PHYSICAL REVIEW LETTERS 130, 221802 (2023)

Editors' Suggestion

First Constraints on Heavy QCD Axions with a Liquid Argon Time Projection Chamber
Using the ArgoNeuT Experiment

R. Acciarri,1 C. Adams,2 B. Baller,] V. Basque,1 F. Cavanna,l R. T C0,3’4 R.S. Fitzpatrick,5
B. Fleming,6 P. Green ,7’8’* R. Harnik,1 K.J. Kelly,9 S. Kumar,lo‘ll K. Lang,]2 I Lepetic,13
Z. Liu,3 X, Luo,14 K.F Lyu,3 0. Palamara,1 G. Scanavini,(’ M. Soderberg,15 J. Spitz,5
A.M. Szele,'* W. Wu,' and T. Yang'

(The ArgoNeuT Collaboration)

'Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA
*Argonne National Laboratory, Lemont, Illinois 60439, USA
3School of Physics and Astronomy, University of Minnesota, Minneapolis, Minnesota 55455, USA
*William I. Fine Theoretical Physics Institute, University of Minnesota, Minneapolis, Minnesota 55455, USA
5Um'versity of Michigan, Ann Arbor, Michigan 48109, USA
Yale University, New Haven, Connecticut 06520, USA
7University of Manchester, Manchester M13 9PL, United Kingdom
8Um'versity of Oxford, Oxford OX1 3RH, United Kingdom
CERN, Esplande des Particules, 1211 Geneva 23, Switzerland
loUniversity of California, Berkeley, California 94720, USA
"Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
leniversity of Texas at Austin, Austin, Texas 78712, USA
13Rutgers University, Piscataway, New Jersey 08854, USA
“University of California, Santa Barbara, California, 93106, USA
15Symcuse University, Syracuse, New York 13244, USA
16University of Edinburgh, Edinburgh EH9 3FD, United Kingdom

® (Received 23 August 2022; accepted 21 April 2023; published 31 May 2023)

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 of
0.2-0.9 GeV, for axion decay constants around tens of TeV.
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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, defined
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
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astrophysics [19] and cosmology [20,21]. In these models,
the larger axion mass m, and smaller axion decay constant
fa also open up various decay channels involving standard
model (SM) particles and enhance the axion interaction
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 axions
with 200 MeV < m, <1 GeV using the ArgoNeuT experi-
ment [22]—a 0.24 ton liquid argon time projection cham-
ber (LATTPC) neutrino detector that collected five months
of data in 2009 and 2010 in the Neutrinos at the
Main Injector (NuMI) beamline [23] at Fermilab. The data
used correspond to 1.25 x 10%° protons-on-target (POT)
acquired while the NuMI beam was in antineutrino
mode [22]. The axions can be produced via couplings
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with SM mesons and protons when the 120 GeV proton
beam strikes the graphite target or the hadron absorber
located 1033 and 318 m upstream of ArgoNeuT,
respectively. The produced axions can then propagate
to ArgoNeuT where the decay signature a — utu~ is
searched for. The muon pair is reconstructed in
ArgoNeuT as minimally ionizing tracks that can then be
matched to a pair of tracks with opposite charges in the
magnetized MINOS near detector (MINOS-ND) [24]
located immediately downstream of ArgoNeuT.

Heavy QCD axions.—Heavy QCD axions must couple
to gluons to solve the strong CP problem. Furthermore,
consistent with grand unified theories, these axions can also
couple to the other gauge bosons of the SM. These
considerations motivate the following couplings [25]:

C';a';
E pu—

gauge 8 f BB' (1)

GG—I— WW+

8ﬂ'fa 8ﬂfa

Here G is SM gluon field strength and G is its dual.
Couplings to SU(2) and U(1) gauge fields, WW and BB,
are defined analogously. The coefficients a; = ¢?/(4x) are
given in terms of the three gauge couplings g; defined at the
scale m,. We will set c; = ¢, = ¢; = 1 hereafter. We note,
however, that the results presented in this Letter primarily
depend on the aGG coupling and would still apply
if Cl, 0y X C3.

