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Abstract

Neutrino masses, dark matter and the baryon asymmetry of the Universe

call for new physics beyond the Standard Model. In recent years, low scale

extensions of the Standard Model, the so-called dark sectors, have received

significant attention: they postulate the existence of new particles and inter-

actions below the electroweak scale and they communicate with the visible

sector via feebly couplings, called portals. The main strength of this ap-

proach is that we can get a rich phenomenology from just a few added dark

parameters of the theory. Their existence is highly motivated by observed

anomalies in a vast range of experiments. We study one particular dark

model in detail, the Three Portal model, though we also consider other kinds

of realizations of dark sectors. We first present the current status of dark

sector parameters. Then, we explain the role of dark sectors in one particular

neutrino anomaly: MiniBooNE’s low energy excess. We particularly study

how a dark photon and one or two heavy neutral leptons from the Three Por-

tal model could explain the anomalous events in MiniBooNE and perform

a fitting of the model. Furthermore, we consider this model in hot white

dwarfs, so that constraints could be set on the parameter space of the dark

photon.
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Introduction

The Standard Model of particle physics (SM) describes the interactions

among the fundamental constituents of matter and is capable of explain-

ing experimental results very accurately. The SM is able to predict a vast

quantity of observables from just 19 parameters of the theory: 12 fermion

masses, 3 gauge couplings, 4 parameters (3 mixing angles and 1 CP-violating

phase) for the quark mixing, 1 Higgs boson mass, 1 vacuum expectation

value for the Higgs boson and 1 QCD vacuum angle (related to CP viola-

tion in the strong interaction) [1–8]. However, the SM fails to account for

notable experimental facts, such as the neutrino oscillations through mass

mixing [9–17], the dominant component of matter in the universe (85%):

dark matter [18–29], the excess of matter with respect to anti-matter (the

baryon asymmetry of the universe) [30–34], the gravitational interactions

at the quantum level [35–41], etc. In addition to these fundamental prob-

lems, there are experimental results that remain unexplained, such as the

muon (g − 2)µ anomaly [42–48], neutrino experiment anomalies (LSND [49–

53], MiniBooNE [54–67]), the Hubble tension between the astrophysical and

cosmological measured values of the Hubble constant [68–72], ANITA ex-

cess events [73–77], etc. It remains unclear if these anomalies are due to

experimental artifacts or less understood systematic errors or instead are in-

dications of new physics beyond the Standard Model (BSM). In the latter

1



Introduction

case, they offer an avenue of exploration to consider models of new physics.

The landscape of mdoels BSM is vast. On the one hand, theories have

been developed from strong postulates and provide complex frameworks, such

as string theory [39, 78–81] or super-symmetric models [82–86]. On the other

hand, there is another approach: the construction of simple extensions of the

SM that can account for the main observable problems, while being easily

testable. If these extensions contemplate new interacting fields that feebly

interact with the SM and they are in a sub-GeV scale, we call them “dark

sectors”. The models proposed in the second approach can be clasified as

”scientific” according to Karl Popper: they are falsifiable [87]. Dark sectors

are easy to test and falsify due to their small number of extra parameters.

They also play a crucial role in the interpretation of experimental anomalies

in high energy physics as well as in cosmology and astrophysics. They need to

be tested against the experimental results in order to identify their viability.

The present work will take the second approach in extending the SM to

a new theory. Our strategy consists in focusing on a specific experimental

anomaly, the MiniBooNE low energy excess, see Chapter 2, and in proposing

a dark sector model to explain it. We will identify the parameter space

required to fit the experimental signature and then we will test the model

in completely different and therefore complementary ways. In particular we

will concentrate on astrophysical environments in which dark sectors can

manifest themselves. We have chosen the cooling of hot white dwarfs as a

very sensitive test of dark sector models as will be seen in Chapter 3 and

Chapter 4. We will introduce the concept of “dark sectors” starting from

a broad description of the main renormalisable portals between them and

the SM, and specifically we will review the main aspects of dark photons

and heavy neutral leptons. We will then put forward the idea of “rich dark

2
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sectors” in which the principle of minimality is abandoned and a structure

with multiple particles and interactions is adopted, in analogy to the SM.

The “Three portal model” [88] is a prototype for such SM extensions and

introduces a new gauge symmetry, with the associated dark photon, a scalar

sector needed to break such symmetry and multiple fermions charged under

the new symmetry.

We have structured the thesis in four main chapters. In Chapter 1, we

introduce the concept of dark sectors and show the current status of it.

In Chapter 2, we will first explain one of the most puzzling anomalies in

neutrino physics: MiniBooNE low energy excess. We will comment on many

of the dark sector solutions to it, to finally focus on the explanation arising

in the “Three portal model” thanks to the simoultaneous presence of heavy

neutral leptons and dark photons. In Chapter 3, we will take the same

dark photon model from the previous chapter, to analyze its effects in the

cooling of hot white dwarfs. The general aim is to find the regions relevant

for MiniBooNE low energy excess solution that may be excluded by how

white dwarfs lose energy. In Chapter 4, we will adopt a similar approach as

that of the previous chapter: we will consider a different dark sector model,

with a Lµ − Lτ gauge symmetry and we will test it against white dwarf

cooling. We will first show the excluded regions relevant to the solution

of other two important anomalies: muon (g − 2)µ and the Hubble tension.

Secondly, we will develop more precise tools to analyze the effects for a dark

photon ultra light masses and also for resonant masses, i.e., masses that are

in resonance with the frequency of the plasma in the star. In final chapter,

we will conclude. We refer the reader to the appendices, where some of the

most relevant computations are shown step by step.

3



Chapter 1

Dark sectors

The most important evidence that the Standard Model (SM) of particle

physics is incomplete comprises neutrino masses and mixing, and the presence

of dark matter (DM) and of a baryon asymmetry in the Universe. They call

for extensions of the SM. While for many years the focus has been on high

energies, recently great attention has been given to dark sectors at scales

below the electroweak one. In order to understand the possible connections

between the SM and dark sectors, we will first present a general picture of

dark sectors, describing some important fields they can contain: the dark

photon, heavy neutral leptons (HNLs) and dark scalars. Subsequently, we

will present a specific model for dark sectors that will be taken into account

in the next chapters: the “Three portal model”.

1.1 Dark sectors

In general, dark sectors can be understood as models that contain sub-GeV

new fields that feebly interact with the SM through what we will call portals,

which are communicating couplings between the two system of fields. Dark

4



CHAPTER 1. DARK SECTORS

sector models could be minimal, if a very restricted number of new particles

and interactions are considered, e.g. in the case of a single portal, or “rich”

if multiple particles and/or generations are accounted for. The latter case is

strongly motivated by analogy with the structure of the SM and by the self-

consistency of the model, e.g. dark photons and HNLs require a mechanism

for their masses.

The dark fields can interact with the SM via renormalizable interactions:

i) a vector portal when, in a U(1)D gauge symmetry extension of the SM, the

new gauge Xµ kinetically mixes with a SM vector one. The resulting boson

is called a “dark photon”; ii) a scalar portal when a dark Higgs singlet mixes

with the SM one; iii) a neutrino portal when new right-handed neutrinos

couple on one side with SM neutrinos and on the other with the dark sector.

In this case the right handed neutrinos which mix with the SM ones go under

the name of heavy neutral leptons (HNLs). An illustrative diagram about

these connections can be seen in Fig. 1.1. In what follows, we will analyze

each of this elements.

1.1.1 Dark photons

We will start by considering a UD(1) extension of the SM gauge group. The

associated gauge field can mix with the SM ones via kinetic mixing. We note

that we will use either A′ or Z ′ to indicate the resulting new gauge massive

state. For a more complete review on this, we refer to the reader to [89].

Kinetic Mixing

There is more than one way to couple a dark photon to SM fields. The most

important one is through a kinetic mixing of the dark photon to an Abelian

spin-1 field. That provides the portal linking the dark and visible sectors [90].

5



CHAPTER 1. DARK SECTORS

Figure 1.1: Some of the possible portals between dark sectors and the Stan-
dard Model: kinetic (through a dark gauge boson X), scalar (through a dark
scalar Φ) and neutrino mixing (with the addition of sterile N and dark νD
neutrino states). Image inspired by an illustration made by Dr. Matheus
Hostert.

The relevant Lagrangian density terms read,

Lkin = −1

4
FaµνF

µν
a − 1

4
FbµνF

µν
b − ϵ

2
FaµνF

µν
b , (1.1)

where F µν
i ≡ ∂µAν

i − ∂νAµ
i (i = a, b) are the field strengths of two bosons

identified as Aa and Ab, ϵ is a dimensionless quantity that parametrizes the

kinetic mixing.

In Eq. (1.1), the fields described by F µν
i need to be diagonalized, so that

the cross term disappears and the physical fields are found. The resulting

physical field can be identified with the visible photon and a dark photon,

after spontaneous symmetry breaking. These photons are well described by

three parameters: the coupling strength of each one plus a mixing parame-

ter [91].

The Lagrangian can be diagonalized as follows

6



CHAPTER 1. DARK SECTORS

Aµ
a

Aµ
b

 =

 1√
1−ϵ2

0

− ϵ√
1−ϵ2

1

cos θ − sin θ

sin θ cos θ

A′µ

Aµ

 (1.2)

The additional orthogonal rotation is always possible and introduces an

angle θ which is arbitrary as long as the gauge bosons are massless. This

mixing of fields allows the dark sector (DS) and the SM to communicate

through the following interaction

Lint =eJµA
µ
b + e′J ′

µA
µ
a ,

=

[
e′cθ√
1− ϵ2

J ′
µ + e

(
sθ −

ϵcθ√
1− ϵ2

)
Jµ

]
A′µ ,

+

[
− e′sθ√

1− ϵ2
J ′
µ + e

(
cθ +

ϵsθ√
1− ϵ2

)
Jµ

]
Aµ ,

(1.3)

where cθ ≡ cos θ and sθ ≡ sin θ, e is the coupling bewtween electromagnetic

currents, Jµ, and the photon and e′ is the coupling bewtween dark currents,

J ′
µ, and the dark photon. Depending on the choice of the mixing angle θ,

there are two main limits. The photon could couple just to SM matter, while

the dark photon, to both sectors. This is achieved by setting sθ = 0, so that,

L sθ=0
int =

[
e′√
1− ϵ2

J ′
µ −

eϵ√
1− ϵ2

Jµ

]
A′µ + eJµA

µ . (1.4)

This case is said to exclude milli-charge particles, i.e., particles in the

DS that couple slightly to the SM photon. On the other hand, the opposite

situation could be achieved by setting sθ = ϵ, so that,

L sθ=ϵ
int = e′J ′

µA
′µ +

[
− e′ϵ√

1− ϵ2
J ′
µ +

e√
1− ϵ2

Jµ

]
Aµ . (1.5)

In this second limit, the milli-charge arises and has a coupling strength

7
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of ∼ e′ϵ. This coupling is strongly constrained. As can be seen in [92], if

these DS particles have masses close to that of the electron, then ϵ′ ≡ e′ϵ/e

is excluded for values ≳ 10−15 from laboratory (LEP and beam dump exper-

iments), cosmological (BBN) and astrophysical (stellar evolution) bounds.

If the milli-charges are very light neutrinos from BSM, the limit is more

stringent and excludes ϵ′ ≳ 10−21.

Mass terms

The main mechanism to give the dark photon a mass is the Higgs one, thanks

to a dark scalar that breaks the U(1)D gauge symmetry. We will focus mainly

on this case in the thesis and we will discuss it in details in the next section.

Here, we present a more minimal approach for the dark photon mass, the

Stueckelberg one.

The Stueckelberg Lagrangian has the following form,

LStu = −1

2
M2

aAaµA
µ
a −

1

2
M2

bAbµA
µ
b −MaMbAaµA

µ
b . (1.6)

This was first introduced in [93] with the introduction of a scalar field

and as as a mechanism of interaction between QED currents and nuclear

forces. The idea was to give mass to an Abelian gauge field. This respected

the original symmetry and was also BRST invariant (with the introduction

of ghosts fields) [94]. It was originally an alternative to the Higgs mechanism

to achieve gauge symmetry breaking without spoiling renormalizability [95].

Eq. (1.6) comes from the following Lagrangian term,

L ⊃ −1

2

(
∂µσ +MaAaµ +MbAbµ

)2
, (1.7)

where σ is the scalar field, which could be an axion. This term assumes there

8
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is a kinetic mixing between the two U(1) gauge fields and makes milli-charge

particles from the DS possible.

Because the visible photon does not have mass, under the Stueckelberg

mechanism we are forced to set the sin θ in Eq. (1.2) equal to 0. In this case

the interaction with fermions would be

LI ⊃ − eϵ√
1− ϵ2

JµA
′µ ≃ −eϵJµA′µ . (1.8)

Massless higher order interactions

There is another possibility: that the dark photon is massless. This case

is more challenging as the dark photon does not couple directly to any of

the SM currents and interacts instead with ordinary matter only through

operators of dimension higher than four. This interaction can be expressed

through a dimension 5 operator:

LI =
gD
2Λ5

ψ
i
σµν

(
Dij

M + iγ5Dij
E

)
ψjF ′µν , (1.9)

where DM is the magnetic dipole moment, DE is the electric dipole moment,

gD is a dark coupling of the dark photon field strength to these dipole mo-

ments1, Λ5 is the UV-cutoff scale of the term and σµν ≡ i
4
[γµ, γν ]. DE is

normally not included as it would introduce CP-odd effects. We can turn

this term into a dimension 6 one, with the help of the Higgs field and the

left-handed doublets:

LI =
gD
2Λ2

ψ
i
σµν

(
Dij

M + iγ5Dij
E

)
HψjF ′µν + h.c. , (1.10)

where H is the Higgs field and ψi are left-handed doublets.

1The subscript D or d will be used to denote ”dark” sectors.

9
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A more general approach to order 5 and 6 terms can be found in [96].

Dark photon and Dark Matter

A lot of attention has been devoted to the connection between dark photons

and dark matter as dark sectors provide a very interesting framework for

solutions to DM alternative to WIMPs. There are two main cases to regard.

DM could be made of particles, mainly fermions, from the dark sector that

interact through the dark photon. The other case, more challenging, is to

consider the dark photon itself as DM.

DM interacting through a massless dark photon Though this case

is not as challenging as the second we will see, there are problems that need

to be solved if DM interacts via a massless dark photon: it is a long-range

force, while galaxies’ dynamics are collisionless and the DM halo is elliptic.

According to [97], which works on a dark Abelian gauge group U(1)D not

directly coupled to the SM fields, the dynamics of the early universe impose

just few constraints on this massless dark photon case. If the DM fermions,

χ, have a massmχ ∼ 1TeV, then αd ≲ 10−3, where αd ≡ g2D/(4π), so that the

expected relic abundance can be obtained and also the DM can be effectively

collisionless in galactic dynamics.

Other effects from cosmology to be considered are those due to what hap-

pens after decoupling of DM from SM fields. DM can continue being in a

thermal bath slightly coupled to the dark photons in what [98] calls the

Dark-Acoustic-Oscillation (DAO) regime. This could affect the expansion

history of the universe and dark photon perturbations could also alter some

cosmological observables, though the most severe constraints come from as-

trophysics, as we will see.

10
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One of these astrophysical constraints is the ellipticity profile of the halos.

The one inferred for the galaxy NGC720, according to [99], sets a limit which

comes from the expression for the isotropization timescale of about

mχ

(
0.01

αd

)2/3

≳ 300 GeV . (1.11)

This coupling also has an impact on the DM relic density, because DM

may annihilate into SM fermions. Heavy fermions are good candidates for

DM. Their dominant annihilation is into SM fermions via the exchange of a

field S with a coupling αL, such that,

⟨σχχ→ffv⟩ =
2πα2

L

m2
S

. (1.12)

The critical relic density can be produced if

2πα2
L =

(
10 TeV

mS

)2

≃ 0.1 . (1.13)

On the other hand, light DM fields have a high rate in which they anni-

hilate into dark photons

⟨σχχ→A′A′v⟩ = 2πα2
d

m2
χ

. (1.14)

For αd ≈ 0.01 and mχ ≲ 1 TeV there is a large cross section. The relic

density would be just a fraction of the critical one, so that light dark fermions

should have converted into dark photons

Ωχh
2 ≈ 2.5× 10−10 GeV−2

⟨σχχ→A′A′v⟩ . (1.15)

Light DM interacting through a massive dark photon Light DM

with masses of the order of MeVs up to GeVs are also a possibility to well

11
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describe DM. The general approach was first developed by [100] for scalar

DM candidates and, more recently, by [101] for DM fermions and discovering

9 regimes of different possible interplays between the SM fields, DM and

the dark photon. At the beginning, these models were proposed to make

predictions more compatible with observations, because the usual WIMP

models were predicting cuspy halos [102]. In their simplest form, the main

constraints come from the possibility to yield gamma rays in an energy range

already tested. Furthermore, a considerable region of the parameter space is

excluded due to freeze-out and reannihilation regimes [101].

A possible channel to obtain the relic density if mA′ > 2mχ is: χχ →
A′ → ff . The cross section for this light DM is given by,

σχχ→ff =
4π

3
ϵ2ααdm

2
χ

(
1 +

2m2
e

s

)(
1 +

2m2
χ

s

)

× s

(s−m2
A′)2 +m2

A′Γ2
A′

√
1− 4m2

e

m2
A′√

1− 4m2
χ

m2
A′

,
(1.16)

where α is the fine structure constant, s is the Mandelstam parameter of the

interaction and ΓA′ is the decay width of the dark photon.

The thermal average in the non-relativistic limit and considering me ≪
mχ and ΓA′ ≪ mA′ is

σχχ→ff ≃ ϵ2ααd

16πm2
χ(

4m2
χ −m2

A′

)2 . (1.17)

When constraining these parameters it is useful to work with the yield

variable, which is defined as follows
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y ≡ ϵ2αd

(
mχ

mA′

)4

. (1.18)

The cross section can be expressed just in terms of this variable, y, and

the mass of the DM candidate, mχ [103].

In terms of this variable, the thermal average is approximately

σχχ→ff ≃ 16παy

m2
χ

. (1.19)

Another important interaction to keep in mind is the t-channel of DM

interacting with electrons. The cross section for this process is

σe =
16πµ2

χeααdϵ
2(

m2
A′ + α2m2

e

)2 ∣∣F (q2)∣∣2 . (1.20)

where µχe is the reduced mass of the electron and χ, and F (q2) is the form

factor

F (q2) =
m2

A′ + α2m2
e

m2
A′ + q2

, (1.21)

where q is the exchange momentum. With the help of this expression, we

can find the differential event rate in a DM detector (with NT the number

of target nuclei per unit mass, E the electron energy, ⟨σev⟩ the thermally

averaged cross section, v the χ velocity, ρχ the local density of χ)

dR

d lnE
∝ ρχ
mχ

d⟨σev⟩
d lnE

. (1.22)

This relation allows us to constraint the parameter ϵ for light DM with

the help of direct detection experiments. In general, these limits scale as
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1/mA′ .

DM composed by massive dark photons A condition to be met for

very light massive dark photons to be DM is that it is produced non-thermally

in the early Universe as a condensate, just as the axion is produced by the

misalignment mechanism. By this mechanism, the value of the field is frozen

by the fast expanding Universe to the initial value. The rate of expansion

must be much larger than the mass, so that the field has no time to relax to

the minimum of the potential. One consequence of this is Lorentz-invariance

violation, but fortunately it is estimated to be small and undetectable.

In order to have a spin-1 boson candidate for DM, its mass must arise

from the Stueckelberg mechanism discussed above in Eq. (1.6) and it must be

sufficiently weakly coupled to the Standard Model [104]. Once the Hubble

constant value drops below the mass of the dark photon, this DM starts

oscillating like a Universe-sized Bose-Einstein condensate and then behaves

like cold DM. The oscillation is due to the zero-momentum component of the

field in the FRW background

A′0 = 0 ,

Ä′i + 3HȦ′i +m2
A′A′i = 0 ,

(1.23)

where H is the Hubble constant.

When the discriminant 9H2 − 4m2
A′ becomes negative, the field begins

to oscillate and we can quantize the different modes and call them particles.

Because H has a similar value everywhere, up to perturbations, this transi-

tion takes place in the whole universe at the same time (of the rest frame of

A′). This is the misalignment mechanism.
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There are 2 main constraints in this model. First, a fine tuning of the

initial value is needed in order to reproduce the critical density of DM. Sec-

ond, decays of the dark photon into visible photons and SM leptons must

not affect the CMB spectrum. Therefore, ϵ < 10−9 and mA′ < 1 MeV, which

prevents it from a decay into an electron-positron pair, the lightest of the

leptons.

