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A weakly coupled and light dark photon coupling to lepton charges L, — L, is an intriguing dark matter
candidate whose coherent oscillations alter the dispersion relations of leptons. We study how this effect
modifies the dynamics of neutrino flavor conversions, focusing on long baseline and solar oscillations. We
analyze data from the T2K, SNO, and Super-Kamiokande experiments in order to obtain world-leading

limits on the dark photon gauge coupling for masses below ~10~!! eV. Degeneracies between shifts in the

neutrino mass-squared differences and mixing angles and the new physics effect significantly relax the

current constraints on the neutrino vacuum oscillation parameters.

DOI: 10.1103/PhysRevD.107.055045

I. INTRODUCTION

Massive dark photons are a candidate for dark matter
whose popularity has significantly grown in recent years.
These particles may only interact with the visible sector
through gravitational interactions, or through a small kinetic
mixing with the SM photon. However, the chances of
discovering such particles are enhanced if they couple to a
current involving standard model (SM) particles. For theo-
retical consistency, such a current should be conserved,
hence anomaly-free. This limits the possible choices, and
experimental searches very strongly constrain the couplings
to first-generation quarks and leptons [1,2]. An attractive
possibility is to couple to the difference between p and
lepton number, L, — L, being anomaly-free and somewhat
less stringently constrained [3-5]. Furthermore this choice
offers the possibility of explaining the anomalous magnetic
moment of the muon discrepancy in a simple way [6—11].

If the dark photon is sufficiently light, its cosmological
population can be described by a classical field. This
classical field performs oscillations whose energy density
behaves like pressureless matter [12]. For sufficiently small
gauge coupling, the vector field is very weakly interacting
and never thermalizes with the standard model bath. The
dark photon population may originate in the early universe
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from the vector misalignment mechanism [12-14], quan-
tum fluctuations during inflation [14—18], or the decay of a
scalar progenitor [19-23]. These production mechanisms
predict different degrees of primordial polarization in the
vector field, and it is unknown how such polarization
evolves through cosmological structure formation. For this
work, we take the dark photon field to be at least locally
polarized, so that we can take the field to have a fixed
direction.

The coupling to the L, — L, gauge boson leads to novel
effects for p or 7 neutrinos. The dispersion relation of these
neutrino flavors is modified in the presence of the back-
ground dark photon field. The leading effect can be described
as a time-dependent effective neutrino mass, which affects
their flavor oscillations. This was studied in [24], which
focused on the possibility for resonant oscillations into a
sterile flavor to occur in the early universe. In that work, the
impact of the dark photon coupling in the oscillations
between active flavors was described and a preliminary
study was made. In this work, we extend this analysis to
reinterpret data from long baseline and solar oscillation
experiments. For that, we numerically compute flavor
survival probabilities in long-baseline experiments and in
the sun, and compare the predictions with the measurements
of the T2K, Super-Kamiokande, and SNO experiments.
Similar effects had been previously studied for light scalar
particles ¢(t) coupling to neutrinos [25-31], and vectors in
the ultralight regime [26]. Recently, Ref. [32] studied the
vector case for the Super-Kamiokande and DUNE experi-
ments, arriving at qualitatively similar results to us.
Quantitative differences are due to the distinct approaches
and the fact that we consider the degeneracies between the
vacuum oscillation parameters and the effect of the dark
photon.
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This paper is structured as follows. In Sec. II, we
construct the modified Hamiltonian describing neutrino
oscillations in the background dark photon field, and
analytically solve the Schrodinger equation in the low-
and high-frequency limits. The following Secs. III and IV
are devoted to the numerical solution of the Schrodinger
equation for the case of long baseline and solar neutrino
oscillations, respectively. We use the results to place
bounds on the dark photon and neutrino oscillation
parameters using measurements from T2K, SNO, and
Super-Kamiokande. In Sec. V, we discuss the impact of
our study in the parameter space of L, — L, dark photon
dark matter. We conclude in Sec. VI.

