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New Limits on Leptophilic Axionlike Particles and Majorons from ArgoNeuT
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Axionlike particles are among the most studied extensions of the standard model. In this Letter we study
the bounds that the ArgoNeuT experiment can put on the parameter space of two specific scenarios:
leptophilic axionlike particles and Majorons. We find that such bounds are currently the most constraining

ones in the (0.2-1.7) GeV mass range.
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Introduction.—Axionlike particles (ALPs) are among
the best motivated additions to the standard model (SM)
particle content (see Ref. [1] for a review). They emerge
every time an exact or approximate global U(1) symmetry
is spontaneously broken, forcing their coupling to fermions
to be derivative and to gauge bosons to involve a dual field
strength. Notable examples are the axion [2-4], familons
[5-8], and the Majoron [9,10]. They are also expected to
appear in string theory.

Besides purely theoretical motivations, ALPs can also
help to explain data. Very light ALPs, with mass m < 1 eV,
may be a good cold dark matter candidate [11-14],
may explain the Universe anomalous y-ray transparency
puzzle [15,16], and may alleviate the tension between the
values of the Hubble constant determined at low and
high redshift [17]. Heavier ALPs, in the MeV-GeV mass
range, may explain possible deviations in (g—2), and
(9—2), [18,19]. As there is a broad landscape of models, it
is crucial to probe a wide range of masses and couplings in
experiments.

A crucial feature of the ALPs couplings to matter is that
they are all suppressed by a factor f, the scale at which the
associated U(1) is spontaneously broken. The ALPs are
thus typically long-lived and their decays can be detected
far from their production point. High intensity fixed-target-
produced beam experiments where a detector is located
sufficiently far away from the target can thus be used to
search for them. The ArgoNeuT [20] experiment exactly
fits the profile. The purpose of this Letter is to show that the
data taken at the ArgoNeuT detector between 2009 and
2010 allow us to look for ALPs interacting with charged
leptons and place bounds in a region of parameter space
previously unconstrained by other experiments.
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Models.—In this Letter we are going to consider two
specific classes of ALPs: (i) leptophilic ALPs (£ALPs), that
couple only to charged leptons and photons and (ii) the
Majoron [9,10], associated with the U(1), lepton number
and responsible for the dynamical generation of right-
handed neutrino masses that, in turn, generate Majorana
active neutrino masses via the seesaw mechanism.

For £ALPs, we will focus on the interaction Lagrangian
d,a(x)

U
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where ¢ = (eput)” are the charged lepton flavor fields,
Cy .4 are matrices in flavor space [where both matrices can
have off-diagonal entries but only C, can have diagonal
entries due to the CP-odd nature of a(x)], F and F are the
usual electromagnetic field strength and its dual (with
F# =e*F, /2), while E, is an O(1) number that
depends on the UV completion. Additional couplings are
negligible: the tree-level one to neutrinos because of the
smallness of neutrinos masses, the one to quarks due to
loop-suppression (we can easily use Ref. [21] to show that
it is irrelevant for our purposes).

In the case of the Majoron (denoted by J), the most
relevant interaction for our purposes is the loop-level
coupling to charged leptons [22-24]. In the notation of

Eq. (1) we have
f_K CJ — f <K_tr(K)>’ (2)

=2 AT 2

where K = MM}, /(vf), with M, the Dirac neutrino mass
matrix and » the Higgs vacuum expectation value.
Additional interactions are present between the Majoron
J and neutrinos, photons, and quarks. The first two are
irrelevant for us because they are either suppressed by
m,/f < O(10719) (where m,, is the diagonal neutrino mass
matrix [9,25]) or generated at two-loops [22-24]. The
coupling to quarks is instead generated at one-loop, as in
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Eq. (2), and induces interactions with mesons and nucleons
[26,27]. We will see shortly that this coupling gives
subdominant effects with respect to the one to charged
leptons. Furthermore, we note that the matrix K must
satisfy |K;;| < tr(K)/2 (see Ref. [24] for more details).

