2207.08448v3 [hep-ex] 24 Apr 2023

arXiv

FERMILAB-PUB-22-527-ND-T, UMN-TH-4128/22, FTPI-MINN-22/19

First Constraints on Heavy QCD Axions with a Liquid Argon Time Projection
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We present the results of a search for heavy QCD axions performed by the ArgoNeuT experiment
at Fermilab. We search for heavy axions produced in the NuMI neutrino beam target and absorber
decaying into dimuon pairs, which can be identified using the unique capabilities of ArgoNeuT and
the MINOS near detector. This decay channel is motivated by a broad class of heavy QCD axion
models that address the strong CP and axion quality problems with axion masses above the dimuon
threshold. We obtain new constraints at a 95% confidence level for heavy axions in the previously
unexplored mass range between 0.2-0.9 GeV, for axion decay constants around tens of TeV.

Introduction.—The QCD axion was proposed [1, 2]
to address the strong CP problem [3-7]. However, in the
simplest implementations, this mechanism suffers from
the axion quality problem [8-10]. Heavy QCD axions, de-
fined as those with a coupling to gluons but with a much
larger mass than the QCD axion, are motivated by their
potential role resolving the axion quality problem while
preserving the solution to the strong CP problem [11-18].
Furthermore, they can explain various phenomena in as-
trophysics [19] and cosmology [20, 21]. In these models,
the larger axion mass, m,, and smaller axion decay con-
stant, f,, also open up various decay channels involving
Standard Model (SM) particles and enhance the axion in-
teraction strengths. This enables searches for these heavy
QCD axions in beam-dump and collider experiments.

In this Letter, we perform a search for heavy QCD ax-
ions with 200 MeV < m, < 1 GeV using the ArgoNeuT
experiment [22] — a 0.24 ton Liquid Argon Time Pro-
jection Chamber (LArTPC) neutrino detector that col-
lected five months of data in 2009-2010 in the Neutrinos
at the Main Injector (NuMI) beamline [23]0 at Fermilab.
The data used corresponds to 1.25 x 10 protons-on-
target (POT) acquired while the NuMI beam was in anti-
neutrino mode [22]. The axions can be produced via cou-
plings with SM mesons and protons when the 120 GeV

proton beam strikes the graphite target or the hadron ab-
sorber located 1033 m and 318 m upstream of ArgoNeuT,
respectively. The produced axions can then propagate
to ArgoNeuT where the decay signature a — ;ﬁuf is
searched for. The muon pair is reconstructed in Ar-
goNeuT as minimally ionizing tracks that can then be
matched to a pair of tracks with opposite charges in the
magnetised MINOS near detector (MINOS-ND) [24] lo-
cated immediately downstream of ArgoNeuT.

Heavy QCD azxions.— Heavy QCD axions must
couple to gluons to solve the strong CP problem. Fur-
thermore, consistent with Grand Unified Theories, these
axions can also couple to the other gauge bosons of the
SM. These considerations motivate the following cou-
plings [25],

3 - G e -

Loange = 8‘; fi aGG + Sjr fi 8; fl aBB. (1)
Here G is SM gluon field strength and G is its dual. Cou-
plings to SU(2) and U (1) gauge fields, WW and BB, are
defined analogously. The coefficients o; = g7 /(4r) are
given in terms of the three gauge couplings g; defined at
the scale m,. We will set c3 = ¢y = ¢; = 1 hereafter. We
note, however, that the results presented in this Letter
primarily depend on the aGG coupling and would still
apply if ¢, ¢y < 3.
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Along with couplings to gauge bosons, axions can also
couple to SM fermions, as in the DFSZ models [26, 27].
While coupling to both quarks and leptons can appear,
we consider axion coupling to only SM leptons in a flavor
diagonal way in order to focus on a parameter space that
is complementary to the multitude of flavor searches (see,
e.g., [28] for a recent summary and references) and is
theoretically well motivated. Therefore, we consider [25]

0,a _ _
Z # (th”g + CAMWN%E) - (2)

Clepton =
l=e,u,T

Here c¢y/4, ¢ 40 control the flavor universal vector and axial
coupling of the axion to SM charged leptons.

