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Monophotons at neutrino experiments from neutrino polarizability
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Nontrivial electromagnetic properties of neutrinos are an avenue to physics beyond the Standard Model
(SM). To this end, we investigate the power of monophoton signals at neutrino experiments to probe a
higher-dimensional operator connecting neutrinos to SM photons dubbed, neutrino polarizability.
A simplified scenario giving rise to this operator involves a new pseudoscalar that couples to both
neutrinos and photons, with clear implications for axionlike particle (ALP) and Majoron physics. By
analyzing the photon energy spectrum and angular distributions, we find that NOMAD and MiniBooNE
currently set the most stringent limits, while short baseline near detector and the DUNE near detector will

soon provide significantly improved constraints.
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I. INTRODUCTION

The wealth of data in the upcoming experimental neutrino
program allows us to test the neutrino sector with great
precision. The oscillation program with future accele-
rator long-baseline experiments DUNE [1] and Hyper-
Kamiokande [2,3], in combination with the medium-baseline
reactor neutrino experiment JUNO [4] and atmospheric
neutrino experiments IceCube-Gen2 [5] and KM3NeT [6],
aims to measure the remaining unknown parameters in
the neutrino sector—such as the CP-violating phase J, the
neutrino mass ordering, and the octant of 6,3—while
improving the precision on all known oscillation para-
meters [7]. Although the primary goal of these experiments
is to test the standard three-flavor oscillation framework,
they also offer the potential to uncover yet unknown
physics in the neutrino sector such as new neutrino inter-
actions, additional neutrino generations, or their nontrivial
electromagnetic properties. These efforts are further aided
by the short-baseline neutrino (SBN) program at Fermilab
[8] and the DUNE near detector [9], both of which are
promising for discovering new physics due to their large
neutrino fluxes. In particular, future neutrino detectors
based on the liquid argon time projection chamber
(LArTPC) technology are especially appealing in probing
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new physics due to their excellent energy and timing
resolution.

The electromagnetic properties of neutrinos have been
a subject of interest since the earliest days of neutrino
physics. In fact, Wolfgang Pauli’s original letter [10] in
which he proposed the neutrino to explain continuous beta
decay spectra also suggested the possibility of detecting
neutrinos directly via their magnetic dipole moment. Given
the fact that neutrinos have masses, it is now established
that the neutrino sector participates in some new physics
beyond the Standard Model (BSM). As such, it behooves
us to verify other neutrino properties, such as their electro-
magnetic interactions, to match the SM expectation.

In the SM, neutrinos are among the most challenging
particles to detect because they do not couple directly to the
photon or the strong nuclear force. However, there are a
number of well-motivated BSM scenarios in which neu-
trinos may have new, sizable interactions with the electro-
magnetic force (for a recent review see Refs. [11,12]). The
most studied possibilities for new neutrino electromagnetic
properties include millicharges [13—17], magnetic dipole
moments [18-25], and charge radii [26-28].

In this work, we investigate a less studied possible
coupling of neutrinos to photons, namely the neutrino
polarizability [29]." The lowest-dimensional operator that
couples neutrinos to two photons is through a Rayleigh
operator which arises at dimension-8 for Dirac neutrinos
with (g;HL;)B,,B* and dimension-9 for Majorana neu-
trinos (L{H'H'L;)B,,B*. Analogous operators with

W,, also exist. After electroweak symmetry breaking,

'See Ref. [30] for a discussion on generating this operator in
SMEFT and UV complete models.
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the effective dimension-7 operator can be written as
(following the conventions of [29,31] and focusing on
lepton-number conserving interactions)

a CZJ - VT
Lgpr = @F(%’PLU;)F” F/w’ (1)

where F w = %eﬂme”" is the dual electromagnetic field
strength tensor, C,7j is a Wilson coefficient, A is the scale of
new physics, and « is the fine-structure constant. A similar
dimension-7 operator also exists with F**F,, . The essential
difference between the operators with and without the dual
field strength tensor is that F WF”” is CP-violating, while
the operator with F,, F*” is CP-conserving. The latter can
in principle interfere with the Standard Model contribution;
however, the CP-odd part of the SM contribution is
extremely suppressed (arising only at higher loops and
further reduced by GIM cancellations), and is therefore
negligible. Neglecting the SM contribution, the total cross
sections from the two operator classes coincide up to the
replacement of Wilson coefficients. The operator of Eq. (1)
can be generated by introducing a light pseudo-scalar
mediator that couples to both neutrinos and photons at
tree-level [29]. Such a mediator can be naturally identified
as a pseudo-Goldstone boson (pGB) of a spontaneously
broken global U(1) symmetry, such as a Majoron [32-34]
or an axionlike particle (ALP) [35-50]. In this manuscript,
we remain agnostic about the underlying ultraviolet (UV)
completion and focus on deriving new constraints on this
operator from neutral current neutrino scattering processes
with a single photon in the final state (NCly) via the
process vN' — vN +y, where N represents the nucleus/
nucleon. Related processes have also previously been
investigated in Refs. [29,51]. Note that in the SM this
NCly final state can arise from the deexcitation of a nuclear
resonance in NC scattering [52] and it leads to an
irreducible background in electron-(anti)neutrino appear-
ance measurements at T2K [53].