The ArgoNeuT experiment.—The ArgoNeuT detector
employed the neutrino at the main injector (NuMI) beam
line at Fermilab, created by 120 GeV protons, about 87% of
which interacted in the graphite target and the remaining
13% interacted with a hadron absorber positioned 715 m
downstream. The detector [20] was a 0.24 ton liquid argon
time projection chamber (LArTPC) placed 100 m under-
ground in the NuMI low energy beam line (neutrino
energies in the 0.5-10 GeV range) at 1033 m from the
target and immediately in front of the MINOS Near
Detector (MINOS-ND) [20,28,29]. The MINOS-ND was
used as a spectrometer for muons exiting the ArgoNeuT
detector. The active volume of the TPC was 40 x 47 x
90 cm? (vertical, horizontal, and beam direction) and a total
of 1.25 x 10%° protons-on-target (POT) were collected with
both ArgoNeuT and MINOS-ND operational. ArgoNeuT
has contributed to the search for millicharged particles [30]
and provided the most stringent limit to date on tau-coupled
Dirac heavy neutral leptons with a mass between 280 and
970 MeV [31]. More recently, a search for heavy QCD
axions was presented [32]. Given the similarity between
our models and the QCD axion, we will base our analysis
on the last search.

For what concerns us, muons generated in the decays of
new physics particles were searched as a pair of minimally
ionizing particles (MIPs) in the ArgoNeuT detector. The
utp~ pair typically exits the detector and reach the
downstream MINOS-ND, where the muons separate due
to a magnetic field. Since the angular resolution of
ArgoNeuT is about 3°, searches were conducted for three
topologies: (i) muons produced inside ArgoNeuT, recon-
structed as two separate tracks in both ArgoNeuT and the
MINOS-ND; (ii) muons produced inside ArgoNeuT, recon-
structed as a single track by ArgoNeuT and as two separate
tracks by the MINOS-ND; (iii) muons produced in the
63 cm in front of the ArgoNeuT detector, reconstructed as a
single track by ArgoNeuT and as two separate tracks by the
MINOS-ND. The last topology takes into account that
during data taking the MINERVA detector [33] was under
construction, leaving only the quoted free space in front of
the ArgoNeuT detector.

A series of cuts (to be discussed later) were applied to
identify the different topologies. The selection efficiency
has been shown for events generated inside the detector or
up to 50 cm upstream (see Fig. 3 of [32]). Since no
efficiency has been provided for the first 13 cm between the
MINERVA and ArgoNeuT detectors, we will disregard this
region in our analysis. The efficiency for the first two
topologies is about 50% for ALPs with energy above
10 GeV. It diminishes for lower energies because the muons

produced in the decay may not reach the MINOS-ND. For
the events generated in the cavern upstream, the efficiency
is lower, around 30% (because the muons are less likely
to be reconstructed as a single track) and diminishes with
the distance between the muon production point and the
detector. As for the backgrounds, the dominant source is
charged-current muon neutrino interactions from the
beam [32], that can mimic the double track topology
(either producing two charged pions or a single muon
and low energy protons). The total expected background is
0.1 £ 0.1 events [32]. The experimental collaboration also
quotes the following systematic uncertainties: 3.3% and
0.4% for the muon reconstruction inside ArgoNeuT and
MINOS-ND, respectively; 1% in the POT calculation;
2.2% in the determination of the total volume of argon.
Zero muon events were measured after the cuts, compatible
with the expected background.

ALPs production and decays.—We now describe how
the ALP models described above can generate a signal
in the ArgoNeuT detector: (1) in the case of ZALPs
[Eq. (1)], production can proceed via (i) flavor changing
decays ¢, — £ga (a and B denote lepton flavors) and
(i) ALPtraum, i.e., ALP production via photon-photon
fusion at the NuMI production points [34]. The two
production mechanisms are independent: the first depends
only on Cy,, while the second depends only on the
coefficient E,,. Since we are mainly interested in the former,
we will not consider ALPtraum. Our bound will thus be
conservative: the true excluded region will necessarily be
larger than the one we will compute in this Letter. Since
we need m > 2m, to allow for the a — u"u~ decay, the
production channels we will examine are 7 — pa and
7 — ea, with 7’s produced mainly via D meson decays;
(2) in the case of the Majoron, production can proceed
directly via p-nucleus interaction or indirectly via decays of
short-lived particles produced at the interaction point. The
production modes are (i) flavor changing lepton decays
£y — CgJ, (ii) meson decays M — £vJ, (iii) four-body
lepton decays ¢, — ¢pvuJ, (iv) resonant p p scattering, and
(v) proton bremsstrahlung p + target — J 4 p + target.
The dominant production channels are 7 — uJ and
7 — eJ, with 7’s produced mainly via charmed meson
decays. All the other production mechanisms are subdomi-
nant: the decays M — £vJ and ¢, — ¢4vvJ both proceed
via Majoron bremsstrahlung off the neutrino leg and are
thus suppressed by |m,/f|?; resonant pp scattering is not
relevant because, as we will see, the interesting Majoron
mass range for our bound is m <2 GeV and the center-of-
mass energy for pp collisions generated by the NuMI beam
is around 15 GeV; finally, the number of Majoron produced
via proton bremsstrahlung can be estimated [35] by scaling
the number of z° produced by the NuMI beam (about
4.5 per POT [36]) by the square of the small ratio
between the Majoron-nucleon and pion-nucleon couplings.
Numerically, this contribution turns out to be suppressed
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Left panel: The solid curves show the common production mechanisms for both #ALPs and Majorons, while the dashed ones