Given the axion couplings in Egs. (1) and (2), the rel-
evant decay modes of the axions for masses 0.2 GeV <
m, < 1 GeV are into photons, muons and some exclu-
sive hadronic modes. Considering these decay modes, we
show the behaviour of the decay length of the axion in
its rest frame for f, = 10 TeV in Fig. 1 (top). Discus-
sion of the individual contributions of the various decay
channels involved can be found in the Supplemental Ma-
terial [29]. Hereafter, we focus on two theory benchmarks
with ¢, = ¢4, = 1/36 and ¢, =~ ¢4, = 1/100 to illustrate
the constraining power in the f,-m, plane. Choosing ¢,
smaller than ¢; = 1 is motivated because, from a the-
oretical perspective, a suppressed leptonic coupling can
naturally emerge in models where axions directly cou-
ple to some new heavy leptons, which in turn mix with
SM leptons giving ¢, 012111,( < 1 [30-32]. Our choice
of ¢, = 1/36 and ¢, = 1/100 then corresponds to small
mixing angle benchmarks 6,,;, ~ 1/6 and 6,;, ~ 1/10,
respectively, that can arise from loop-induced or vector-
like fermion-induced models [33]. From the perspective
of axion searches in ArgoNeuT, a smaller ¢, < ¢; also
makes the axion sufficiently long-lived to reach the de-
tector while not suppressing its production via the gluon
coupling.

Since our search is based on muon final states, we also
show in Fig. 1 (bottom) the branching ratio of the axion
into two muons for the two benchmarks. The dimuon
mode is a dominant decay channel for most of the mass
range, enabling ArgoNeuT to be uniquely sensitive to
these scenarios. In regions where dimuon decays are sub-
dominant, future searches in other channels, e.g. vy and
multi-hadron states, could provide complimentary cover-
age.

Generation and simulation.— Due to the presence
of the gluon coupling, axions mix with SM pseudoscalar
mesons , 1,7 [34] with the corresponding mixing angles
Ouni, M = m,n,7, given by [25, 35, 36]
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Here f, = 93 MeV is the pion decay constant and
Can = mg/6, Copy = (mj — 4m2/9)/V6 and C, . =
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FIG. 1. Lifetime (top) and dimuon branching ratio (bottom)
of the axion for the two benchmark scenarios as a function of
the axion mass.

(m2—16m2/9)/(2v/3). Our subsequent analysis assumes
that ,,, < 1, and therefore we mask the parameter
space for which m, ~ m,;, as shown by vertical gray
bands in Fig. 1. To compute the spectrum of axions pro-
duced in the NuMI beam we first simulate the spectrum
of SM mesons using Pythia8 [37, 38]. We find that on av-
erage 2.89 7r0, 0.337 and 0.037" are produced per proton
collision. Subsequently, applying the mixing angles in
Eq. (3), we can compute the total number of axions pro-
duced considering both the 87% of protons interacting in
the NuMI target and the 10% that reach the downstream
hadron absorber with energies ~120GeV [23]. Using
the geometrical acceptance of ArgoNeuT and the axion
branching ratio into muons (Fig. 1), we then compute the
axion decays to a dimuon final state that would be seen
in the detector. The LArSoft software framework [39]
is used to simulate these muons in ArgoNeuT. LArSoft
propagates the particles using GEANT4 [40] and then
performs detector response modelling and reconstruction
[22, 41]. The standard MINOS simulation and recon-
struction framework is then used to model the particles
that exit ArgoNeuT and reach the MINOS-ND [22, 24].

Signature and selection.— In ArgoNeuT the axion
decay a — ;ﬁ/f can be detected as a pair of minimally
ionizing particles (MIPs). The parent axion energies and
the kinematics of the resulting muons for two different
axion masses are shown in Fig. 2. The muons are highly
energetic, with <EMi> ~ 20 GeV, resulting in them typ-
ically exiting ArgoNeuT and propagating to the down-
stream MINOS-ND. They are also highly forward-going
with an average angle with respect to the beam direc-
tion of (Opeam) = 0.75° to (fpeam) =~ 2.5° and an aver-
age opening angle between them of (Oypening) =~ 1.5° to
(Oopening) ~ 5.0°, in each case depending on m,,. As a re-
sult of ArgoNeuT’s angular reconstruction resolution of
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FIG. 2. Parent axion energy (top), energy of the resulting
individual muons (middle) and opening angle between them
(bottom) for axions with m, = 360MeV (black) and m, =
720 MeV (blue).

between 1° and 3° (depending on track orientation) [42],
the muons may overlap and appear as one track in Ar-
goNeuT. Once reaching the MINOS-ND, the muons then
separate due to their opposite charges in the MINOS-ND
magnetic field of about 1T [24].

