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Abstract: Vector Dark Matter (VDM) that couples to lepton flavor (Le, Lµ, L⌧ ) acts

similarly to a chemical potential for the neutrino flavor eigenstates and modifies neutrino

oscillations. VDM imparts unique signatures such as time and directional dependence with

longer baselines giving better sensitivity. We use the non-observation of such a signal at Super-

Kamiokande to rule out the existence of VDM in a region of parameter space several orders

of magnitude beyond other constraints and show the projected reach of future experiments

such as DUNE.
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1 Introduction

Determining the microscopic properties of dark matter is among the greatest puzzles in mod-

ern physics. There is overwhelming evidence [1–3] for the existence of dark matter (DM)

but many of its basic properties, such as its mass, spin and interactions remain completely

unknown.

In this article, we will focus on Ultralight Dark Matter (ULDM). ULDM are well-

motivated DM candidates [4, 5] with rich experimental signatures. Due to their very low

mass, the number of particles per Compton volume is large, nDM�3
Compton � 1, which al-

lows us to treat them as a classical field rather than as a set of particles. As the local

DM field has an average velocity of v ⇠ 10�3, the field’s energy dispersion is very small,

�E ⇠ mv2 = 10�6m and the field changes over very long length scales l ⇠ 1/p ⇠ 10�3/m.

As a result, we can approximate the field as coherently oscillating with the frequency ! = m

until timescales of order tcoh ⇠ (mv2)�1 = 10�6m�1 before the frequency spread becomes

important. The long coherence length and time of dark matter lead to unique signatures.

When the dark matter mass is so small that the long coherence length wipes out structure on

observably small length scales, “fuzzy dark matter” phenomenology kicks in [6–9]. Addition-

ally, the oscillation in time of the dark matter field can lead to observable time-dependent

e↵ects if DM couples to the Standard Model (SM) [10–16]. For instance, ULDM QCD ax-

ions [17–19] result in the electric dipole moment of the neutron varying with the frequency

of the axion mass [20, 21].
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In this work, we focus on a spin one ULDM ( ~Ad), for related work see Refs. [22–26]. The

main di↵erence between scalars and vectors is polarization. Much like the amplitude of the

field, the polarization changes direction on timescales of order tcoh. For su�ciently long DM

coherence times, earth-based experiments sensitive to the direction of the polarization would

see the polarization of dark matter rotating as the Earth spins around its axis. This would

introduce a daily modulated feature on top of the standard oscillation with the frequency

of the dark matter mass, which is a signature that can be used to distinguish scalar from

vector DM. Additionally, experiments with angular resolution would see strong directional

dependence.

Neutrino oscillations are uniquely suited for exploring dark matter interactions. As long

as the interactions are flavor non-universal, neutrino oscillations are sensitive to energy dif-

ferences of the order �m2
⌫/E ⇠ 10�12 eV, over 15 orders of magnitude more sensitive than

traditional dark matter detectors. The requirement that the interaction is flavor non-universal

combined with our focus on VDM immediately leads us to consider U(1)Lµ�L⌧ and U(1)Le�Lµ .

New vectors interacting with the SM are extremely common. Kinetic mixing with the

SM photon, gauging U(1)B�L or U(1)Lµ�L⌧ are among the most commonly considered sce-

narios [27–30]. The U(1)Lµ�L⌧ and U(1)Le�Lµ gauge bosons that we consider have a plethora

of interesting implications for neutrino physics [31–46].

A background of U(1)Lµ�L⌧ (U(1)Le�Lµ) gauge bosons acts as a time-dependent poten-

tial that is flavor non-universal. As neutrinos and antineutrinos have opposite charges, the

potential is opposite for matter and antimatter. Additionally, the e↵ect is proportional to the

dot product of the neutrino velocity with the polarization of dark matter resulting in a direc-

tionally dependent chemical potential. If the dark matter oscillations are slow compared to

the neutrino propagation timescale, the e↵ect on neutrino oscillations is similar to the MSW

matter e↵ect [47–49]. Therefore, the main signature of these models are time-dependent neu-

trino oscillation parameters, e.g. �m2
31(t) and sin ✓13(t). Measurement of these signatures

might be challenging due to a low neutrino event rate. However, we show that even after

averaging over the duration of the experiment, the e↵ect is strong enough to place bounds

several orders of magnitude better than the leading bounds on U(1)Le�Lµ and U(1)Lµ�L⌧ dark

matter. Similar bounds on U(1)Lµ�L⌧ from neutrino oscillation experiments were estimated

in [35] and [50]. The former studied the e↵ect of neutrino-DM scattering, while the latter

considered the scenario where the vector field is a relic field used to facilitate the production

of sterile neutrino dark matter in the early universe.

If the dark matter oscillations are fast compared to the neutrino propagation timescale,

the neutrinos experience a rapidly oscillating e↵ective chemical potential. Because this po-

tential oscillates rapidly, to the lowest order the e↵ective potential averages to zero over the

neutrino propagation time. Thus, the leading e↵ects are suppressed by an additional factor

of m�1, where m is the oscillation rate of the background dark matter field. The fact that

our bounds on U(1)Le�Lµ and U(1)Lµ�L⌧ scale by an additional factor of m�1 in the high

mass regime reflects this chemical potential washout e↵ect.

The goal of this paper is to explore the sensitivity of various neutrino oscillation experi-
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ments to U(1)Lµ�L⌧ (U(1)Le�Lµ) DM. In section 2, we review the phenomenology of neutrino

oscillations and introduce the e↵ect of vector DM on neutrino oscillations. In section 3, we

constrain the model using existing and planned neutrino experiments. We conclude with

section 4 and propose further avenues of research.