II. DARK PHOTON-NEUTRINO INTERACTION

We are interested in a light massive gauge field A’(r) that
couples to SM lepton doublets (and analogously for the
corresponding right-handed leptons) via

L= _g/A//l [I:/AyﬂLy - ZTYMLT] (1)

and makes up (a fraction of) the dark matter of the universe.
The cosmological evolution of a population of sufficiently
light dark photons can be described as a classical field. As

such, considering A asa background field that is varying
slowly compared to the neutrino inverse energy, the
dispersion relation of neutrinos gets shifted according to [24]

1/2

R = m
2Pl F gp A +5+0(gA%). (2)

where the sign F depends on the neutrino flavor, in the flavor

basis. The orientation of A’ may vary on cosmological scales,
but we will assume that it is constant in the vicinity of the
solar system. Moreover the direction of the neutrinos in a
given experiment is constant; either along the beam for long
baseline experiments, or pointing from the sun for solar
neutrino observations. The relative orientation of A’ and the
neutrinos can vary with the rotation of the earth, around itself
and around the sun. Hence Ay may also have a slow time
dependence; however we will approximate it as being
constant in the present study. This is a good approximation
for experiments that accumulate data in long timescales, as
the effects of the modulations average out. We thus define

p-A = Al cos(myt), (3)

where Af denotes the amplitude of the dark photon
oscillations in the solar neighborhood. Using the standard
prediction for the local dark matter density, pSy~
0.4 GeV/cm?, and comparing with the average value

Py~ 1.3 keV/cm? from the Planck collaboration [33],
gives a DM concentration factor of pSy,/p&, ~ 3 x 10°.
In terms of the contribution of the dark photon to the dark
matter abundance of the Universe, we thus have

10710 ev Q.
Ay ~25 Mev (10_¢ A (4)
my Qppm

For realistic neutrino masses and mixings, itis necessary to
envision some additional new physics to enable mixing
between the different flavors, which is forbidden by the
L, — L, gauge symmetry. A possible solution is to introduce
two new Higgs doublets H, and H, that are appropriately
charged under U(1) L1t allow the dimension-5 neutrino

mass terms

1
£ Z AN (L:H;)(L;H)) + H.e., (5)
i,j=e.u,t

where H, = H denotes the SM Higgs boson. The vacuum
expectation values (VEVs) v, = (H,) and v, = (H,) con-
tribute to the A’ mass as ém?, = g”(v: + v?) = ¢*v%. In
Sec. V we discuss the interplay between the dark photon mass
and coupling with the VEVs v, . needed for the observed
neutrino masses and mixings. Other proposals to reconcile
neutrino mixing and the L, — L, gauge symmetry include
extra Higgs doublets [34], soft-breaking terms [35,36], and
charged right-handed neutrinos [37-40].

For oscillations of relativistic neutrinos, we make the
two-flavor approximation, considering either u-z (atmos-
pheric) or e-u (solar) oscillations. The two-state system
can be described by an unperturbed Hamiltonian H, =
Ey + H, where

amz. [(—C€082053  sin20,3 .
P . , atmospheric
P\ sin260,;3  cos 20,3
Hy = . (6)
Am? —COS 29]2 sSin 29]2
2 ) , solar
P sin 26, cos 260,

The perturbation induced by the dark photon is given by

( 1 0 ) )
, atmospheric
0 -1

< - )
,  solar
0 1

To find the modified survival probability of a given
neutrino flavor, it is necessary to numerically solve the
Schrodinger equation

(7)

H, = ¢ Ay cos(myt)

v

055045-2



DISTORTION OF NEUTRINO OSCILLATIONS BY DARK ...

PHYS. REV. D 107, 055045 (2023)

for the two-state wave function W. For example, a neutrino
that is initially in the flavor state v, has initial condition
¥(0) = (1,0)7 in the p-7 basis. The survival probability is
given by

Py () = [(P(0)[¥(1)? ©)

from the numerical solution ¥(7).

A. Analytic approximations

The neutrino oscillation probability can be determined
analytically in the limit of small or large my. If
my < Am?/4p, the perturbation can be treated adiabati-
cally, giving rise to a slowly modulating additional splitting
between the diagonal mass elements in the vacuum
oscillation probability. We can parametrize the change
using the dimensionless functions

4p
G=sy Amlgj g Ao cos(myt),
F:\/1—2G cos 20;; + G2, (10)

where 5,3 = 1 for atmospheric oscillations and s;, = 1/2
for solar ones, due to the different couplings in Eq. (7).
Then one makes the replacements Am%j /4p - F Am%j /4p
and sin 26;; — sin 26;;/F in the vacuum oscillation for-
mulas. For example, the survival probability becomes

o am
P,_, (L) =1—sin*26,;sin’ L4—JF (11)
S ' 4

where

0;; = % arcsin (sm;&]) (12)
This expression is valid for oscillations over a distance L.
In this limit, there can be sensitivity to the phase of the DM
oscillations, which we have absorbed into a shift of the time
variable.