The axion decay signature is similar to the signature
in ArgoNeuT’s previous heavy neutral lepton search [43]
and an analogous selection strategy can be followed.
However, it is a resonant two-body decay as opposed
to the non-resonant three-body decay previously con-
sidered. Therefore, given the different nature of this
decay and the different production mechanism and re-
sulting kinematics, the selection has been modified and
re-optimised. We consider two different scenarios, de-
pending on how forward-going the muon pair are. In the
first, the pair of muons are sufficiently separated to be
reconstructed as two distinct minimally ionizing tracks.
In the second, the separation between them is too small
and they are instead reconstructed as a single track with
twice the minimally ionizing particle dE/dx. These will
be referred to subsequently as two-track and double-MIP
type events, respectively. Due to the highly forward-
going nature of the muon pairs resulting from axion de-
cays, the double-MIP signature dominates. In both cases,
the tracks in ArgoNeuT can be matched with two tracks
in the downstream MINOS-ND that are reconstructed
with opposite charges. In the second scenario, axion de-

cays occurring in the upstream cavern are also consid-
ered. The resulting muons then pass through the Ar-
goNeuT detector and can be matched to the MINOS-ND
as before. The ArgoNeuT physics run coincided with the
construction of the upstream MINERvVA detector [44].
Therefore, only the 63 cm region between MINERvVA and
ArgoNeuT is taken into account.

A series of pre-selection cuts are first applied. Events
with incomplete reconstruction are removed by requir-
ing that at least 80% of energy depositions are associ-
ated with reconstructed objects. Next, events are iden-
tified that are compatible with axion decays: requiring a
maximum of two tracks in ArgoNeuT, where short tracks
(L < 5cm) are ignored to ensure events are not removed
due to the presence of d-rays, and at least two tracks in
the MINOS-ND. Reconstructed tracks are also classified
based on whether they originate from within or outside
of the ArgoNeuT fiducial volume: 1 < x < 46 cm (drift),
—19 < y < 19cm (vertical) and z > 3cm (beam direc-
tion).

Two selection paths are then followed in ArgoNeuT
depending on the event topology. In the two-track
case events are selected that have two minimally-ionising
tracks originating from a common vertex within the Ar-
goNeuT fiducial volume. Tracks are considered to be
minimally-ionising if they have an average dE/dx <
3.1MeV/cm and are considered to have originated from
a common vertex if they have a separation of less than
4cm between the track starts. The pair of tracks are
also required to have an opening angle between them of
Oopening < 15° and exit towards the MINOS-ND. In the
double-MIP case events are selected that have a single
track, originating from either within ArgoNeuT or from
upstream of the detector, that has an average dE/dx
consistent with two overlapping minimally ionising par-
ticles. The region near the track vertex prior to the po-
tential separation of the two muons is assessed: consid-
ering the average dE/dx over the first 5cm, where any
high energy depositions (dE/dx > 10 MeV/cm) from 6-
rays are removed. The track is required to have an av-
erage dE/dx > 3.1MeV /cm. Additionally, the track is
required to be forward-going with an angle with respect
to the beam direction 8p.,,,, < 10° and exit towards the
MINOS-ND.

Next, matching to the MINOS-ND is performed. In
the two-track scenario each of the two tracks are individ-
ually matched to tracks reconstructed in the MINOS-ND,
with matching tolerances of rg;¢ < 12.0cm (radial) and
O4ig < 0.17rad (angular) accounting for the expected
maximum deflection of the muons between the two de-
tectors [41]. The matched tracks are also both required
to start within the calorimeter region of the MINOS-
ND, which is directly downstream of the ArgoNeuT de-
tector, and start within 20 cm of the first instrumented
plane. In the double-MIP scenario, since a single track
in ArgoNeuT now being matched to two tracks in the
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FIG. 3. Selection efficiency for m, = 500 MeV axion decays
as a function of axion energy, F,. Decays occurring inside Ar-
goNeuT (black) and at 25 cm (blue) and 50 cm (red) upstream
of the detector are shown.

MINOS-ND, the matching tolerances are loosened to
double the two-track case. Several further selection cuts
are applied to the matched tracks in the MINOS-ND.
They are required to both be muon-like based both on
the track length and dE/dz: Lyinvos—np > 1m and
6 < dE/dzxyrrvos—np < 12MeV/cm. They are also
required to have timestamps consistent with having orig-
inated from a single decay in ArgoNeuT, |Aty| < 20ns,
and be reconstructed with opposite charges.