2 Model

We start with a brief description of gauging lepton flavor and its e↵ect on neutrinos. The

three individual lepton flavor numbers L↵, ↵ = e, µ, ⌧ , can be equivalently described in a

di↵erent basis comprising of the total lepton number
P

↵
L↵ = L and two lepton number

di↵erences, which we choose to be Le � Lµ and Lµ � L⌧ without any loss of generality. The

total lepton number charge L is the identity in the flavor space and gives an equal phase

to neutrinos of all flavors and hence is unobservable in neutrino oscillations. Therefore we

restrict our discussion to Le � Lµ and Lµ � L⌧ .

To the Standard Model, we add a single gauge boson Adµ which gauges either of the two

flavor lepton number di↵erences.

L ⇢ �
1

4
Fdµ⌫F

µ⌫

d
�

1

2
m2

AAdµA
µ

d
+ Lint,e�µ + Lint,µ�⌧

Lint,e�µ = �gAd�

�
le�

�le � lµ�
�lµ

�
(2.1)

Lint,µ�⌧ = �g0Ad�

�
lµ�

�lµ � l⌧�
�l⌧

�

where mA is the mass of the gauge field, g and g0 denote coupling to the Le � Lµ and

Lµ � L⌧ charges respectively and le,µ,⌧ denotes leptons with e, µ, ⌧ charges. For example, le
denotes electrons, electron neutrinos and their anti-particles.

We now consider the consequences of the vector boson Adµ being dark matter. The three

polarizations of a massive gauge field satisfy pµ✏µ = 0. If the gauge bosons were at rest, the

three polarizations would simply be unit vectors in the x, y, and z directions. Including a non-

zero velocity along the z-axis and considering the longitudinal polarization ✏L = 1
mA

(p, 0, 0, E)

we see that the temporal component of the vector field Ad 0 is subdominant to the spatial

components Ad i by a factor of DM velocity vDM ⇠ 10�3. To leading order the galactic DM

field can be written as an oscillating three vector with frequency ! ⇠ mA +O(v2
DM

)

~Ad = ~A0 cos (mA(t+ ~vDM · ~x) + �) +O(v2DM ), (2.2)

where | ~A0|=
q
2⇢DM/m2

A
and mA is the mass of the DM. Since the neutrinos are relativistic,

the interactions in Eq. 2.1 can be written for neutrinos as

Hint = ~Ad · ~v⌫

0

B@
g 0 0

0 g0 � g 0

0 0 �g0

1

CA+O(vDM ) (2.3)
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where ~v⌫ is the neutrino velocity. The dark matter shifts the relative energies of di↵erent

neutrino flavor eigenstates. For example, in the case where the dark matter is the gauge

boson of Le�Lµ, the dark matter creates an energy di↵erence between the electron neutrino

⌫e and muon neutrino ⌫µ. The vector nature of the interaction means it has opposite signs

for neutrinos and anti-neutrinos. The dark matter thus acts as a chemical potential for the

neutrinos. This can be contrasted with the e↵ect of a scalar field which does not distinguish

between particles and antiparticles.

It is important to note the directional dependence of the interaction. The interaction picks

the polarization of the DM along the neutrino velocity. In neutrino beam experiments, where

the neutrino velocity has a fixed orientation with respect to the earth’s frame, the direction

of the neutrino velocity rotates with the earth over the course of a day. This produces a daily

modulation of the DM e↵ect. This is in contrast with the e↵ect produced by a scalar field

where no such directional dependence exists and can be used to distinguish between the two.

We explore this e↵ect in more detail in Sec. 2.3

2.1 Neutrino Oscillations

Within the Standard Model, neutrino oscillations are controlled by two contributions, the

vacuum HamiltonianHvac and the MSW e↵ect [47, 48]. In absence of any matter, the neutrino

oscillation is set by the neutrino energy, the mass squared di↵erence and the rotation matrix

between the mass and the flavor eigenstates, UPMNS. In the relativistic limit, we can expand

the Hamiltonian in powers of m⌫/E⌫ where m⌫ denotes the mass of a generic mass eigenstate

and E⌫ is the neutrino energy. The non-identity piece of the vacuum Hamiltonian can be

written as

Hvac = UPMNS

2

64
1

2E⌫

0

B@
0 0 0

0 �m2
21 0

0 0 �m2
31

1

CA

3

75U †
PMNS

(2.4)

where �m2
ij

= m2
i
� m2

j
are the neutrino mass di↵erences and we have removed the pieces

proportional to the identity that do not contribute to oscillations.

On the other hand, in the presence of matter, for example while propagating through

the earth, the interaction of the neutrinos with matter creates a chemical potential for the

neutrinos. In the presence of protons, neutrons and electrons, the only non-identity interaction

in flavor space is a chemical potential for the electron neutrinos.