For large my > Am?/4p, one can use second order
perturbation theory on the Hamiltonian H 4, transformed to
the eigenbasis of H;. Solving for the perturbations, one
finds secularly growing terms, that can be resummed into a
shift in the energies, which is equivalent to a reduction in
the vacuum Am?,

d AL sin 20..\ 2
Am?jeAm%](l—(m) > (13)

ZmA/

where s;; is as defined above. This predicted behavior will
be validated below, in the numerical solutions to the full
Schrodinger equation.

III. LONG BASELINE NEUTRINO EXPERIMENTS

The oscillations of v, into v, were originally observed
within the atmosphere, using neutrinos generated by
cosmic ray interactions, and subsequently in long-baseline
experiments. For our analysis, we use data from the T2K
(Tokai-to-Kamioka) experiment [41], which currently gives
the best constraints on the atmospheric mixing parameters
[42]. T2K generates an initial beam of v, neutrinos and
observes its flavor content at a detector L = 295 km away.

For a fully quantitative understanding of T2K data, one
should consider oscillations of all three neutrino flavors.
However it is possible to describe the system in an effective
two-flavor formalism, which has also been employed by
T2K for some applications [43]. In this description, the
dominant term in the v, survival probability is [44]
Pyﬂ—w” =1 _4‘Uﬂ3|2(1 - |Uﬂ3|2> Sinz(LAmgff/L"p) (14)
where U3 = cos 63 sin 653 and Amgff is a weighted
average of Am3, and Am3,. Since cos 6,3 = 0.99, the
prefactor 4|U 5|*(1 — |U,;3|* = sin? 26,;. Moreover Am?,
is numerically close to Am§3; hence we use the vacuum
mixing parameters 0,3 and Am3, in the following two-
flavor approximation, as a proxy for the more complicated
exact two-flavor expressions. We will confirm that this
procedure provides a consistent description of the observed
oscillations, and it allows us to use the analytic approx-
imations derived in Sec. II A for limiting cases of the new
physics parameters. We defer a full three-flavor treatment
to future work.

To compare to the experimental data, it is necessary to
compute the survival probability P, _,, (E, ) at the detec-
tor position ¢ = L, for arange of energies £ < 2 GeV, since
the beam is not monochromatic. The spectrum dP/dE of
the initial neutrino beam can be found in Ref. [43]. For our
calculations, we rebin this spectrum with the same energy
bins as the measured event rate at the detector for observing
runs 1-10, which was made public in Ref. [45].

To make the predictions for the final spectra in the
presence of the dark photon field, the first step is to
calculate the muon neutrino survival probability. For that,
we numerically integrate the Schrodinger equation (8) to
obtain the v, survival probability for each bin in the T2K
energy spectrum. The survival probability is then folded
with the unoscillated spectrum to obtain the expected v,
flux at the detector. To compare with the observed count
rate, we apply the detector response, including energy-
dependent detection efficiencies and energy smearing
effects. The detailed process is described in Appendix.
The results for some exemplary spectra are shown in Fig. 1.

To study the impact of the dark photon in the oscillations,
we perform a y? test comparing the data with the different
predicted spectra. We let four parameters vary in our fit: the
vacuum oscillation parameters Am3, and sin’ 0y3, and the
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FIG. 1. Observed and predicted counts at T2K runs 1-10. The
observed counts and their uncertainties are taken from Ref. [45].
The blue dotted line shows the expected signal in the absence of
oscillations (rescaled by 1/10), the green dashed line the standard
oscillated spectrum in the absence of a dark photon (Am3,=
2.5x1073eV?, sin? f,3 = 0.55), and the orange line the best fit
with a dark photon (Am%3 =3.4x 1073 eV?, sin?6,; = 0.45,
my=12x10""eV, AL = 6.6 x 1072} GeV™).

dark photon mass m, and gauge coupling times field value
in the solar neighborhood ¢’Ay. The resulting two-dimen-
sional profile likelihoods in the dark photon and mixing
parameters, respectively, are shown in Fig. 2.