The selection efficiency is shown in Fig. 3 for simu-
lated decays of axions with mass m, = 500 MeV as a
function of the axion energy, E,. Decays occurring in-
side ArgoNeuT (black) and at 25cm (blue) and 50 cm
(red) upstream of the detector are shown. For decays
inside the detector the efficiency is around 50% above
E, ~ 15GeV. However, at lower E, one or both of the
muons may have insufficient energy to propagate to the
MINOS-ND before stopping. This causes the matching
to fail resulting in a sharp decline in the selection effi-
ciency. For decays upstream of the detector, where only
the double-MIP topology is considered, the selection effi-
ciency is lower. As the distance the muons have to propa-
gate before reaching the detector increases, the less likely
they are to remain overlapping resulting in the events
being rejected. At lower E, the muons are less boosted,
further increasing the likelihood they separate.

For selected axion candidate events the invariant mass
of the parent axion can be reconstructed. This is
achieved using the trajectories of the tracks reconstructed
in ArgoNeuT (or matching between ArgoNeuT and the
MINOS-ND in the double-MIP scenario), combined with
the momentum reconstruction in the MINOS-ND. The
axion invariant mass can be reconstructed with a resolu-
tion of ~100 MeV when both muons are contained within

the MINOS-ND, and ~200 MeV if exiting. A constraint
on the invariant mass is not applied in the selection since
the search is performed across a significant axion mass
range. However, if a signal were to be observed in the
data the invariant mass could be a powerful tool to fur-
ther characterise it.

Backgrounds and systematic uncertainties.—

The primary backgrounds to this search originate
from beam neutrino interactions within the detector or
the surrounding materials. These are modelled using
the GENIE neutrino generator [45] along with a data-
driven model of the rate and kinematics of beam-induced
through-going muons [42, 46, 47]. Modelling of the NuMI
beam flux developed by the MINERvA collaboration is
used [48]. The most significant backgrounds arise from
charged-current muon neutrino interactions: either single
charged pion production, resulting in two approximately
minimally ionising tracks that could be mistaken for the
two-track signature; or quasi-elastic scattering producing
a single muon with low energy protons near the interac-
tion vertex causing it to mimic the double-MIP signature.
In each case, these could then be incorrectly matched
with other nearby muons in the MINOS-ND. However,
the majority of these types of interactions are removed
during the selection due to either the event topology in
ArgoNeuT or the MINOS-ND or as a result of the precise
timing resolution of the MINOS-ND [24]. The total back-
ground expectation for the ArgoNeuT data-set is 0.1£0.1
events.

The systematic uncertainties are dominated by theo-
retical uncertainties in the axion flux prediction. One
way to estimate these is from the strong coupling, ag,
uncertainty of around 20% [49]. Another way is from the
uncertainty on the measured pion flux of the NuMI beam
that is at the 5-10% level [50]. Furthermore, the pro-
duction is modeled by chiral perturbation theory where
the matched effective coeflicients also have uncertainties.
The current best fit for the pion coupling has an uncer-
tainty of 10-20% [51]. To conservatively illustrate the
impact of these uncertainties, the theory prediction of
the axion flux is varied by 30% in the final sensitivity
evaluation. Future refinements in the axion flux mod-
eling would improve the accuracy of the derived limit.
The impact of experimental systematic uncertainties is
also evaluated. These arise from uncertainties in the
muon reconstruction and resulting selection efficiency in
ArgoNeuT (3.3%) [22, 41, 42, 52] and the MINOS-ND
(0.4%) [53], the POT evaluation (1%) [47], and the deter-
mination of the electron drift velocity and hence the total
volume of instrumented argon (2.2%) [42]. The experi-
mental systematic uncertainties have a combined impact
of 4.1%.

Results.— Zero events pass the selection in Ar-
goNeuT’s full 1.25 x 10*° POT anti-neutrino-mode data-
set, consistent with the background prediction of 0.140.1
events. Our exclusion of parameter space at a 95% con-



fidence level is shown in Fig. 4 for both the ¢, = 1/36
and ¢, = 1/100 scenarios, evaluated using a Bayesian ap-
proach with a uniform prior [54]. The impact of the un-
certainties on the expected constraint, dominated by the
theoretical uncertainty, is also shown for the ¢, = 1/36
case [55]. In the presence of an axion there are new de-
cay modes for SM mesons, such as Bt — K'a, where
a can subsequently decay into pp. Searches for such
rare decay modes place important constraints on our
parameter space. We find the following searches give
significant constraints: KT — 77vi by the NA62 col-
laboration [56]; K * 5 rup by the NA48/2 collabora-
tion [57); B® = K*up by the LHCb collaboration [58];
and BY — K by the BaBar collaboration [59]. For
all these cases, we recast the presented bounds as ap-
propriate for the axion lifetime in our scenario. The
strongest resulting constraints are shown in Fig. 4 for
each benchmark model.