Here we study the NCly process across a variety of
current and future neutrino experiments by analyzing the
photon energy spectrum and angular distribution. In fact,
several experiments have already searched for this final
state. Notably, MicroBooNE [54] recently reported a search
for NCly events and observed a mild excess with the local
significance of approximately 2¢ [55]. In addition, previous
neutrino experiments such as the Neutrino Oscillation
MAgnetic Detector (NOMAD) [56] and the T2K near
detector [57] have also provided results on this final state.
Finally, this NCly process have been proposed as a
potential explanation for the MiniBooNE low-energy
excess [51,58].

This manuscript is organized as follows: We describe the
model assumptions and setup in Sec. II and present our
analysis and experimental details in III. We compare and

contrast our results with relevant constraints from
Appendix E in Sec. IV before we conclude in Sec. V.

II. MODEL

A possible realization of the effective operator in Eq. (1)
involves the introduction of a light pseudoscalar field ¢ that
couples to both neutrinos and photons through the inter-
actions

a - 1
£ g P Fu 0P+ e ()

where ¢, and ¢, are dimensionless couplings, and f is a
dimensionful parameter associated with the UV scale (e.g.,
the decay constant of a pseudo-Goldstone boson). For
simplicity we focus on lepton-number conserving inter-
actions of ¢, however our analysis is also applicable to the
lepton number violating process. The tree-level exchange
of ¢ mediates the neutrino-photon scattering, which leads
to the NCly final state, is shown in Fig. 1. If the scalar ¢ is
much heavier than energy and momentum exchange (g) in
this process, it can be integrated out. This then leads to the
effective operator of Eq. (1), with the matching condition

7 /
L )

For convenience, we define g,, = ac,/(2zf,). The cross
section of the process A" — vN + y thus depends on the
product of couplings ¢,g,, and the mass of the mediator,
my. In Sec. IV we will therefore derive constraints on the
(mgy, c,g,,) parameter space.

At tree-level, the coupling of a pGB to fermions is
generally proportional to the fermion masses [59,60],
which renders the neutrino-¢p coupling negligible.
However, this suppression can be overcome by considering
one-loop radiative corrections [61]. In this case new
contributions to the fermion-¢ coupling can come from
gauge interactions and from heavy fermions in the loop
(especially the top quark), giving terms ~m?/M?3,, which

N

FIG. 1. Tree-level Feynman diagram of neutrino scattering
with a monophoton signal via a neutrino polarizability operator
realized through the exchange of the pseudo-scalar ¢.
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are independent of the mass of the fermion. Majoron-
neutrino couplings have been studied up to two-loops order
in Ref. [62] and ALP-neutrino couplings at one-loop in
Ref. [63]. In what follows, we remain agnostic about the
specific UV complete model and focus instead on the
phenomenology of the effective interaction. Additionally,
we assume that the field ¢ couples to one neutrino flavor
at-a-time. The neutrino flux at the experiments we consider
is dominated by muon neutrinos and to a lesser extend,
electron neutrinos. In the following we will derive the
constraints on ¢} 9gy and c;g,,. We further assume that the
resulting cross section is the same for neutrino or anti-
neutrino final states. Finally, we do not rely on whether the
underlying interactions are lepton number conserving or
violating, making the analysis applicable to both scenarios.

Before presenting the novel bounds derived from neu-
trino experiments, we briefly discuss the most relevant
existing constraints on the combination of couplings ¢,g,,
and the mass of the mediator m,. Cosmological observa-
tions, particularly BBN and CMB measurements, place a
lower bound on the mass of ¢, mj 2 5 MeV, with a precise
limit depending on the combined datasets [64]. The most
stringent limit on this model from terrestrial experiments—
aside from those derived in this work—comes from the
XENONNT experiment [65], where the light mediator leads
to an enhanced rate of solar neutrino-electron scatter-
ing [29]. In the heavy mediator regime, mj > ¢, the
constraint reads ¢}(g,, x GeV) < 2.32 x 107%(m,,/MeV)?
and c¢(g,, x GeV) <6.97 x 1077 (m,;,/MeV)?. In the light
mediator limit, mé > ¢?, the bound becomes c}(g,, ¥
GeV) <8.9 x 107* and ¢(g,, x GeV) < 2.6 x 1078 [29].
The Borexino experiment [66] is sensitive to the same solar
neutrino-electron scattering but yields slightly weaker
bounds. Additional constraints from stellar cooling, meson
decays, and collider searches are also relevant; however,
they typically constrain only individual couplings (e.g., g,,
or ¢, ) rather than their product. A more detail discussion of
these complementary bounds is provided in Appendix E.