The interaction with SM particles is mainly through a dark photon cap-

ture by an atom with atomic number Z. The cross section is related to that

of the visible photon,

σA′ = ϵ2 × σA =
32
√
2πr2e
3

α2ϵ2Z5

(
me

EA′

)7/2

, (1.24)

where re ≡ α/me is the classical radius of the electron. Keeping this in mind,

the rate of absorption of the dark photon by the detector is

ΓA′ =
ρA′

mA′
σA′vA′ , (1.25)

where the energy used to compute σA′ should be equal to the dark photon’s

mass: EA′ → mA′ [105].

Production mechanisms If the dark photon itself is DM, it is important

to discuss how it may have been produced in early times and the degree of

polarization left to the relic DM. That is precisely the aim of this subsection.

As we will see in further sections, the polarization must be taken into account

in order to set limits properly on dark photons regarded as DM.

First of all, DM dark photons could have been produced through the

misalignment mechanism, just as axions. However, unlike these bosons, a

nonminimal coupling to the Ricci scalar is needed because a minimal cou-

pling to gravity does not produce the correct relic abundance. The most
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important consequence of this mechanism is that it leaves the relics with

a fixed polarization within the cosmological horizon. In the case of vector

bosons, they are produced with a power spectrum peaked at intermediate

wavelengths and not requiring a nonminimal coupling to gravity.

A second scenario is based on tachyonic instabilities arisen when the dark

photon couples to a misaligned axion. The axion would have the energy first

and, then, its zero mode would transfer it to the transversal and longitudinal

components of the dark photon. This production yields a specific helic-

ity, which would also be in the relics, even though further scatterings could

change this helicity in some degree.

A third way in which dark photon DM might have been produced is via

the decay of topological defects, such as a network of near-global, Abelian-

Higgs cosmic strings. In this scenario, there is a really dominant longitudinal

polarization production. In general, preferred directions due to production

from long strings would be washed out by production through the collapse

of smaller closed loops. Therefore, this constitutes a random polarization

scenario.

Together with these scenarios, there are other phenomena that could have

an effect on the polarization, such as the formation of DM halos. We can

account at least for the effect of gravity on this. As shown in [89], if Sa,

τ and va are the polarization, proper time and 4-velocity respectively and

considering uaS
a = 0, we find the following relation from parallel transport,

dSa

dτ
= Γλ

aνSλ
dxν

dτ
. (1.26)

If we just consider motion in a gravitational potential, φ, we find [106],
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dS

dt
=− S

∂φ

∂t
− 2v · S∇φ− S

(
v · ∇φ

)
+ v
(
S · ∇φ

)
+

1

2
S×

(
∇× S

)
.

(1.27)

From here, it is useful to define:

S1 =
(
1 + φ

)
S− 1

2
v
(
v · S

)
, (1.28)

from which we find the spin-orbit equation,

dS1

dt
= Ω× S1 , (1.29)

where Ω ≡ −1
2
∇ × ζ − 3

2
v × ∇φ, with ζ the vector potential. With these

results and regarding the virial theorem (φ ∼ v2), the relative polarization

variation is

δS

S
∼Tv φ

Rc2

4× 10−3

(
v

2× 10−3

)3
T

13× 109yr

8 kpc

R
,

(1.30)

where T and R are the typical time and length scales of the problem and c

has been restored. The second line is arranged in terms of typical values of

our galaxy, just to show the preservation of the initial polarization over its

lifetime. We can conclude that a fixed polarization treatment is a sufficient

first approximation to the problem.
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Phenomenology of the massless dark photon

The phenomenology of the massless case arises from the higher order operator

of Eq. (1.9) or Eq. (1.10). Therefore, it depends on the effective scale Λ and

the absolute value : dijM =
∣∣Dij

M

∣∣. Let us see some limits for some relevant

quantities related to those parameters.

Limits on the Dipole Scale dM/Λ
2 There are 3 main sources of con-

straints for the Dipole Scale: stellar cooling, Big Bang Nucleosynthesis (BBN)

and collider physics. The following analysis will regard a value of αd around

0.1− 0.01 and values of Λ up to 12TeV.

From stellar cooling, dM must be not higher than 10−6 − 10−5 due to

the interaction with electrons. To obtain those numbers, there are three

main processes of stellar energy loss considered: Compton scattering, pair

creation and Bremsstrahlung. The latter provides the most stringent limit.

The computations are quite similar to those made for axions. If α′
ae is the

coupling between the axions and the electrons, [107] makes a combined fit

and finds that at 2σ: α′
ae ≤ 3.0 × 10−27. A proper translation of the axion

model to the massless dark photon one of Eq. (1.9) would be

α′
ae =

1

2π

(
2gDd

e
M

vhme

Λ2

)2

. (1.31)

Therefore, the limit from stellar cooling is

Λ2

√
αddeM

≳ 4.5× 106 TeV2 . (1.32)

We could also add a constraint from SN 1987A to the dipole scale related

to quarks. The limit is set on the coupling between axions and nucleons:

α′
aN ≤ 1.3 × 10−18. This has been done after considering how the length
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of the burst constrains the energy losses in the explosion. There is also a

relation with the massless dark photon,

α′
aN =

1

2π

(
2gDd

q
M

vhmN

Λ2

)2

. (1.33)

So the limit is

Λ2

√
αdd

q
M

≳ 4.3× 105 TeV2 . (1.34)

The second source of constraints is BBN. This sets a limit of 10−4− 10−1

on d
e/µ
M . This limit is attained after determining the effective number of

relativistic species in addition to the SM ones in thermal bath. According to

[108], Neff = 2.878±0.278. The dark photon, with 2 degrees of freedom, must

have decoupled before at temperature Td which is taken to be just above the

QCD phase transition: Td = 150 MeV. This decoupling translates in the

following,

H(Td) =
T 2
d

MPl

(
π2

90
g∗(Td)

)1/2

> ΓA′ = nA′⟨σv⟩ , (1.35)

where,

nA′ =
2ζ(3)

π2
T 3 ,

⟨σv⟩ ≃ αdd
2
Mv

2
h

Λ4
.

(1.36)

where ζ(3) ≈ 1.202 and σ is the thermally averaged cross section for the dark

photon interactions with the standard model particles that are in thermal

equilibrium. We also need to relate the effective number of relativistic species

to the effective number of degrees of freedom, g∗(Td) [109],
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(
TBBN

Td

)4

=

(
g∗(TBBN)

g∗(Td)

)4/3

<
7

4
∆Neff . (1.37)

Regarding these values and considering g∗(TBBN) = 43/4, we finally set

the limit

Λ2

√
αddlM

≥ 6.6× 103 TeV2 (e and µ) ,

Λ2

√
αdd

q
M

≥ 4.3× 103 TeV2 (s, u, and d) .

(1.38)

The third and last main source of constraints comes from collider physics

(especially the LEP). According to it, d
e/µ
M must be less than 1 − 103. We

can search for constraints coming from the atomic physics of transitions in

He, for which

Λ2

√
αddeM

≳ 872 GeV2 . (1.39)

However, the strongest bounds come from macroscopic forces among elec-

trons and electrons and nucleons:

Λ2

√
αddeM

≳ 1.61 TeV2 ,

Λ2

√
αd

√
deMd

q
M

≳ 1.94 TeV2 .

(1.40)

From laboratory physics, the lack of observation of photons produced

after an inverse Bremsstrahlung by the absorption of an axion allows to

constrain the coupling of the axion to nucleons. Translating this limit to the

massless dark photon, we obtain a limit for the quark sector of the dipole
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scale,

Λ2

√
αdd

q
M

≳ 1.9× 103 TeV2. (1.41)

Collider physics at the LEP constrain the pair annihilation into a photon

and a dark photon using the technique mono-photon plus missing energy and

limits the electronic sector of the dipole scale as follows,

Λ2

√
αddeM

≳ 1.2 TeV2. (1.42)

The same technique is used for the quark sector taking data from the

CMS detector at the LHC,

Λ2

√
αdd

q
M

≳ 4.3 TeV2. (1.43)

All of these limits can be found in Fig. (1.2).

Keeping all these stringent limits in mind, there remains the question

whether we can still detect a massless dark photon or not. We must look

either to processes where SM particles heavier than the e or the µ and the

u or d quarks are involved — and the most severe astrophysical bounds

do not apply — or physics where the dipole operator is between fermions

of different flavors or very high-energy processes where the large scale Λ is

partially compensated by the scaling of the dipole and radius operators and

the overall contribution is less suppressed.

A UV model for the massless dark photon It is also helpful to search

for constraints regarding a particular model. In the following lines, I will

present a minimal one, whose more general extension is presented in [110].

Let us have many dark fermions as possible: hadron-like Q and lepton-like χ.
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We also have scalars: The L-type scalars are doublets under SU(2)L, while

the R-type scalars are singlets under SU(2)L. SL,R carry color indices, while

φL,R are color singlets. The Lagrangian is:

L ⊃− gL
(
φ†
LχRlL + SU†

L Q
U

RqL + SD†
L Q

D

RqL
)

− gR
(
φ†
RχLeR + SU†

R Q
U

LuR + SD†
R Q

D

L dR
)
+ h.c.

(1.44)

Just for simplicity, we will consider gL = gR = g. There are also mixing

terms that generate chirality-changing processes,

L ⊃− λSS0

(
H†φ†

RφL + H̃†SU†
R SU

L +H†SD†
R SD

L

)
+ h.c. (1.45)

S0 and H are the Higgs fields with a vev is µS and vh respectively. DS

and messenger states are charged under U(1)D which is unbroken because the

dark photon is massless in this model. The scalar messengers are rotated after

the Higgs fields acquire their vev. We are regarding that, before SSB, φLν ,

SU
Ld and SD

Lu have the same mass, mS. After rotation, the mass eigenstates

are

φ± =
1√
2

(
φL ± φR

)
,

SU,D
± =

1√
2

(
SU,D
L ± SU,D

R

)
.

(1.46)

with masses,
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m± = mφ,S

√
1± ηS ,

where: ηS ≡ λSµφ,Svh
m2

S

.
(1.47)

The interaction in the lepton sector that follows from the previous terms

is

L lep ⊃− gφ†
Lν

(
χRνL

)
− g√

2

(
φ†
+ + φ†

−

)(
χReL

)
− g√

2

(
φ†
+ − φ†

−

)(
χLeR

)
+ h.c.

(1.48)

The hadronic interaction terms have the same form. If χ is stable, its

mass has to be less than m− +me (m− +mq for the hadronic part, being q

the lightest quark). This sets an upper bound

ηφ,S < 1−
(

M

mφ,S

)2

, (1.49)

whereM is the mass of the heaviest stable dark-sector species and ηφ,S is the

mixing parameter in the colorless (color) messengers sector. In general, the

model can be generalized by considering different flavor interactions, which

could be accounted for by doing the following transformation,

SU†
L Q

U

RqL → SUi†
L Q

Ui

R

(
ρUL

)
ij
qjL ,

SU†
R Q

U

LqR → SUi†
R Q

Ui

L

(
ρUL

)
ij
qjR .

(1.50)

This model can reproduce the terms in the UV - effective Lagrangian of

Eq. (1.9) if we match it to the Feynman diagrams of Fig. (1.3), taken from
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[111]. After integrating the loop, we can identify the scale Λ

vh
Λ2

≃ mQi

m2
S

, (1.51)

where mQi is the heaviest dark-fermion running in the loop. Now, we can

re-express the magnetic dipole explicitly in terms of the parameters of the

model. For quark flavor transition (i to j) and neglecting SM masses, [112]

presents the following computation for the dipole,

Dij
M = ρjjρ

†
jiRe

[
g

4π

]2
FM(x, ηS) , (1.52)

where,

x ≡ m2
Qi/m2

S ,

FM(x, y) ≡ 1

2

[
f(x, y)− f(x,−y)

]
,

f(x, y) ≡
1− x+ y + (1 + y) log

(
x

1+y

)
(
1− x+ y

)2 .

(1.53)

The limits for this model can be computed and obtained from the SUSY

constraints. From the decay of squarks ( [113]) and sleptons ( [114]) we have

respectively

mi
S ≳ 940 GeV ,

mφ ≳ 290 GeV .
(1.54)

All the limits previously discussed can be analyzed in terms of these new

parameters. For stellar cooling,

24



CHAPTER 1. DARK SECTORS

m2
φ/mχe

√
αDαLαR

∣∣ρee∣∣2FM(m2
φ/mχe , ηφ)

≳ 2.1× 106 TeV , (1.55)

where mχe is the dark fermion mass associated to the electron. On the other

hand, by taking into account the neutrino signal from SN 1987A,

m2
φ/mQu

√
αDαLαR

∣∣ρuu∣∣2FM(m2
φ/mQu , ηS)

≳ 2.0× 105 TeV , (1.56)

where mQu is the dark-fermion associated to the light u quark. This relation

also holds for d. Additionally, there are other bounds that can be computed

from electromagnetic interactions that are possible under this model, but

they are not under the scope of the present work.

Future experiments Though the massless dark photon is more strin-

gently limited than the massive one, this case is still worth to be studied.

There are some possibilities of studying the massless dark photon in new

experiments.

First, experiments studying flavor physics are a good opportunity since

the stringent astrophysical constraints do not apply when there are off-

diagonal flavor entries for the dipole operator. It could be studied, for ex-

ample, through Kaon physics at NA62: K+ → π0π+A′. It could also be

measured through decays into invisible states from B-mesons at BaBar and

Belle.

Another relevant field for massless dark photons is the Higgs and Z

physics, in experiments focused on decays into a visible and dark photon

(mono-photon plus missing energy). Again, the stringent astrophysical lim-

its do not apply because the size of the dipole operator is dominated (in the

loop diagram) by the heavy-quark contribution, giving raise to the coupling
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to the dark photon.

Furthermore, collider experiments at higher energies and luminosities can

use the same striking signature of a mono-photon plus missing energy to

search for the dark photon in pair annihilations. In this case, the cosmological

and astrophysical bounds are as severe as for the massive case.

Finally, two more kinds of experiments are promising. On the one hand,

the use of magnons in ferromagnetic materials and their interaction with dark

photons ( [115] and [116]). On the other hand, gravitational waves emitted

during the inspiral phase of neutron star collapse can test the presence of

other forces beside gravitation.

Phenomenology of the massive dark photon

The massive photon can be detected directly or indirectly through the fol-

lowing interaction with SM fields,

LI = −ϵeJµA′
µ . (1.57)

Any search is done in the parameter space of mA′ and ϵ. In the following

lines we will be devoted to how we can detect it.

Detection As seen in Fig. (1.4) taken from [111], the massive dark pho-

ton can be produced via the electromagnetic current through the following

mechanisms:

1. Bremsstrahlung : when an electron scatters off a target of nuclei with

atomic number Z: e−Z → e−ZA′.

2. Pair annihilation: for example, for an electron-positron pair: e−e+ →
γA′.
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3. Meson decays : decays like M → γA′, where M could be π0, η, K or

D.

4. Drell-Yan: this process refers to the annihilation of a quark-antiquark

pair into a dark photon, which then decays into pair: qq → A′ →
l+l−/h+h−, where l or h refer to a lepton or a hadron, respectively.

In all of these processes, it is important that the dark photon decays into

SM fields in order to be detected. If its mass is sufficiently large: mA′ > 2me,

it could decay into leptons,

Γ(A′ → l+l−) =
1

3
αϵ2mA′

√
1− 4m2

l

m2
A′

(
1 +

2m2
l

m2
A′

)
. (1.58)

It could also decay into hadrons,

Γ(A′ → h+h−) =
1

3
αϵ2mA′

√
1− 4m2

µ

m2
A′

(
1 +

2m2
µ

m2
A′

)
R , (1.59)

where R ≡ σe+e−→had/σe+e−→µ+µ− . This ratio is independent of ϵ, which

cancels due to being in the numerator and denominator. In case mA′ < 2me,

it does not decay into leptons nor hadrons. However, it could also happen

that, even though having an enough large mass, it has an invisible decay, due

to do it into the DS. The width is given by

Γ(A′ → χχ) =
1

3
αdmA′

√
1− 4m2

χ

m2
A′

(
1 +

2m2
χ

m2
A′

)
. (1.60)

This channel dominates if αd ≫ αϵ2.

The detection itself can be done by different techniques. The simplest

one is to detect visible final states. Resonances over a background can be

signs of these states. There are 2 main experiments that can detect this:

collider experiments, which cover large values of the coupling (ϵ > 10−3), and
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beam dump experiments, which are sensitive to lower values (ϵ < 10−3). In

both experiments, high luminosities and fluxes are needed, because the dark

photon detectable rate is proportional to the fourth power of the coupling

involved (ϵ4). The smallness of the coupling also implies that A′ is a long-

lived particle (compared to other SM particles).

Another technique is the missing momentum/energy. When a dark pho-

ton is produced, it could also decay into a not detectable DM pair. In this

case, the missing energy and momentum of the process should be a signature

of the A′. The main challenge is the high background rejection. Therefore,

the detector must be hermetically close and the initial and final state kine-

matics must be well known in order to compute those missing quantities with

high precision. This just depends on the second power of the coupling (ϵ2).

The third technique we will mention is the missing mass technique, which

is mainly used to detect invisible particles when the initial state is very well

known, like in the process: e−e+ → γA′. A characteristic signature is the

presence of narrow resonances over a smooth background in the distribution

of the missing mass. Detectors must be really hermetic, so that they allow

all the other particles in the final state to be detected and a good knowledge

of the background.

Constraints on ϵ and mA′ The limits really depend on the kind of pro-

cesses that can take place. First, in the case of decays to visible final states,

for which mA′ > 2me ≈ 1MeV, the constraints are set by collider and beam

dump experiments. Colliders search for resonances in the invariant mass

distribution of e+e− or µ+µ− pairs. Dark photons could be produced by

meson decays, Bremsstrahlung, annihilation, Drell-Yan. Important experi-

ments are NA48/2, A1, LHCb, BaBar, KLOE. Beam dump experiments look
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for dark photons produced via Bremsstrahlung, meson production and QCD

processes. The dark photon is searched for as a displaced vertex with two

opposite charged tracks in the decay volume of the experiment. The main

experiments are E141 and E137 at SLAC, E774 at Fermilab (e beams) and

CHARM at CERN (p beam). Fig. (1.5) shows the current limits.

There is still a region for ϵ < 10−4 and mA′ from tens of MeV up to

1 GeV (and also larger masses) that could be searched by Belle-II (at Su-

perKEKB), LHCb upgrade, NA62++ (at SPS, CERN), NA62(e)++ (at SPS,

CERN), FASER/FASER2 (at LHC, CERN), HPS (at Jefferson Laboratory),

SeaQuest (at Fermilab), MAGIX (at MESA, Mainz), FCC-ee (future circular

e+e− collider).

The second regime is when, although mA′ > 1 MeV, the decays are

mainly invisible. In this case techniques like missing momentum, missing

energy, and missing mass are used in order to identify a possible massive

dark photon decaying into invisible final states. The most stringent limits

come from BaBar and NA64(e). Better constraints will be obtained with:

NA64(e)++ (at SPS, CERN), Belle-II (at SuperKEKB), KLEVER (at SPS,

CERN), PADME (at the Beam Test Facility - BTF - at Laboratori Nazionali

di Frascati- INFN). Fig. (1.6) shows the current constraints.

If the dark sector states into which the invisible dark photon decays are

taken to be DM, there are new constraints that involve the coupling strength

αd and are related to the direct-detection searches for dark matter. The

limits are usually set on the plane y vs mχ, where y is the yield variable:

y ≡ ϵ2αd

(
mχ

mA′

)4
.

The third and last regime takes place when mA′ < 1 MeV. Experiments

that can search for this case are (1) atomic and nuclear experiments, that

measure modifications of the Coulomb force due to the dark photon, (2)
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axion-like particle (ALP) experiments and helioscopes, in which light shining

through a wall (LSW) search for axions and ALPs and that can be adapted to

dark photons, (3) astrophysics experiments, which put constraints from the

non-observation of anomalous energy transport in stars and (4) cosmology

experiments, that could search for the oscillation γ ↔ A′, which induces

deviations on the black body spectrum in the CMB. The limits are shown in

Fig. (1.7).

Phenomenology of the dark photon DM

Many of the limits given above regard the measurement of the dark photon

from the results of measurements of the axion or other ALPs. But there

is a central property these particles do not share with the dark photon: an

intrinsic polarization. When axions of a specific mass are not observed in

an experiment, the limits obtained from that are simply imposed on dark

photons of similar mass. However, the coupling to experiments has some

subtle differences [89]. The aim of this subsection is to give a brief account

on that, considering especially haloscopes without B-fields (mainly ADMX,

HAYSTAC, CAPP and QUAX) and mostly for massive dark photons that

are DM.

There are some problems that make it hard to incorporate the polarization

in the computations of the limits. As it is shown in Ref. [89], the polarization

distribution highly depends on the production mechanism. Furthermore, this

distribution changes as the Earth rotates. Axion experiments are not usually

prepared for that. This difficulties have been overlooked by a vast number of

studies since [117] first proposed to use axion-like experiments to constrain

dark photon models.