The left panel of Fig. 2 shows the constraints in the dark
photon parameter space. At low frequencies, my <
Am?/4p ~ 10712 eV, the survival probability is adiabati-
cally modified as predicted in Eq. (11). In this limit, the
vacuum oscillation parameters are shifted by a quantity that
depends on ¢’Ag. There is a slow modulation from the

30

g Al [GeV]
AXQ

r20

r10

—22 L1
10 1OLlS 10‘712 10‘711 10710 0
ma [eV]

cos(m/yt) in Eq. (10) that may be relevant for observations on
sufficiently long timescales. Otherwise, the phase of the dark
photon oscillation simply amounts to an O(1) multiplicative
uncertainty in the limit on ¢’Ag,. In our figures, we show the
limits assuming cos(m/yt) = 1, which maximizes the effect
of the dark photon in the oscillations. Thus, the constraint
becomes asymptotically independent of ;.

At high frequencies, the effect of the dark photon is
degenerate with a shift in 5m?, as shown in Eq. (13). The
shift is proportional to ¢’Ag /my/, which explains the slope
of the constraint in Fig. 2 for m, > Am?/4p ~ 10712 eV.
In the region of intermediate frequencies there is a non-
trivial interplay between the neutrino and dark photon
oscillation times, which results in the features seen in Fig. 2
for my ~ 1071210711 eV.

The main effect of the dark photon on the neutrino
vacuum oscillation parameters is to greatly enlarge the
viable Am3;-sin? 0,3 parameter space. In the right panel of
Fig. 2, the orange lines correspond to the 1o (dashed) and
20 (solid) contours of the profiled likelihood, with the best
fit point marked with an orange star. For reference, the
dashed green contour shows the 1o region of the standard
fit in the absence of the dark photon. The improvement in
the fit by the inclusion of the dark photon is not significant
(a Ay? of ~1 at the best-fit point with 2 extra parameters),
but the likelihood becomes flatter along the Am3; and
sin®@,; directions. This can be understood from the
analytic approximations discussed in the previous para-
graphs. A larger value of Am3, can be compensated by the
shift induced by the dark photon in the high-frequency
limit. Importantly, the inclusion of the dark photon never
favors values of Am3, lower than the one corresponding to
the standard vacuum fit. At low frequencies, both vacuum
oscillation parameters are multiplicatively corrected, which

0.0050 50
0.0045 1 40
0.0040 1
oy 30
9, - C\IX
~50.00351 5
g
4 20
0.0030
0.0025 L10
0.0020

sin? Oy3

FIG.2. Profiled likelihood functions from the T2K analysis. The solid (dashed) orange lines correspond to 95% (68%) C.L. limits, and
the orange star represents the best fit point. For comparison, the green cross and the green dashed line show the best fit and 68% C.L.
contour, respectively, for the standard vacuum oscillation parameters in the absence of the dark photon.

055045-4



DISTORTION OF NEUTRINO OSCILLATIONS BY DARK ...

PHYS. REV. D 107, 055045 (2023)

allows for values of sin” 0,5 far above and below the ones
favored in the fit without the dark photon.

IV. SOLAR NEUTRINO OSCILLATIONS

Electron neutrinos with ~MeV energies are copiously
produced in the nuclear reactions occurring in the solar
interior. As they travel through the sun, the matter potential
changes with the varying electron density, generating adia-
batic conversions of v, into predominantly v, through the
Mikheyev—Smirnov—Wolfenstein (MSW) effect [46,47].
This produces a deficit in the expected solar v, flux at
terrestrial experiments like the Sudbury Neutrino Obser-
vatory SNO [48] and Super-Kamiokande (SK) [49]. This v,
disappearance and its energy dependence allow to measure
the solar oscillation parameters Am?, and sin” 6,,.

The presence of the oscillating dark photon background
coupling to L, — L, modifies the v, matter potential and
thus the above picture. Our analysis of this effect is based
on the legacy SNO results [50] and the SK-Phase IV ones
[51]. The SK collaboration performed a combined fit to
both datasets in Ref. [51] and provides constraints on the
electron neutrino survival probability in the 3-15 MeV
energy window. The result of this combined fit corresponds
to the gray band in Fig. 3.

To obtain our prediction for the survival probability, we
numerically integrate the Schrodinger equation

o Am3, (—cos 20,, sin 20, ) N <\/§GFne 0)
 4p sin 20y, cos 26, 0 0
+ /A/ 0 0
gAG COS(mA't) 0 1 s (15)

along the trajectory of a v, from the center to the outskirts of
the sun. Here, G is the Fermi constant and 7, is the electron
density, which we calculate using the solar model given in
Ref. [52]. The survival probability P,, along the neutrino
trajectory in the sun is shown in Fig. 4 for some exemplary
parameter values. In Fig. 3, we show the predictions for the
observed survival probability as a function of energy for
the same parameter choices. These can be compared with the
combined fit to the SNO SK-1V data.