III. BOUNDS FROM NEUTRINO EXPERIMENTS

We now turn to the discussion of different experimental
probes of the monophoton signal predicted by the proposed
model. We use the current existing experimental data from
MiniBooNE [67,68], MicroBooNE [55], T2K [57], and

NOMAD [56] to constrain the model parameter space and
additionally consider projected sensitivities of experiments
where dedicated searches are not available yet like at the
DUNE near detector [1], short baseline near detector
(SBND) [69], and ICARUS [70].

We first outline the methodology used in our analysis.
The incoming neutrino energies vary significantly across
different experiments—ranging from the MeV scale to the
multi-GeV—necessitating a treatment of the scattering
process in different kinematic regimes: coherent, incoher-
ent, and deep inelastic scattering (DIS). We classify these
regimes based on the momentum transfer in the 2 — 3
process, ¢* = —(pS* — pi)?. Specifically, we define the
coherent regime as g> < 0.1 GeV?, the incoherent regime
as 0.1 GeV? < ¢*> < 1.8 GeV?, and the DIS regime as
g*> > 1.8 GeV?. For the coherent and incoherent regimes,
we use the appropriate nuclear form factors to account
for the structure of the target nucleus or nucleon. See
the Appendix A for details on the implementation of the
scattering cross section in the different regimes. The
predicted photon spectrum of the scattering process v —
vN +y is computed as in [29]

d*c
dE,dE, ’

dN

dE,

= N,POT / dE,€(E,)pioi(E,) (4)

where N, is the total number of target protons in the
detector, POT is the number of protons on target, ¢ (E,)
is incoming muon or electron neutrino flux, and e(E, ) is the
photon detection efficiency. The differential cross section
d?c/(dE,dE,) is obtained from MadGraph [71]. We imple-
ment our model file in the FeynRules package [72] and
compute the cross sections at the parton level for all regimes
using the MadGraphs event generator [73]. Our results are
generally in agreement with those of Ref. [29]. However, at
lower mediator masses we find constraints which are up to
an order of magnitude stronger compared to [29].

For experiments with existing data—MiniBooNE,
MicroBooNE, NOMAD, T2K near detector—we perform
a chi-squared (y?) analysis using the number of observed
and expected background events, taking into account both
statistical and systematic uncertainties for each experiment.
For convenience, these numbers are listed in Table 1. For
MiniBooNE, we treat the neutrino and the antineutrino runs
independently, compute the individual y* contribution, and

TABLE I. Number of observed and background events including their uncertainty for the experiments we study.
Experiment Observed events Background events and uncertainty
MiniBoone (v) [67] 2870 2309.4 + 48.1(stat) = 109.5(syst)
MiniBooNE (7) [68] 478 398.7 4 20(stat) + 28.6(syst)
MicroBooNE (v) [55] 678 564 + 24(stat) + 51(syst)
NOMAD [56] 155 129.2 + 8.5(stat) =+ 3.3(syst)
T2K [57] 39 42 + 5.88(stat)(+11.34 — 6.3) (syst)
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then obtain the constraint on the parameter space by
minimizing the sum of the respective chi-squared y2 + 2.
All of these experiments provide both the photon energy
and angular spectrum. Since the correlation between the
two observables is not publicly available, we derive the
independent constraints from each observable. We find that
the photon energy spectrum provides a slightly stronger
bound, and adopt it for our main results.

To derive forecasted constraints from upcoming experi-
ments like DUNE, SBND, and ICARUS, we assume that
no excess events are observed and impose the condition
that the total number of predicted signal events remain
below 2.7 at 90% C.L. assuming Poisson statistics. We used
published data for the neutrino fluxes, number of protons-
on-target, and photon detection efficiencies for all existing
and upcoming experiments; see Appendices B and C for
more details on the experimental simulation and the
analysis.

IV. RESULTS AND EXPERIMENTAL
SENSITIVITIES

In this section, we present the main results of our
analysis. The dominant flavor component of neutrino flux
in all of the experiments under consideration is muon
neutrinos with a smaller contribution from electron neu-
trinos. Furthermore, in our scenario, the cross section is
identical for neutrinos and antineutrinos; thus we do not
distinguish between incoming neutrinos or antineutrinos in
our analysis.