Following [89], we need to transform the limits taken from axion-like
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experiments to account for the the range of possible angles between the dark

photon polarization and the axis or plane that the experiment is sensitive

to. We need to transform the current status of the limits for the light dark

photon case (mA′ < 0.1 MeV), shown in Fig. (1.8). These limits are the most

general ones, while the previous ones shown were related to a particular kind

of decay and for larger masses.

To detect the dark photon, it is important to consider the effect it has

on the electric field produced by the SM-photon. After some computations

made in [89], if we set the velocity of the dark photon to be zero, we find

that the electric field produced by it in the classical limit is

|E| =
∣∣∣∣χmA′

ϵ
A′
∣∣∣∣ , (1.61)

where χ is such that the coupling between the visible photon and the dark

photon is: m2
A′χ. This induced field is relevant for experiments exploit-

ing electromagnetic mixing with axions, such as cavity haloscopes, dielectric

disks, dish antennae, plasmas, LC circuits, and electric-field radios. However,

there are two main differences if we now consider dark photons: they can be

polarized in any direction and not necessarily in the external magnetic field’s

direction (due to the axion’s coupling: E · B) and their mixing continues

even in the absence of a magnetic field. Some experiments might be sensitive

to all polarizations lying on a plane (planar) and others, just in one direction

(axial).

For cavity haloscopes, a cylindrical one is only sensitive to the compo-

nent of the dark photon polarized along the axis parallel to the magnetic

field. More complex cavities could be sensitive to more directions, though

cavities designed to detect axions are usually not optimized for multiple po-

larization directions. Therefore, cavities are usually axial experiments, so
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that in average the power is suppressed by ⟨cos2 θ⟩ = 1/3.

In the case of dish antennae, the dark photons pass through the dish and

their small electric field makes the electrons in the dish oscillate, emitting an

ordinary electromagnetic wave perpendicular to the surface. Dish antennae

can, at most, only be sensitive to the component of the E field parallel to

the disk interface, which makes it a planar experiment with a suppression

of cos θ, where θ is the angle between the dark photon polarization and the

plane of the interface. If we consider the general rounded disks, after some

computations we conclude that the suppression is of 2/3. This is also what

happens with dielectric disks.

Plasma haloscopes induce dark photons to convert to photons by match-

ing the plasma frequency with mA′ . The problem is that the dispersion

relation only occurs in the direction of wire alignment. Therefore it will only

be sensitive to electric fields aligned with the wire just as the cylindrical

cavities.

LC circuits measure the magnetic field, which could be directly produced

by the dark photon or indirectly induced by the electric field, causing a

current in the conductor. If the system size, r, is much smaller than a

Compton wavelength,m−1
A′ , then the electric field will be suppressed; however

the magnetic field will not, |EA′| ∼ mA′r|BA′|. Only polarizations parallel

to the conductor can induce a magnetic field. Just polarizations that induce

a magnetic field parallel to the readout loop can be detected. That depends

on the geometry of the detector: some experiments are planar, while other

are axial.

So, to briefly summarize, we could have planar or axial experiments.

The suppression for those experiments from signals dark photons is 2/3 and

1/3 respectively. Another general problem arises because many experiments
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use a method of combination under which it is assumed that the signal will

remain constant with time, which is not true if there is a fixed polarization

of the dark photons. One would need to account especially for the Earth’s

rotation.

In Table (1.1), we can see the different haloscope axion experiments and

the relevant data to do the transformation from the axion limits to dark

photon constraints just as shown in [89]. Up to now, we have mentioned two

main difference between dark photons and axions: the absence of a magnetic

field in the dark photon case and the nontrivial polarization. Due to the first

one, a signal must vanish in the absence of a magnetic field for axions: this

does not apply to dark photons. Because of the second difference, there is a

factor, ⟨cos θ⟩T, that changes the signal strength. [89] computes an additional

factor, ⟨cos θ⟩exclT , as the ratio of the axion and dark photon power thresholds

that can be excluded at 95% C.L. in the absence of a signal. It encodes how

much the exclusion is weakened for the dark photon case. Two assumptions

are made: the noise follows a Gaussian distribution and the measured signal

equals the median expected noise. More details on the computation can be

found in [89]. The results are shown in Fig. (1.9).
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Figure 1.2: Limits for dM for leptons (above) and quarks (below) considering
the three main sources of constraints. Plots taken from [89]
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Figure 1.3: Processes taken from the minimal massless dark photon model
that match the order 5 terms.

Figure 1.4: Mechanisms by which the massive dark photon can be produced.
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Latest limits from a dark photon minimal model

Before going to the next section, we will like to present the latest results of

the constraints on a dark photon in a minimal model: one that just interacts

with SM particles through kinetic mixing with the photon. The results were

published in FIPs 2022 [142] and can be seen in Fig. 1.10. For lower dark

photon masses, cosmological constraints are the most stringent, while for

higher masses they come from XENON and from astrophysics: from the Sun,

the horizontal branch stars (HB) and red giants (RG). These astrophysical

limits are set by considering the energy loss rate (Sun, HB), the Helium

ignition and branch termination (RG).

1.1.2 Heavy neutral leptons (HNLs)

HNLs are a very important ingredient for dark sectors. In the following

section, we will discuss what they are and the current status of their searches.

Most of the information that will be presented here is taken from [142].

What HNLs are

HNLs are neutral leptons usually regarded in the context of neutrino physics,

where they are just new massive neutrino states that are introduced to ex-

plain neutrino masses through the seesaw mechanism. These leptons are

mixed with neutrinos through an extended mixing matrix. They could be

seen as sterile neutrinos, though their masses do not generate neutrino oscil-

lations in the experiments where they are searched for.

HNLs can in general be generated when introducing a Dirac + Majorana

mass Lagrangian to assign a mass to neutrinos. The Dirac mass (D) and

Majorana mass (M) Lagrangians have the following form:
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Figure 1.10: Constraints on the dark photon kinetic mixing for a wide mass
range (10−18 < mA′ ≲ 105 eV) and a more precise selection (10−7 < mA′ <
102 eV). Taken from [142].
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−LD =
v√
2
λijν νL,iνR,j + h.r. ,

−LM =
1

2
M ij

ν νiν
c
j + h.r. ,

(1.62)

where v is the vev of the SM Higgs boson, λijν are the Yukawa Dirac couplings

for the neutrino sector andM ij
ν are the Majorana mass coefficients. We must

consider 3 left neutrino states, while we can in general regard n right states.

The ν states used for the Majorana Lagrangian can be right or left, though

left states would need to come from a dimension-5 effective operator. After

this mixing is diagonalized to find the neutrino physical states, the neutrino

heavy states would be the HNLs. These leptons can interact through the

weak force thanks to the mixing with the light SM states.

Latest searches and limits on HNLs

There are many experiments sensitive to HNLs, especially due to their mixing

with SM active neutrinos. A general plot with the main current limits can

be seen in Fig. 1.11, together with some of the expected sensitivities that

come from future experiments.

Limits on HNL lifetime from BBN Big Bang Nucleosynthesis (BBN)

sets very strong limits to any new physics particle candidate. In the case

of HNLs, one of the most stringent ones comes from an upper limit to their

lifetimes. In general, cτ 0N ≲ 3 × 104 km, where τ 0N is the HNL’s lifetime

in its rest frame [144–149]. The masses can also be constrained: for purely

electrophilic and neutrinophilic HNLs, mN > 3.7 MeV [149].
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Figure 1.11: Constraints on the mixing (U2
µ) with the active neutrinos and

mass of HNLs (M) from past experiments together with expected sensitivities
for future experiments. Taken from [143].

Searches at MicroBooNE MicroBooNE has done a study [150] searching

for HNLs and excluding regions on the plane of the mass of the HNL and

the mixing of one extra HNL with the muon neutrino, |Uµ4|, assuming that

|Ue4| = |Uτ4| = 0. The mass range considered was from 260 to 385 MeV.

This light HNL mass range allows to look for production of HNLs mainly

from the decays of kaons that originate from the interaction between the

colliding protons and the targets at BNB and NuMI neutrino beams. This

HNLs could decay in the detector, provided that their lifetimes are sufficiently

long. The process considered is K+ → µ+N , where N is the HNL, which

would then decay following the process: N → µ∓π±. The production rate

and decay width are both proportional to |Uµ4|2, given no other mixings
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between the HNL and the SM flavors and regarding the HNLs not to decay

before the detector, which is a good approximation for the values considered.

These processes are not forbidden given that mµ +mπ < mN < mK −mµ.

Furthermore, if the HNL is of Dirac type, it could just decay into a µ−π+

pair due to lepton number conservation. The results can be seen in Fig. 1.12.
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Figure 1.12: Limits at 90% CL from MicrobooNE to |Uµ4| for 260 < mN <
385 MeV. |Ue4| and |Uτ4| are set to 0. Taken from [142].

Future searches at DUNE near detector It will also be possible to

study HNLs as products of meson decays in DUNE. The higher energy of the

beam will make the mass range of the search much wider, since there is also

a production up to the Ds meson (mDs = 1.968 GeV) [151]. The analysis

can also be done for different off-axis angles, since this helps in measuring

systematic uncertainties because the flux depends on the angle, but the cross

section do not.

The modeling of the fluxes has been done using NuShock [152] and can

be seen in Fig. 1.13.
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Figure 1.13: Fluxes of HNLs for different masses and angles off-axis of the
beam at DUNE Near Detector. Taken from [151].

Backgrounds can be further reduced by selecting events such that the

angle θ with respect to the beam is: θ < mN/(E1 +E2) [153], where E1 and

E2 are the energies of the two HNL decay product candidates. This cut helps

because HNL decays are relatively forward with respect to neutrino interac-

tion products. The results for just one mixing, Uτ4, is shown in Fig. 1.14,

where the sensitivities are compared to other experiments’ results. As can

be seen, DUNE could cover a considerable region of unexplored parameter

space.

Searches at neutrino telescopes HNLs can be produced from meson

decays in the atmosphere or, alternatively, from upscattering of SM neutrinos

that interact with matter: ναN → NN . If the HNL only interacts through

its mixing with active neutrinos, it will subsequently decay into SM particles

and it will be long-lived since the decay rate is proportional to the mixing.

The lifetime can be reduced if there are other interactions coming from an

effective transition dipole moment operator or a light dark photon that also

mediate the decay.

There are three main types of searches for these atmospheric HNLs, de-
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Figure 1.14: Predicted constraints from DUNE Near Detector, together with
other existing limits for mN and Uτ4 (Y-axis). Uµ4 and Ue4 are set to 0.
Taken from [151].

pending on where they are produced [142]:

• Production inside neutrino detectors.

• Production through up-scattering inside the Earth

• Production in the upper layers of the atmosphere

In case of being produced inside neutrino detectors, their signal would

be very similar to that of a tau neutrino producing a double-cascade [154].

These events would be expected to be of the order of tens of GeV. Higher

energies would imply boosted HNLs that escape the detector before decaying.

The best detectors for this case would be Super-Kamiokande (SK), DUNE

and Hyper-Kamiokande (HK).

If the HNLs are more long-lived, the ones produced by an upscattering
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in the Earth could in principle be visible. The detectable signal would be

the energy that is deposited from the HNL decay in the detector. Standard

neutrino interactions would be the main background. HNLs of a few MeV

produced from solar neutrinos could be detected in Borexino or SK [155, 156].

Other sources of this kinds are atmospheric neutrinos [157], long-baselines

like DUNE [158] or even astrophysical neutrinos [159]. This last source could

search for masses up to ∼ 30 TeV.

The last case is to study the production of HNLs in the upper layers of

the atmosphere [160–164]. In this scenario, since the center-of-mass energy

coming from cosmic rays is very high, heavier mesons can be produced, such

as D and Ds, and MeV - GeV range HNL masses could be searched. A

sufficient boost may also help the HNLs to reach the neutrino detectors

before decaying. The branching ratios are less than 2× 10−10 for mN = 100

MeV and 4× 10−9 for mN = 250 MeV at 90% CL [161].

In Fig. 1.15, we can see the constraints for HNLs produced and detected

at SK just through their mixing with the electron neutrino.

Searches at pion decay experiments Searches for rare pion decays,

like the experiments PIENU [165] or PEN [166], have also put limits on

light HNLs. The PIONEER experiment the Paul Scherrer Institut (PSI) will

improve those results. An incoming beam of pions is stopped at an active

target (ATAR). The muons that generate from the decay cannot escape the

6-mm-thick target. PIENU looked for the decay channel π+ → e+N by

looking at the positron energy spectrum up to 60 MeV. The same procedure

was done with muons decaying at rest. Both measurements set constraints

on |Ue4| and |Uµ4| respectively. The results can be seen in Fig. 1.16 together

with the projections for PIONEER.
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Figure 1.15: Constraints derived from SK atmospheric data on the mixing
of HNLs with electron neutrinos (Ue ≡ Ue4). The HNLs are produced by the
decays of mesons. Uµ4 and Uτ4 are set to 0. Taken from [142].

Figure 1.16: Constraints on |Ue4| (left) and |Uµ4| (right) from PIENU (red)
and the expected for PIONEER (black). The HNLs are produced by the
decays of pions. The limits are found from the computation of RExp.

e/µ . Taken

from [142].

Searches at BaBar BaBar looked for HNLs mixed with the tau neutrino,

setting limits on |Uτ4|2. The limits vary from 2.31×10−2 to 5.04×10−6 across

100 < mN < 1300 MeV [167]. These constraints are purely kinematical,
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i.e., model independent. The collaboration studied decays of the tau lepton

through the CC and analyzed the kniematics of the visible decay products,

assuming that the HNL could not decay inside the detector. The decay goes

through three charged pions and a neutrino. The invariant mass of the pionic

system varies with respect of the HNL mass. The range of energies for the

pions is

Eτ −
√
m2

N + q2+ < E3π < Eτ −
√
m2

N + q2− , (1.63)

where,

q± =
mτ

2

(
m2

3π −m2
τ −m2

N

m2
τ

)√
E2

τ

m2
τ

− 1

± Eτ

2

√√√√(1− (m3π +mN)
2

m2
τ

)(
1− (m3π −mN)

2

m2
τ

)
,

3mπ± < m3π < mτ −mN .

(1.64)

As mM increases, the phase space reduces. The limits can be seen in

Fig. 1.17.

Searches at the LHC Another way of looking for HNLs is in collider

experiments. The Large Hadron Collider (LHC) has searched for them in the

ATLAS [168] and CMS [169] experiments in the range of GeV to a few TeV

mass range, by reconstructing the charged leptons and jets, while adding

the missing momentum. In [142] we can find the last results from full pp

collision data at
√
s = 13 TeV recorded during Run 2 of the LHC (2015 -

2018) corresponding to an integrated luminosity of about 140 fb−1. The HNL

phenomenologies covered by these searches are wide:
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Figure 1.17: Constraints on |Uτ4| from BaBar. The HNLs are produced by
the decays of tau leptons. The limits are at 95% CL. The magenta line is
expected to be a very conservative upper limit. Taken from [142].

• HNL production in type-I seesaw models through the Drell–Yan (DY)

or a t-channel vector boson fusion (VBF) process [170–172].

• Pair production of HNLs and charged leptons in type-III seesaw mod-

els [173].

• HNL pair production in decays of a new heavy dark photon [174].

The DY and the VBF processes’ Feynman diagrams can be seen in

Fig. 1.18.

For the DY processes, the HNL could decay into 2 charged leptons or a

lepton and 2 quarks. Therefore, there could be a di- or trilepton final state

that is searched for by the experiment. The masses covered in the searches

have been from 1 GeV to 1.6 TeV. Regarding long-lived HNLs, with masses
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Figure 1.18: Drell-Yan process for production of HNLs (left) and vector boson
fusion (right). Taken from [142].

lighter than 20 GeV, it is easier for the DY process to find these topologies

due to the displaced vertices. The CMS performed searches for a trilepton

final state with a secondary dilepton vertex. The experiment imposed a

long-lived constraint, thus they only regarded the lighter masses(≲ 20 GeV).

ATLAS looked for HNLs with events with a displaced dilepton vertex, where

the HNL mass was reconstructed from the selected leptons. The results can

be seen in Fig. 1.19. The differences in the results are due to the different

transverse momentum thresholds in the sinlge-lepton triggers and, in general,

different strategies in the selection of events.

For the VBF processes, larger HNL masses are more relevant. The am-

plitude is proportional to p2N/(p
2
N − m2

N), where pN is the 4-momentum of

the Majorana HNL mediator. There is a maximum when p2N ∼ m2
N . For

the energies of the LHC in run 2, the maximum is around a few hundreds

of GeV. The searches look for two jets with large rapidity separation, using

events with two same-sign muons. This t-channel provides better constraints

especially for masses larger than 650 GeV [175, 176]. The limits can be seen

in Fig. 1.20.

In the type-III seesaw case, there is an additional fermionic SU(2)L triplet

that gives rise to new HNLs and charged leptons, that can be pair produced

via an s-channel, as we can in the diagram in Fig. 1.21.
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function of the HNL mass mN .

The searches at ATLAS looked for three- or four-lepton events. Heavy

neutral and charged leptons in type-III seesaw models are excluded up to 910

GeV. The results are presented in Fig. 1.22.

Finally, it is also possible to look for decays of a new heavy dark photon.

CMS did this search in the context of a left-right symmetry model (LRSM),

where the SM is extended with three extra gauge bosons (W±
R and Z ′) and

three right handed neutrinos under an SU(2)R symmetry. They considered a

large gap between the masses of the Z ′ and the HNLs, so that the latter are

highly boosted, as well as other decay products. The diagram of the process

is in Fig. 1.23.

For identifying the event, the two leptons and two quarks are selected and

the Z ′ is reconstructed from these decay products. There are backgrounds

from tt and l+l− production. The exclusion plot is shown with respect to the

Z ′ mass and HNL mass in Fig. 1.24. It considers a lightest HNL mass of 100
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Figure 1.20: Exclusion limits from CMS on the mixing between the HNLs
and the muon in type-I seesaw models as a function of the HNL mass mN .
Taken from [172].
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Figure 1.21: Process for production of HNLs and new charged leptons
through the W boson. Taken from [142].

GeV.

Future searches at the FCC-ee The Future Circular Collider (FCC) will

also look for HNLs, especially on the ee collisions (FCC-ee). The energies

would be of
√
s = 91 GeV. After an electron - positron collision, a Z boson

(SM) is expected to produce an HNL - neutrino pair. The former would
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Figure 1.22: Exclusion limits from ATLAS on the production cross section
of HNLs and charged leptons for degenerate masses, m(N,L±). Taken from
[173].
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Figure 1.23: Process for production of HNLs through a Z ′ boson. Taken
from [142].

decay mainly into another electron - positron pair plus a neutrino. The

cross sections and decay widths depend on the nature of the HNL (Dirac or

Majorana) [142]. Right now we just have simulations, since the experiment

is still not running. In the absence of other BSM fields, the light HNLs tend

to be long-lived. In Fig. 1.25 we can see the lifetimes of the HNLs in the lab

frame for different choices of masses, from 30 to 90 GeV. For 30 GeV, the

HNLs can even travel 1 m before decaying. Heavier ones travel up to 10 cm,

which is still suitable for displaced vertices searches.
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Figure 1.24: Constraints from CMS from dimuon events on LRSM models
with respect to the dark photon mass, mZ′ , and the HNL mass, mN . Taken
from [174].

Figure 1.25: Normalized distributions of the reconstructed generated life-
times of HNLs (Lxyz) in mm in the lab frame. The active-sterile mixing used
is |UeN | = 1.41× 10−6. Taken from [143].

55



CHAPTER 1. DARK SECTORS

Searches at the Big European Bubble Chamber (BEBC) WA66

Data from the BEBC WA66 beam dump experiment at CERN has been

used to look for HNLs [177]. The authors in [142] reanalyzed the limits from

BEBC and recast the ones from CHARM [178], by considering also a mixing

with the tau neutrino, which had no been considered in the previous studies.

At BEBC, the dominant source for HNLs is the three-body decay of D± and

D0 mesons [177].

The HNLs produced in the beam dump must reach the detector and

decay within it. [179] considered just SM particles in the final states: l∓π±

or l+l−ν, where l = e, µ. The background was computed using the results

from WA59 experiment [180]. The reanalysis of BEBC and the recast of

CHARM can be seen in Fig. 1.26 for UτN and UeN . BEBC WA66 has a

better performance even than the much bigger CHARM detector, because

the latter has an off-axis beam that makes it receive not only a smaller flux,

but also less higher energetic HNLs.