HMSW = ±
p
2GFne(x)

0

B@
1 0 0

0 0 0

0 0 0

1

CA (2.5)

where GF is the Fermi constant, ne(x) is the number density of electrons and the + (�) sign

is for neutrinos (anti-neutrinos). The neutrino oscillations we observe in neutrino experiments

are an interplay between the vacuum oscillation and the e↵ect of matter. Experiments that
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are sensitive to this e↵ect work in the regime L�m2
21/E⌫ ⌧ 1, despite the long distance

traveled by neutrinos L ⇠ 103 � 104 km. As a result, the relevant mixing parameters are

reduced to �m2
31, ✓13 and ✓23. When there is a non-zero number density of electrons, �m2

31

and ✓13 are replaced by their e↵ective counterparts [49]

�m2
31,M = �m2

31

q
(cos 2✓13 � �)2 + sin2 2✓13 (2.6)

sin2 2✓13,M =
sin2 2✓13

(cos 2✓13 � �)2 + sin2 2✓13
(2.7)

where � =
p
2GFneE⌫/�m2

31. When � = cos 2✓13, magnitudes of Hvac and HMSW are

comparable, which significantly changes mass eigenstates. This leads to enhanced oscillations

into electron neutrinos at distances of order E⌫

�m2
31,M

, which we call resonance.

The e↵ect has important phenomenological consequences. The sign of � changes between

neutrinos and antineutrinos, and also depends on mass ordering. In the normal ordering, the

resonance can only happen for neutrinos, while in the inverted ordering it can only occur for

antineutrinos. Therefore, the resonance can be used to solve the mass ordering problem [49].

In the presence of vector dark matter, neutrino oscillations are modified in a similar way.

The dark matter contribution (Eq. 2.1) to the neutrino oscillation can be written as1

Hint = ±

p
2⇢

mA

cos(mAt+ �) cos↵(t)

0

B@
g 0 0

0 g0 � g 0

0 0 �g0

1

CA (2.8)

where g and g0 denote coupling to the Le � Lµ and Lµ � L⌧ charges respectively, ⇢ is the

DM energy density, mA is the mass of the vector DM and ↵(t) is the angle between DM

polarization and the neutrino velocity. The total Hamiltonian governing neutrino oscillations

is the sum of the parts

H = Hvac +HMSW +Hint. (2.9)

In order to see the e↵ect of the VDM is similar to the matter e↵ect, let us set g = 2g0.

Then, the non-identity piece of Hint has the same matrix structure as Eq. (2.5). In the

L�m2
21/E⌫ ⌧ 1 limit this leads to a time-dependence of the e↵ective �m2

31 and ✓13

�m2
31,DM = �m2

31

q
(cos 2✓13 � �� �DM (t))2 + sin2 2✓13 (2.10)

sin2 2✓13,DM =
sin2 2✓13

(cos 2✓13 � �� �DM (t))2 + sin2 2✓13
(2.11)

1
Although the DM phase changes both in space and time, as in Eq. 2.2, the neutrino baseline is much

smaller than the coherence length so that the change in phase is suppressed by the small DM velocity. Hence

we only keep the leading time-dependent piece.
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where �DM (t) =
3g

p
⇢E⌫p

2m�m2
31
cos(mt+�) cos↵(t). Therefore, we can see that experiments which

are sensitive to the matter e↵ect should also be able to measure the e↵ect caused by DM.

The only qualitative di↵erence is that in this scenario the time-averaged e↵ect is the same

for neutrinos and anti-neutrinos, which is a feature that could be used to di↵erentiate the

DM-induced e↵ect from the matter e↵ect.

2.2 Simplified model with two flavors

To gain some insight into the e↵ect of vector dark matter on neutrino oscillation, we consider a

toy model of two neutrino flavors. For clarity, we ignore the matter e↵ect as it does not a↵ect

our conclusions. The model is characterized by a single neutrino mass squared di↵erence,

which we denote by �m2, the neutrino energy E⌫ and the dark matter mass and coupling,

mA and g.

H = U
�m2

4E⌫

�zU
† +

g
p
2⇢

mA

�z cos(mA(t� t0) + �(t0)) +O(vDM)

= U�⌫�zU
† + gA0�z cos(mA(t� t0) + �(t0)) , (2.12)

where �z is the third Pauli Matrix, U is the PMNS matrix for two flavors, �⌫ ⌘
�m

2

4E⌫
controls

the neutrino vacuum Hamiltonian, A0 =
p
2⇢

mA
is the vector amplitude, �(t0) = mAt0 + �0

is the DM phase at the point of neutrino production and t0 denotes the time of neutrino

production. We have also neglected the dot product of the polarization and the neutrino

velocity which changes due to earth’s rotation. We discuss this e↵ect in detail in Sec. 2.3.

Let us first consider the time dependence of the DM e↵ect. Due to stringent constraints,

the DM e↵ect is subdominant to the vacuum oscillation and can be treated using perturbation

theory. The transition probability between the flavor states can be written as

P⌫e!⌫µ = P (0) + P (1) + P (2) + · · · , (2.13)

where we have labeled the two flavor states as ⌫e and ⌫µ, P (1) and P (2) are the first and

second order correction to the oscillation probability due to dark matter, P (n)
/ gn. The

first order correction, P (1), only contains contributions as sin(mAL+�(t0)), where L denotes

the baseline of the experiment. This term oscillates as the initial phase �(t0) changes as

a function of neutrino production time t0. If an experiment has su�cient statistics, they

can look for the oscillating first-order correction. On the other hand, if the experiment only

observes time-averaged quantities, we will instead be sensitive to the second order correction,

P (2), which includes terms like sin2(mAL+ �(t0)). These do not average to zero in contrast

with the first-order correction. Then,

hP⌫e!⌫µi = P (0) + hP (2)
i+ · · · , (2.14)

where hi denotes averaging over the lifetime of the experiment. We compute hP (2)
i using

time-dependent perturbation theory.
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hP (2)
i = �

g2A2
0 sin

2(2✓)
�
m3

A
� 4mA�2

⌫

�2 f(mA,�⌫ , L)

f(mA,�⌫ , L) = 8�4
⌫ cos

2(2✓) (cos (L (mA + 2�⌫)) + cos (L (mA � 2�⌫))� 2 cos (2L�⌫))