We note that the energy spectra of muon and electron
neutrinos are relatively similar at the experiments we
study, our qualitative conclusions apply to both scenarios.
However, the electron neutrino flux is around two orders of
magnitude lower than the muon neutrino flux at these
experiments, therefore the constraints on the coupling of
the new mediator to electron neutrinos is one order of
magnitude weaker than the constraints on the coupling to
muon neutrinos. In the following we describe the con-
straints on the coupling of the mediator to muon neutrinos
in more detail.

In Fig. 2 we show the 90% C.L. exclusions and projected
sensitivities in the (my, clg,,) and (m,. cfg,,) parameter
space. Constraints from existing data—MiniBooNE,
MicroBooNE, T2K, and NOMAD—are shown as solid
lines and shaded regions. Projected sensitivities from
experiments like ICARUS, SBND, and DUNE with 1 year
and 10 years of running are depicted with dashed lines.
Additionally, we show the existing limits from XENONnT
and cosmology, as discussed in the previous section.

At low mediator masses, MiniBooNE—shown as the
cyan shaded region in Fig. 2—provides the strongest
existing constraint, excluding couplings down to c’,fgd,}, <
56x107° Gev™' for my~1GeV and reaching

chgpy S1.4x1077 GeV™! at MeV scale mass. In the
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FIG. 2. Exclusion region and future sensitivity from different
neutrino experiments in the plane of the mass of the mediator
and the product of its couplings to muon neutrinos and photons,
m¢—(c’ﬁ 9g4y) (upper plot) and my—(c;g,,) (lower plot). Future
experimental projections are shown as dashed lines. We also
show the constraints from ve — ve scattering from XENONNT in
green and the bound from cosmology on neutrinophilic scalars in
gray [29,64].

heavy-mediator limit where m, can be integrated out,
the MiniBooNE bound simplifies to c}(g,, x GeV) <
3.55 x 107°(my /GeV?).  Additional ~constraints from
MicroBooNE and T2K, shown by the orange and blue
lines respectively, provide complementary coverage in the
sub-GeV to few-GeV mass range. At higher masses
(my 2 4 GeV), the NOMAD experiment (pink) sets the
leading bound.

We now contrast these existing limits with projected
sensitivity from upcoming experiments. The sensitivity of
the SBND experiment, using the BNB flux and assuming a
total exposure of 6.6 x 10%° POT [74], is represented by the
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dashed black line in Fig. 2. It will probe couplings down
to ~1078 GeV~! in the low-mass region. The ICARUS
experiment will receive neutrinos from both the NuMi and
BNB beams. However, the projected sensitivity for the
NuMI beam is weaker; therefore, we do not display it in
Fig. 2. For the BNB beam, we assume an exposure of
3.8 x 10%° POT, corresponding to the existing amount of
data they have collected already [75]. The resulting fore-
casted constraint is shown in the black dashed line in Fig. 2
and is slightly less stringent than the expected SBND result.

The forecasted results from the DUNE liquid-argon near
detector (LArND) are shown in purple. We present results
for both 1 year and 10 years of running, assuming an annual
exposure of 1.1 x 10> POT [1]. DUNE is expected to
achieve significant improvements: with one year of data,
it could probe couplings down to cg,, ~ 107~ GeV~,
improving the existing bounds by at least two orders of
magnitude for all mediator masses. With ten years of
exposure, the sensitivity improves further by approximately
a factor of 3, making DUNE the most sensitive probe for
monophoton signal arising via neutrino polarizability.
A similar study of NCly signature could be performed
at the DUNE far detector. However, the neutrino flux at
the far detector is significantly reduced, potentially result-
ing in weaker constraints. On the upside, at the far
detector electron and tau neutrinos that are produced by
oscillations. This allows to probe couplings of ¢ to other
neutrino flavors, offering complementary sensitivity to the
model. We leave the investigation of such possibility for
future work.

In summary, MiniBooNE and NOMAD currently set the
most stringent constraints across most of the parameter
space, while SBND and DUNE will significantly extend
the sensitivity to couplings up to three orders of magnitude
over broad range of scalar masses, see Tables II and III in
Appendix F for a compilation of the results.

So far, we have discussed the constraints on the
proposed framework from MiniBooNE and MicroBoone.
Interestingly, these two experiments have also reported an
excess of events in this channel. The low-energy electron
like excess observed at MiniBooNE could originate from
either electrons or photons in the final state. This excess has
been extensively studied, but no conclusive explanation has
yet been provided (see Ref. [58] for a recent review).
Meanwhile, MicroBooNE has also reported an excess of
events in the NC1y channel with a local significance of 2.
Since our model leads to monophoton signature that could
potentially account for these anomalies, further investiga-
tion is warranted.