Figure 1.26: 90% CL exclusion region in the HNL mixing with the electron
(left) and tau (right) neutrinos. The limits from BEBC were reanalyzed,
while the ones from CHARM recast. There are other important limits, to-
gether with the projection at NA62, FASER and FASER2. Taken from [142].
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Limits and non-minimal models Many of the previous limits rely on

the assumption that the interactions of the HNLs are just under the SM-

Weak one through mixing with neutrinos. They often also consider them

to be Majorana fermions. Non-minimal models may include forces stronger

than the SM-Weak one and Dirac HNLs. This might radically change the

picture. For example, the limits set on HNLs below the kaon mass [181] are

visibly relaxed when new forces are taken into account [182]. A dark photon

could have an effect of more than three orders of relaxation of constraints,

as seen in Fig. 1.27.

The effect on the decays of non-minimal models can be categorized in two

groups: invisibly-decaying HNLs and visibly-decaying HNLs. The first ones

decay into neutrinos and dark particles. In this case, the mediator just talks

to dark fields. However, in case the mediator can interact with SM visible

fields, then we have the second case. Visible decays can be detected by the

following process,

ναN →
(
N → νβl

+l−
)
N (1.65)

In this process, the two leptonic showers can be detected. Depending

on the energies, a proton track might also be seen. Fake photon signatures

may be misinterpreted in case of an e+e− pair, due to the collimated showers

produced due to the boost. This is the kind of topology that will be used to

explain MiniBooNE on Chapter 2. These decays could also be searched in

NA64, where the limits need to be recast in order to account for the different

semi-visible decays. This recasting has already been done for NA64 [183],

where instead of HNLs the authors considered working with dark matter.

Although not mixed with neutrinos, these DM candidates exhibit a relaxation

of their limits due to the opened semi-visible channels of decay. In the case
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Figure 1.27: Limits on the mass of HNLs from a minimal model (left) and
from a model that includes an interaction through a dark photon (right).
Taken from [182].

of just one DM candidate, the results can be seen in Fig. 1.28.

Current status of HNLs

It is important to close this section by having a broader overview on the

limits on HNLs. Even though, as we have seen, the constraints are model-
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dependent, it will be useful to keep in mind some of the allowed regions at

least for the minimal model, in which the HNLs partake interaction with

the SM through neutrino mixing. We will consider a simplified approach,

by which we just turn on the mixing with one particular neutrino active

flavor and one HNL is added to the SM. We will follow the notation of [142]:

|UαN | ≡ Uα. The plots can be seen in Fig. 1.29, Fig. 1.30 and Fig. 1.31.

We can see that for the lowest masses, the most stringent constraints

come from BBN, which places a minimum mass for the HNLs. There is also

a lower limit to account for the neutrino masses through the type-I seesaw

mechanism. As we go to higher masses, from 100 MeV to 1 GeV, collider

59



CHAPTER 1. DARK SECTORS

2−10 1−10 1 10 210
 (GeV)Nm

12−10

11−10

10−10

9−10

8−10

7−10

6−10

5−10

4−10

3−10

2−102 | e
|U

= 1:0:0τ
2: Uµ

2: U
e

2Electron coupling dominance: U

PIONEER

FASER2 

SHADOWS 

HIKE-dump 
ANUBIS 

CODEX-b 

SHiP 

MATHUSLA200 
PS191

PIENU

PIENU, low mass

T2K

HyperK
 decays+NA62/HIKE-K

DUNE Near Detector

CHARM

BBN 

seesaw

Belle DELPHI

CMS

ATLASATLAS

Figure 1.29: Limits on the couplings of HNLs from a minimal model. There
is just one mixing activated: Ue. Taken from [142].

or meson decay experiments that put limits on long-lived particles, such as

NA62 or FASER2 in the future, have the most stringent constraints to the

mixing, especially for the electron and muon cases. As we go to higher masses,

from a few to tens of GeV, ATLAS and CMS limit the electron and muon

mixings, while DELPHI constrains any mixing. Some of these detectors have

not been presented here: they are out of the scope of the present chapter.

Just the last searches have been taken into account.

1.1.3 Dark scalars

The last important element of dark sectors are possible scalar extensions.

They usually appear as mixed with the SM-Higgs boson, though this is not

the only possibility. We will not expand on this topic as in the previous

one, since scalars do not play a significant role in the current work. We can

60



CHAPTER 1. DARK SECTORS

2−10 1−10 1 10 210
[GeV]Nm

11−10

10−10

9−10

8−10

7−10

6−10

5−10

4−10

3−10

2−102 | µ
|U

= 0:1:0τ
2:Uµ

2: U
e
2Muon coupling dominance: U

low mass bounds

PIENU

M
ic

ro
B

oo
N

E
 (

20
19

)
M

ic
ro

B
oo

N
E

 (
20

22
)

, KEK
2µ

KPIENU

PIONEER

T2K

T2K, low mass

HyperK

SHADOWS 

CODEX-b 

SHiP  

ANUBIS 

MATHUSLA200 

E
94

9
N

A
62

 (
fi

lle
d 

ar
ea

)

+ HIKE-K

PS
19

1

CMS

DELPHI

NuTeV

Belle

Dune near detector

 pot

18

DarkQuest, 10  pot

18

DarkQuest, 10

HIKE-dump pot

FASER2 

ATLAS 
ATLAS 

BBN

seesaw

Figure 1.30: Limits on the couplings of HNLs from a minimal model. There
is just one mixing activated: Uµ. Taken from [142].

introduce a dark scalar, s, complex singlet and couple it to the Higgs-doublet

with the potential [184],

Vscalars = VH(H) + Vint(H, s) + Vs(s) , (1.66)

where VH(H) is the SM-Higgs potential, Vs(s) a potential for s and Vint(H, s)

is a mixing between both. Due to the mixing, H would not really be the

physical SM-Higgs. These last two potentials could be modeled as follows,

Vint(H, s) =
λHs

2
s2|H|2 + µHss|H|2 ,

Vs(s) =
m2

s

2
s2 +

µs

6
s3 +

λs
24
s4 .

(1.67)

Both scalars could acquire a non-vanishing expectation value due to spon-
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taneous symmetry breaking. Once this happens, if we call h and φ to the

SM-Higgs and the dark scalar mass eigenstates respectively, and if θs is

their mixing angle, then the interactions between the new scalar and the

SM fermions, f , has the following form [184],

Lφ−f = −
∑
f

mf sin θs
v

φff , (1.68)

where mf is the mass of the fermions and v is the SM-Higgs vacuum ex-

pectation value. sin θs needs to be small due to experimental constraints.

The interactions with the Higgs, apart from the mixing, are through con-

tact interactions of the forms: φφh, φhh and φφhh and depend on other

parameters than θs. We also need to consider a mixing with the weak gauge

bosons,
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Lφ−WZ ≃
(
1 +

h+ θsφ

v

)2(
m2

WW
µ+W−

µ +
1

2
m2

ZZ
µZµ

)
, (1.69)

where mW,Z are the masses of the weak gauge bosons. In general, φ can also

couple to the gluons and the photon at 1-loop level, though the analysis of

these interactions is out of the scope of this work. For more information, we

refer the reader to [185–187].

Dark scalars can be detected through their decay modes into SM particles.

If its mass is greater than 2me, where me is the electron mass, then they

predominantly decay into eletron-positron pairs such that:

Γφ→e+e− =
sin2 θsm

2
emφ

8πv2

(
1− 4m2

e

m2
φ

)3/2

. (1.70)

For lower masses the decay channel is 1-loop induced into two photons.

Depending on the neutrino mass generation, it could also decay into a neu-

trino pair. Constraints for this boson come from supernovae (SN), since they

can be produced in a core-collapse, and from colliders, since they can be

produced by meson decays and also by gluon-gluon fusion. In the first case,

they can alter the neutrino cooling rate in the SN [188–190]. SN1987A can

put limits on scalars with masses less than 100 MeV [191]. In the case of

colliders, ATLAS [192] has set constraints on the production of dark scalars

that decay into muon pairs. The results can be seen in Fig. 1.32.

There are other experiments in which scalars could be searched, including

looking for signatures of gravitational waves due to a phase transition [193],

though they are out of the scope of the present analysis. Now we can continue

with a specific realization of a dark sector.
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Figure 1.32: Upper limits on scalars produced by the b-quark (left) and gluon-
gluon fusion (right) in ATLAS experiment at CERN to the 95% of C.L. The
constraints are set on the total cross section of the scalar production times
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[192].

1.2 Three portal model

Here we will explore the Three portal model [88, 194–196] as a prototype

for rich dark sectors. We will abandon the commonly advocated principle of

minimality, that introduces a portal at a time, and adopt a structure which

resembles that of the SM, the only proven theory of particles and interactions.

1.2.1 Lagrangian

The model has a U(1) extension of the SM, with the associated field Xµ,

which is kinetically mixed with the hypercharge boson. It also has a complex

singlet dark Higgs scalar Φ charged under U(1)D, where D stands for dark,

which breaks the symmetry giving mass to the dark photon and to the HNLs.

Finally, the model also includes a set of sterile right handed neutrinos NR and

dark fermions νD, charged under the gauge symmetry. The charges of these

dark fermions need to cancel the chiral anomalies: this could be attained by
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having pairs of oppositely charged νD.

The Lagrangian of the model is the following:

L ⊃− 1

4
XµνXµν −

sinχ

2
XµνB

µν + (Dx
µΦ)

†(Dµ
xΦ)

− V (Φ, H) + νN i/∂νN + νDi /Dx
νD

−
[
(LH̃)Y νcN +

1

2
νNMNν

c
N + νN(YLν

c
DL

Φ + YRνDR
Φ∗)

+ νDMXνD + h.c.

]
,

(1.71)

where Dx
µΦ ≡ ∂µ − igXXµ.

We will analyze the necessary steps to obtain the physical states after

Spontaneous Symmetry Breaking (SSB) of the two Higgs bosons: SU(2)L ×
U(1)Y × U(1)D → U(1)em, by which the bosons acquire a mass to give rise

to 4 mass states (W±, Z, Z ′), being the last one the dark photon.

1.2.2 Spontaneous Symmetry Breaking

To analyze the SSB in the present model, we need to start with the Potential

for the two Higgs complex fields: the doublet (H) and the singlet (Φ). The

scalar portal arises from the mixing between the two Higgs scalars through

a term of the form λ(H†H)|Φ|2, as follows:

V (Φ, H) = −m2
φ|Φ|2 + λφ|Φ|4 −m2

HH
†H + λH(H

†H)2 + λ(H†H)|Φ|2 ,
(1.72)

where: H = 1√
2

G+
1 + iG+

2

h+ iG0

 and Φ = 1√
2
(φ+ iGφ).
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This potential is minimized under the following conditions:

H†H =
4λφm

2
H − 2λm2

φ

4λφλH − λ2
≡ v2H ,

|Φ|2 = 4λHm
2
φ − 2λm2

H

4λφλH − λ2
≡ v2φ .

(1.73)

It is possible to eliminate the unphysical Goldstone bosons by making

appropiate rotations and redefining the gauge fields. In this way, we can

directly work in the unitarity gauge, such that:

H =
1√
2

 0

vH + h

 ,

Φ =
1√
2
(vφ + φ) .

(1.74)

After expanding the potential with the above expressions, the second

order terms of it are the following:

V (2)(h, φ) = (λHv
2
H)h

2 + 2(
1

2
λvHvφ)hφ+ (λφv

2
φ)φ

2

= (h φ)

 λHv
2
H

1
2
λvHvφ

1
2
λvHvφ λφv

2
φ

h
φ


=

1

2
(h′ φ′)

m2
h′ 0

0 m2
φ′

h′
φ′


(1.75)

where,
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m2
h′ = λHv

2
H + λφv

2
φ −

√
(λHv2H − λφv2φ)

2 + λ2v2Hv
2
φ ,

m2
φ′ = λHv

2
H + λφv

2
φ +

√
(λHv2H − λφv2φ)

2 + λ2v2Hv
2
φ ,h′

φ′

 =

cos θ − sin θ

sin θ cos θ

h
φ


tan(2θ) =

λvHvφ
λφv2φ − λHv2H

.

(1.76)

In this case, h′ and φ′ would be the Higgs physical fields, being the first

one the SM-Higgs. If we set λ = 0, we automatically close the portal, such

that h′ and φ′ remain h and φ. As we can see, this model permits to study

different portals independently by switching off a portal such as the scalar

one.

1.2.3 Gauge Fields

Kinetic Terms

Now we need to study how the vector portal works by means of the kinetic

mixing of the hypercharge field, B, with the X field. This mixing term

is allowed by the theory and expected to be present. Just considering the

Electroweak and Dark sectors, the kinetic terms for the gauge fields in the

Lagrangian are:

Lkin = −1

4
BµνB

µν − sinχ

2
BµνX

µν − 1

4
XµνX

µν − 1

2
W+

µνW
−µν − 1

4
W 3

µνW
3µν .

(1.77)

As can be seen, this Lagrangian is very similar to that introduced in
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Eq. (1.1) for a generic vector portal. We report it here again for completeness

with the notation used in [195].

After some work on the fields B and X, we can get rid of the mixed term:

L B,X
kin = −1

4
(Bµν Xµν)

 1 sinχ

sinχ 1

Bµν

Xµν


= −1

4
(Bµν Xµν)

1/ cosχ − tanχ

0 1

 1 sinχ

sinχ 1

1/ cosχ 0

− tanχ 1

Bµν

Xµν


= −1

4
BµνB

µν −−1

4
XµνX

µν
,

(1.78)

where,

Bµν = cosχBµν ,

Xµν = sinχBµν +Xµν ,

Bµν = secχBµν ,

Xµν = − tanχBµν +Xµν .

(1.79)

In this way, the kinetic terms are already independent, as they should be

to uncover the physical fields. However, the mass terms are still mixed and

we need to work on them to find the physical fields after SSB.

Mass Terms

The mass terms for the gauge fields come from the covariant derivatives that

act on the Higgs fields. After computing those and just considering the mass

terms for the Electroweak and Dark sectors:
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(DµH)†(DµH) + (Dx
µΦ)

†(DxµΦ) ⊃
(gvH

2

)2
W+

µ W
−µ +

g2v2H
8

W 3
µW

3µ

− 2
(gg′v2H

8

)
W 3

µB
µ +

g′2v2H
8

BµB
µ

+
1

2
g2Xv

2
φXµX

µ .

(1.80)

This Lagrangian can be worked out and we can obtain the following

expression:

Lmass =

(
MSM

Z

)2
2

(
W 3

µ Bµ Xµ

)
c2W −sW cW 0

−sW cW s2W 0

0 0 µ2



W 3µ

Bµ

Xµ

 ,

(1.81)

where,

sW ≡ sin θW ≡ g′/
√
g2 + g′2 ,

cW ≡ cos θW ≡ g/
√
g2 + g′2 ,

MSM
Z ≡

√
g2 + g′2vH/2 ,

µ ≡ 2gXvφ√
g2 + g′2vH

,

(1.82)

where θW is the Weinberg angle.

Now we need to replace the fields Bµ and Xµ by Bµ and Xµ. After

this replacement, a reordering of the fields and using the short notation for

trigonometric expressions:
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Lmass =

(
MSM

Z

)2
2

(
Bµ W 3

µ Xµ

)
s2W+µ2s2χ

c2χ
− sW cW

cχ
−µ2tχ

− sW cW
cχ

c2W 0

−µ2tχ 0 µ2



B

µ

W 3µ

X
µ



=
1

2

(
Bµ W 3

µ Xµ

)
M


B

µ

W 3µ

X
µ

 .

(1.83)

To diagonalize M , we first note that we can perform the following useful

rotation

Ry(χ) ≡


cχ 0 −sχ
0 1 0

sχ 0 cχ

 ,

Rz(θW ) ≡


cW −sW 0

sW cW 0

0 0 1

 ,

V ≡ Ry(χ)Rz(θW ) ,

V †MV =
(
MSM

Z

)2

0 0 0

0 1 sW tχ

0 sW tχ µ2/c2χ + s2W t
2
χ

 .

(1.84)

The first diagonal entry corresponds to the photon: it has zero mass. The

last step consists in a rotation on the Y Z plane that finally diagonalizes the

mass matrix:
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Rx(β) ≡


1 0 0

0 cβ −sβ
0 sβ cβ

 ,

Rx(β)†(V †MV )Rx(β) =


0 0 0

0 M2
Z 0

0 0 M2
Z′

 ,

tan(2β) =
2sW tχ

1− s2W t
2
χ − µ2/c2χ

.

(1.85)

Now we can compute the physical masses in terms of β:

m2
A = 0 ,

M2
Z =

(
MSM

Z

)2
(
s2W + c2W c

2
χ + µ2

2c2χ
+

√
(s2W + c2W c

2
χ + µ2)2 − 4c2χµ

2

2c2χ

)
=
(
MSM

Z

)2(
1 + sW tχtβ

)
,

M2
Z′ =

(
MSM

Z

)2(s2W + c2W c
2
χ + µ2

2c2χ
−

√
(s2W + c2W c

2
χ + µ2)2 − 4c2χµ

2

2c2χ

)

=
(
MSM

Z

)2(
1− sW tχ

tβ

)
.

(1.86)

After regarding all the transformations made, we finally arrive to the final

relation between the initial fields and the physical ones:
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
Bµ

W 3µ

Xµ

 =


1/cχ 0 0

0 1 0

−tχ 0 1

Ry(χ)Rz(θW )Rx(β)


Aµ

Zµ

Z ′µ

 ,


Bµ

W 3µ

Xµ

 =


cW −(sβtχ + cβsW ) (sβsW − cβtχ)

sW cβcW −sβcW
0 sβ/cχ cβ/cχ



Aµ

Zµ

Z ′µ

 .

(1.87)

After these transformations are performed, we can now focus on how are

the couplings of these physical fields with the fermions.

1.2.4 Charged Fermions Couplings

Let ψi be any fermion charged under the symmetries of the SM or the dark

symmetry. The Lagrangian that describes the interactions of these fermions

with the vector fields comes from the following term, when ignoring the

SU(3)c gauge fields and the charged current W± fields:

L f = ψii /Dψi = ψi

[
i/∂ − g′

Y

2
/B − gQ3

L
/W

3 − gXQX /X

]
ψi . (1.88)

Using the transformations from Eq. (1.87) and considering the relations

Qe =
Y
2
+Q3

L and Y = YLPL + YRPR, where PR/L = 1
2
(1± γ5) are the usual

projectors onto the left- or right-handed components of the fermion fields,

we obtain the following interaction Lagrangian:
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−L f
I =ψiγ

µ

[
g′

4

(
cWAµ − (sβtχ + cβsW )Zµ + (sβsW − cβtχ)Z

′
µ

)(
YL(1− γ5) + YR(1 + γ5)

)
+
gQ3

L

2

(
sWAµ + cβcWZµ − sβcWZ

′
µ

)(
1− γ5

)
+ gXQX

(
sβ
cχ
Zµ +

cβ
cχ
Z ′

µ

)]
ψi .

(1.89)

The terms for each vector field is:

L f
I,A =− eQeψiγ

µψiAµ ,

L f
I,Z =ψiγ

µ

[
−
{

e

2sW cW

(
(cβ + sβsW tχ)Q

3
L + 2sW (sβtχ − cβsW )Qe

)
+ gXQXsβ/cχ

}

+
e

2sW cW

(
cβ + sβsW tχ

)
Q3

Lγ
5

]
ψiZµ ,

L f
I,Z′ =ψiγ

µ

[{
e

2sW cW

(
(sβ − cβsW tχ)Q

3
L + 2sW (cβtχ − sβsW )Qe

)
− gXQXcβ/cχ

}

− e

2sW cW

(
cβsW tχ − sβ

)
Q3

Lγ
5

]
ψiZ

′
µ .

(1.90)

With the values of Q3
L, Qe and QX (which is 1 for the dark neutrino,

νD), we can compute the precise interaction Lagrangian for each fermion

straightforwardly. Let us see now how are the expressions for neutrinos more

explicitly.

1.2.5 Neutrino neutral couplings

For flavor left-handed neutrinos, Q3
L = 1/2, Qe = 0 and QX = 0. For those,

we also need to add the following term, coming from νDi /D
x
νD: −νDgXQX /XPLνD,
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such that Xµ =
sβ
cχ
Zµ +

cβ
cχ
Z ′

µ. Taking these terms into account, we finally

obtain for the NC interaction with Z:

L ν
Z =−

(
g

2cW

(
cβ + sβsW tχ

))
ναγ

µPLναZµ −
sβ
cχ
νDγ

µPLνDZµ ,

=− cβcWM
2
Z

MWvH
ναγ

µPLναZµ −
sβcWMZMZ′

MWvφ
νDγ

µPLνDZµ ,

=−MZνi

[
cβcWMZ

MWvH
U∗
αiUαj +

sβcWMZ′

MWvφ
U∗
DiUDj

]
γµPLνjZµ .

(1.91)

If we now consider the neutrinos to be Majorana and following a straight-

forward prescription, we obtain the final result:

L ν
Z =− MZ

2
νi

(
CijPL − C∗

ijPR

)
γµPLνjZµ ,

Cij =
cω
vH
U∗
αiUαj −

sω
vφ
U∗
DiUDj ,

cω ≡cβcWMZ

MW

,

sω ≡− sβcWMZ′

MW

.