+m4
A

�
L�⌫ sin

2(2✓) sin (2L�⌫) + 2 cos2(2✓) sin2 (L�⌫)
�
+ 16mA�

3
⌫ cos

2(2✓) sin (LmA) sin (2L�⌫)

+m2
A�

2
⌫ (cos(4✓) (cos (L (mA + 2�⌫)) + cos (L (mA � 2�⌫))� 2 cos (LmA) + 6 cos (2L�⌫)� 6))

+m2
A�

2
⌫ (cos (L (mA + 2�⌫)) + cos (L (mA � 2�⌫)) + 2 cos (LmA))

+m2
A�

2
⌫

�
�4L�⌫ sin

2(2✓) sin (2L�⌫) + 2 cos (2L�⌫)� 6
�
, (2.15)

where ✓ characterizes the two flavor PNMS matrix U .

This very complicated expression can be greatly simplified in the large or small mA limits.

In the small mass limit, where mA ⌧ 1/L ⇠ �⌫ , the e↵ect of dark matter is roughly constant

as the neutrinos fly from the point of production to the point of detection. In this limit, the

leading correction to the vacuum oscillation is given by

hP (2)
i = g2

A2
0 sin

2 2✓

8�2
⌫

(2.16)

�
4 cos 4✓ + 2 cos(2�⌫L)

�
cos 4✓(�2

⌫L
2
� 2) +�2

⌫L
2
� 1

�
��⌫L(5 cos(4✓) + 3) sin(2�⌫L) + 2

�
.

On the other hand in the large mass limit, where mA � 1/L ⇠ �⌫ , the dark matter is

oscillating rapidly over the flight of the neutrinos and much of its e↵ect is averaged away. In

this limit, the same second-order correction reads

hP (2)
i = �g2

A2
0 sin

2 2✓

m2
A

�
�⌫L sin2(2✓) sin(2�⌫L) + 2 cos2(2✓) sin2(�⌫L)

�
(2.17)

From Eq. 2.16 and 2.17, it is easy to see how the bound on the dark matter coupling

constant g scales with the mass of dark matter. In the low mass regime,
p

P (2) ⇠ gA0 ⇠
g

mA
,

so we expect the constraint to scale as g / mA. On the other hand, in the high mass regime,
p

P (2) ⇠
gA0
mA

⇠
g

m2
A
. Hence the constraint is expected to scale as g / m2

A
. This scaling

behavior can be seen in Fig. 1 where we have plotted the bound obtained from a hypothetical

neutrino experiment using two neutrino flavors in the perturbative regime. In making this

plot, we have assumed �⌫ 2 [1., 2.], a fixed experimental uncertainty and considered 10 bins

with equal energy spacing (motivated by the DUNE experiment [51–53]). The di↵erence in

the scaling of the bound on the coupling constant is clearly di↵erent in the small and large

mass ranges. In the low mass regime, mAL ⌧ 1, the bound increases slowly g / mA. On

the other hand, in the high mass regime mAL � 1 it weakens faster, g / m2
A
and smoothly

transitions between the two at mAL ⇠ 1.

In Section 3.3, we will use these perturbative results to scale numerically obtained bounds
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Figure 1. We show how the bound on the dark matter gauge coupling as a function of mass is expected
to behave for hypothetical neutrino oscillation experiments. For mAL ⌧ 1, for a fixed experimental
uncertainty, the coupling scales linearly with mA whereas for mAL � 1, the same scaling is quadratic.

at one mass to other masses. To do this, we will need to be sure that we are in the perturbative

regime. We will look at experiments with neutrino energies E⌫ ⇠ O(1 � 10GeV) at which

scale �m2
13 dominates the oscillation dynamics. By demanding P (2)

⌧ 1, Eq. 2.16 gives a

bound on the coupling below which we are working in the perturbative regime.

g < 2.5 · 10�30
⇣ mA

10�20eV

⌘✓
GeV

E⌫

◆
(2.18)

2.3 Daily Modulation

In this section, we discuss the e↵ects of the earth’s rotation on our DM signal. In particular,

we show that the e↵ect of daily modulation does not erase the DM signal even after time-

averaging, which motivates the search for time-independent signatures of the signal.

As the DM-induced potential is the dot product between the DM polarization and neu-

trino velocity, the DM-induced potential undergoes an oscillation due to the earth’s rotation.

The equatorial component oscillates whereas the polar components remain unchanged due to

the earth’s rotation. This directional dependence is a crucial di↵erence between vector and

scalar DM.

For a neutrino beam type experiment, the neutrino beam has a fixed direction in the lab

frame. Figure 2 shows this in the lab frame. In general, the neutrino beam has a direction

v̂⌫ = (v||, v?) (2.19)

where v|| and v? are the equatorial and polar components of the neutrino velocity respectively.
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Figure 2. The equatorial component of the vector polarization n|| rotates in the lab frame due to the
earth’s rotation whereas the polar component n? remains unchanged. For experiments like DUNE,
the neutrino velocity has a fixed direction. Hence the angle between the vector polarization and the
neutrino velocity oscillates with the frequency of a day.