This measurement leads to new constraints on previ-
ously unexplored parameter space for heavy QCD ax-
ions with masses above the dimuon threshold and below
1 GeV (where hadronic decays would dominate). The
coverage of the axion decay constant for the benchmark
model with ¢, = 1/36 is around f, ~ 50 TeV for masses
up to 0.65 GeV. The coverage of the axion decay con-
stant for the benchmark model with ¢, = 1/100 is around
fa ~ 20 TeV for masses up to 0.84 GeV. For these bench-
mark couplings ArgoNeuT provides significant improve-
ment on existing constraints. ArgoNeuT also has con-
straining power for couplings ranging between approx-
imately ¢, = O(107'-10%). For much larger ¢, the
axions would predominantly decay before reaching the
detector reducing the constraining power, and for much
smaller ¢, the axions would no longer dominantly de-
cay to muons but to mesons and photons that are not
searched for in this analysis. To explore these regions of
phase space would require future searches with detectors
at shorter baselines than ArgoNeuT, or probing different
decay modes.

Conclusions.— We have presented the first search for
heavy QCD axions in a LArTPC using the ArgoNeuT ex-
periment. This type of axion is particularly motivated
by the strong CP puzzle and the axion quality prob-
lem. We search for such axions produced in the NuMI
neutrino beam and then decaying with a dimuon signa-
ture within, or close to, the ArgoNeuT detector. In Ar-
goNeuT’s 1.25 x 10*° POT anti-neutrino mode data-set
zero events pass the selection, consistent with the back-
ground prediction. This measurement leads to a signif-
icant new exclusion region for heavy axions in the mass
range between 0.2-0.9 GeV for an axion decay constant
around tens of TeV, over a broad range of axion-lepton
couplings around ¢, = O(10'-107?). The search can be
extended to various new heavy QCD axion models and
paves the way for heavy QCD axion searches at future
neutrino facilities. The techniques developed could also
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be used to constrain other dark sector particle models
with long-lived resonance decays into dimuons.
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Supplemental material

SUMMARY OF DECAY MODES

Decay into muons. The axion decay width into muons is given by,

r 7 c%mami ) 4mi )
a—rpp 87Tf2 - m2 . ( )

The parameter ¢, is determined by c1, ¢a, 3, vy, ca¢, but it is a good approximation to use ¢; &~ cay, defined in the
main text. The axion decay width into electrons compared to muons is suppressed by m?2/ mﬁ, and hence will not be
important for the mass range we consider in this work.

Decay into photons. The axion decay width into two photons is given by

_ oduleyPmy
Lamrs = =os6mapz (2)

Here c, is the effective photon coupling given in terms of ci, o, ¢3, ¢y, cae. One of the contributions to ¢, is from
aWW and aBB couplings after electroweak symmetry breaking. It also gets a contribution from various hadronic
modes since the axion can mix with Standard Model (SM) pseudoscalar mesons 7, 7,7  via the axion-gluon aGG
coupling. Finally, it also receives a contribution at one-loop from the tree level lepton couplings that is present in the
class of axion models considered in this work. These contributions can be summarized as,

5 1 m? §m2 —gm2  Tm2— Bm? 0 o
C’Y:c2+§cl+c?> <_1-92+3mgm% +§ mgim% +§ mgim%/ +2€€Z CAZBI(4ml/ma)' (3)
=e,u,T
Here By (x) = 1 — xg(x)? and
T (L) itz > 1
S1n = nIr-=
9@ =93, . v 1v/I=r . (4)
§+§log(1_m) ifx <1

Summary including hadronic modes. In Fig. 1, we show the contribution to the axion decay modes coming from
various channels, including exclusive hadronic modes: a — 3w, a — nrw and a — 77y [1]. The relative contributions
of these hadronic modes depends upon the axion-lepton coupling and we show the results for the two benchmark
couplings ¢, = 1/36 and ¢, = 1/100. We can not treat the axion-SM pseudoscalar mixings perturbatively very near
the SM pseudoscalar masses (denoted by gray bands), and therefore exclude these regions from our analysis. We
also see from Fig. 1 that the diphoton mode does not contribute appreciably to the axion decay width unless the
axion mass is very close to the SM pseudoscalar masses. These results show that the branching ratio into dimuons is
significant for axions masses considered in this work.
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FIG. 1. Contribution to axion decay width from various modes.