(1.92)

Here, we are using the usual convention for trigonometric functions. We

could also demonstrate that s2ω + c2ω = 1. We could do the same process for

the interactions through Z ′:
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L ν
Z′ =−

(
g

2cW

(
cβsW tχ − sβ

))
ναγ

µPLναZµ −
cβ
cχ
νDγ

µPLνDZ
′
µ ,

=
sβcWM

2
Z′

MWvH
ναγ

µPLναZµ −
cβcWMZMZ′

MWvφ
νDγ

µPLνDZ
′
µ ,

=MZ′νi

[
sβcWMZ′

MWvH
U∗
αiUαj +

cβcWMZ′

MWvφ
U∗
DiUDj

]
γµPLνjZ

′
µ .

(1.93)

Considering the neutrinos as Majorana fields, we finally obtain:

L ν
Z′ =− MZ′

2
νi

(
DijPL −D∗

ijPR

)
γµPLνjZ

′
µ ,

Dij =
sω
vH
U∗
αiUαj +

cω
vφ
U∗
DiUDj .

(1.94)

1.2.6 Neutrino Masses

The mass terms of the Lagrangian for the neutrinos are the following:

−L ν
mass = yαν (Lα · H̃)NC +

µ′

2
NNC + yNNν

C
DΦ + h.c.

=
yαν√
2

(
να lα

)vH
0

NC +
µ′

2
NNC +

yN√
2
NνCDvφ + h.c.

(1.95)

Let us define the following,

mD =

[
yαν√
2
vH

]T
,

Λ =

[
yN√
2
vφ

]T
.

(1.96)
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where each vector runs over α and N respectively. Keeping this in mind, the

Lagrangian takes the form:

L ν
mass = −1

2

(
να N νD

)
03×3 mT

D 0

mD µ′ ΛT

0 Λ 0



να

NC

νCD

 . (1.97)

The mass matrix can be diagonalized by blocks,

M̂ =
(
UT
α UT

N UT
D

)
03×3 mT

D 0

mD µ′ ΛT

0 Λ 0



Uα

UN

UD

 = UTMU . (1.98)

Just to realize the magnitudes of the masses, we can perform the compu-

tation for one generation of neutrinos in each block. First, we see that,

M ′ = (Ry
α)

TMRy
α =


0 0 0

0 µ′
√
m2

D + Λ2

0
√
m2

D + Λ2 0

 ,

Ry
α =


cα 0 sα

0 1 0

−sα 0 cα

 ,

tanα =
mD

Λ
.

(1.99)

Then, we perform a last rotation to diagonalize the mass matrix com-

pletely,
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M̂ = (Rx
δ )

TM ′Rx
δ =


0 0 0

0 c2δµ
′ + 2sδcδ

√
m2

D + Λ2 0

0 0 s2δµ
′ − 2sδcδ

√
m2

D + Λ2

 ,

Rx
δ =


1 0 0

0 cδ −sδ
0 sδ cδ

 ,

tan(2δ) =
2
√
m2

D + Λ2

µ′ .

(1.100)

Therefore, the masses are

m1 = 0 ,

m2 =
µ′

2

(
1 +

µ′√
µ′2 + 4m2

D + 4Λ2

)
+ 2

m2
D + Λ2√

µ′2 + 4m2
D + 4Λ2

,

m3 =
µ′

2

(
1− µ′√

µ′2 + 4m2
D + 4Λ2

)
− 2

m2
D + Λ2√

µ′2 + 4m2
D + 4Λ2

.

(1.101)

1.2.7 Neutrino-Higgs interactions

There is another sector which must be considered: the neutrinos with the

Higgs fields interactions. The Lagrangian is the following,

−L ν
Higgs =

yαν√
2
ναN

Ch+
yN√
2
NνCDφ+ h.c. (1.102)

Considering the Majorana nature of neutrino fields, we arrive to the final
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form:

L ν
Higgs = −νi

((
∆h

)
ij
PR +

(
∆h

)∗
ij
PL

)
νjh− νi

((
∆φ

)
ij
PR +

(
∆φ

)∗
ij
PL

)
νjφ ,(

∆h

)
ij
=

yαν
2
√
2

(
U∗
αiU

∗
Nj + U∗

αjU
∗
Ni

)
,(

∆φ

)
ij
=

yN

2
√
2

(
U∗
NiU

∗
Dj + U∗

NjU
∗
Di

)
.

(1.103)

If λ ̸= 0, then we need to replace the fields h and φ by the physical ones,

h′ and φ′. The transformations were already obtained,

h = cθh
′ + sθφ

′ ,

φ = −sθh′ + cθφ
′ ,

tan(2θ) =
λvHvφ

λφv2φ − λHv2H
.

(1.104)

And therefore, the final Lagrangian is

L ν
Higgs =− νi

[((
∆h

)
ij
PR +

(
∆h

)∗
ij
PL

)
cθ −

((
∆φ

)
ij
PR +

(
∆φ

)∗
ij
PL

)
sθ

]
νjh

′

− νi

[((
∆h

)
ij
PR +

(
∆h

)∗
ij
PL

)
sθ +

((
∆φ

)
ij
PR +

(
∆φ

)∗
ij
PL

)
cθ

]
νjφ

′ .

(1.105)

1.2.8 Phenomenology

We can have a clearer idea of the interactions of the dark photon by doing

the following: after defining ϵ = χ×cos θW , the main interactions of the dark

photon are can be well approximated as:
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Figure 1.33: Diagrams of the decay of HNLs through the dark photon.

−L(int)
Z′ ⊃ ϵeZ ′

µJ
µ
(EM) + gDU

∗
DiUDjZ

′
µJ

µ
(ν) , (1.106)

where Jµ
(EM) and J

µ
(ν) stand for the electromagnetic and the neutrino currents

respectively, and we are considering that m2
Z′ ≪ m2

Z . Therefore, electromag-

netic and neutrino can both interact through the dark photon, as we can

see from the coupled fields in Eq. (1.106). That means that neutrinos can

interact with ordinary matter through the dark photon.

The phenomenology of such a model depends critically on the hierarchy

of the masses of the new particles, on the couplings and values of the masses

and could be very varied. As a specific example, we present the parameters

discussed in [88] as this offers an explanation for various anomalies, such as

the MiniBooNE low energy excess (LEE), the value of g−2 of the muon. We

consider a GeV scale for the new physics. Specifically, we fix the dark photon

mass around 1.25 GeV and assume that at least 3 of the massive HNLs, N4,

N5, N6, are lighter than the dark photon.

We are regarding HNLs of masses of the order of 100s MeV. They can

mainly decay through the dark photon into lighter neutrino states and an

electron-positron pair with decay rates much faster than in the SM (plus

HNL mixing).

This would be a major departure from ”traditional” BSM through the
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opening of three portals that are susceptible of being detected in current

experiments. One can expect, for example, displaced vertices and decay

chains, for which MicroBooNE, DUNE-ND and T2K would have excellent

sensitivity. Also NA62 and SHADOWS could search for signals in kaon

decays, while Belle II and BES III can look for signatures in dark photon

searches through both invisible and semi-visible decays.

1.2.9 Experimental challenges

In order to better understand the role that models like the Three portal

model could play in current particle physics problems, we will mention some

of the examples in which these BSM extensions have been used in order to

solve some of the current unexplained experimental results.

The MiniBooNE low energy excess

The MiniBooNE experiment sits on the Fermilab Booster Neutrino Beam-

line (BNB) and employs a 12.2 m diameter Cherenkov detector filled with

818 tons of pure mineral oil, located 541 m away from a beryllium tar-

get. It ran in both neutrino mode, with a forward-horn-current (FHC),

and anti-neutrino mode, with a reverse-horn-current (RHC). Over a span of

17 years, MiniBooNE observed a large low-energy excess (LEE) of electron-

like events. The first excess was reported in neutrino mode, between the

years 2007-2009. For a total of 6.46× 1020 Protons-on-target (POT), an ex-

cess of 128.8 ± 43.4 electron-like events was observed over the background

with a significance of 3.0σ [57]. This excess was predominantly present in

the 200MeV < EQE
ν < 475MeV energy region. It was subsequently ob-

served that an excess of comparable significance (2.8σ) was also present in

the anti-neutrino mode, with 78.4±28.5 excess events observed over the back-
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ground between the energies 200MeV < EQE
ν < 1250MeV and for 11.27×1020

POT [59, 62]. Following these tantalizing hints of new physics, the collabo-

ration increased the data in neutrino mode, nearly doubling the POT, while

improving the background analysis and reducing the systematic uncertain-

ties. This led to a substantial increase in the significance of the observations,

with the ∼ 3σ excess rising to 4.7σ [63], and most recently to 4.8σ [65].

The combined neutrino and anti-neutrino mode excess currently stands at

638.0± 52.1(stat.)± 122.2(syst.) electron-like events.

The striking 4.8σ excess of low-energy electron-like events (LEE) observed

at MiniBooNE [54, 57, 62] challenges our understanding of the neutrino sector

at GeV energies. This excess has been scrutinized throughout the literature,

with some authors pointing to combinations of effects that could reduce its

significance to the order of 3 σ [197, 198]. At this time, it is fair to say that

the origin of the LEE remains utterly unknown.

A new generation of experiments with improved particle-identification

(PID) capabilities has started to test the origin of the LEE. The first tests

came from the MicroBooNE experiment, which used a 170-ton Liquid Argon

Time Projection Chamber (LArTPC) in the same beam, the Booster Neu-

trino Beamline (BNB) as MiniBooNE. Two additional detectors will add to

the Short-Baseline Neutrino (SBN) program, the Icarus detector, a 760 ton

detector located 600 m from the BNB target, and the Short-Baseline Near

Detector (SBND), with a 112-ton active volume at a shorter distance, 110 m

away.

We leave the explanation of the role of dark sectors in explaining Mini-

BooNE excess to Chapter 2.
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Figure 1.34: Contribution of the dark photon to the anomalous magnetic
moment of the muon.

(g − 2)µ anomaly

There is a longstanding discrepancy between the measured value of (g − 2)µ

and the theoretical prediction at 4.2 σ. Given that aµ ≡ (g − 2)µ/2, then

∆aµ ≡ aexpµ − athµ = (274± 73)× 10−11 [199].

One way to explain this anomaly is through contributions from a dark

photon: whether emerging from super-symmetric extensions [200] or just as a

sector with weak admixture to photons [201], or by kinetic mixing and a light

vector broken symmetry. The dark boson contribution, which is presented

in Fig. (1.34), could explain this discrepancy. Taken into account current

constraints, this explanation is allowed if dark photons decay semivisibly, i.e.

they decay fast into visible particle and some missing energy [196, 202]. If the

missing energy is not too much, collider bounds, in particular from BaBar,

can be relaxed and a viable region opens up at the O(1GeV) range [196], in

the same range needed to explain the MiniBooNE LEE.
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1.3 Summary

As we have seen along the present chapter, dark sectors offer rich and vast

opportunities to search for physics BSM. The diversity of the realization of

many of the fields that can be considered, such as dark photons or HNLs,

make constraints quite dependent on the different interactions that are al-

lowed to take place. This variety makes dark sectors a powerful tool to

address some of the problems that cannot be explained just by taking the

SM into account. In the next chapter, we will show how dark sectors can

be used to explain MiniBooNE low energy excess, though the possibilities

opened up by these dark extension go far beyond. Let us recapitulate some

of the strengths:

• The broad range of masses that can be considered allow to explore dif-

ferent regions in parameter space. The dark photon could be a massless

vector or a really heavy one. Although HNLs are constrained from be-

low, still low couplings allow us to explore from very low masses to

really heavy ones.

• There are many kinds of interactions that can be explored with dark

sectors and that are expressed in the types of portals we can allow:

from kinetic mixing of vector fields to neutrino mixing or even scalar

interactions. There are also higher dimensional operators that can be

explored, such as the transitions magnetic moments of neutrinos and

HNLs, topic that will be mentioned in the next chapter.

• The power of dark sectors relies on the possibility of having strong

interacting dark fields that talk to the SM through portals characterized

by weak interactions, which are suppressed by the couplings themselves
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(like the kinetic mixing) or by the mixing with SM fields (like neutrino

mixing). This last characteristic is needed not to alter what the SM

already explains: strong interactions directly with the SM would imply

a visible contribution over the SM one. However, strong interactions

just among dark fields is not directly excluded and it allows a broader

search into different decay scenarios among dark particles.

• Even though dark sectors do not constitute necessarily dark matter,

that does not mean we can also regard them as such or make them be

part of how dark matter could interact with the SM.

Now we can continue with the next chapter, where we will consider dark

sectors to try to understand what might be missing in the last results of the

MiniBooNE experiment.
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Dark sectors and MB-LEE

Significant anomalies in neutrino experiments have persisted for over two

decades, with no conclusive resolution in or outside the Standard Model.

The most statistically significant of these is the apparent νµ → νe conversion

of neutrinos and antineutrinos at short baselines in the MiniBooNE experi-

ment [54, 57, 62] and the Liquid Scintillator Neutrino Detector (LSND) [203].

We will search for a possible explanation of such anomaly in a rich dark sector

model and we will characterize the required parameter space.

2.1 Introduction

The excess at MiniBooNE, dubbed the low-energy excess (LEE), is charac-

terized by electron-like events in the energy region between 200 MeV and

600 MeV and is coincident in time with the ⟨Eν⟩ ∼ 800 MeV neutrino beam.

More detailed background studies and data have become available over the

years, increasing the significance of the excess to a total of 4.8σ [63, 65].

The origin of LEE has been debated in the literature, with some authors

pointing to combinations of effects that could somewhat reduce its signifi-
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cance [197, 198]. However, at this time, it is accurate to say that the origin

of the LEE remains unknown and that its statistical significance remains

strong. Therefore, MiniBooNE LEE is certainly an appropriate scenario to

look for hidden physics.

Historically, the most studied BSM explanation to the MiniBooNE LEE

has been the 3+1 oscillation model, where an eV-scale sterile neutrino induces

short-distance νµ → νe oscillations. Other anomalies, including the LSND

result and electron-neutrino disappearance gallium experiments [204–210],

have also been linked to the LEE under the sterile neutrino hypothesis. This

paradigm, however, is in strong tension with cosmology [211–213] and νµ-

disappearance data [214–216]. In fact, the internal tension in sterile neutrino

global fits is significant and driven not by one but multiple experiments [217,

218]. In addition, the LSND and the gallium experiments rely on different

principles of operation than MiniBooNE, and, therefore, it is not unlikely

that the resolution to each of these anomalies is unrelated. As such, we focus

uniquely on the MiniBooNE LEE and its potential solutions in new physics

models.

The MiniBooNE detector could not distinguish between the Cherenkov

emission of electron and photon showers inside the detector. Therefore, the

LEE can be due to multiple kinds of electromagnetic final states, includ-

ing electrons, photons, and combinations thereof. Therefore, this opens us

to rich families of dark sectors BSM. One important class of backgrounds

at MiniBooNE arises from photon production in neutrino-nucleus neutral-

current (NC) interactions through coherent or resonant processes. Other

proposed solutions rely on non-resonant photons, photon pairs, or electron-

positron pairs produced inside the detector in coincidence with the neutrino

beam. When highly collimated or highly energy-asymmetric, the pairs of
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electromagnetic particles can be misreconstructed as a single electron. Sev-

eral beyond-the-SM explanations have exploited this ambiguity in signal re-

construction. These non-oscillatory explanations are easily embedded in low-

scale extensions of the SM, where new dark particles of MeV to GeV masses

mediate the production of or decay into electromagnetic activity. We provide

an overview of such dark sector physics interpretations of the MiniBooNE

LEE and discuss their current status. For a review of broader aspects of

short-baseline phenomenology, we point the reader to Ref. [219]. While our

discussion is focused primarily on MiniBooNE, our list of particle production

modes in neutrino scattering can be applied to other neutrino experiments

searching for new physics.

To disentangle the possible nature of the LEE, the Short-Baseline Neu-

trino (SBN) program at Fermilab is underway and has started to probe a

few interpretations of the excess [220, 221]. The program consists of three

modern detectors in the Booster Neutrino Beam (BNB), where MiniBooNE

was also located. Thanks to the improved particle-identification (PID) capa-

bilities of the Liquid Argon Time-Projection Chambers (LArTPCs), the SBN

program has greater discriminating power between electron and photon-like

events. The first detector to run in the BNB was the MicroBooNE experi-

ment, a 170 t active-volume detector at 470 m away from the target. Two

additional detectors are part of SBN: the Icarus detector, currently in op-

eration and with a much larger fiducial mass of 760 t located 600 m from

the BNB target, and the Short-Baseline Near Detector (SBND), with a 112-t

active volume at a shorter distance, 110 m away. Recent data from Micro-

BooNE shows no excess of νe events [222–225], but it could not yet fully

exclude the 3+1 oscillation picture [67, 226, 227] (see also [228]). The Mi-

croBooNE experiment has also tested the radiative ∆ decays hypothesis and
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excluded it at the 94% confidence level (C.L.) [229]. The constraint is driven

primarily by events with a photon associated with a proton vertex, so non-

resonant sources of photons remain largely unconstrained due to the larger

backgrounds. Furthermore, LEE explanations based on exotic sources of

electron-positron pairs [194, 230–235] or photon pairs [232] are still largely

untested.

As a characteristic example of a model where e+e− final states explain

the LEE, we study the so-called dark neutrino explanation [194, 230]. These

models are based on low-scale seesaw mechanisms embedded in a dark sector.

The heavy neutral leptons (HNLs) can explain neutrino masses and have new

interactions with ordinary matter through light vector or scalar mediators.

The mediators enhance the production of HNLs in neutrino-nucleus upscat-

tering and allow them to quickly decay into visible final states inside neutrino

detectors. We perform a detailed fit to the MiniBooNE energy distribution

for models with a dark photon mediator and one and two HNLs that decay

into e+e− pairs. This is the first comprehensive fit to the MiniBooNE LEE

in the context of an e+e− interpretation and will allow other neutrino exper-

iments to perform direct tests of this hypothesis. Our analysis is based on

our own simulation of the MiniBooNE experiment in the publicly-available

generator DarkNews [236].1

This chapter is divided as follows. In Section 2.2, we review the Mini-

BooNE LEE and its properties. In Section 2.3, we discuss the status of

different dark sector models proposed to explain the excess. We then turn

our focus to dark neutrino models in Section 2.4, where we present the results

of our fit to the MiniBooNE energy spectrum. We conclude in Section 2.5.

1§ github.com/mhostert/DarkNews-generator.
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Figure 2.1: Different scenarios where a new particle X can mimic the νe
appearance signal in the MiniBooNE Cherenkov detector.

2.2 The MiniBooNE low-energy excess

The MiniBooNE experiment was located in the Fermilab BNB and employed

a 12.2 m diameter Cherenkov detector filled with 818 tons of pure mineral oil,

located 541 m away from the beryllium target. It ran in neutrino mode, with

a forward-horn-current (FHC), and anti-neutrino mode, with a reverse-horn-

current (RHC). Over a span of 17 years, MiniBooNE observed a large excess

of low-energy electron-like events. The first excess was reported in neutrino

mode between 2007 and 2009. For a total of 6.46 × 1020 Protons-on-target

(POT) in neutrino mode, an excess of 128.8 ± 43.4 electron-like events was

observed over the background with a significance of 3.0σ [57]. The excess

was predominantly present in the 200 MeV < EQE
ν < 475 MeV energy re-

gion. It subsequently also observed in anti-neutrino mode with a comparable

significance of 2.8σ, corresponding to 78.4± 28.5 excess events observed over

the background in the energy range 200 MeV < EQE
ν < 1250 MeV for a total

of 11.27 × 1020 POT [59, 62]. The experiment then collected nearly double

the amount of POT in neutrino mode, improving the background analysis

and reducing systematic uncertainties. This led to a substantial increase in

the significance of the LEE, with the ∼ 3σ excess rising to 4.7σ [63], and
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most recently to 4.8σ [65]. The combined neutrino and anti-neutrino mode

excess currently stands at 638.0 ± 52.1(stat.) ± 122.2 (syst.) electron-like

events.

Charged particles in the MiniBooNE detector produce directional Cherenkov

light and isotropic scintillation light. Due to the limited PID capabilities of

Cherenkov detectors, the signals of electrons, photons, and collimated e+e−

and γγ pairs are too similar to differentiate. Fortunately, the dominant elec-

tromagnetic backgrounds at MiniBooNE are constrained with in-situ mea-

surements. The beam’s intrinsic νe content is constrained by νµ CC rate

measurements. This is particularly relevant at higher energies, where kaon

decays at the target dominate the neutrino flux. The kaon production rate

was directly measured by SciBooNE [237], which operated at 100 m from the

BNB target for a fraction of the total MiniBooNE lifetime. SciBooNE was

also used to constrain νµ disappearance in the BNB beam in combination

with MiniBooNE data [61, 238].