In Fig. 3 we show the energy spectrum for the neutrino
mode at MiniBooNE for a best fit benchmark parameter
point of my = 5 MeV, ¢l g,, = 2.79 x 1077 GeV~" which
avoids constraints from cosmology and MicroBooNE.
While our model provides a slightly better fit at higher
photon energies than the background only hypothesis,

Photon Spectrum in MiniBooNE v-mode

T T T T T
I ¥ MiniBooNE data
Background
400 - Model + Background -
2 [)
a:) my =25 MeV
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—_
2 200
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S
2
100
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Photon Spectrum in MicroBooNE v-mode
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FIG. 3. Photon energy spectrum from the MiniBooNE [67]
(top) and MicroBooNE [54] (bottom) neutrino mode data
compared to our best fit model prediction added to the back-
ground. The best-fit model parameters respect other existing
constraints.

it fails to reproduce the excess at low energies and can
therefore only slightly alleviate the tension. We show the
predicted angular distribution cos 6, and antineutrino run in
the Appendix D. The model provides a better fit to the data
in these modes compared to neutrino mode shown in Fig. 3
(upper plot). Our results agree with the conclusion in
Ref. [58], namely that this model cannot fully explain
the MiniBooNE excess.

Turning now to the MicroBooNE data, we show the
photon energy spectrum in Fig. 3 (lower plot) for the
benchmark point of m, =5 MeV, cg, =3.61x
10~7 GeV~! which is allowed by constraints from cosmol-
ogy and MiniBooNE at 3¢. Note that the best-fit point from
MicroBooNE lies in a region excluded by the MiniBooNE
bound. For this choice of parameter, our model fits the data
slightly better than the background-only hypothesis.

In conclusion, we conclude that the model cannot fully
explain the anomalous MiniBooNE and MicroBooNE data.
This statement is equally true for the new mediator
coupling to either muon or electron neutrinos.
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V. CONCLUSIONS

Neutrinos provide a promising window into physics
beyond the Standard Model. As such testing their proper-
ties and comparing them to the Standard Model predictions
can possibly unveil new physics. In this work, we focused
on a less investigated electromagnetic property of neutri-
nos: neutrino polarizability, which couples two neutrinos
to two photons. We have studied the current and near-
term experimental sensitivity to neutrino polarizability via
monophoton events at a variety of neutrino experiments.
This effective dimension-7 interaction can be realized
through the exchange of a pseudoscalar mediator that
couples to both neutrinos and photons. We have found
no evidence of neutrino polarizability in available datasets.
Among existing experiments, NOMAD currently sets the
strongest bounds on the product of the pseudo-scalar
couplings for mediator mass above a few GeV, while
MiniBooNE sets the strongest constraints at lower masses.
In the near-term SBND, ICARUS, and DUNE will offer a
significant improvement in sensitivity by up to three orders
of magnitude on the couplings over a wide range of
mediator masses. These constraints from a monophoton
signal are stronger than constraints from anomalous con-
tributions to neutrino-electron scattering at dark matter
experiments, and they are complementary to constraints
from cosmology and astrophysical observables.
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APPENDIX A: DETAILS ON FORM FACTORS

In the coherent regime, neutrinos scatter coherently off
the entire nucleus since the momentum transfer is smaller
than the momentum scale associated with the de Broglie
radius of the nucleus. We use the Helm form factor which is
given by [76]

_3i(VePR)

FHelm(q2> -

where j, is the spherical Bessel function of the first kind,
and the parameter R is defined as [77]

7
R= \/ (1.23417 - 0.6) +27°0.522 = 552, (A2)

where we set s =0.9 fm. The cross section is then
modified by a factor of F3,, (g*) x Z*, where Z is the
atomic number of the target nucleus.

In the incoherent regime, where the neutrino scatters off
the nucleon, we use a dipole form factor Fg;p,1. to model the
interaction

1

- A
1—q*/m}’ A3

Fdipole(qz)
with m; = 1.23 £0.07 GeV [78]. In the DIS regime
(¢> > 1.8 GeV?), we compute the cross sections using

the parton distribution functions (PDFs) of the proton from
the NNPDF23 PDF set.

APPENDIX B: DETAILS ON THE y?
CALCULATION

For our analysis, we vary the incoming neutrino energy
E, from 0.05 to 100 GeV, depending on the experimental
setup, and the scalar mass my is scanned over the range
10~ — 10° GeV. For coherent scattering, we use carbon as
the target nucleus for MiniBooNE, NOMAD, and T2K
ND280 and liquid argon (LAr) for MicroBooNE, SBND,
ICARUS, and DUNE.