Along with couplings to gauge bosons, axions can also
couple to SM fermions, as in the Dine-Fischler-Srednicki-
Zhitnitsky 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]

o
Elepton = Z ¢

f=eu,t f‘l

(cvelr"t + caclr'yst).  (2)

Here ¢y, ¢4, 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
relevant decay modes of the axions for masses 0.2 < m, <
1 GeV are into photons, muons, and some exclusive
hadronic modes. Considering these decay modes, we show
the behavior of the decay length of the axion in its rest
frame for f, = 10 TeV in Fig. 1 (top). Discussion of the
individual contributions of the various decay channels
involved can be found in the Supplemental Material
[29]. Hereafter, we focus on two theory benchmarks with
cpmcpp=1/36 and ¢, ~ cyp = 1/100 to illustrate the
constraining power in the f,-m, plane. Choosing c,
smaller than ¢; = 1 is motivated because, from a theoretical
perspective, a suppressed leptonic coupling can naturally
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FIG. 1. Lifetime (top) and dimuon branching ratio (BR)
(bottom) of the axion for the two benchmark scenarios as a
function of the axion mass.

emerge in models where axions directly couple to some
new heavy leptons, which in turn mix with SM leptons
giving ¢, « 2. < 1 [31-33]. Our choice of ¢, = 1/36
and ¢, = 1/100 then corresponds to small mixing angle
benchmarks 0,,;, ~ 1/6 and 6, ~ 1/10, respectively, that
can arise from loop-induced or vectorlike fermion-induced
models [34]. From the perspective of axion searches in
ArgoNeuT, a smaller ¢, < c¢; also makes the axion
sufficiently long-lived to reach the detector 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 subdomi-
nant, future searches in other channels, e.g., yy and multi-
hadron states, could provide complimentary coverage.

Generation and simulation.—Because of the presence of
the gluon coupling, axions mix with SM pseudoscalar
mesons 7, 7, ' [35] with the corresponding mixing angles
0.1 M = 7, n, 1, given by [25,37,38]

fﬂ CaM
Oy = Z——M 3
aM fa mg _m%/l ( )

Here f, =93 MeV is the pion decay constant and
Caﬂ = m3/6’ C(m = (mg - 4m72r/9)/\/6’ and Ctm’ = (mi—
16m2/9)/(2+/3). Our subsequent analysis assumes that
0,4 < 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 produced in the NuMI
beam, we first simulate the spectrum of SM mesons using
PYTHIAS [39,40]. We find that, on average, 2.897°, 0.33,
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and 0.03#’ are produced per proton collision. Subsequently,
applying the mixing angles in Eq. (3), we can compute the
total number of axions produced considering both the 87%
of protons interacting in the NuMI target and the 10%
that reach the downstream hadron absorber with energies
~120 GeV [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 [41] is used to simulate these muons in
ArgoNeuT. LARSOFT propagates the particles using
GEANT4 [42] and then performs detector response modeling
and reconstruction [22,43]. The standard MINOS simu-
lation and reconstruction 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 — pu~ 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 (E,+) ~ 20 GeV, resulting in them typically
exiting ArgoNeuT and propagating to the downstream
MINOS-ND. They are also highly forward-going with
an average angle with respect to the beam direction of
(Bpeam) ~ 0.75° 10 (Opeam) = 2.5° and an average opening
angle between them of (Oypening) & 1.5° 10 (Oopening) = 5.0°,
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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, = 360 MeV (black) and m, =
720 MeV (blue).

in each case depending on m,. As a result of ArgoNeuT’s
angular reconstruction resolution of between 1° and 3°
(depending on track orientation) [44], the muons may
overlap and appear as one track in ArgoNeuT. Once
reaching the MINOS-ND, the muons then separate due
to their opposite charges in the MINOS-ND magnetic field
of about 1 T [24].