The π0 production rate is inferred by measuring separated γγ pairs [56,

58]. Given the π0 kinematics and the Monte-Carlo, this allowed MiniBooNE

to directly constrain the number of π0s that decayed to collinear or highly

energy-asymmetric photons, as well as the number of photon pairs where

one of the photons was absorbed or escaped undetected. In addition, the π0

and π± rates that are measured by MiniBooNE constrain the production of

the ∆(1232) resonance, which in turn constrains the rate of single photon

events from radiative ∆(1232) decay. This constraint, however, is subject to

uncertainties on the ∆(1232) radiative decay branching ratio. Nonetheless,

an enhancement of this rate to the level necessary to explain the LEE is

in conflict with theoretical predictions [239] and with recent MicroBooNE

data [229].
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In addition to the low-energy nature of the excess, the most prominent

features of the LEE are the following:

1. Angular spectrum: The LEE shows a mild preference for forward-

going events, although it is still broadly distributed in the angular

variable θbeam, the angle of the electron-like shower with respect to

the neutrino beam. Approximately 72% of events have a reconstructed

angle satisfying cos θbeam ≤ 0.9.

2. Radial profile: The radial distribution of the excess events is consis-

tent with neutrino interactions inside the tank. The significance of the

excess also increases when decreasing the radius of the fiducial volume.

3. Timing: Most excess events occur within the first 8 ns of bunch timing,

coinciding with neutrino scattering events in the detector.

These considerations provide significant constraints on potential LEE mech-

anisms. Quantifying the constraining power of the aforementioned distribu-

tions is challenging outside the collaboration due to the lack of a correlation

matrix, but one can conclude that the radial and timing information indi-

cates a preference for a neutrino-induced excess. Additional constraints come

from the search for sub-GeV dark matter performed by the MiniBooNE-DM

collaboration [64]. The experiment ran in beam-dump mode, directing pro-

tons away from the beryllium target and toward the steel absorber at the

end of the decay pipe, 50 m away. Consequently, the beam-dump mode had

a smaller and softer neutrino flux, allowing non-neutrino signals to be ex-

plored. No excess was observed in this search, excluding explanations where

new particles are produced in neutral meson decays at the target. Due to

suppressed off-target production of charged mesons, reciprocal models with

charged mesons are still allowed, up to the signal considerations discussed
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above. For a detailed discussion of the role of the angular distribution and of

the beam-dump mode data on new-physics interpretations of the LEE, see

Ref. [240].
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2.3 New physics explanations

There are four classes of final states that have the potential of explaining

the MiniBooNE low-energy excess: e−, γ, e+e− and γγ. These could be

produced by different mechanisms within or beyond the SM. For each of

these final states, we discuss how these signals may appear in new-physics

models. We summarize our discussion in Table 2.2.

2.3.1 Single electron

The MiniBooNE results have been initially interpreted as an excess of νe (νe)

that undergo CC scattering. The electrons (positrons) would be detected as

single fuzzy Cherenkov rings in the MiniBooNE detector. Such an excess of

neutrinos in the beam can be due to a mis-modelling of the flux, or from a

BSM phenomenon. One popular new-physics interpretation of the excess is

that of short-baseline neutrino oscillation induced by a new sterile neutrino of

eV mass. This hypothesis gained significant traction due to the natural con-

nection between the LSND anomaly and the MiniBooNE results, as well as

due to other deviations observed in the νe disappearance sector, all of which

share similar values of L/E. The LSND experiment observed a 3.8σ excess

of νe in a π decay at rest (DAR) neutrino source. The antineutrinos were de-

tected via inverse-beta-decay (IBD) in the liquid scintillator of the detector.

The different operating principles of the two experiments combined with the

similar L/E suggested that a common explanation could be found in novel

oscillations. We discuss the recent developments regarding this hypothesis

below and briefly review some alternatives to pure oscillatory models.

The MicroBooNE detector performed the first test of the LEE under the

single-electron hypothesis in LAr using the same beam as MiniBooNE. The
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first analysis aimed to constrain the template of the MiniBooNE LEE with

three independent νe event selections [222–225]. The template is defined as

the difference between the central value of the data minus the central value

of backgrounds as a function of the reconstructed neutrino energy. This, in

turn, can be unfolded into an excess flux of νe in the BNB and constrained

by MicroBooNE data. We review the findings of this search and comment on

important caveats below. In the MicroBooNE’s LArTPC detector, protons

can be observed as tracks, and the signal contributes to either the 1s1t or 1s0t

topologies.2 Using a deep-learning-based reconstruction approach, one anal-

ysis searched for the exclusive 1e1p CCQE channel finding a modest deficit

with respect to predictions [223]. A second analysis searched for pionless

νe scattering using Pandora-based reconstruction in the exclusive channels

1eNp0π (N>0) and 1e0p0π [224]. While a mild deficit was observed in the

1eNp0π channel, an excess was present in the 1e0p0π channel. The latter,

however, has a much lower νe purity due to photon backgrounds, so it is

less sensitive to the single electron hypothesis. The third and highest statis-

tics search was for inclusive 1eX νe events using the Wire-Cell reconstruction

method [225]. Good agreement between data and prediction is observed, and

the fixed LEE template is excluded at 3.75σ. Combining all aforementioned

channels, except the less-sensitive 1e0p0π one, MicroBooNE rejects the fixed

LEE νe template at > 97% C.L. This translates into an upper limit on the νe

composition of the MiniBooNE excess, corresponding to < 51% at 95% C.L.

Two important caveats to the MicroBooNEmodel-agnostic template anal-

ysis were that i) it used a fixed template for LEE and ii) it did not exclude

physical models, opting instead to work with a model-agnostic approach.

The first point, in particular, is critical as the uncertainties on the tem-

2As both electrons and photons are reconstructed as showers, it is customary to use
the notation NsMt to specify a topology containing N showers and M tracks.
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plate’s shape can be large due to the significant systematics and correlations

in the MiniBooNE background prediction. In addition, physical models that

attempt to explain the anomaly can also have significantly different shapes

from the nominal template and still provide a reasonable fit to the data,

thanks to the large systematic uncertainties. The significance of the shape

uncertainties and the exclusion power of MicroBooNE in the parameter space

of 3+1 oscillation models were discussed in detail in Ref. [226]. MicroBooNE

has subsequently searched for short-baseline oscillations [271], excluding a

considerable part of the sterile neutrino parameter space that can explain

the MiniBooNE and LSND results, but not fully ruling out this interpre-

tation. Finally, it has also been pointed out that if the MiniBooNE excess

is predominantly composed of antineutrinos (in neutrino mode), the con-

straints posed by LAr experiments become significantly weaker due to the

smaller antineutrino-argon cross sections [272].

We also briefly comment on other measurements of νe events at Micro-

BooNE. In particular, the differential νeCC cross section on Argon has been

measured using neutrinos from the BNB [273] as well as from the NuMI

beam [274, 275]. These measurements still have large statistical and system-

atic uncertainties, especially in the NuMI neutrino flux prediction, which it

can be as large as 20% at the lowest energies (Eν < 300 MeV). The mean

energy of NuMI flux in both analyses is similar to that of Booster neutrinos,

and the baseline varies between 679 m, the distance between the NuMI tar-

get and MicroBooNE, and 100 m, the distance between the NuMI absorber

and MicroBooNE. With increasing statistics, this flux can become an auxil-

iary tool to explore different L and E configurations, especially relevant for

oscillation searches [271].
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Sterile-driven short-baseline oscillations

We start the νe interpretations of the MiniBooNE excess within the 3+1

model of neutrino oscillations. A mostly-sterile mass eigenstate with m4 ≳

1 eV is introduced, leading to oscillations at L/E ∼ 1 km/1 GeV, where L

is the baseline of the experiment and E the neutrino energy. This interpre-

tation is related to other anomalies in neutrino data, which share similar

values of L/E. Of particular relevance is the prediction that the νµ → νe

appearance signal at MiniBooNE and LSND should be accompanied by νe

and νµ disappearance in sterile-driven oscillation models. We briefly review

the status of these two channels below.

Some electron-neutrino and antineutrino experiments have observed a

deficit of events compatible with sterile-driven neutrino νe/νe disappearance.

An overall deficit of νe rates at reactor experiments [276], dubbed the reactor

antineutrino anomaly (RAA), was observed when incorporating the Huber-

Müeller reactor antineutrino flux calculations [277, 278]. Since then, newer

calculations of the reactor antineutrino flux have diluted the statistical sig-

nificance of the RAA [279]. New data on the beta spectrum of 235U and 239Pu

collected at the Kurchatov Institute [280] showed that data-driven reactor

flux models based on data from ILL [281–284] were overestimating the total

number of neutrinos [279, 285]. This interpretation was recently corroborated

by the STEREO reactor experiment [286] and resolved the RAA.

Reactor experiments that can measure ratios of event rates at different

baselines have better control of the flux systematics. Dedicated searches for

sterile neutrinos were performed by the PROSPECT [287, 288], STEREO [286,

289, 290], and DANSS [291] experiments, as well as by the RENO and NEOS

collaborations [292]. All these searches reported null results. Neutrino-

4 [293], on the other hand, claims evidence for sterile neutrinos at a sig-
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nificance of larger than 4σ. The interpretation of their results has been

criticized in the literature [294]. In Ref. [295], the authors claim that the

Neutrino-4 results can only be reproduced when neglecting the detector en-

ergy resolution. Their analysis brings the significance of the excess to as low

as 2.2σ, preferring significantly larger and already-excluded mixing angles.

Another anomaly is the deficit of νe observed in gallium experiments when

exposing the detectors to radioactive sources [296, 297]. This anomaly has

been observed in a modern setup by the BEST experiment [298]. These

experiments have low sensitivity to the oscillation frequency (∆m2
41) due to

poor spatial resolution but they observe an overall significant deficit in the

expected νe rate. A sterile-driven νe disappearance explanation, however,

requires large mixing angles with electron-neutrinos, around |Ue4|2 ∼ 0.07,

and is in tension with measurements of the total solar neutrino flux [299]. No

consensus has been reached yet on the cause of this anomaly — for recent

reviews on the topic, see Refs. [300–302]. Global fits to the reactor and

gallium experiment data find that the strongest evidence for anomalous νe

disappearance comes from BEST and Neutrino-4; no satisfactory agreement

among all data in a 3+1 oscillation model was observed [300, 303].

In the muon sector, νµ disappearance is not observed by accelerator exper-

iments [61, 238, 304]. The most significant constraint was placed by the MI-

NOS/MINOS+ collaboration [214], surpassing other existing limits by over

an order of magnitude. However, their results, especially their sensitivity to

averaged-out oscillations, have been questioned in the literature [218, 305].

Despite this, no independent study has been performed to address the is-

sues raised. An independent limit on νµ disappearance comes from atmo-

spheric muon-neutrinos that would oscillate due to a sterile-neutrino-induced

parametric resonance inside the Earth. This effect is constrained by Ice-
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Cube [215, 216] and excludes a significant portion of the sterile neutrino pa-

rameter space around ∆m2 ∼ 1 eV2. In the tau sector, data and constraints

on ντ appearance are scarce and come mostly from atmospheric neutrino

experiments. At accelerators, OPERA set direct limits on |Uτ4|2 through a

search for νµ → ντ appearance [306, 307]. In the future, IceCube [308] and

KM3NET [309] could improve on these direct searches. Indirect limits have

been obtained with searches for the disappearance of active neutrinos via

neutral-current interactions. This strategy was pursued at NOνA [310, 311]

and can also be used in the LAr program at FNAL [312]. Other direct probes

of sterile neutrinos include searches for anomalous kinks in the beta spectrum

of tritium at the KATRIN experiment [313], which are sensitive to the |Ue4|2

mixing angle.

Light sterile neutrinos are strongly constrained by cosmology as they

would have thermalized with the SM bath in the early Universe and count

as additional relativistic species at Big Bang Nucleosynthesis [69, 213, 314].

Extensions to the minimal 3+1 model have proposed to reconcile the model

with cosmology [255, 315–325]. The general idea consists of suppressing the

production of the light sterile neutrinos in the early Universe. This can

be achieved by the so-called secret-interaction mechanism, in which strong

self-interactions between sterile neutrinos (or between sterile neutrinos and

an ultra-light dark matter background) create a large matter potential for

the sterile flavor and suppress their mixing with light neutrinos at early

times. Other proposals have also been put forward, showing that lowering

the reheating temperature to a few MeV can avoid the thermalization of light

sterile neutrinos [318, 326].

It is also possible that short-baseline oscillations are induced by more than

just one sterile neutrino. In addition to the even larger number of relativistic
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degrees of freedom in the early Universe, this solution is not immune to the

tension between appearance and disappearance datasets [327]. Global fits

still find a significant internal tension in 3+2 model [218, 328–331].

In conclusion, sterile neutrino models face significant challenges in ex-

plaining global neutrino data, and their existence is also in stark contra-

diction with standard cosmological models. A solution to this conundrum

requires additional new physics in the neutrino sector and/or non-standard

cosmologies. More data from the SBN program will be essential to test the

sterile neutrino interpretation of MiniBooNE directly by means of measure-

ments of the νe spectrum at the different baselines of MicroBooNE, SBND,

and ICARUS [220, 332].

Anomalous matter effects

The non-standard interactions (NSI) framework provides a phenomenologi-

cal parameterization of deviations from the ordinary matter potential expe-

rienced by neutrinos in matter [333]. While NSIs alone cannot generate new

flavor transitions at short baselines, several works in the literature have stud-

ied their impact on sterile neutrino-driven oscillations [334]. NSIs can sup-

press oscillations at large energies, where 2EνV > ∆m2
41 with V a new mat-

ter potential for neutrinos, relaxing constraints from MINOS/MINOS+ [335]

due to the higher energy of the NuMI beam. In addition, the energy of the

active-sterile transition resonance used to search for sterile neutrinos at Ice-

Cube can be lowered. Even though IceCube is less sensitive to BSM effects

at low energies [336], the authors of Ref. [337] conclude that existing Ice-

Cube data already rules this possibility out. The new matter potential can

be associated with new interactions in the νµ and ντ sectors [338], with new

interactions between sterile neutrinos and ordinary matter [339], or interac-
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tions between sterile neutrinos and a dark matter background [340]. The

typical values of NSIs required for the aforementioned scenarios are large,

typically bigger than a few percent of GF . They are, therefore, strongly

constrained by high-energy neutrino and global data (see [333]).

Anomalous matter potentials can also induce new resonances at short-

baseline experiments, akin to the Mikheyev-Smirnov-Wolfenstein (MSW) ef-

fect. In this case, the appearance signal can be sharply peaked at the resonant

energy and would explain the low energy nature of the MiniBooNE excess.

A first proposal was based on an anomalous matter potential sourced by the

cosmic neutrino background [248]. However, this idea requires an unrealis-

tic local overdensity of cosmic neutrinos. Ref. [249] also concludes that this

scenario is excluded by the different measurements of ∆m2
31 across the dif-

ferent energy scales of T2K, NOVA, MINOS, and atmospheric experiments.

Another possibility is that the matter potential is sourced by ordinary mat-

ter and that it exclusively impacts the new sterile neutrino, referred to as a

quasi-sterile neutrino in Ref. [250]. In this case, stronger-than-Weak inter-

actions between quasi-sterile neutrinos and matter particles are required to

produce the matter potential.

Decaying sterile neutrinos

Heavy, mostly-sterile neutrinos can be produced via mixing in meson decays

and subsequently decay in flight into light neutrinos between the source and

the detector [252–255]. This decay can proceed through a light scalar particle,

for instance, ν4 → νiφ, with i < 4, which can also participate in the secret-

interaction mechanism that suppresses ν4 production in the early Universe.

Typically, mφ +mνi < m4 such that ν4 decays via two-body decays with a

lifetime shorter than the short-baseline distances. In some models, the scalar
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particle can decay, φ→ νiνj, enhancing the final number of neutrinos [255].

For Dirac neutrinos, the ν4 and φ decays may be into left(right)-handed

(anti)neutrinos, in which case it is referred to as visible or into non-interacting

right(left)-handed (anti)neutrinos, in which case it is called invisible since the

new decays are unobservable. The visible and invisible types of decay can

coexist, depending on the underlying interactions. For Majorana neutrinos,

the daughter neutrinos and antineutrinos are always interacting.

In the case of invisible decays, an explanation for the short-baseline

anomalies still relies on 3+1 oscillations. However, depending on the ex-

periment energy and baseline, the oscillatory behavior can be damped due

to the sterile neutrino decay. Due to the finite lifetime of the sterile state,

limits from searches for a sterile-driven resonance in the earth using νµ disap-

pearance at IceCube [243, 244] are relaxed. In a dedicated analysis, IceCube

has searched for the sterile-driven resonance in invisibly-decaying-sterile neu-

trino models [341, 342] and found that it actually improves the agreement

with data. The null hypothesis of no 3+1 oscillations is disfavored with a

p-value of 2.5%, and the hypothesis of 3+1 oscillations without decay is dis-

favored with a p-value of ≲ 1%. The best-fit values prefer larger ∆m2
41 values

of O(4−10) eV2, as well as large couplings between the scalar and the sterile

neutrino, αφ ≃ 0.6. A recent global fit to IceCube and global neutrino data

finds that invisible sterile decays alleviate the tension in the 3+1 model [343].

Theoretically, these solutions can be easily incorporated in models of singlet

scalars coupled to the sterile neutrino; however, the coupling constants pre-

ferred by data are large, nearing the non-perturbative regime.

For visible decays, the signal of νµ → νe appearance can be mimicked

by the ν4 → νF (φ → νFνF ) decays, where νF is the low-energy neutrino

flavor state, |νF ⟩ =
∑3

i=1 U
∗
si |νi⟩. In this case, νµ and νe disappearance are
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proportional to |Ue4|2 and |Uµ4|2, respectively, while the effective appearance
signal, if all decays are sufficiently short, is proportional to |Uµ4|2. Since both
appearance and disappearance probabilities depend on the same power of the

mixing elements, the global neutrino data tension is significantly reduced

and could disappear altogether. In the original proposal [252], the ν4 decays

do not proceed through mixing, but instead from a dimension-five operator

ge
vh
(LeH̃)νRφ. In that case, appearance signals can still occur without a

corresponding νe disappearance channel provided Ue4 = 0.

If Ue4 ̸= 0, then ν4 can be produced in 8B decays in the Sun. This

is strongly constrained when ν4 decays to active antineutrinos. Therefore,

scenarios where the neutrinos are Majorana or where the scalar is unstable,

φ → νFνF , are in tension with solar antineutrino searches [256]. Dirac

neutrinos with a stable φ particle are not subject to these constraints.

We also comment on an alternative, fine-tuned solution to avoid these

limits. Consider a model with a lepton-number-charged scalar particle φ2,

which carries L = 2. If neutrinos are Dirac and the sterile state is almost

degenerate in mass with the scalar, ϵ ≡ m4−mφ

m4
≪ 1, then the antineutrinos

produced in ν4 → νFφ2 decays are not observable due to their small energy,

below the inverse-beta-decay threshold. The subsequent decays of φ give two

interacting visible neutrinos φ → νFνF , avoiding solar antineutrino limits

altogether. A full analysis is required to determine if the decay couplings

can be large enough to overcome the ϵ suppression to the ν4 lifetime,

ΓLab =
∑
i

m2
4

4Eν4

|Us4Usj|2αφϵ
2(2− ϵ)2, (2.1)

where αφ = g2φ/4π. The model, however, still faces strong limits from cos-

mology [255].
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The decaying-sterile neutrino models discussed above have not been di-

rectly targeted by MicroBooNE, although the null results of the template

analyses and the 3+1 oscillations search can already constrain them. The

main difference with respect to the 3+1 oscillations in the sterile decay signal

is the softening of the energy dependence of the oscillation and the suppres-

sion of νµ disappearance. This can weaken the constraining power of the

νµ sample and wash-out oscillations in the νe appearance signal. In par-

ticular, νe disappearance can be large and suppress the rate of intrinsic νe

backgrounds while compensating for the additional νe rate from the effective

νµ → νe transition. Given these distinctive features, we encourage a dedi-

cated study of this scenario to assess the sensitivity of MicroBooNE to the

decaying-sterile neutrino explanations of the MiniBooNE LEE.

Exotic effects in short-baseline oscillations

Wavepacket decoherence The authors of Ref. [344] pointed out that

neutrino-wavepacket decoherence could help explain the lack of νe-disappearance

in reactor experiments in 3+1 oscillation models. The global fit to short-

baseline data in Ref. [343] showed that the 4.9σ internal tension of short-

baseline data is reduced to 3.6σ when including effects due to the finite size

of the neutrino wavepacket. The best-fit result for the size of the wavepacket

in that analysis is σx ∼ 67 fm, much smaller than the naive expectation

of typical inter-atomic distance or the inverse of the detector energy resolu-

tion [345]. For comparison, theoretical estimates of the beta-decay-induced

antineutrino wavepacket size [346] find σx ≲ 10−100 pm (see also [347, 348]).