To derive the bounds on the model parameters—
specifically the product of the couplings (c,g,,) and the
mass of the scalar field m,—we perform a chi-squared
analysis over the photon energy bins

7A=Y

i

(N5 — (N} + N}Y))?

2 2
o-i,slat + Ji,syst

. (B1)

, A/bk
where N9, N;¢, and NP are the number of measured

events, SM background events, and NP events. o7, =

NS is the experimental statistical uncertainty and Cjsyst =

Gsys!
obs
N tot

For the future sensitivity projections, we adopt a
Poissonian likelihood test statistic given by

N; which we assume to be flat in energy.

7= ZZTi —D; + D;log(D;/T)), (B2)

We assume no excess events above the SM are detected,
such that D; = 0 is the assumed data in each bin (unless
otherwise stated) and 7; is the predicted number of
events from the BSM model. We impose the condition
that the total number of predicted events remain below 2.7
at 90% C.L.
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APPENDIX C: EXPERIMENTAL DETAILS

In the following subsections, we review the relevant
experimental setups in more detail and present comparisons
between our theoretical predictions and the available data
where applicable.

1. MiniBooNE

MiniBooNE was a short baseline experiment that uses a
pure mineral-oil (CH,) detector, which acts as both a target
and a scintillator. It cannot distinguish an electron neutrino
signature from a photon detection. The typical momentum
transfer g> ~ —2 GeV?, and the neutrino beam is primarily
composed of v, + o, that peaks around ~500 MeV. The
total flux ¢ (E,) in [v/POT/GeV /cm?] for both neutrino
and antineutrino mode is given in Ref. [79]. The analyzed
datasets uses 18.75 x 102° (neutrino) and 11.27 x 1020
(antineutrino) POT. We use the photon detection efficiency
e(E,) from Ref. [80], with an energy threshold of E, >
100 MeV [67,68] and use N, = 2.8 x 10*2. We constrain
the proposed BSM model using a combined y? statistic:
2% =x*(v) + y*(V), defined in Eq. (B1), that accounts for
observed events, background, and new physics signals.

2. MicroBooNE

MicroBooNE utilizes a liquid-argon time projection
chamber (LArTPC) to search for single-photon signals.
The neutrino flux is dominated by the booster neutrino
beam (BNB) and taken from Ref. [81]. The detector has an
active mass of 85 metric tons of liquid argon and we use
N, = 1.28 x 10% target protons in our analysis. Current
data has 6.34 x 10°° POT in neutrino mode with the
projected future exposure of 13.2 x 10 POT. Photon
efficiencies as a function of photon energy E, and angle
cos 6 are given in Ref. [55] (see also supplemental materials
for more details). Since no explicit mapping from true
photon energy to reconstructed shower energy is available
publicly, we assume a one-to-one correspondence between
them and minimum photon energy cut of E, > 20 MeV is
applied [82].

3. T2K

The T2K near detector (ND280) has performed a
dedicated search for neutral-current single-photon
(NCly) events [57] with the fiducial volume containing
N, =5.54 x 10% target nucleons [57]. This analysis is
based on a neutrino-mode exposure of 5.738 x 102°POT.
We use Ref. [83] for neutrino flux and use a selection
efficiency of 1.9% [57]. We assume the same efficiency
factor for angular dependence cos@ as well. We also
adopt a conservative cut of E, > 50 MeV. Background-
subtracted event counts are obtained from Ref. [57]. The
total systematic uncertainty is taken to be 26.83% of the

background, as quoted in Table 1 of Ref. [57], and is
applied uniformly across all energy bins.

4. NOMAD

The NOMAD experiment performed a search for single-
photon events using a drift-chamber target with a fiducial
mass of 2.7 tons, composed of carbon (64%), oxygen
(22%), nitrogen (6%), and hydrogen (5%), corresponding
to an effective atomic mass A = 12.8 [56]. The incoming
neutrino flux [84] has an energy range of £, = 5-100 GeV
with a total exposure of 5.1 x 10'° POT. We use a constant
single-photon detection efficiency of 8% [56] for both
E, and cos®. We impose the photon-energy-angle cut
E,[1 —cosf] < 0.05, where E, is the photon energy and 6
is the polar angle relative to the beam direction. We also
assume that all of our signal events pass the cut on PAN
(defined in [56]) which depends on the energy deposition of
the neutral particles in the ECAL.