The axion decay signature is similar to the signature in
ArgoNeuT’s previous heavy neutral lepton search [45]
and an analogous selection strategy can be followed.
However, it is a resonant two-body decay as opposed to
the nonresonant three-body decay previously considered.
Therefore, given the different nature of this decay and the
different production mechanism and resulting kinematics,
the selection has been modified and reoptimized. We
consider two different scenarios, depending on how for-
ward-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 sub-
sequently as “two-track” and “double-MIP” events, respec-
tively. Because of the highly forward-going nature of the
muon pairs resulting from axion decays, 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 decays occurring in the
upstream cavern are also considered. The resulting muons
then pass through the ArgoNeuT detector and can be
matched to the MINOS-ND as before. The ArgoNeuT
physics run coincided with the construction of the upstream
MINERVA detector [46]. Therefore, only the 63 cm region
between MINERVA and ArgoNeuT is taken into account.

A series of preselection cuts are first applied. Events with
incomplete reconstruction are removed by requiring that at
least 80% of energy depositions are associated with
reconstructed objects. Next, events are identified that are
compatible with axion decays: requiring a maximum of two
tracks in ArgoNeuT, where short tracks (L <5 cm) are
ignored to ensure events are not removed due to the
presence of & 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 <19 cm (vertical), and z > 3 cm (beam direction).

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 ionizing tracks
originating from a common vertex within the ArgoNeuT
fiducial volume. Tracks are considered to be minimally
ionizing if they have an average dE/dx < 3.1 MeV/cm
and are considered to have originated from a common
vertex if they have a separation of less than 4 cm between
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the track starts. The pair of tracks are also required to have
an opening angle between them of 0,pin, < 15° and exit
toward 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 ionizing particles. The region near the track
vertex prior to the potential separation of the two muons is
assessed: considering the average dE/dx over the first
5 cm, where any high energy depositions (dE/dx >
10 MeV/cm) from & rays are removed. The track is
required to have an average dE/dx > 3.1 MeV/cm.
Additionally, the track is required to be forward-going
with an angle with respect to the beam direction 0y, <
10° and exit toward the MINOS-ND.

Next, matching to the MINOS-ND is performed. In the
two-track scenario, each of the two tracks are individually
matched to tracks reconstructed in the MINOS-ND, with
matching tolerances of rg; < 12.0 cm (radial) and Oy <
0.17 rad (angular) accounting for the expected maximum
deflection of the muons between the two detectors [43]. The
matched tracks are also both required to start within the
calorimeter region of the MINOS-ND, which is directly
downstream of the ArgoNeuT detector, and start within
20 cm of the first instrumented plane. In the double-MIP
scenario, since a single track in ArgoNeuT is now being
matched to two tracks in the 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 muonlike based
both on the track length and dE/dx: Lyynos-np = 1 m and
6 < dE/dxyinosnp < 12 MeV /cm. They are also required
to have time stamps consistent with having originated from a
single decay in ArgoNeuT, |Afy| < 20 ns, and be recon-
structed with opposite charges.

The selection efficiency is shown in Fig. 3 for simulated
decays of axions with mass m, = 500 MeV as a function
of the axion energy E,. Decays occurring inside ArgoNeuT
(black) and at 25 cm (blue) and 50 cm (red) upstream of the
detector are shown. For decays inside the detector, the
efficiency is around 50% above E, ~ 15 GeV. 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 efficiency. For decays upstream of the
detector, where only the double-MIP topology is consid-
ered, the selection efficiency is lower. As the distance the
muons have to propagate 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
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FIG. 3. Selection efficiency for m, = 500 MeV axion decays

as a function of axion energy FE,. Decays occurring inside
ArgoNeuT (black) and at 25 cm (blue) and 50 cm (red) upstream
of the detector are shown.

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 reso-
lution 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 further characterize it.

