected for the signal) found that it could be reduced by seven orders of magnitude
while keeping a very good signal efficiency [61]. Thus, we conservatively assume that the
total background counts for the v+ and pp channels will be similar in magnitude than for
the ee channel; however, we will also show the results obtained under the more optimistic
assumption that the background can be reduced down to a negligible level. In all cases, we
use the same detection efficiencies as in ref. [29] up to m, = 210 MeV, and a flat efficiency
at 9.6% for higher masses.
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Figure 3 shows the expected sensitivity from a search using all recorded NuMI data at
MicroBooNE. Our projections are shown for the ALP decay channels yielding the largest
branching ratios in each case: a — ete™ and @ — ptp™ in the case of the Oy operator
(left panel), and a — v in the case of the Oy operator (right panel), see section 2.2. For
comparison, the regions of parameter space disfavored by current experiments (including
the MicroBooNE bound from figure 2) are indicated by the shaded areas, while the colored
lines indicate the future sensitivity contours for MicroBooNE at 95% CL (for 1 d.o.f.).
Note that, while the Oy operator would lead to ¢*¢~ signals, sensitivity to the Oy is
possible only from a search in the 77 channel since the contribution of this operator to cgy
is suppressed by «, see eq. (2.26). This illustrates the importance of conducting searches
with different final state topologies, making full use of the LAr TPC capabilities. Also,
note the ~ 10 times better sensitivity to cjr compared to cy. Although the two couplings
enter on equal terms at the production level, the decay width for cy is larger by roughly
O(m?2/m?) compared to that of cs leading to a shorter ALP lifetime. This eventually
enhances the event rate in the detector, since in the limit of small couplings the decay
probability can be approximated as Pyecay < Alget/La, see eq. (4.2).

Due to the very large exposure considered, we find that the bound is no longer statistics-
limited but limited by systematics instead. While the results in ref. [29] were obtained for
very conservative systematic uncertainties, it may be possible to reduce these considerably.
For example, their background uncertainties were dominated by the detector modeling
(and, in particular, by the low statistics of simulated neutrino events passing selection
cuts), while cross section uncertainties may be further reduced with dedicated studies and
improvement of theoretical models. Therefore, figure 3 shows solid lines, corresponding
to the same set of uncertainties as in figure 2 (o5 = 30%, op = 89%); and dashed lines,
corresponding to os = o, = 20%. While in the former case the improvement over the
present MicroBooNE constraint for ¢4 would only be marginal (left panel), from the com-
parison of the solid and dashed lines it can be seen that there is room for improvement
provided that systematic uncertainties can be significantly reduced below current values.
Additionally, our results show the potential to constrain an unexplored region of parameter
space for ¢y by looking for ALP decays into ptpu~ final states. For ¢y (right panel) we
also find that the bounds from MicroBooNE would be competitive with those obtained
from beam-dump experiments and may even be able to improve over these, depending on
the level of systematic uncertainties assumed. Finally, given the dependence of the results
on the background level assumed, the dotted lines indicate the expected sensitivity in the
no-background limit, assuming that additional cuts could bring it down to a negligible level

for the u* ™~ and vy channels (in both cases, 20% signal systematics have been assumed).

4.3 Interference effects between different operators

So far our results have been obtained under the assumption that only one of the operators
which control the production of the ALP (O, or Oy) is present in the effective Lagrangian
and, for simplicity, the coefficient that goes with Op has also been set to zero. However, it
has been pointed out previously in the literature [8] that destructive interference between
different EW operators could significantly affect the effective couplings controlling both
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the ALP production and decay. Thus, in figure 4 we compute the expected sensitivity
for the full data set when two operators are switched on simultaneously. In each row
the left (right) panel shows to the result when the relative sign between the two operators
introduced is positive (negative), since this either allows or forbids a destructive interference
for the production and decay mechanisms, depending on the operators considered. For
concreteness, these results are obtained assuming 20% systematic uncertainties on both
signal and background, and for a fixed mass® of the ALP (m, = 200 MeV).

The first row in figure 4 shows the sensitivity when the two operators that control the
production of the ALP, ¢4 and cyy, are simultaneously present. As can be seen, in the limit
cw — 0 (cg — 0) we recover the sensitivity to ¢4 (cw) given in figure 3, as expected. In
the right panel we see that, as c, increases, the sensitivity to cy is enhanced because of
the larger ALP production rate, see eq. (2.12). However, in the left panel two destructive
interference patterns take place. First, when the magnitude of the two coefficients is
the same (along the diagonal dotted line) the sensitivity is lost because they interfere
destructively in the ALP production rate. Secondly, for ey ~ m2/(m2 —m2)cya/(4s%m) ~
2cpa/m (along the diagonal dashed line) the contributions from the two operators to ¢,
cancel each other (see eq. (2.28)), leading to a suppressed decay width into the a — vy
decay channel. As a result, the sensitivity to the ALP using a di-photon signal is lost, but
the experiment would still be sensitive to a — eTe™.