As in the long baseline case, we perform a y? fit to
quantitatively compare our predictions with the measured
survival probabilities, while varying the vacuum oscillation
parameters Am?, and sin® @,,, as well as the dark photon
mass m, and gauge coupling times field value in the solar
neighborhood, ¢Ay. The predicted P,, values are evaluated
at the center of the SK-IV energy bins (see Table C.1 in [51]).
The resulting profiled likelihoods in the two-dimensional
parameter subspaces (my/, JAp) and (Am3,,sin?6,) are
shown in Fig. 5.

The result is qualitatively similar to what was found for
the atmospheric sector. The main difference is that there are

0.60
0.551
0.50
SKIV-SNO
0.451 i
i Standard fit, no dark photon
T N Standard fit, dark photon
0.401

------ —— Best fit, dark photon

4 6 8 10 12 14
E [MeV]

FIG. 3. Survival probability of v, emitted from the sun as a
function of neutrino energy. The gray line and shaded region
correspond to the best fit and 1-o band from an analysis of the
combined SNO [50] and SK-IV [51] data. The green dashed line
shows the prediction of the standard two-flavor oscillations in the
absence of a dark photon (Am?, = 4.84 x 107 eV2, sin? 0, =
0.304), while the dotted blue line shows the effect of a dark photon
with my =2 x 10712 eV and ¢/Al = 102! GeV~'. The orange
line corresponds to the best fit with a dark photon
(Am?,=6.0x 107 eV2, sin?0,,=0.303, my = 1.5 x 107! eV
JAL =5.7x 1072 GeV).

two characteristic frequencies involved in solar flavor
transitions: the neutrino oscillation frequency given by
Am?/4p ~10712-107! eV, and the inverse time that the
neutrino takes to traverse the sun, /Ry ~3 x 10716 eV. In
the left panel of Fig. 5, a prominent feature in the profile
likelihood is clearly visible when m, matches the former
range: the constraints become stronger by one to two orders
of magnitude. This is caused by a resonant behavior of the
neutrino flavor conversions when the neutrino oscillation
frequency matches that of the dark photon field.

Loy W" T  ——
. T Standard fit, no dark photon
|“ H|‘| |” — Standard fit, dark photon
081 — Best fit, dark photon
MRl
QF “‘ | A ‘ |
0.41 M | | I
0.21
” 'quuvu |’ H ”hrw “”l” ‘ \|
0.0 |
0.0 0.1 . X 0.8

T/T(

FIG. 4. Electron neutrino survival probability along its trajec-
tory from the center to the edge of the sun. The three choices of
parameters match those in Fig. 3.
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Profiled likelihood functions of the combined SNO/SKIV fit. The orange solid (dashed) lines correspond to 95% (68%) C.L.

limits, and the orange star represents the best fit point. For comparison, the green cross and the green dashed line show the best fit and
68% C.L. contour, respectively, for the standard fit in the absence of the dark photon.

At low frequencies my <1072 eV, we recover the
adiabatic limit discussed in Sec. I A. Here the dark photon
effect amounts to a multiplicative correction to the vacuum
oscillation parameters. This correction varies adiabatically
with the instantaneous dark photon phase as the neutrino
travels through the sun, and for each individual neutrino is
sensitive to the initial dark photon phase. For observations
on sufficiently long timescales, the dependence on the
initial phase averages out and only some mild features
remain as seen for 1071% eV < m, < 10712 eV in the left
panel of Fig. 5. For masses below the inverse neutrino
travel time in the sun, the constraint becomes asymptoti-
cally independent of my, except for a slow modulation
effect which may be relevant for observations on timescales
shorter than 1/my.

At high frequencies my > 107! eV, the dark photon
oscillations average out and their leading effect is a shift in
the vacuum oscillation frequency given by Eq. (13). This
shift depends on the dark photon parameters through the
ratio ¢’Ag/my, which causes the constraint to have the
asymptotic slope seen in the left panel of Fig. 5 in this
regime.