Backgrounds and systematic uncertainties.—The pri-
mary backgrounds to this search originate from beam
neutrino interactions within the detector or the surrounding
materials. These are modeled using the GENIE neutrino
generator [47] along with a data-driven model of the
rate and kinematics of beam-induced through-going
muons [44,48,49]. Modeling of the NuMI beam flux
developed by the MINERVA Collaboration is used [50].
The most significant backgrounds arise from charged-
current muon neutrino interactions: either single charged
pion production, resulting in two approximately minimally
ionizing tracks that could be mistaken for the two-track
signature, or quasielastic scattering producing a single
muon with low energy protons near the interaction 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 background expectation
for the ArgoNeuT dataset is 0.1 4+ 0.1 events.

The systematic uncertainties are dominated by theoreti-
cal uncertainties in the axion flux prediction. One way to
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estimate these is from the strong coupling ag uncertainty of
around 20% [51]. Another way is from the uncertainty on
the measured pion flux of the NuMI beam that is at the 5%—
10% level [52]. Furthermore, the production is modeled by
chiral perturbation theory where the matched effective
coefficients also have uncertainties. The current best fit
for the pion coupling has an uncertainty of 10%—-20% [53].
To conservatively illustrate the impact of these uncertain-
ties, the theory prediction of the axion flux is varied by 30%
in the final sensitivity evaluation. Future refinements in the
axion flux modeling would improve the accuracy of the
derived limit. The impact of experimental systematic
uncertainties is also evaluated. These arise from uncertain-
ties in the muon reconstruction and resulting selection
efficiency in ArgoNeuT (3.3%) [22,43,44,54] and the
MINOS-ND (0.4%) [55], the POT evaluation (1%) [49],
and the determination of the electron drift velocity and
hence the total volume of instrumented argon (2.2%) [44].
The experimental systematic uncertainties have a combined
impact of 4.1%.

Results.—Zero events pass the selection in ArgoNeuT’s
full 1.25 x 10%° POT antineutrino mode dataset, consistent
with the background prediction of 0.1 0.1 events. Our
exclusion of parameter space at a 95% confidence level is
shown in Fig. 4 for both the ¢, = 1/36 and ¢, = 1/100
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FIG. 4. Constraints on the axion model parameter space at 95%
C.L. from the exposure of 1.25 x 10?° POT at ArgoNeuT (blue-
shaded region and black contours). The derived limits for ¢, =
1/36 and ¢, = 1/100 are shown by the solid and dashed
contours. The uncertainty on the expected constraint, predomi-
nantly arising from the theoretical uncertainties, is shown by the
dark blue band. The red and orange contours show the strongest
existing constraints evaluated for the two benchmark scenarios.
The gray-shaded band indicates a region with increased theo-
retical uncertainty around the # mass.

scenarios, evaluated using a Bayesian approach with a
uniform prior [56]. The impact of the uncertainties on the
expected constraint, dominated by the theoretical uncer-
tainty, is also shown for the ¢, = 1/36 case [57]. In the
presence of an axion, there are new decay modes for SM
mesons, such as B — K*a, where a can subsequently
decay into pu. Searches for such rare decay modes
place important constraints on our parameter space. We
find the following searches give significant constraints:
K* — nuvb by the NA62 Collaboration [58], K* — muu
by the NA48/2 Collaboration [59], B® — K*%uu by the
LHCb Collaboration [60], and B™ — K™nzz by the
BABAR Collaboration [61]. For all these cases, we recast
the presented bounds as appropriate 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 previously
unexplored parameter space for heavy QCD axions 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 constant
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
constraining power for couplings ranging between approx-
imately ¢, = O(107") and O(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 decay 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
experiment. This type of axion is particularly motivated by
the strong CP puzzle and the axion quality problem. We
search for such axions produced in the NuMI neutrino
beam and then decaying with a dimuon signature within, or
close to, the ArgoNeuT detector. In ArgoNeuT’s 1.25 x
10%° POT antineutrino mode dataset, zero events pass the
selection, consistent with the background prediction.
This measurement leads to a significant new exclusion
region for heavy axions in the mass range between 0.2 and
0.9 GeV for an axion decay constant around tens of TeV,
over a broad range of axion-lepton couplings around
¢, = O(107'-1073). 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 be used to constrain other
dark sector particle models with long-lived resonance
decays into dimuons.
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