We can similarly write the dark matter polarization unit vector in the lab frame as

Â(t) = (n|| cos(!dt), n?), (2.20)

where n|| and n? are the equatorial and polar components of the vector polarization and !d

is the daily frequency. We can write the vector DM potential, Eq. 2.8,

Hint =

p
2⇢

mA

cos(mAt+ �) cos↵(t)

0

B@
g 0 0

0 g0 � g 0

0 0 �g0

1

CA (2.21)

cos↵(t) = Â(t) · v̂⌫ . (2.22)

In an experiment with high statistics, we can make out the daily modulation of the signal. In

absence of such opportunity, we can observe the time averaged e↵ect of the daily modulation.

The daily average removes the first order correction hP (1)
i = 0 and only the higher order

e↵ects remain observable. In the case of su�ciently light DM, mA ⌧ !d, averaging over a

day does not average over a full oscillation of DM. In that case, the oscillation of the DM

e↵ect is observable even after taking the daily average. On the other hand, if one averages

over the lifetime of the experiment, as is typically done, the dark matter oscillations are also

averaged over.

After averaging over the lifetime of the experiment, the oscillation probability is given by

hP⌫e!⌫µi = P (0) +

✓
1

2
n2
||v

2
|| + n2

?v
2
?

◆
hP (2)

i+ · · · (2.23)
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where P (0), P (2) is same as in Eq. 2.13. Here we have assumed that the DM is light enough

so that the coherence time of the DM is longer than the experiment lifetime, hence the vector

polarization (n||, n?) can be treated as constant. We see that the e↵ect of the daily average

is a correction of the DM e↵ect which is dependent on the DM polarization and the beam

direction. Given a global network of neutrino beam experiments, we can not only observe

but also map out the DM polarization in the solar neighborhood.

Figure 3. Schematic diagram showing the two di↵erent averages over atmospheric neutrino velocity.
For atmospheric neutrinos, the neutrino velocity does not have a fixed direction. On the left, we have
shown the averaging of the neutrino velocity over the same zenith angle ✓ (it is conventional to assign
✓ = 0 to down-going neutrinos). Paths with the same zenith angle have equal lengths which form a
cone. This is standard for atmospheric neutrino experiments, as discussed in 3.1. We also have to
average over the daily modulation, which we have shown on the right.

If the DM coherence time is longer than a day but much smaller than the lifetime of the

experiment, we have to average over all possible DM polarization.

hP⌫e!⌫µi = P (0) +
1

2

✓
1

2
v2|| + v2?

◆
hP (2)

i+ · · · (2.24)

For a neutrino beam experiment like DUNE, we can compare Eq. 2.14 to Eq. 2.24 to

perceive the e↵ect of the earth’s rotation. The di↵erence depends upon the latitude and

longitude of both the points of neutrino production and detection. On the other hand,

for atmospheric neutrino experiment, shown in Fig. 3, there are a whole host of neutrino

velocities distributed on a two sphere. It is customary to bin events by zenith angle ✓, as

shown in Fig. 3. Then each bin corresponds to atmospheric neutrinos with the same path

length from production to detection. For an experiment located near the earth’s rotation

axis, like IceCube [54, 55], this corresponds to averaging over v||. However, for an experiment

located elsewhere, like Super-Kamiokande [49, 56, 57], the constant zenith angle averaging

will correspond to di↵erent averages over the neutrino velocity depending on the particular

location. To get an estimate of the impact of the velocity average on the vector DM e↵ect,
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we can look at average over both neutrino velocity and DM polarization,

hP⌫e!⌫µi = P (0) +
3

8
hP (2)

i+ · · · (2.25)

The e↵ect of daily average and the angular average is clear once we compare Eq. 2.14 to

Eq. 2.25.

3 Experiments

In order to get a qualitative understanding of which experiments are the most e�cient at

detecting Vector DM, we can compare the relative strengths of various terms in the Hamil-

tonian

Hvac ⇠
�m2

E⌫

, Hint ⇠ g

p
2⇢

mA

. (3.1)

Here, we can make a simplifying assumption that a given experiment is sensitive to DM when

both terms in the Hamiltonian are comparable

Hint . Hvac ! g . mA

E⌫

�m2

p
2⇢

⇠ 10�30
⇣ mA

10�20 eV

⌘✓
10 GeV

E⌫

◆
. (3.2)

As the vacuum term gets smaller with higher neutrino energies, we can see that experiments

that operate at higher energies have greater discovery potential.

Naively, one could use the most energetic neutrinos to set the most stringent constraints.

However, as the energy of neutrinos increases so does the oscillation length. Since the longest

baseline we can probe is of the size of the earth, this limits the most e�cient energies to E ⇠ 10

GeV. Experiments that operate or will operate at these energies are Super-Kamiokande

[49, 56, 57], IceCube [54, 55], DUNE [51–53] and Hyper-Kamiokande [58]. We can divide these

experiments into two categories: atmospheric neutrino experiments (Super-Kamiokande, Ice-

Cube, DUNE and Hyper-Kamiokande) and beam experiments (DUNE). Below, we consider

one experiment of each type, with Super-Kamiokande as an example of an atmospheric neu-

trino experiment and DUNE as an example of a neutrino beam experiment. We focus on

time-independent signatures of VDM, leaving the time-dependent analysis to future work. 2

3.1 Super-Kamiokande

Super-Kamiokande is a water-Cherenkov detector that is designed to measure neutrinos of

astrophysical, atmospheric and accelerator origins. In this work, we focus on atmospheric

neutrinos detected by Super-Kamiokande. In this type of experiment we can reconstruct

2
By arguments around Eq. (3.2) we expect constraints from time-dependent and time-independent analysis

to be comparable. It is important to note that the time-dependent analysis will be e↵ective if the DM coherence

time is at least as long as the duration of the experiment.
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neutrino direction and their energy. As neutrinos are produced in the atmosphere, the distance

they travel before reaching the detector is related to the zenith angle ✓ shown in Fig. 3.