5. SBND/ICARUS

SBND is located at 110 m and ICARUS is located at
600 m from the target and both use the same BNB flux as
MicroBooNE. We use the flux from Ref. [85] for SBND.
To get the BNB flux prediction at ICARUS we rescaled
by factor of (110/600)2. In addition to the BNB flux,
ICARUS also sees NuMI neutrino beam, whose flux is
taken from Ref. [86]. Neither SBND or ICARUS has
performed a dedicated search for single photon. We there-
fore treat both detectors in a projected-sensitivity mode,
adopting a constant photon-detection efficiency of 10%
(this is consistent with MicroBooNE efficiency). We also
impose the same photon-energy cut used by MicroBooNE,
E, > 20 MeV, to suppress the low energy background.

SBND has a fiducial volume of 112 tons of LAr,
which corresponds to N, = 1.69 x 10°° protons, where
as ICARUS has fiducial volume of 476 tons LAr, corre-
sponding to N, = 7.17 x 10°° protons. Current ICARUS
running has delivered 3.8 x 102 POT on BNB and
3.42 x 10?° POT for neutrino mode in FHC configuration,
whereas for NuMI it delivered 2.28 x 10 POT for
antineutrino mode in RHC [75]. Although SBND has just
begun taking data, no single-photon analysis exists, we
therefore take 6.6 x 10*° POT and uniform 10% efficiency
across all bins, for simplicity. Slight change in POT have
very little to no impact on our analysis.

6. DUNE

DUNE will have excellent energy reconstruction and the
ability to distinguish photos from electrons. We focus on
the liquid-argon near detector (LArND) located 574 m from
the target. It will have a 67 ton fiducial mass that corres-
ponds to roughly N, = 1.01 x 10°* protons. We use the
flux and photon efficiency from DUNE TDR Ref. [1].
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FIG. 4. The photon energy and angular distribution spectrum for the MiniBooNE antineutrino run (left, middle) and the photon
spectrum for the MiniBooNE neutrino run (right) [67,68]. We show the best fit model prediction added to the background. The best-fit

model parameters respect other existing constraints.

We also impose a E, > 20 MeV cut and assume 1.1 X 102!

POT per year and restrict the incoming neutrino energy to
be E, = [0.5,10] GeV.

APPENDIX D: ADDITIONAL RESULTS

We show the photon energy spectrum and angular
distribution for the MiniBooNE antineutrino and neutrino
run in Fig. 4, see Fig. 3 for the energy spectrum in the
neutrino run.

APPENDIX E: RELEVANT OTHER
CONSTRAINTS

We summarize briefly the existing bounds on the
parameter space of the model, namely g,,, c,, and my.
A comprehensive overview of these limits can be found
in Ref. [29].

(1) Cosmological constraints: Cosmological observa-
tions impose one of the most stringent bounds on the
parameter space for neutrino polarizability. First, the
decay of ¢ into light relativistic particles, i.e.,
photons or neutrinos, after photon-neutrino decou-
pling shifts the effective number of neutrino species,
Neir. Planck measurement require Ny = 2.99703%
at 98% C.L. [87]. Consequently, if ¢ decays pre-
dominantly to yy, the mass range m,, = (1, 10°] keV
is excluded. If ¢ only decays to neutrinos,
N = 3.57. Additionally, during BBN, the thermal
¢ production will increase N . Requiring that ¢ not
reach equilibrium at the photon-neutrino decoupling
temperature yields constraint on ¢, [88]. Note that
BBN constraints on ¢4, are weaker than those
obtained from the Planck data [89].

The scalar field ¢ can induce a four-fermion
operator vovy and lead to neutrino self-interaction,
which lead to ¢, <0.28(m;/MeV) [90] for
my > 100 eV. For details including the case when
my < 100 eV, see Ref. [88]. In addition, neutrino
decay can also put a constraint on the parameter
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space. Assuming mgy > m,, two body decay of
neutrino is not kinematically accessible. Neutrino
can, however, decay via three body final state
v; = vjyy. By requiring the neutrino lifetime is
larger than the age of the Universe, the bound
on the couplings read as c,(gy, x GeV) <8 x
103(0.1 eV/m,,)7/2(m¢/keV)2 [29]. Finally, if ¢
interacts with neutrinos and photons it delays the
process of neutrino decoupling [91-93]. Constraints
from CMB and BBN analyses place a lower limit on
the mass of ¢, my, 2 5 MeV [64]. This value changes
slightly depending on the combined datasets.
Stellar cooling: 1f the light scalar ¢ is produced in
the stellar interior it can lead to excessive stellar
cooling rates, which depends on the ¢ production
rates as well as its decay length. The relevant ¢
production mechanisms are the Primakoff conver-
sion (y — ¢), photon coalescence (yy — ¢), and
neutrino coalescence (vv — ¢). Note that vv — ¢
is not relevant for stellar objects with core temper-
ature 7 ~ O keV scale, such as horizontal branch
stars (HB), red giants (RG), and white dwarves
(WD), as it freely escapes these environments.
Requiring ¢-cooling to remain below the experi-
mental error on the measurement |e;| <
10 ergg™" s7! [94,95] excludes g4, ~ 107" GeV™!
for my < O keV. If my > O keV, on-shell produc-
tion is kinematically forbidden, and the cooling
mechanism due to a plasmon-mediated Primakoff
conversion y*y; — vv takes place. In that regime,
one finds ¢,(g,, x GeV) < 2.2 x 1073 (my/MeV)?.
In a supernova with core temperature O
(30 MeV), production mechanism via neutrino
coalescence becomes important. The decay of
¢ — vv will not contribute to the cooling rates, as
neutrino produced inside the core are effectively
trapped. By demanding that the total luminosity L
does not exceed the measured neutrino luminosity
Ly <Ly ~3x10% ergs™ lead to a very strong
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bound which we defer to the detail calculations done
in Refs. [29,96,97] where the constraints can be
read off.