For such proposals to be successful, quantum-mechanical decoherence should

be more significant than classical averaging from detector resolution.
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Energy-dependent mixing angles It has been argued that the possi-

bility of having energy-dependent mixing angles and masses can alleviate

the tension between appearance and disappearance experiments in 3+1 os-

cillation models [349, 350]. As shown in Ref. [350], renormalization group

evolution can modify disappearance constraints on the square of mixing el-

ements by factors of O(2 − 3) because their energy scales are significantly

different from those of LSND and MiniBooNE. The running of the mixing

angles also modifies the oscillation at MiniBooNE since the energy scale of

detection (E ∼ 3 GeV) is larger than that of production (E ∼ mπ). Reactors

and solar neutrinos constrain |Ue4| at energies of O(10) MeV or less, leaving

room for this parameter to run. MINOS/MINOS+ and IceCube, however,

are sensitive to the same production scale (E ∼ mπ) but constrain |Uµ4| at a
larger detection energy of about 3 GeV and 1 TeV, respectively. Oscillation

searches at MicroBooNE would not be significantly impacted, although the

oscillation maximum at the other SBN detectors could be somewhat modified

due to the different baselines. The benchmark model proposed in Ref. [350]

closely resembles the particle content we discuss in Section 2.4 but does not

require any couplings between the new dark particles and the SM other than

to neutrinos themselves.

Space-time modifications Altered neutrino dispersion relations have also

been discussed to solve the 3+1 oscillation tension. In large extra dimensions,

fluctuations of the brane make the path length of active neutrinos larger

than that of sterile ones [351–355]. In some cases, the modified dispersion

relations lead to resonances in the neutrino flavor evolution. Another real-

ization of such scenarios is through Lorentz violation, parameterized in the

SM Extension effective theory, which can modify neutrino flavor evolution
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via Lorentz-violating higher-dimensional operators suppressed by powers of

1/Mplanck [356–358]. Although these models solve some of the issues in the

3+1 oscillation paradigm, they still show tension with global neutrino data

due to the steep energy dependence [359].

2.3.2 Single photons

Single photons are an important background in MiniBooNE at low energies.

The dominant sources of these events come from misidentified π0 decays and

∆(1232) radiative decays [66]. Well-reconstructed two-ring events are mea-

sured by MiniBooNE and directly constrain the π0 rate. While the ∆(1232)

production cross section is also constrained by the π0 sample, largely made up

of resonant events, the radiative branching ratio ∆(1232) → Nγ (N = n, p)

is not. An enhancement of this branching by O(3) factors leads to a re-

markable agreement with the LEE. This possibility is constrained by photo-

production experiments, γp → ∆, and has recently been directly tested by

the MicroBooNE experiment. Good agreement with MiniBooNE’s estimates

was found, excluding this explanation of the LEE at 94% C.L. [229]. It is

important to note that while this result excludes the SM ∆ hypothesis, it

does not necessarily exclude other new physics scenarios that invoke single

photons. In particular, the MicroBooNE analysis was not sufficiently sensi-

tive to single photons not accompanied by a hadronic vertex (e.g., coherent

emission) due to the significantly larger backgrounds in the 1γ0p selection.

Single photons can also contribute to the exclusive 1e0p0π channel of the

MicroBooNE νe search, where, notably, an excess is already observed [224]

In view of that, we proceed to discuss dark sector sources of single photons.
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Upscattering via transition magnetic moments

Neutrinos interactions with the material inside or outside the MiniBooNE

detector can produce short-lived heavy neutral leptons (HNLs) that subse-

quently decay visibly inside the fiducial volume. This scenario is referred to

as upscattering. One model for upscattering where the HNL decays to a sin-

gle photon is that of a transition magnetic moment [260–262, 265, 266, 268].

The low-energy Lagrangian is given by

L ⊃ µα
tr

2
νασ

µνNRFµν + h.c., (2.2)

where α is the neutrino flavor index. The interaction above would mediate

neutrino-nucleus upscattering that produces the HNL N as well as the subse-

quent decays of N → νγ. Depending on the details of the model, the massive

particleN may be Dirac or Majorana, although the MiniBooNE angular spec-

trum prefers the former. An explanation of the LEE can be achieved with

µµ
tr as small as O(10−9µB), which corresponds to µµ

tr ∼ (1 PeV)−1. The muon

index indicates that muon neutrinos and antineutrinos, which dominate the

flux at MiniBooNE, initiate the upscattering process. In what follows, we

drop the flavor index and assume µtr = µµ
tr.

In this model, the upscattering cross section and decay rate of the HNL

are proportional to |µtr|2. Once produced, the HNL can decay into either a

single photon or, around 0.7% of the time, into a e+e− pair. The total decay

rates for a Dirac HNL are given by [182],

ΓN→νγ =
|µtr|2m3

N

16π
, (2.3)

ΓN→νℓ+ℓ− ≃ α|µtr|2
48π2

m3
N

[
2 log

(
mN

mℓ

)
− 3

]
, (2.4)
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where we neglected terms of O(m2
ℓ/m

2
N) in the dilepton rate. The dilep-

ton mode, while subdominant, provides an alternative signature that may

be searched for in K+, π+ → ℓ+N → ℓ+νe+e− or at low-density neutrino

detectors such as ND280 [182]. A detailed fit to the MiniBooNE excess was

performed in [268], suggesting to explain both the energy and the angular

spectrum of the LEE, the HNL should be as massive as 400 MeV. Ref. [268]

also derived constraints on the model from the MINERvA neutrino-electron

scattering sideband data. While MINERvA poses strong limits, it is not

able to fully exclude the regions of preference, especially at large HNL masses

where stringent cuts on the angular spectrum reject most of the signal events.

Several future experiments can probe the TMM scenario, including dark

matter direct detection experiments [360], coherent elastic neutrinos-nucleus

scattering (CEνNS) measurements [361, 362], double-bang searches at Ice-

Cube and large volume neutrino detectors [154, 155, 158, 363, 364], and

neutrino detectors at the Forward Facilities of the LHC [365].

The scale of new physics behind the dimension-5 operator above is model-

dependent, but a naive estimate for a TMM induced at the one-loop level

can be found using

µtr ≃
yy′eQf

8π2

mf

M2
UV

[
log

(
M2

UV

m2
f

)
− 1

]
, (2.5)

where Qf and mf stand for the electric charge and the mass of the charged

fermion in the loop, respectively, and y(′) is the coupling between left-(right-

)handed fermions to the new particle of mass MUV. Ref. [366] proposes a

leptoquark model as an UV completion to Eq. (2.2), where f = b-quark. The

leptoquark can be within reach of the LHC withMUV ≳ 1 TeV for y = y′ = 2

and µtr ∼ 1 PeV−1.
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In general, the UV completion of Eq. (2.2) would also generate large mass

terms, mDνLNR [367–371] (see also [372] for a recent review). In seesaw

models, this is undesirable for two reasons: i) neutrino masses would be

too large, ii) the mixing between active and heavy neutrinos would be too

large. While point number i) can be avoided in inverse seesaw models with

approximate conservation of lepton number, point ii) poses a much bigger

challenge. The mixing is subject to severe constraints from decay-in-flight

and meson peak searches for HNLs. Schematically, for f = b, we get

UαN ∼ µtr

2

M2
UV

eQfmN

∼ 3× 10−3
( µtr

1 PeV−1

)( MUV

1 TeV

)
. (2.6)

which is prohibitively large. As a result, such models require some fine-tuning

to avoid constraints on the mixing angles.

Finally, we note that such transition magnetic moments can also exist

between different generations of HNLs [362, 373]. For instance,

L ⊃ µNN ′

2
N ′

Lσ
µνNRFµν + h.c., (2.7)

where N ′ may again be a Dirac or Majorana particle. In this case, even

relatively light N particles can be produced inside the detector and de-

cay fast enough via N → N ′γ(∗). For instance, for mN = 10 MeV and

µtr ∼ (5 PeV)−1, the event rate at MiniBooNE is sufficiently large for µNN ′ ∼
(500 TeV)−1, provided N ′ is light enough. Small mass splittings between N

and N ′ can also help ameliorate tensions with the MiniBooNE angular distri-

bution in this case. This is particularly interesting in inverse seesaw models,

where lepton number violation is controlled byMN−MN ′ , though more work

is needed to find a self-consistent UV completion of Equations (2.2) and (2.7).

We end this section by noting that HNLs coupled to the SM via mixing
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and small TMMs can be long-lived and produced in charged meson decays,

π,K → ℓN . In this case, the HNL propagates from the target to the detector

to decay in flight via N → νγ [257]. This signature is severely constrained

by the timing information when the HNL mass is larger than ∼ 50 MeV. It is

also constrained, although not fully excluded, by the corresponding off-shell

photon mode N → ν(γ∗ → e+e−) signature at ND280 and PS-191 [182]. The

latter, however, does exclude similar models where the dominant branching

ratio of the HNL is into e+e− [258].

Neutrino-induced inverse-Primakoff scattering

We now turn to another possibility for producing single-photon signatures:

neutrino-induced inverse Primakoff scattering (IPS). In this scenario, the

neutrino scatters on a nucleus through a virtual scalar particle that undergoes

inverse Primakoff scattering, φ∗A→ γA, with A a nuclear target. The scalar

may couple to photons or dark photons (Z ′), and either mediator may be

exchanged with the nucleus. The MiniBooNE LEE can be explained if a

photon is produced in the final state or if a dark photon decays to an e+e−

pair. In this section, we focus on the former. The process νA → νγA has

been discussed in Ref.[269] in the context of the dimension-seven Rayleigh

operators, ννFµνF
µν and ννFµνF̃

µν . The scenario we discuss here is one of

the completions of the operator above, also discussed by the authors.

We discuss a model of a light scalar particle with loop-induced couplings

to SM photons. For later convenience, we also include couplings to a dark

photon, the mediator of a new U(1)D gauge symmetry. The low-energy
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Lagrangian reads,

L ⊃ −1

4
XµνX

µν − ε

2cW
FµνX

µν − 1

2
∂µφ∂

µφ (2.8)

− α

8π
φ

(
cγγ
fγγ

FµνF
µν +

cγX
fγX

FµνX
µν +

cXX

fXX

XµνX
µν

)
,

where Aµν ≡ ∂µAν − ∂νAµ for A = X, F , with Xµ the U(1)D mediator

before diagonalization of the kinetic and mass terms. The scales fγγ/cγγ and

fγX/cγX are constrained by direct searches for new charged particles of by

the coupling of φ with SM particles. If the operators above are generated by

charged particles with no U(1)D charge, we expect cγX ∝ ε and cXX ∝ ε2,

upon diagonalization of the gauge kinetic terms.

The scalar can also couple to the neutrino sector. A large direct coupling

to SM neutrinos is challenging to achieve within a SU(2)L-invariant model,

but a direct coupling to a sterile neutrino νs is less constrained. This sterile

state νs mixes with SM neutrinos, and in terms of the mass eigenstates,

|νs⟩ =
∑4

i=1 U
∗
si |νi⟩. Having this in mind, we can consider

L ⊃ cijν φνiPLνj + h.c., (2.9)

where all couplings cijν are proportional to U∗
siUsj. For concreteness, we as-

sume neutrinos to be Dirac.

Using the equivalent photon approximation, we estimate the cross-section

for the νA→ νγA process. In the limit of large mφ, we find

dσνA→νγA

dQ2dŝ
≃ α3Z2

64(4π)4
|cγγ|2
f 2
γγ

ŝ

Q2

|cν |2
m4

φ

|F (Q2)|2, (2.10)

where Q2 is the momentum exchange with the nucleus, ŝ = (k + kγ)
2 is the

center-of-mass energy of the projectile neutrino and the semi-real photon,
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and F (Q2) is the nuclear electromagnetic form factor. The cross section

favors large center-of-mass energies thanks to the higher-dimension nature

of the interaction and, therefore, produces high-energy photons, in contrast

with the low-energy nature of the MiniBooNE excess. It is also suppressed

by large powers of α and phase-space factors. This is expected since the full

process is a one-loop three-body scattering.

It is easy to see that for typical values of allowed couplings and masses

the total cross section is far below the SM neutrino cross section. We have

also checked this for small values of mφ, where the mediator mass no longer

suppresses the rate. This is compatible with the findings of [269], which

quotes limits on the neutrino polarizability operators of order cν |cγγ|/fγγ <
3 × 10−3 GeV−1. Clearly, fγγ is tied to the GeV scale for allowed couplings

of cν of O(10−3), and, therefore, requires new large couplings to charged

particles below the EW scale, which is highly constrained by direct searches.

The situation is much worse in Majoron models where cν is proportional to

neutrino masses. While a detailed study would be needed to draw definitive

conclusions, we deem this model inconsistent with the LEE as i) it produces

photons that are too high energy, ii) requires decay constants fγγ significantly

below the EW scale, signaling a theoretical inconsistency for the couplings

required to explain the LEE.

Finally, we mention that IPS can also be initiated by dark particles in

the beam. Ref. [270] considered the production of long-lived scalar particles

in charged meson decays, π,K → ℓνφ, followed by the IPS of φ on nuclei

inside the detector. In this case, the scalar particle interacted with matter

through a virtual dark photon through the cγX operator to produce a single

photon.
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2.3.3 Electron-positron pairs

Another explanation of the excess is an anomalous source of e+e− inside

the MiniBooNE detector. The importance of these sources is not only that

they can explain MiniBooNE LEE, but also that they are related to many

interesting dark sector models. The LEE signal is mimicked if the e+e− pairs

overlap or are highly asymmetric in energy, so only a single electromagnetic

shower is resolved [230]. The e+e− explanation of the LEE is unique in

that it constitutes both a photon-like (overlapping pairs) and electron-like

(energy asymmetric pairs) signal. Neutrino interactions in MiniBooNE rarely

produce e+e− pairs directly. The most common source of these final states is

through the production of photons that subsequently convert into overlapping

e+e− pairs, or the Dalitz decay of π0 → e+e−γ with a branching ratio of

∼ 1.2%. We are unaware of a publicly available study of Dalitz decays in

MiniBooNE, although the rate is small and most often accompanied by an

observable additional photon.[270].

New physics sources of e+e− arise naturally in models of dark sectors. The

new light particles can be produced by the interactions of muon-neutrinos

and antineutrinos with nuclei in the detector and subsequently decay to e+e−.

We will discuss a few examples based on neutrino upscattering to HNLs,

neutrino-induced Primakoff scattering, and bremsstrahlung processes.

No dedicated experimental search for an e+e− origin of the LEE has been

carried out to date, although several constraints have been derived in phe-

nomenological works. The most constraining data comes from the photon-like

sideband of the neutrino-electron scattering measurement of MINERvA [374–

376], which has been used to place limits on dark neutrinos and transi-

tion magnetic moments in Refs. [268, 377]. Another important limit comes

from the HNL search with e+e− final states in the gaseous Argon TPCs of
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ND280 [378], the off-axis near detector of T2K. Ref. [379] has placed limits

on dark neutrinos using this dataset using kernel density estimators to cal-

culate the signal prediction across the model parameter space. No dedicated

search has been performed yet in the SBN LAr program.

Neutrino-induced boson fusion

As another possibility for producing new particles by neutrino-nucleus scat-

tering inside MiniBooNE, we discuss the neutrino-induced vector boson fu-

sion (VBF) reactions. Like the IPS process discussed in Section 2.3.2, this is

a 2 → 3 scattering mediated by light particles. The dark photon interactions

in Equation (2.8) and the neutrino-scalar interaction of Equation (2.9) could

lead to the on-shell production of the scalar particle φ or of the dark pho-

ton Z ′, which subsequently decay to e+e−. The topology of the three-body

process need not arise from the higher-dimensional operators in IPS. When

considering a dark photon, the IPS diagram can proceed through the direct

interaction between φ and Z ′, as considered in Ref. [233]. We leave a detailed

study of this cross section to future literature. In what follows, we comment

on the total cross section and argue that it can be sufficiently large for the

allowed parameter space.

For dark photon masses below the O(100) MeV scale, the equivalent

photon approximation can give a crude estimate of the cross-section for the

νA→ νZ ′A process. In the limit of small mediator masses, we find

dσνA→νZ′A

dQ2dŝ
≃ |cν |2αD

αε2Z2

4π

m2
Z′

ŝ3Q2
|F (Q2)|2, (2.11)

where Q2 is the momentum exchange with the nucleus, ŝ = 2k1 · kγ is the

center-of-mass energy of the projectile neutrino and the semi-real photon, and
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F (Q2) is the nuclear electromagnetic form factor. Contrary to Eq. (2.10),

dark photon production prefers low energy exchange and, therefore, can, in

principle, lead to low-energy events. We also note that the rate is propor-

tional to the dark photon mass, which is a reflection of the fact that the

scalar coupling to the dark photon is proportional to g2Dvφ, where vφ is the

dark scalar vacuum expectation value.

It is easy to see that for allowed parameters the cross section can be as

large as a few percent of the total neutrino cross section in the SM, indicating

that as far as the total rate is concerned, it can successfully reproduce the

number of events at MiniBooNE. A detailed study of the energy and angular

spectra is required to draw any additional conclusions.

Upscattering to heavy neutrinos

In Section 2.3.2, we discussed the production of HNLs through a transition

magnetic moment. Now, we will focus on models where HNLs are generated

by new light mediators and decay into dilepton pairs instead of a single

photon. These scenarios are particularly simple from a model-building point

of view and can be linked to consistent low-energy extensions of the SM. The

first proposals in Refs. [194, 230] were based on dark photon models with a

single HNL. The signature is given by

νµA→ (N → νZ ′(∗) → νe+e−)A, (2.12)

where A is some nuclear target, Z ′ the dark photon, and N an HNL. As

indicated, the dark photon may be produced on or off its mass shell. If

on-shell, the decay chain is typically prompt, and the final states are more

forward-going. If the dark photon is off-shell, the HNL will decay via a
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three-body process and be longer-lived. In that case, production from the

dirt upstream of the detector can be important.

Later studies considered vector mediators of a B−L gauge symmetry [234]

and extended scalar sectors [231, 232], where new light scalars play the role

of the dark photon in Eq. (2.12). Another logical possibility is that a scalar

particle mediates the scattering process, but the decay proceeds through a

light dark photon. An advantage of scalar mediators is that the upscattering

is predominantly helicity-flipping, leading to less forward production of the

HNL. This can lead to much better agreement with the angular distribution

at MiniBooNE.

The HNL models that can give the upscattering signature in Eq. (2.12)

typically require multiple states for anomaly cancellation and neutrino mass

generation. This was explored in Refs. [88, 196] that generalized the dark

neutrino signature to a cascade of decays in the dark sector,

νµA→ (Ni → NjZ
′(∗) → Nje

+e−)A, (2.13)

where Nj is the lighter of the two HNLs and can be much longer-lived than

Ni. Phenomenologically, these models are called 3 + n models, where n

stands for the number of HNLs considered. A more detailed explanation of

this family of models, dubbed the Three Portal Model, can be found in ??. In

Section 2.4, we study 3+1 and 3+2 models in the context of the MiniBooNE

excess. Due to the larger dark photon coupling to heavy neutrinos, the parent

HNL decay in 3+2 models can be much faster than in 3+1 models as it does

not involve the coupling of the dark photon to light neutrinos.

The UV completions of dark neutrino sectors with dark Abelian gauge

symmetry U(1)D can be separated according to the origin of the coupling

between the dark leptons, νD, and active neutrinos, να — we refer to this
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coupling as the dark neutrino portal. In Ref. [380], a new scalar SU(2)L dou-

blet charged under the U(1)D, HD, realizes the inverse seesaw mechanism in

the neutral lepton sector with a vector-like dark neutrino, νD. The dark neu-

trino portal is then given by the Yukawa coupling between active and dark

neutrinos, LHDνD. Another possibility studied by Refs. [88, 196] was to con-

sider an SU(2)L-singlet complex scalar Φ as well as a singlet sterile neutrino

νN . In this case, the dark neutrino portal is generated in a two-step process:

the complex scalar couples the dark neutrinos to the sterile states, νNνDΦ,

while the latter couples to active neutrinos via the usual neutrino portal,

LHνN . Alternatively, when the sterile neutrino is heavy, one may integrate

it out to find the higher-dimensional portal coupling M−1
N (LH)(νDΦ), where

MN is the mass of the sterile neutrino.

The new gauge boson Xµ interacts with the SM particles via kinetic

mixing with the SM hypercharge boson Bµ. The dark photon mass may be

generated by the Stueckelberg or Higgs mechanisms. The latter implies the

existence of new scalar particles, such as a single dark Higgs field, Φ, charged

under U(1)D. Heavy neutrino fields charged under the new gauge symmetry,

referred to as dark neutrinos, can then simultaneously explain the origin of

neutrino masses via the seesaw mechanism and the MiniBooNE signature.