When cos ✓ = 1, the distance covered by neutrinos is of order O(10 km), while cos ✓ = �1

corresponds to distances of order O(104 km). In our analysis, we focus on neutrinos coming

from underground (cos ✓ < 0) as the longer e↵ective baseline allows the e↵ect of DM to

accumulate, leading to stronger sensitivity.

Super-Kamiokande divides neutrino events into three main categories, fully contained

(FC), partially contained (PC) and up-going muons (Up-µ). Both FC and PC categories

include neutrinos that convert into electrons/muons inside the detector. However, leptons

produced during FC neutrino events deposit all energy inside the inner detector whereas

leptons produced during PC events stop at the outer detector or deposit only a fraction of

their energy before leaving the detector. The final type of event, Up-µ, includes muons that

were produced outside the detector but stopped inside it or passed through it leaving a trace.

As we are interested in the neutrinos that have energies of order 10 GeV and whose

angular direction can be resolved, there are two event sub-categories that meet this criterion,

PC through-going and Up-µ stopping. Both samples have similar energy distributions that

peak around 10 GeV [56]. The first sub-category includes mostly muons and antimuons that

were produced inside the detector but managed to escape it. These events are binned over

zenith angle cos ✓ 2 [�1, 1] with a bin size of � cos ✓ = 0.2. The second sub-category contains

the muons and antimuons that were produced outside the detector but stopped inside. Here,

events are binned over a shorter range of zenith angle cos ✓ 2 [�1, 0], with a smaller bin size

of � cos ✓ = 0.1.

In the analysis, we use two data sets for each sub-category. The first one contains the

number of observed events [57] as a function of the zenith angle cos ✓, as shown in the Fig. 3.

The second data set has the ratio of observed neutrino events to the expectation in the case

of standard neutrino oscillations as a function of zenith angle cos ✓ [56]. For Up-µ stopping

sub-category both data sets are binned over cos ✓ 2 [�1, 0] into 10 bins of size � cos ✓ = 0.1.

For PC through-going sub-category we use the first 5 bins which correspond to cos ✓ 2 [�1, 0]

as they are the most sensitive to the e↵ect of VDM. We use these data sets as an experimental

input to the �2 test

�2(Ni, Oi) = 2
binsX

i=1

✓
Ni �Oi +Oi ln

Oi

Ni

◆
= 2

binsX

i=1

Oi

✓✓
Ni

N0
i

x�1
i

◆
� 1 + lnxi

N0
i

Ni

◆
(3.3)

where Oi is the number of observed events, Ni is the number of expected events, N0
i
is the

number of expected events assuming standard neutrino oscillations [56] and xi = Oi/N0
i
. The

subscript i refers to the bin.

The input from our model is contained in the ratio Ni
N0

i
. In our work, we make a simplifying

assumption that the energy of neutrinos is 10 GeV. We also assume that the detector response

is identical for all neutrinos collected in a single bin. As a result, we can write the ratio Ni
N0

i
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as

Ni

N0
i

=

P
a=e,µ

hPa!µii�a,i +
P

a=ē,µ̄

hPa!µ̄ii�a,i

P
a=e,µ

⌦
P 0
a!µ

↵
i
�a,i +

P
a=ē,µ̄

⌦
P 0
a!µ̄

↵
i
�a,i

(3.4)

where �a,i is the atmospheric neutrino flux from [59]. hPa!µii is the probability averaged

over bin i, where we average over azimuthal and zenith angles as well as DM oscillation and

rotation of the earth. The probability is calculated in the low mass limit where we assume that

the DM phase is approximately constant as the neutrino passes through the Earth. Following

[56, 57] we include the e↵ect of changing electron density by employing the PREM model

[60]. Taking the same 3-flavor neutrino oscillation parameters as in [56] we get the following

bounds at the 2� level

g < 2 · 10�31
⇣ mA

10�20 eV

⌘
g0 < 1 · 10�31

⇣ mA

10�20 eV

⌘
. (3.5)

These bounds are only valid in the low mass limit. The treatment of the high mass limit is

explained in Sec. 3.3. The projected bounds are shown in Fig. 4 and 5.

In order to validate the above result we performed cross-checks by reproducing the results

of Ref. [56]. Ref. [56] examined the bounds coming from Lorentz symmetry violation in

the form of chemical potentials and thus resembles our signal up to the time and direction

dependence. The reproduced results di↵ered by up to a factor of two, which we can use as

an estimate of the accuracy of our method.

3.2 DUNE

As mentioned before, sensitivity is best for an experiment with a long baseline and high

energy. As an example of a neutrino beam experiment with these properties, we consider

the Deep Underground Neutrino Experiment (DUNE). DUNE produces a beam of primarily

muon neutrinos at Fermilab at energies between 0.5 and 10 GeV. These neutrinos are then

sent along a 1285 km path to a detector in Lead, SD. There, they measure the number

of muon neutrinos that have disappeared (Ndis) and the number of electron neutrinos that

have appeared (Napp). Figures 10 and 11 in Ref. [53] present a prediction for Ndis,app using

standard neutrino oscillations with the number of disappearance/appearance events. This

data is presented in energy bins of width 0.25 GeV from 0.5� 8 GeV.