the production mechanisms which are exclusive for Majorons. The vertical axis represents the total number of ALPs produced at the
NuMI target and hadron absorber for 1.25 x 10%° POT as a function of its mass m. For proton bremsstrahlung we use a dashed line for
m < m (the region in which the computation is valid) and a dotted line for the region m > m_o in which we are extrapolating the
computation. Right panel: Decay widths for #ALPs and Majorons. The dashed lines are those channels that apply to the Majoron case
only. The solid light and dark blue lines represent #ALP and Majoron decay widths, which are the same for our choice of parameters.

The orange line is for a — yy. Here we have fixed f = 1 GeV,

and is expected to close for m > m_ . We show in Fig. 1
(left panel) the number of ZALPs and Majorons produced
at the NuMI target and hadron absorber, considering 1.25 x
10%° POT and normalizing the result to f = 1 GeV. The
solid lines denote common production mechanisms
between the two models, while the dashed lines refer to
production mechanisms that are exclusive for Majorons.
We have assumed degeneracy among the diagonal as well
as among the off-diagonal couplings. For ZALPs this
means that we take Cii =C4, CJ =C3, Cy =C{ and
define R, = |C4|/|C4|, while for the Majoron we have
K; =K% K;;=K° and R; = |K“|/|K°|. We also consid-
ered that C} = —CY,. Using Eq. (2) we easily find a
correspondence between the #ALP and Majoron couplings:
|Cq| = (f/87*v)|K°| and |C4| = (f/162%v)|K?|. We see
that the choice C{ =1 and f =1 GeV is translated to
K° = 87°v/GeV.

Once the ALPs of interest are produced, a fraction will
travel in the direction of the detector and possibly produce a
signature detectable in ArgoNeuT. In the case of £ALPs,
the decay channels are @ — ¢,£5 and a — yy. In the case of
the Majoron, possible decay channels are (i) into leptons
J — £,¢; (ii) into nucleons J — NN; (iii) into neutrinos
J — vv; (iv) into three pions J — zzz [37]. We show on the
right panel of Fig. 1 the decay widths of both models using
the same convention for dashed and solid lines as in the left
panel, with the exception of a — yy.

Signal simulation—As we saw, the main production
channels at the NuMI beam are 7 decays, with z’s produced
by D mesons. We have simulated the D* and D
production in pp collisions using PYTHIAS [38], finding
2.1x1077 ¢+ and 3 x 1077 7= produced per POT, in

C;’ =Cy=1E =1,andR, =5 (K’ = 87°v/GeV and R, = 10).

agreement with [31]. The number of ALPs events inside
ArgoNeuT is given by

Nevts = ZNafiPéeC’ (3)

where i = {target, absorber}, f; = {0.87,0.13}, N, is the
number of ALPs produced and P, is the probability for an
ALP produced at the target or absorber to give a signal in
the ArgoNeuT detector. To take advantage of the MINOS-
ND, we will consider as our signal only the decay
alJ = utu.

The decay probability in Eq. (3) is computed as

Pl = fheom(e™4/* — e IMBR(a/J — ptu)e,  (4)

where f éeom is the fraction of events intersecting the
detector including all cuts, d; and [; are the distances at
which the ALP enters and exits the detector (computed with
respect to the position of the production point), 4 is the ALP
decay length A = cfyr (with y the boost factor, c¢f the
velocity and 7 the lifetime), BR(a/J — utu™) is the
branching ratio into muons and ¢ is the detection efficiency
of muon reconstruction.