The right panel of Fig. 5 shows the impact of the
coupling to the dark photon on the Am?,-sin? §;, parameter
space. For reference, we calculate the allowed 1-o region in
the absence of a coupling to the dark photon and show the
result as a green dashed contour. This 1-o region faithfully
reproduces the one found by the SK collaboration (see
Fig. 34 in Ref. [51]). The orange contours show the result
of our fit in the presence of the dark photon. The main
consequence is that the viable region for the vacuum
neutrino oscillation parameters are greatly enlarged, like
in the long baseline oscillations case. The small improve-
ment in the likelihood for the best-fit point in the presence
of the dark photon compared to the standard fit is not
statistically significant.

V. DARK PHOTON PARAMETER SPACE

The constraints shown in Figs. 2 and 5 can be translated
into limits on the combination of the L, — L, gauge boson
mass and coupling. For that, we need to fix the value of the
dark photon field Ay in the vicinity of the sun. As discussed
in Eq. (4), this value can be related to the fraction of dark
matter that is made up by the dark photon. Using Eq. (4)
and assuming that the dark photon comprises the totality of
the dark matter, we find the constraints shown in Fig. 6. Our
limits are the strongest for dark photon masses below
~107!" eV, except in the region already excluded by black
hole superradiance.

A variety of previously existing astrophysical constraints
on the gauge coupling ¢ are shown in Fig. 6. also taking

~
107104 5
=
5
= 10714 S
2 7]
§ 10718 ]
o
) NS binaries s
b=}
G2 ==
ol Lang haseline (T2K)
=102
= Solar (SNO#-SKIIV)
107304
10-3 e=¢/70

1070 107 10716 107 10712 010
Dark photon mass m 4 [eV]

0= 1076 107

FIG. 6. Mass vs gauge coupling parameter space for L, — L,
dark photon dark matter. The colored regions are the limits
derived in this work and the gray ones correspond to other
constraints. See the text for details.
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into account the loop-induced kinetic mixing with ¢ =
¢'/70 [53]. Bounds are shown from fifth forces between
muons on neutron star binaries [54,55] (NS binaries),
modifications of the number of relativistic degrees of
freedom during BBN [56-58] (Ng > 0.5), observations
of the duration of the neutrino burst from supernova
SN1987A [59,60] (SN1987a), imprints of neutrino decay
in the CMB angular and frequency spectra [61-66]
(v decay CMB), and vector black hole superradiance
[67—69] (Superradiance).

The new constraints that we have derived from solar and
atmospheric neutrino oscillations imply that the VEV
contributing to the dark photon mass is bounded by

v' 215 GeV, (16)

assuming that m, comes from the Higgs mechanism.
Saturating this limit implies that the new Higgs doublets
H u and H,, introduced in Section I, would get VEVs of the
same order. This can naturally accommodate the generation
of charged 7 and y lepton masses, as well as the neutrino
masses via the seesaw mechanism, as indicated in Eq. (5).

One implication of the above scenario is that A’ will mix
at a small level with the standard model Z boson; but since
the mixing is suppressed by m,/m, < 1, this does not
have important phenomenological consequences, given
that a minimum level of kinetic mixing is already expected.
Perhaps more importantly, the A’ remains massless at
temperatures above electroweak symmetry breaking, which
can impact its production mechanism.

Alternatively, the breaking of U(1) 1,1, can be accom-
plished by a complex scalar singlet ¢ with (¢) ~ 15 GeV.
The required neutrino mass terms are obtained at the level
of effective field theory by replacing H, — ¢H/A and
H, — ¢*H/A in Eq. (5), for some scale A. In this case no
new Higgs doublets are required, and mys can consistently
arise at high scales through the Higgs mechanism via (¢).

VI. CONCLUSIONS

We have studied the impact of a background oscillating
L, — L, dark matter gauge field on long baseline and solar
neutrino oscillations. This yields constraints on the para-
meter space of the new physics, the mass m, and gauge
coupling ¢ of the vector field, as shown in Fig. 6. These
constitute the strongest limits on the gauge coupling for
most of the gauge boson masses below ~107!! eV.

Interestingly, the effect of the dark photon introduces
novel degeneracies with the vacuum oscillation parameters
of the standard model neutrinos. In the low frequency limit
my < Am?/4p, the dark photon multiplicatively corrects
the vacuum Am? and sin 26. In the high frequency limit
my > Am?/4p, the effect of fast A’ oscillations is indis-
tinguishable from a reduction in the neutrino mass-squared
difference. For intermediate frequencies, the modifications

are more intricate, as our numerical study for long baseline
and solar oscillations shows.