We can use these measurements to place bounds on our vector dark matter interaction.

An exact treatment would involve a full simulation of the detector using the GLoBES frame-

work [61, 62] as was done in Ref. [53] for standard oscillations and for a variety of BSM

extensions to standard oscillations in Ref. [52]. However, we take a simplified approach by

assuming that the detector response is the same for all neutrinos in a single energy bin. In

this approximation, we can write Napp

i
(Ndis

i
), the number of electron-neutrino appearance
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events (muon-neutrino disappearance events) in the ith energy bin, as

Ndis

i = Ndis,0
i

1� hPµ!µii

1�
⌦
P 0
µ!µ

↵
i

Napp

i
= Napp,0

i

hPµ!eii⌦
P 0
µ!e

↵
i

(3.6)

Here the superscript 0 represents quantities taken without dark matter interactions and hi
i

represents averaging over the ith energy bin. We numerically compute the oscillation probabil-

ities using three flavor oscillations in the low mass limit. We vary the dark matter coupling, g

or g0, while three-flavor oscillation parameters are kept fixed at the central values of the global

fit [63] used by the DUNE collaboration in their simulated data for appearance/disappearance

events [52]. Placing projected bounds from DUNE is complicated by the fact that we only

have predicted data for Napp

i
and Ndis

i
and not any actual data. If we did have an observed

number of events in each bin Oi we could simply compute the �2 for our theory using Eq 3.3.

If we wanted to compare our vector dark matter theory to standard oscillations, we would

look at the di↵erence in �2 between the two theories

��2(Ni, N
0
i , Oi) = �2(Ni, Oi)� �2(N0

i , Oi) = 2
X

i

Ni �N0
i +Oi ln

✓
N0

i

Ni

◆
(3.7)

Here the sum over bins sums over the bins for both muon-neutrino disappearance and electron-

neutrino appearance to give the total �2. However, since we do not have any real data to

compare to, we imagine drawingOi from the distribution for appearance/disappearance events

for standard oscillations given by N0
i
. Since ��2 is linear in Oi this amounts to replacing Oi

with N0
i
in Eq 3.7.

⌦
��2(Ni, N

0
i , Oi)

↵
Oi

= �2(Ni, N
0
i ) (3.8)

If ��2 > 4 we would then be able to distinguish standard oscillations from standard

oscillations with our vector dark matter interaction at the 2� level. We can then place

a predicted bound on our coupling, assuming that DUNE will not find disagreement with

standard oscillations, by demanding

��2(g) < 4 (3.9)

where g is the coupling of interest. As a cross-check, we were able to use this method to

reproduce the bounds on the flavor-diagonal piece of the non-standard neutrino interactions

from Ref. [52] to within 20%. These flavor-diagonal non-standard neutrino interactions are

very similar to our dark matter interaction. In fact, they are equivalent if we send cos(mAt+

�) cos(↵) ! 1 in Eq. 2.8. It is likely that our bounds have similar error bars.

As seen from Eq. 2.8, the strength of our interaction depends not only on the strength

of the coupling g and g0 but also on the relative direction of the neutrino velocity to the
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dark matter polarization and the phase of the dark matter. All of these quantities vary on

di↵erent timescales. The phase of the dark matter, mAt+ � in Eq. 2.8, changes on the time

scale m�1
A

. The direction of the neutrinos’ velocity changes on a daily time scale due to the

earth’s rotation. Finally, the direction and amplitude of the dark matter background and

changes on the scale of the coherence time of the dark matter background which scales with

tcoh ⇠ 106m�1
A

. For time scales that are shorter than the total data collection time of DUNE,

around 3-7 years, we should average the probabilities Pµ!µ and Pµ!e over these time scales

before placing the bound from Eq. 3.9. This is true for all three of our relevant time scales

except for the coherence time for masses mA < 3 · 10�18 eV. For masses below this limit, the

dark photon field is coherent during the 3-7 year duration of the experiment so we must first

compute bounds for each direction of the dark photon polarization. Then, in order to capture

the fact we do not know in which direction the dark matter points, we should average these

bounds over all dark photon polarizations. However, we find that whether or not we average

over dark matter polarizations before or after computing the bounds leads to an O(10%)

change in the resulting average bound in the end. We, therefore, ignore this subtlety and

average over all time scales before computing the bound. We find the bounds on g(g0) to be

g < 10�30
⇣ mA

10�20 eV

⌘
g0 < 7 · 10�31

⇣ mA

10�20 eV

⌘
. (3.10)

These bounds are shown plotted below in Fig. 4 and 5.

As mentioned before, we are using DUNE as an example of the sensitivity of a neutrino

beam experiment. DUNE expects to detect oscillations from the background atmospheric

neutrinos as described in Ref. [51] where they argue DUNE will have a sensitivity similar to

Hyper-Kamiokande. If one were to use this aspect of DUNE, then the bounds in Eq. 3.10

and Eq. 3.5 would be improved upon significantly.