For our Monte Carlo simulation, we created a
FeynRules [39] file and we fully implemented the
ArgoNeuT geometry in MadDump [40] (with fiducial
volume 1 <x <46 cm, —19<y <19 cm, and z> 3 cm
for the drift, vertical, and beam directions, respectively).
We use MadDump for the simulation of ALP production,
decays, and the calculation of Péec. From the simulation,
we find that, for ALPs masses in the 0.2-1.7 GeV range,
the muons produced in the decays have average angle
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with respect to the beam of (6,) ~0.5°-2.5°, average
opening angle (f,,)~1°-5° and average energy
(E,) ~16-21 GeV, in perfect agreement with what has
been found by the experimental collaboration [32].

For the analysis, we follow as much as possible
Refs. [31,32]. For the range of ALP masses considered,
we find a geometric acceptance of approximately (8 —12) x
107#% and (6 — 18) x 1073% for events produced at the
interaction point and hadron absorber, respectively. The
double track topology is defined requiring the opening
angle between muons to satisfy 3° < 6,, < 15° while for
the single track we require ¢, < 3° and 6, < 10°. We find
that 4%—89% (96%—11%) of the events fall in the double
(single)-track category for an ALP mass in the (2m,, — m,)
interval. Almost no events are lost imposing the additional
cuts 6,, < 15° and 6, < 10° (see Appendix A). In both
cases, the muon tracks are required to be longer than 5 cm.
Since the position of the ALP decay is unknown in our
simulation, we implement this requirement intersecting the
trajectory of each simulated muon with the detector,
keeping only those events for which the distance between
the exit and entry points is larger than 5 cm. This also
guarantees that the muon pair can reach the MINOS-ND,
given its larger dimensions. We find that all the simulated
events produce tracks longer than 5 cm. To implement the
detection efficiency given by the collaboration, we first
require the ALP energy to be £ > 10 GeV (since below
this value the efficiency dramatically drops). We find that
about 30% of the simulated events pass this cut. We then
proceed in different way according to the type of events: for
double and single track events which start inside ArgoNeuT
we conservatively take ¢ = 0.4 in Eq. (4); for single track
events which start in the region 50 cm upstream from
ArgoNeuT we conservatively take e = 0.2. We assume that
this efficiency encodes all detector effects that have not
been applied in our simulation. Since we apply the same
cuts as in [32], we expect the same background of 0.1 + 0.1
events. We present in the Appendix B our estimate of the
systematic uncertainties.

Results.—Our main results are presented in Fig. 2, where
we show the 95% C.L. exclusion due to ArgoNeuT on the
(m, f) plane for two choices of parameter: R, = 5 and 1/3
(corresponding to R; = 10 and 2/3, respectively [41]).
We have fixed the other parameters to |[Cy| = C§ = 1 and
Ey = 1. For this choice of parameters, we can translate
between the Z/ALP and Majoron case using the relation
K° = (87?v)/f, so that the bound can be interpreted
either in terms of f or K°. The two possibilities are shown
in the left and right vertical axis, respectively. The limit is
computed following the approach outlined in Appendix C.
The bound becomes ineffective below m ~200 MeV
(because the a/J — utu~ channel closes) and above
m ~ m, (because the production channel closes). We also
lose sensitivity for large values of f (small values of K?)

10
105 4

Belle IT 107

K°

>
év T—ea
oy —ua

102

ARGUS (ra

p—ey N B 10t

m [GeV]

FIG. 2. Region excluded by the ArgoNeut data for the ZALP
(Majoron) model with R, =5 (R; = 10) in red and with R, =
1/3 (R; = 2/3) in purple at 95% C.L. We also show in gray the
regions excluded by the ARGUS experiment [43], the bounds
computed in [44], the bound coming from u — ey [45] as well as
the expected sensitive reach of Belle II (dash-dotted line above)
[46] and of MEG 1I (dash-dotted line below) [47]. Here we have
fixed the other parameters as in Fig. 1.

because in this region the number of ALPs produced
diminished drastically, and for small values of f (large
values of K°) because the lifetime decreases and the a/J
typically decays before reaching the detector. Overall,
despite its small dimensions, ArgoNeuT is able to put
relevant bounds on the parameter space because a/J can be
abundantly produced (thanks to the large number of D and
D, mesons present in the beam) and the decay width is
sufficiently suppressed to allow it to travel the long distance
to the detector.