A reanalysis of the data of the T2K, SNO, and Super-
Kamiokande neutrino oscillation experiments including the
background dark photon field has allowed us to delineate the
range of parameters compatible with these experiments,
which are shown in Figs. 2 and 5. Enlarging the allowed
values of the vacuum oscillation parameters improves the
consistency between the results of different neutrino oscil-
lation experiments. For example, the KamLAND experiment
[70] finds a best-fit value of Am}, =7.53 x 107 eV?,
which is at the edge of the 2-¢ region of the SNO/SK-IV
fit. However, when the dark photon is included, both values
become compatible at 1o. As a next step, it would be
interesting to include the dark photon in the analysis of
the data from KamLAND and other reactor experiments.

The modification of neutrino flavor oscillations by the
L,— L, gauge field may have implications for other
neutrino experiments beyond the ones studied in this work.
In particular, it may allow to ease existing tensions between
different datasets, and potentially explain some of the
standing experimental anomalies. Furthermore, since the
4 and 7 neutrino masses receive an effective contribution
that depends on the local dark matter density, their
determinations by terrestrial experiments and cosmological
observations may not necessarily match in the presence of
the dark photon dark matter field. We leave the study of
these intriguing possibilities for future work.

ACKNOWLEDGMENTS

We thank A. Konaka for helpful correspondence, and
U. Rahaman for useful comments on the first version. This
work was supported by NSERC (Natural Sciences and
Engineering Research Council, Canada). G. A. is supported
by the Trottier Space Institute at McGill University through
a McGill Trottier Chair Astrophysics Postdoctoral
Fellowship.

APPENDIX: T2K DETECTOR RESPONSE

In order to obtain the expected signal at the T2K detector,
we need to take into account detector efficiencies and
energy resolution in addition to the neutrino survival
probability. We split this process into two steps.

The first step is to construct the migration matrix that
describes the smearing of the neutrino energy in the
detector. For that, we use the interaction model described
in Ref. [43]. The reconstructed energy bias at Super-
Kamiokande is shown in Fig. 4 (bottom) of that reference
for the two main interaction channels: one particle, one hole
charged current interactions (1plh), and two particles, two
holes ones (2p2h). We neglect the effect of single pion
production and deep inelastic scattering, which have much
smaller cross sections in the energy range of interest. From
the reconstructed energy bias, we obtain the migration
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FIG.7. Migration matrix showing the reconstructed energy bias
at the Super-Kamiokande detector in the neutrino energy range
relevant for the T2K experiment. The effect of 1plh and 2p2h
interactions are taken into account.

matrix shown in Fig. 7, which takes into account the
interaction cross sections of the two channels. The effect of
smearing is significant for neutrinos with energies above
~0.25 GeV.

The second step is to obtain the linear detector efficiency
for each energy bin. We infer this one using the expected
signal published by the T2K collaboration in Ref. [45]. The
detector response for each energy bin is obtained as the
ratio of the expected signal by the oscillated neutrino flux.
We calculate the latter bin-by-bin by multiplying the initial
flux given in Ref. [43] by the survival probability in the
2-flavor approximation with the T2K best-fit vacuum
parameters Am3; =2.49x 1073 eV? and sin® 6,3 = 0.546.
Before taking the ratio, we perform a smearing of the

700 1 —— 1plh + 2p2h smearing
---- No smearing

6001

4001

3001

2001

1001

Detector response for T2K runs 1-10 [AU]

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
E [GeV]

FIG. 8. Linear detector response of the Super-Kamiokande
detector in the neutrino energy range relevant for the T2K
experiment. For reference, we show the detector response
obtained without first applying the energy smearing to the
simulated data.

energy using the previously calculated migration matrix.
This allows to take into account the reconstructed energy
bias that cannot be captured by a linear per-bin detector
response. The result of this process corresponds to the blue
curve in Fig. 8. To illustrate the importance of the energy
smearing, we also show the dashed green curve corre-
sponding to only applying a linear detector response. In the
absence of energy smearing, the detector efficiency is
spuriously enhanced at the location of the first oscillation
maximum, where two-flavor oscillations predict a reduc-
tion of the neutrino flux of ~99%. Correctly accounting for
the energy smearing, events whose energy is misrecon-
structed populate the bins around the oscillation maximum
and the flux is only reduced by ~90%.
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