3.3 Results

We numerically find the DUNE and Super-Kamiokande bound for a DM mass in the small

mass limit using the methods described before. To obtain a bound for an arbitrary mass, we

rescale the bound using the full second-order correction to the oscillation probability,
⌦
P (2)

↵
,

given in Eq. 2.15. In Eq. 2.15, L is the neutrino baseline, �⌫ =
�m

2
13

4E⌫
, A0 is the field strength

A0 =
p
2⇢DM
mA

, and g is the coupling we are interested in (either g or g0). For each of the

experiments, we insert di↵erent values of L and E⌫ . For DUNE [53], we use the baseline

L ⇡ 1300 km and E⌫ = 2 GeV, roughly the energy at which detection events peak. For

Super-Kamiokande we use E⌫ = 10 GeV. The length for Super-Kamiokande is complicated

since, for atmospheric neutrinos, L varies depending on the zenith angle ✓. In principle, we

should use an e↵ective length, weighted over the bins. For simplicity, we use L ⇡ 12000 km,

roughly the diameter of the earth. A di↵erent choice of L does not alter our constraint in the

low mass regime or its qualitative feature over the whole of the parameter space.

In order to use Eq. 2.15 to rescale our bounds, perturbation theory in g (g0) must be

valid. Using Eq. 2.18 with E⌫ = 10 GeV for Super-Kamiokande and E⌫ = 2 GeV for DUNE
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Figure 4. Constraints on the Le � Lµ coupling from atmospheric and beam neutrino experiments.
The curves show upper limits on the coupling g. The atmospheric neutrino bound is represented
by the cyan line, which is derived using Super-Kamiokande data [56, 57]. The dashed magenta line
gives the projected sensitivity of neutrino beam experiments, which is obtained assuming DUNE
operating in the beam mode [52]. Our constraints are several orders of magnitude stronger than
the cosmological ⌫-decay bound (light blue and black dashed lines) [64] and five orders of magnitude
stronger than other terrestrial bounds at the lower end of the allowed mass range. It is expected that
time dependent analysis will improve these bounds. Other constraints are from BH superradiance
(gray band) [65], neutrino oscillations modified by a fifth force (orange and yellow lines) [66, 67],
�Ne↵ through ⌫⌫ ! AdAd (green line) [68, 69], EP violating forces (dark blue line) [66, 70] and
a model dependent bound coming from a mono-lepton plus missing energy search at LHC (brown
line) [71].

to obtain the perturbative limit for both experiments and comparing these limits to the

bounds placed in Eq. 3.5 and 3.10, we find that our bounds are soundly in the perturbative

limit.

As an additional cross-check of this extrapolation, we solved for the transition proba-

bilities numerically for a few values of mA in the high mass regime for both DUNE and

Super-Kamiokande. While doing this for all points in our parameters space is too computa-

tionally expensive, we find good agreement between our perturbation extrapolation to high

masses and the exact numerical results.

4 Conclusions

In this work, we studied the e↵ects of ultra-light vector dark matter consisting of a dark

photon. We consider our dark photon to be the gauge boson of gauged lepton flavor number

with di↵erent couplings for each flavor. We showed the e↵ect of such a coupling in the

context of neutrino oscillations is to give each neutrino flavor an e↵ective chemical potential
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Figure 5. Constraints on the Lµ � L⌧ coupling from atmospheric and beam neutrino experiments.
The curves show upper limits on the coupling g0. The atmospheric neutrino bound is derived using
Super-Kamiokande data [56, 57]. The projected sensitivity of beam neutrino experiments is obtained
assuming DUNE operating in the beam mode [52]. Our constraints are several orders of magnitude
stronger than the cosmological ⌫-decay bound (light blue and black dashed lines) [64] and eight orders
of magnitude stronger than other existing constraints at the lower end of the allowed mass range. It
is expected that time-dependent analysis will improve these bounds. Previous constraints are from
BH superradiance (gray band) [65], �Ne↵ through ⌫⌫ ! AdAd (green line) [68, 69], NS binaries (red
line) [29] and a model-dependent bound coming from a mono-lepton plus missing energy search at
LHC (brown line) [71].

proportional to the background dark matter field and the coupling. Because the couplings

are flavor asymmetric, these chemical potentials are di↵erent for each neutrino flavor and

thus will have some e↵ect on neutrino oscillations. Because this interaction is diagonal in

flavor space, we saw that the net e↵ect of these couplings is to dampen the mixing, and thus

dampen oscillations between neutrino flavor eigenstates.

Using this e↵ect, we are able to place bounds on the flavor asymmetric couplings g

(U(1)Le�Lµ) and g0 (U(1)Lµ�L⌧ ) by comparing to neutrino oscillation experiments. Using

Super-Kamiokande (DUNE) as an example, we found the (projected) bounds coming from

an atmospheric (beam) neutrino experiment. These bounds are shown in Fig. 4 and Fig. 5.

For both, we found our bounds beat previously leading bounds for low dark matter masses

and give bounds comparable to leading bounds at high masses.

We also considered time-dependent e↵ects unique to our vector dark matter background.

In particular, due to the Earth’s rotation, neutrinos in the earth’s frame see a vector back-

ground that rotates on a daily basis. Since the coupling between neutrinos and the dark

matter background is proportional to ~Ad · ~v⌫ , this rotation e↵ect would manifest as daily

modulations in neutrino oscillations. In our bounds, we averaged over these daily modula-
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tions. However, one could look for these daily modulations directly. These daily modulation

would be seen as a daily time dependence in the appearance/disappearance events. One

would need to have the time-stamped data to see this e↵ect. This would involve working

directly with the data from neutrino oscillation experiments and so we leave it for future

works. In addition to this time-dependent analysis, bounds could be made more precise with

future atmospheric neutrino experiments such as Hyper-Kamiokande, DUNE and by working

more directly with experiments like IceCube.
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