It is interesting to compare the ArgoNeuT bounds with
other limits that constrain the same region in parameter
space. Those relevant for us are the bounds on 7 — ¢ + a
and 7 — u + a coming from the ARGUS Collaboration
[43], the more recent bounds computed in [44] (gray
regions) and the bound coming from u — ey [45].
Future experiments will also be able to partially probe
the same parameter space. In particular, the limits on the
off-diagonal ALP-e-t and ALP-u-t couplings can be
improved by Belle-II [46]. A preliminary forecast obtained
considering a luminosity of 1 ab~! is shown with a dashed-
dotted gray line. In addition, also the MEG II experi-
ment [47] will be able to improve the limits on u — ey.

Conclusions.—We have studied how data collected at the
ArgoNeuT detector can exclude the parameter space
available for ZALPs and Majorons. Our main result is
shown in Fig. 2 for the choice of parameters specified in the
caption. The limits obtained in the 2m, < m < m, mass
range are the most stringent up to date and will only be
partially probed by Belle II at 1 ab™!.

Our study can be extended to predict the reach for ALPs
of the future experiments in connection to the Short
Baseline Neutrino Program at Fermilab [48]. These will
consists of three LAr-TPC (MicroBooNE, SBND, and
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ICARUS), placed at 100-600 m from the interaction point.
These distances are similar to the one between the hadron
absorber and ArgoNeuT, so we expect they will be able, in
the future, to put limits competitive with those computed in
this Letter. We will study this point in a future publication.
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Appendix A: Signal efficiencies and kinematics.—Here
we give additional information on the impact of the
various cuts on the expected signal. In Table I we show
for a few benchmark masses, independently of the model,
the percentage of events that survive the geometrical
acceptance of the detector, the ALP minimum energy
requirement, the maximum opening angle for the muon
pair and the muons maximum deviation from the beam
direction. These cuts have been applied to all events. The
geometry acceptance is brutal, keeping only about 1073
(10™*) of the signal events produced in the target
(absorber). We also see that the cuts on the angles are
very weak and eliminate very few events, while around
70%—-80% of the events are discarded by imposing
E > 10 GeV. Regarding the track length, we observed
that none of the muons produce tracks smaller than 5 cm
in length, so we did not reject any event with this cut.
Note that an additional overall detector reconstruction

TABLE I. Percentage of signal events that survive the geomet-
rical acceptance fyom for events produced in the target or
absorber and the overall kinematic cuts imposed on the ALP
energy E and muon angles ¢,, and 0, for the three different
benchmark masses m; = 0.3, m, = 0.8, and m3; = 1.6 GeV.

m; m; ms
oom 82x107%%  82x107*%  12x107*%
o 62%x1073% 8.6x103%  18x1073%

E > 10 GeV 23% 22% 34%
0, < 15° 99.91% 99.9% 94%
6, <10° > 99.99% 100% 100%

efficiency € of 40% (20%) is further applied to double
and single track events that start inside ArgoNeuT (single
track events that start upstream from the detector). We
believe this conservatively takes into account all the
detector effects non-included in our simulation.

We also present in this Appendix some interesting
distributions derived from our Monte Carlo simulation.
In Fig. 3 we show the distributions of the muon energy
(upper panel), the opening angle between the muon pair 6,,,
(middle panel) and the angle between muons and beam 6,

B n=1.7GeV
204 m=0.8GeV
B m=0.3GeV
2}
=
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5]
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FIG. 3. Distributions obtained by our simulation: muon energy

(upper panel), muon opening angle (middle panel), and muon
angle with respect to the beam (lower panel). The dependence on
the ALP mass is highlighted showing three different benchmarks.
In the middle panel we also summarize, for the three different
masses, the percentage of events that fall into the single and
double track signatures. See text for the cuts applied on these
simulated events.
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FIG. 4. ALP energy distribution for three benchmark masses.