In the middle row of figure 4 we see the effect due to the interplay between Op and
Oy. As already mentioned, since the Op operator does not significantly affect the ALP
production rate, it will only have an impact on its lifetime. In the right panel the two
coefficients have opposite signs and, thus, no destructive interference arises in the decay
width. As we can see, the inclusion of the Op operator allows for a better sensitivity to c,
up to a factor of ~ 10, for searches using the v channel. This is due to the larger decay
width obtained in this case (which makes the ALP shorter-lived, increasing the decay rate
within the detector) combined with the larger branching ratio into the 7 channel, see
egs. (2.26) and (2.28). In the left panel a similar effect can be seen, leading to an increased
sensitivity to ¢, for values of cg ~ O(10~4). However since in this case the two coefficients
enter with the same sign in eq. (2.28) they can interfere destructively and suppress the
ALP decay width into v, for values of cg ~ m2/(m2 — m2)cya/(4c3m) ~ 2cpa/(3).
Moreover, once cp gets too large the sensitivity to cy is lost as the ALP decays too fast
and the decay probability is exponentially suppressed.

Finally, the lower row in figure 4 shows the interplay between cp and cp. In this
case, the absence of the Oy operator implies that the signal to ¢7¢~ is heavily suppressed
and the sensitivity is obtained only in the v+ channel. In the left panel no interference is
expected since the two coefficients enter with the same sign in c,,; however, for values of
cp = 2 x 107 the ALP becomes too short-lived and the sensitivity is lost. In the right
panel, on the other hand, since the two couplings enter with a different sign a destructive
interference can arise in ¢y, leading to longer lifetimes. Thus, sensitivity to larger values

of ey and cp is still possible along the line where ey s2, ~ cpc?, see eq. (2.28).

SData files for several values of the ALP mass can be found in the supplementary material to this article.
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Figure 4. MicroBooNE sensitivity projections, assuming two couplings are non-zero at a time.
The shaded colored regions satisfy Ax? > 5.99 (corresponding to the sensitivity at 95% CL for
2 d.o.f.) from a search for a vy (red) or eTe~ (blue) signal. Results are shown for f, = 1 TeV
and m, = 200 MeV, for Np,y = 2.2 x 102}, and assuming oy = o, = 20%. Left (right) panels
are obtained assuming a positive (negative) relative sign between the operators introduced. The
diagonal lines indicate destructive interference between different operators entering the production
rate (dotted lines) or decay width (dashed lines), see text for details. In all panels, the shaded gray
regions indicate the portions of parameter space disfavored by NA62 [21, 40] (light gray), and E787
& E949 [20] (dark gray).
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5 Summary and conclusions

In spite of the strong experimental evidence pointing towards the existence of BSM physics,
our efforts to discover it at colliders and direct detection experiments have been unfruitful
so far. While it is possible that the new physics is too heavy and lies outside of our reach
at the LHC, an interesting alternative is that the new physics is light but weakly coupled
to the visible sector, making it very elusive.

Neutrino experiments, counting on very massive detectors and powerful sources, lie
at the edge of the intensity frontier and are therefore well-suited to search for weakly
coupled light degrees of freedom. In this work we focused on the ALP scenario, which is
well-motivated from the theoretical point of view: light pseudoscalars generally arise as
pseudo-Nambu-Goldstone bosons of BSM theories with spontaneous breaking of a global
symmetry, and might address some of the most relevant open questions in particle physics,
such as the strong CP problem or the origin of dark matter.

For concreteness, we have considered a set of higher-dimensional effective operators
coupling the ALP to the electroweak gauge bosons, which would lead to ALP production
from kaon decays, via K — wa. Working in chiral perturbation theory (xPT) allows to
derive the effective coupling of ALP to mesons at low energies in all generality. While
this had been done in the literature before, we have obtained the relevant expressions for
the particular set of operators considered in this work. In doing so, we have also shown
explicitly that previous calculations taking only into account the penguin diagrams agree
with the full result obtained in xPT for the case under consideration here, as they capture
the leading order contributions to this process.