(3) Other terrestrial constraints: There are various other
constraints which we list below without giving
specific details:

The three body decay M* — f?{vﬂqﬁ can lead to
strong constraint on the coupling ¢, if my < my —
my_ [98]. Note that this constraint depend on the
neutrino flavor. The relevant bound comes from
K* — ¢, where £ = e, u (for my < mg): ci* <
4x 1073 and ¢/ <1.5x 1072, The decay of 7 —
Cvvg also lead to ¢, < 0.3 for light ¢.

The emission of ¢ from a neutrino line in
neutrinoless double beta decay experiment can put
a strong constraint on cg¢ [99]. The bound reads
as cf¢ <107 for my <2 GeV and c¢g¢ < 107* for
my ~2 GeV.

The field ¢ can be produced in electron and proton
beam dump experiments via the Primakoff process.
Its subsequent decay to a pair of photons can put a
bound on the couplings g,, [100]. In our case, since ¢
has additional decay mode to a pair of neutrinos, the
yy signal is diluted. Thus one can recast the bound on
gy, from Ref. [100] by appropriately taking into
account for the diphoton branching ratio.

Belle II’s search for ete™ — y(¢p — yy) gives the
constraint on g4, in the mass range 0.2 <m,;<
9.5 GeV. For a fixed mass my = 1 GeV, the cou-
pling is constrained to be g, <107 GeV™! at
my = 1 GeV, assuming Br(¢ — yy) = 1 [101].

APPENDIX F: COMPILATION OF RESULTS

In Tables II and III we compile the constraints on our
scenario for heavy mediators and my =1 GeV and
my =1 MeV.

TABLE 1II. Bounds and sensitivities from different neutrino
experiments. Here the bounds are quoted for the product of
couplings c}(gy, x GeV) and the EFT bound is taken when
my > ¢, where g is the typical momentum transfer in each

experiment.
EFT bound

Experiment [m3/GeV?]  my=1GeV my=1MeV
MiniBooNE <355x107°  5.6x107° 1.4 x 1077
MicroBooNE <127x107°  24x1073 4.9 x 1077
T2K <137x10™* 28x10™* 5.2 x 107
NOMAD <178 x 1077 13 x 107 22 x107°
SBND BNB <2.87x 1077 3.0x 1077 3.5%x 107
ICARUS BNB  <7.60 x 107 8.0 x 1077 9.4 %107
ICARUS NuMI <94 x 1077 38x10°¢ 1.5 x 1077
DUNE (1 year) <1.61 x10=% 23x107% 1.3x107°
DUNE (10 year) <5.10x10™° 7.4x10™°  4.0x 107"

TABLE III. Bounds and sensitivities from different neutrino
experiments. Here the bounds are quoted for the product of
couplings ¢ (gy, x GeV) and the EFT bound is taken when
m3 > q*, where g is the typical momentum transfer in each

experiment.
EFT bound

Experiment [m; /GeV?]  my=1GeV my=1MeV
MiniBooNE <3.43x 107 6.6 x 107 1.9 x 1070
MicroBooNE <1.04x 107* 3.1x10*  8.0x10°°
T2K <733x10™* 1.6x1073 5.3 x 107
NOMAD <268x 1075 1.7x10*  27x107°
SBND BNB <138x 107 2.8x10™° 5.0x 1078
ICARUS BNB  <3.64x107°° 7.5x 107 1.3 x 1077
ICARUS NuMI <62 x107% 29 x 1075 9.4 x 1077
DUNE (1 year) <8.352x10% 2.0x1077 1.2x1078
DUNE (10 year) <270 x 1078 6.3 x 1078 3.9x 107°
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