(lower panel). Different colors refer to different benchmark
masses. All events shown have passed the detector
geometric acceptance as well as the cuts: £ > 10 GeV,
O < 15° and 0, < 10°. The detector reconstruction effi-
ciencies have not been considered in these distributions yet.
In the middle panel we also show the fraction of events that
fall in the single and double track category for the three
benchmark masses. In Fig. 4 we show the energy distri-
bution of the ALPs, again for three benchmark values of the
mass, obtaining an average of 38 GeV.

Finally, to illustrate, Tables II and III show the final
number of signal events in each of the three decay
topologies we considered in the simulation, for fixed
benchmark choices of R; (R,), the ALP mass m and the
off-diagonal coupling K (f value). For lower ALP masses,
the majority of the events come from the muons starting
inside the ArgoNeuT detector with a single-track signature
(N1g), followed by the muons that start upstream (Nyg).
Conversely, when the ALP masses are higher the decays
inside the detector with the double track signature (Npp)
dominate.

TABLE 1II. Number of expected signal events for the three
different topologies: Nip (muons start inside ArgoNeuT/double
track), Nig (muons start inside ArgoNeuT/single track), and Nyg
(muons start upstream from ArgoNeuT/single track) for fixed
R; =2/3 (R, = 1/3) and considering three benchmark masses
m; = 0.3 GeV, m, =0.8 GeV, m3 = 1.6 GeV and two off-
diagonal couplings K (f values). We also show the total number
N of signal events. For all cases no events were experimentally
observed.

R;=2/3 (R, =1/3)
Np  Nis Nuys N
K° =102 m 0 723 347 107

my 1.0 379 182 57.1
ms 1.6 0.5 0.3 24

K° =6 x 1073 m, 0 998 477
(flGeV] =32 x 108 m, 114 459 219 792
my 56 09 04 69

TABLEIII. Same as Table II, but for R; = 10 (R, = 5). Again,
we remark that no events were experimentally observed by the
collaboration.

R, =10 (R, = 5)
Nis  Np  Nys Nt

K°=3x1073 my 2449 157 117.1 3777
(fl[GeV] =6.5x 10%) my 173 0.6 8.3 48
m; 0 0 0 0

K’ =107? m; 138 6.7 6.6 27.1

(flGeV] =1.9x 107) my 206 177 98  48.1
my 02 09 009 12

Appendix B: Systematic uncertainties.—The systematic
uncertainties in our analysis were estimated by changing
the cuts described in the text within 1o of the respective
assumed resolution. We have considered an energy
resolution of 6% [29] and an angular resolution of 3%.
The main systematic uncertainty comes from the
Monte Carlo simulation, which we estimate to be around
21%, in agreement with what was found in [49-51]
and by the ArgoNeuT collaboration. We also included
the uncertainties related with the effect of neutrino-
induced through-going muons events in the selection
efficiency [20,52] as well as the systematics associated
with the size of the ArgoNeuT detector volume [53] and
the number of collected POT [54]. The impact of the
systematic uncertainties on the total number of events is
summarized in Table I'V.

Appendix C: Statistical treatment.—To determine the
region excluded by ArgoNeuT, we use the following test
statistics [55,56]:

. N s
A= mlnég.ég {2(Npred - Nobs) + 2Ivobs IOg obs

Npred
<§S>2 (53)2}’
O'S UB

TABLE IV.
sensitivity.

(C1)

Impact of the systematic uncertainties on the

Systematic uncertainty Impact (%)

Monte Carlo simulation of the flux 21
Selection efficiency 33
ArgoNeuT volume 2.2
POT computation 1.0
Energy cut 2
Single/Double Track criteria 1.1
Opening angle cut 0.4
Maximum angle cut < 0.001
Length of the track < 0.001
Total 21.5
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where N, = 0 is the number of observed events by the
experiment and

Npred:(1+§S)NS+(1+§B)NB7 (C2)
with Ng the simulated number of events as a function of
the model parameters and Ng = 0.1 is the expected
background computed by the collaboration. Here, &g p
are nuisance parameters associated with the simulated
signal and background, and ogjp the corresponding
relative uncertainties, i.e., og = 0.215 and oz = 1. The
quantity A in Eq. (C1) represents the log-likelihood ratio
between the ALP and the SM model hypothesis,
assuming that both are Poisson distributed. Under the
assumption that A is distributed as a two-dimensional
%, we can obtain the region excluded at 95% C.L. by
demanding that A > 3.84 [45].
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