Next, we have recasted a recent MicroBooNE analysis [29] which used data taken for
the NuMI beam, searching for electron-positron pairs pointing towards the NuMI absorber.
These results can be directly applied to our model, if the ALP is coupled to the SM
through the Oy operator. Our results show that MicroBooNE data already sets competitive
bounds on this operator (comparable to those of NA62) for ALP masses between 100
and 200 MeV (figure 2). For completeness, we also present our results in the plane of
production branching ratio vs the ALP lifetime, without taking into account that these
are typically correlated within a given model (figure 1). Being model-independent, this
allows to easily recast our constraints to other models (including a different set of ALP
couplings), or even for a different long-lived particle as long as its production and decay
mechanisms are the same as considered here. For optimal values of the lifetime of the long-
lived particle, current MicroBooNE data sets tight constraints on the production branching
ratio, BR(K — ma) < O(few x 10711).

Finally, we have also computed the sensitivity using the full NuMI dataset recorded
at MicroBooNE (figure 3). Due to the excellent particle identification and resolution ca-
pabilities of the LArTPC technology, we have presented our sensitivities for three different
searches as indicated, a — uu, a — ee and a — . Our results show that, depending on
the level of systematic uncertainties assumed, MicroBooNE might be able to improve over
current constraints for masses in the range between 100 and 250 MeV. We point out the
complementarity among searches using different final state topologies, which takes full ad-
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vantage of the unique LAr TPC capabilities: while searches for an excess in the 7/~ chan-
nels are mostly sensitive to the Oy operator, searches for an excess in the di-photon channel
would be sensitive to the Oy operator instead. Finally, we also explored the possible inter-
ference effects arising when two operators are switched on simultaneously (figure 4). Here
it should be noted that, while the Op operator does not induce ALP production from kaon
decays, MicroBooNE can be sensitive to its impact on the ALP decay rate. Additional in-
terference effects can take place in the production vertex between the Oy and Oy operators.

In summary, this work stands out as a clear example of the multiple capabilities of
neutrino experiments to search for new physics, not only in the neutrino sector but in other
sectors as well. Needless to say, that the type of analysis performed here may be applicable
to other neutrino beam experiments using near detectors. An obvious example is the case
of the DUNE experiment, which will also make use of the LAr TPC technology. In this case
the near detector will be placed on axis with respect to the direction of the beam, resulting
in a larger background level. However, the use of a gas TPC (instead of a LAr TPC) would
reduce it significantly; additionally, the possibility to move the near detectors off-axis may
allow to enhance the signal sensitivity. A study of the DUNE sensitivity to this scenario can-
not be done without a careful assessment of the background levels and is left for future work.
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A Integrals

We define
Alp, pl) =1 = e 18000, (A.1)
_ e i ()
U, A) = _/A S (A.2)
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and the following integrals, which take into account the running of the SM coupling con-
stants with the energy scale:

I (ps A) = /A " CZf/A(uw,u’)gofg ,), (A.3)
B ) = [ W 1 A ) 22D (A1)
e ) = [ A )T (A5)
B ) = [ 3 1 G ) T, (4.6)
L Y
Toras) = [ 1 A A )| 2 So0) ;ﬁg‘ﬁfﬁ')]. (A3

In egs. (A.3)-(A.8), a1 = a/c?, as = a/s?, as = g?/(4r) correspond to the different gauge
coupling strength functions.

The running of the coupling strength functions is computed solving the RGE equations
doi(p)/dInp = —ﬁoi)az/(%r) where ﬂ(()i) are the coefficients at one-loop order and «; €
{ay, a9, as, ap }, with ap = y2/(47). Specifically, we take the running of a; to follow that
of ag and therefore use Bé) = 41/6,5(()2) = —19/6;5(()3) = -7, B((]t) = —7. In doing this,
the cross terms between «; and «y are neglected. However, we believe this is a good
approximation since do find a good numerical agreement with the results in ref. [9] where
this effect has been considered.

Finally, let us point out that using eq. (37) in ref. [9] it is straightforward to show that
U(p, A) can be approximated as

U(p, A) ~ 928 Tt 1, Iu— (A.9)

where we have used the relations m; = yv/v/2,v = 2my/go. Thus, eq. (2.24) follows
directly from the substitution of eq. (A.9) into eq. (A.1).

B Loop functions

The loop functions in eq. (2.28) read

By = < > NQ}Bi(ry)— > NchB1(Tf)> (B.1)
f=ct f=bty
where )
Bi(r) =1-7 /%r). 52
By(r)=1—(r—1) f(7),
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with

arcsin%; T>1, B3
T) = . .
1 %—l—%lniﬁ”%::; T<1. (B-3)

Here, 7p = 4m?c /m2, Q ¢ denotes the electric charge of the fermion f and N/ is the color
multiplicity (3 for quarks, and 1 for leptons).
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