The latter is possible thanks to their mixing with SM light neutrinos and the

interaction with the dark photon.

For concreteness, we present the full model of Ref. [196], which can ac-

commodate the simpler phenomenological model used in Section 2.4. The
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Figure 2.2: The dark neutrino upscattering signature at MiniBooNE for 3+1
models (N4 → νe+e−) and 3+2 models (N5 → N4e

+e−). As an example, we
show a scattering inside the detector for 3+2 and in the dirt upstream of the
detector for 3+1.

Lagrangian is given by,

L ⊃− 1

4
XµνXµν −

ε

2cW
XµνB

µν + (DµΦ)
†(DµΦ)

− V (Φ, H) + νN i/∂νN + νDi /DνD

−
[
(LH̃)Y νcN +

1

2
νNMNν

c
N + νDMXνD

+ νN(YLν
c
DL

Φ + YRνDR
Φ∗) + h.c.

]
(2.14)

where: H̃ ≡ iσ2H
∗, DµΦ ≡ ∂µ − igDXµ, and gD is the coupling constant of

the new force. The neutral lepton sector contains a number d of vector-like

dark neutrinos νD = νDL
+νDR

and n sterile states νN . Upon diagonalization

of the kinetic and mass terms, the gauge boson sector is comprised of the

photon A, the SM Z boson, and the dark photon Z ′.

One advantage of dark neutrino models is their rich connection to other

low-energy phenomenology. For instance, the model of Eq. (2.14) offers a

viable solution to the (g − 2)µ anomaly [381]. Kinetic mixing can explain

the deviation from the Standard Model [382], but this solution is already
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excluded if the dark photon decays predominantly to e+e− or fully invisi-

bly. In the invisible case, BaBar [383] and NA64 [384] exclude the region

of preference. However, if the dark photon can decay to several short-

lived HNLs, as in dark neutrino models, it becomes a semi-visible parti-

cle. That is, it decays to both visible and invisible particles, such as in

the reaction Z ′ → (Ni → Nje
+e−)(Nk → Nle

+e−), relaxing the constraints

above [202, 385]. A simultaneous explanation of the MiniBooNE and (g−2)µ

anomalies is possible in 3+n models with n > 1 and requires ∼ 1 GeV, dark

photons. Another important connection is to kaon decays, where HNLs can

produce multi-lepton signatures, such as K+ → ℓ+(Ni → Nje
+e−) [88]. For

on-shell dark photons, this decay cascade represents a double bump hunt,

where (pK − pℓ)
2 = M2

Ni
and (pe+ + pe−)

2 = mZ′ . Finally, similarly to the

transition magnetic moment case, large-volume experiments can target the

double-bang feature of the upscattering signal [154, 155, 158, 363, 364].

Dark bremsstrahlung

Neutrinos can also bremsstrahlung dark photons or scalars upon scattering

with nuclei. These light bosons can then subsequently decay to e+e−. The

same boson can also mediate the interaction with nuclei, and if it is light, the

cross section can be significantly enhanced, similar to the upscattering case.

Light bosons will produce collimated e+e− pairs to be misreconstructed as

single electron events. Ref. [386] considered a similar process initiated by dark

matter particles. Here, we are interested in the possibility of bremsstrahlung

initiated by neutrinos. The kinetic mixing parameter between the SM and

the dark photon is much more constrained.

For concreteness, let us consider a dark photon, Z ′. The coupling to

matter will be proportional to charge, while the coupling to neutrinos will be
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proportional to a dark coupling gDU
∗
DiUDj. We can obtain a naive estimate

of the dark bremsstrahlung cross section relative to the upscattering one.

For dark photons and HNLs much lighter than the energy transfer in the

scattering process, we naively expect,

σbrem
σups

≃ αD

4π
log

(
s

m2
Z′

)
, (2.15)

which is typically smaller than the upscattering cross sections used in Sec-

tion 2.3.3. Nevertheless, when αD is large and mZ′ is lighter than 100 MeV,

the emission rate could still be large enough to match the number of events

of the LEE. The emission cross section is peaked in the forward direction,

indicating that it may be challenging to reconcile this model with the angular

distribution of the MiniBooNE LEE.
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New physics in scattering

Topology Model Diagram Signal References

single γ neutrino
upscattering

ν

ν

N

γ

γ N → νγ [158, 260–
269]

neutrino-
induced
inverse-
Primakoff
scattering

φ

γ

γ

ν
ν

φ∗A→ γA [269]

e+e−

neutrino
upscattering

Z′￼

Z′￼ e+

e−

Nν

ν N → νe+e−

(on-shell N)
[88, 194,
196, 230–
234, 259]

??

neutrino-
induced

bremsstrahlung

Z ′ → e+e−

(off-shell N)
not

studied

neutrino-
induced
Primakoff
scattering

φZ′￼

Z′￼

ν
ν

e+

e−

φ→ e+e− [233]

neutrino-
induced
inverse-
Primakoff
scattering

Z′￼

γ

φ

ν
ν

e+

e−

Z ′ → e+e− not
studied

γγ

neutrino
upscattering

γ

γ

φ
φ

ν

ν

N N → νγγ [232]

neutrino-
induced
Primakoff
scattering

φ

Z′￼ γ

γ
ν

ν

Z′￼ φ→ γγ not
studied

Table 2.2: Examples of new particle production in neutrino-nucleus scatter-
ing with electromagnetic final states.121
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2.3.4 Photon pairs

A less explored option is to have dark particles produced in neutrino scat-

tering decay to photon pairs. If the photons are highly collimated, or one of

the photons exits the detector before pair converting, the signal appears as

an electron-like event at MiniBooNE. This can happen if a scalar boson is

produced in the dirt or detector and undergoes φ → γγ inside the fiducial

volume. The production of the boson can take place either via upscattering,

replacing the dark photon of Section 2.3.3 for a scalar, or via IPS and VBF

processes with the production of an on-shell scalar particle. In all cases, the

scalar decay proceeds via the non-renormalizable interaction between φ and

the two photons in Eq. (2.8), giving

Γφ→γγ =
α2

256π3

|cγγ|2m3
φ

f 2
γγ

(2.16)

=
1

5 cm

( mφ

200 MeV

)3(100 GeV

fγγ/|cγγ|

)2

.

For the relatively large scalar mass of 200 MeV, the decay constant cannot

be significantly larger than 100 GeV, as otherwise direct constraints from

beam dumps become prohibitively strong [387]. This, in turn, implies the

need for a relatively low-scale UV completion of the two-photon operator,

adding further strain on this interpretation.

In the case of upscattering, the same scalar boson may mediate the up-

scattering process. The HNL produced would decay via N4 → νℓ(φ → γγ).

The scalar should be produced on-shell; otherwise, the HNL decay rate will

be too small. In that case, the HNL decay can be regarded as effectively

prompt. Like the dark photon decay to e+e−, the scalar decay is isotropic,

and so, as far as the decay kinematics is concerned, the two scenarios are
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similar. One difference, however, is the small fraction of events where one

of the photons may escape the fiducial volume before converting to a visi-

ble e+e− pair, leading to a genuine single photon signal. This upscattering

scenario was explored in Ref. [232] and was linked to the (g − 2)µ anomaly

as well; however, in this case, the contribution to the anomalous magnetic

moment took place through the Barr-Zee diagram, connecting the decay rate

of the φ→ γγ to the (g − 2)µ anomaly.

Another possibility to produce γγ pairs in MiniBooNE is through the

decay of dark particles into neutral pions. One minimal example would

a HNL produced via upscattering through a dark boson with axial-vector

couplings to quarks. Such scenarios can appear in Z ′ models where the dark

boson mixes with the SM Z via mass-mixing. Contrary to the vectorially

coupled dark photon, the axial-vector can mediate N → νπ0 decays. This

scenario requires the π0 to have significantly different kinematics from the SM

π0 production in order to reproduce the excess, as otherwise it is normalized

away by the in-situ π0 constraint. We leave a detailed study of these two-

photon scenarios to future literature.

2.4 Dark neutrino MiniBooNE fit

Having surveyed the MiniBooNE explanations, we now turn to the spe-

cific case of dark neutrinos introduced in Section 2.3. This class of mod-

els is largely unexplored experimentally, can be embedded in self-consistent

low-energy extensions of the SM, and does not contradict cosmological con-

straints. While they do not explain other anomalies in short-baseline exper-

iments, like the gallium and LSND anomalies, they provide an excellent fit

to the MiniBooNE energy spectrum. The signal consists of the decays of
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short-lived HNLs produced by neutrinos in the dirt or inside the detector.

A schematic of the signature at MiniBooNE is shown in Fig. 2.2. The pro-

duction requires a new mediator particle to enhance production and shorten

the lifetime of the HNLs. In this work, we focus on a dark photon due to

the simplicity of the underlying model. Our study covers a similar physics

to the one proposed in scalar-mediator and similar models [231–235, 259].

2.4.1 Phenomenological model

We introduce a minimal phenomenological model to describe HNL produc-

tion and decay via new dark photon interactions. The interactions and par-

ticle content we introduce are based on a seesaw extension of the SM with a

new U(1)D gauge symmetry. Examples of UV completions can be found in

Refs. [88, 196, 380] and in more detail in Section 1.2.

The minimal particle content consists of a massive dark photon that ki-

netically mixes with the SM hypercharge and the n heavy neutral leptons

that interact through the dark force and mix with light neutrinos. Upon

diagonalization of the kinetic and mass terms, the dark photon interactions

can be written as

Lint. ⊃ Z ′
µ

(
gDJ µ

D − eεJ µ
EM − εtW

m2
Z′

m2
Z

g

2cW
J µ

NC

)
, (2.17)

where it is assumed that m2
Z′ ≪ m2

Z . The dark current J µ
D can be expressed

in general terms based on the neutral lepton mass states,

J µ
D ≡

3+n∑
i,j=1

Vijνiγ
µνj, (2.18)

where n is the total number of heavy neutrino mass states, Vij ≡
∑

kQ
D
k U

∗
kiUkj
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is the interaction vertex and k runs over the number of generations of dark

states in the theory. QD
k is the dark charge of those, which we will assume

to be equal to +1 (−1) for neutrinos (antineutrinos), and U is the neutrino

mixing matrix. We adopt a similar notation to Ref. [379], extending it to

models with two heavy neutrinos. For convenience, we define the dark photon

couplings between the low-energy flavor neutrino state, |ν̂α⟩ =
∑3

i=1 |νi⟩, and
the upscattered HNLs Nh with h = 4, 5. In 3+2 models, assuming unitarity,

Vαh ≡ UDh
Uα4U

∗
D4 + Uα5U

∗
D5√

1−∑β(|Uβ4|2 + |Uβ5|2)
, (2.19)

where α, β ∈ {e, µ, τ}. The equivalent expression for 3+1 models can be

recovered by setting all mixing elements Uα5 to zero. For simplicity and

having the LEE in mind, unless otherwise specified, we will assume that

the HNLs mix with the muon neutrino flavor only. In addition, we always

assume that |Uµ4| = |Uµ5| and |UD4| = |UD5|. In our simulations we set |UD4|
and |UD5| are taken as 1/

√
2, neglecting the small correction from dark-light

mixing angles, |UD4|2 + |UD5|2 = 1−∑3
i=1 |UDi|2. In this way, |Vµ4(5)| can be

used as a proxy for the parameter |Uµ4(5)|, which is directly constrained by

several model-independent HNL limits. Finally, we also define the coupling

of HNLs to all light neutrinos, collectively denoted by νℓ,

|Vℓh|2 ≡
3∑

i=1

|Vhi|2 ≃ |UDh|2
τ∑

α=e

|Uα4|2. (2.20)

In 3+2 models, there must also be two dark flavors, in which case we assume

they mix equally with light neutrinos.

We will vary the kinetic mixing parameter, ε, as well as the masses m4,

m5, and mZ′ . In the 3+2 model, it will be convenient to define the mass
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splitting parameter,

∆ ≡ m5 −m4

m4

. (2.21)

This parameter controls the mass gap between the two HNL states, and

therefore, also the energy release in the N5 → N4e
+e− decays. In what

follows, we will assume the physical mass eigenstates to be of pseudo-Dirac

nature. This leads to less energetic and less-forward e+e− pairs than in the

Majorana case.

For large mass splitting in the 3+2 model, the parent HNL can decay

invisibly via N5 → N4N4N4(νi) decays. While this channel is forbidden for

∆ < 2(1), it can also be suppressed by the dark photon coupling matrix, Vij.

To thoroughly explore the parameter space of the 3+2 model, we make the

assumption that |V4i| ≪ |V44|, |V55| ≪ eε, for i < 4, allowing us to consider

arbitrarily large ∆ values without worrying about the invisible decays of

N5. This assumption may seem strong at first, but it can be thought of

as the result of a conserved C-symmetry in the dark sector, as discussed

in detail in Ref. [385]. Light neutrinos (C = −1) and N4 (C = −1) are

both odd under C and cannot interact with each other via the dark photon

(C = −1). On the other hand, N5 (C = +1) is even and can interact

with the lighter odd neutral lepton states via the dark photon. In summary,

the C symmetry allows the dark photon to mediate transitions between N5

and the lighter neutral leptons, but not between νi and N4. We further

assume that the scalar interactions are sufficiently weak so as not to spoil

this structure. Therefore, in what follows, it is understood that N5 always

decays via N5 → N4ℓ
+ℓ− and N5 → N4π

+π−, even for values of ∆ > 2,

where m5 > 3m4.

The relevant decay widths of HNLs into the respective final states are
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given by,

ΓN4→νZ′ =
αD|Vℓ4|2

4

m3
4

m2
Z′

(
1− m2

Z′

m2
4

)2(
1

2
+
m2

Z′

m2
4

)
, (2.22)

ΓZ′→ℓ+ℓ− =
αε2

3
mZ′

√
1− 4m2

ℓ

m2
Z′

(
1 +

2m2
ℓ

m2
Z′

)

in the on-shell dark photon case. In the off-shell dark photon case, the HNLs

tend to travel longer distances than in the on-shell case due to the three-body

nature of the decay. For off-shell cases, we find,

ΓN4→νe+e− =
ααDϵ

2|Vℓ4|2
48π

m5
4

m4
Z′
L
(
m2

4/m
2
Z′

)
(2.23)

ΓN5→N4e+e− =
ααDϵ

2|V54|2
48π

m5
5

m4
Z′
F
(
m2

4/m
2
5

)

where L(x) = 12
x4

(
x− x2

2
− x3

6
−(1−x) log 1

1−x

)
and F (x) = 1+2x−8x2+18x3−

18x5+8x6− 2x7−x8+24x3(1−x+x2) log(x). In both cases, we neglect the

charged lepton masses. In the second rate, we neglected higher order terms in

m4/mZ′ . Note that for small ∆ values (large m4/m5), neglecting the lepton

masses is a bad approximation, and the full width should be calculated. In

our analysis, we use the full decay rate provided in DarkNews, including Z ′

and SM Z/W bosons contributions.

2.4.2 DarkNews simulation

We use DarkNews [236] to simulate the production of heavy neutrinos by

neutrino upscattering in the dirt and inside the MiniBooNE and SBN detec-

tors. The MiniBooNE detector is modeled as a sphere of 6.1 m radius, filled

with CH2. The dirt is modeled as a truncated cone of uniform density filled

with SiO2. The cone z-axis (height) is aligned with the direction of the neu-
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trino beam and passes through the center of the MiniBooNE detector. The

cone minor and major radii equal 1.047 and 10.28 m, respectively. The total

length of the dirt cone is 474 m, extending from the wall of the MiniBooNE

vault to the beam absorber. The distance between the MiniBooNE vault

wall and the outer shell of the MiniBooNE detector is 6.35 m. The beam

flux is assumed not to change with respect to the azimuthal angle. We use

the FHC and RHC mode neutrino fluxes from [55], and simulate events using

the νµ and νµ components of the beam for both modes. The FHC (RHC)

data corresponds to 18.75(11.27)× 1020 POT.

We calculate the probability of decay inside the MiniBooNE fiducial vol-

ume for every heavy neutrino produced to reweight the events accordingly.

If their travel direction misses the detector altogether, this probability van-

ishes. The fiducial volume is defined as a sphere of 5 m radius at the center of

the detector. To model reconstruction effects in the detector, we smear the

electron-positron pairs using a Gaussian with the true energy of the electrons

or positrons as the mean and a σ equals to 0.12×
√
Etrue

e + 0.01 GeV [389].

Our event selection is detailed in Appendix A. To mimic the LEE sig-

nature, the e+e− must be reconstructed as a single shower. Overlapping

and asymmetric events are interpreted as single showers with a “visible”

four-momentum pe+ + pe− . We adopt the same criterion for overlapping and

energy-asymmetry as the π0 study of Ref. [198]. With the visible energy Evis

of the misreconstructed single shower and its angle θbeam with respect to the

neutrino beam, we can calculate ECCQE−reco
ν , defined as the reconstructed

neutrino energy under the hypothesis of CCQE scattering,

ECCQE−reco
ν =

1

2

2mnEvis − (m2
n +m2

e −m2
p)

mn − Evis + pvis cos θbeam
(2.24)

where mp, mn, me stand for the proton, neutron, and electron mass, and
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pvis =
√
E2

vis −m2
e. As a last step, we multiply our final efficiencies by

the official single-photon reconstruction efficiency taken from [60], shown in

Fig. A.1. This includes the fiducialization of events, requiring R < 500 cm,

with a 55% efficiency. Since we have already performed the fiducialization in

our own simulation, we divide the official efficiencies by this number.

A few examples of our reconstruction efficiencies are shown in Figs. A.5

and A.6 for different values of the parent HNL and dark photon masses in

the 3+1 and 3+2 models. These include only reconstruction effects but no

geometrical acceptance. The transition between on and off-shell decays is

visible in the plots as a sharp drop in efficiency. For on-shell decays, the

efficiencies tend to be smaller at large dark photon masses due to the larger

separation angles between the e+e− pairs for less energetic dark photons.

We also show the total number of e+e− pairs expected at the SBN de-

tectors. For that, we use the DarkNews implementation of the MicroBooNE,

SBND, and ICARUS detectors and the corresponding dirt volumes upstream.

Our projections for 6.8× 1020 POT at MicroBooNE and 15.6× 1020 POT at

SBND and ICARUS [390].

2.4.3 Statistical procedure

We calculate the MiniBooNE χ2 based on the distribution of ECCQE−reco
ν

using the covariance matrices provided by the MiniBooNE collaboration

in [66]. The χ2 surfaces are obtained by repeating this calculation across

two-dimensional grids of model parameters. We do this in two ways: i) for

plots of coupling versus mass, we fix all parameters that do not appear in

the x and y axes and compute the χ2 in the ν and ν mode, while ii) for plots

of mass versus mass, such as m4 versus mZ′ , we fix all parameters except for

one mixing angle which we profile over: Uµ4 in the 3+1 model and Uµ4 = Uµ5
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in the 3+2 model. This allows us to show the mass parameters that best fit

the shape of the LEE, independently of the coupling needed. In this case, we

compute the χ2 using ν mode data only. As in Ref. [60], when quoting the

χ2 probability pval of our best-fit points, we use 6.8, 6.9, and 15.6 degrees of

freedom for the neutrino mode, antineutrino mode, and their combination,

respectively. This assumes two independent fit parameters, typically |Vµ4/5|2

and m4/5.

In more detail, we vary m4 and mZ′ for the 3+1 model, while in the

3+2 one we vary m5 and ∆ = (m5 − m4)/m4 while fixing mZ′ or vary m5

and mZ′ while fixing m4. In both cases, we profiled over a mixing parameter,

setting a maximum value of 10−2 for |Uµ4| (3+1) or for |Uµ4| and |Uµ5| (3+2).

For the remaining parameters, we use the following default values: gD = 2,

UD5 = UD4 = 1/
√
2, and ε = 8 × 10−4 (ε = 10−2) for 3+1 (3+2). With our

assumptions, the couplings of the dark photon to the HNLs always appear

in the combination α2
D|UD4|4ε2. Therefore, for different values of each one

of these parameters, as long as |UD4| = |UD5|, the best-fit regions can be

trivially rescaled.

2.4.4 Results

3+1 scenario

Fig. 2.3 shows the regions of preference in the combined ν and ν mode Mini-

BooNE fit for different values of m4 and |Vµ4|2. Both plots set ε2αD|UD4|4 =
5 × 10−8 in our benchmark parameters. On the left panel, |Uτ4| = 0, while

in the right panel, |Uτ4| = 10|Uµ4|. The latter helps decrease the HNL life-

time as the coupling |Vℓ4|2 that controls the decay rate is now larger than

V mu4|2, which controls the upscattering cross section. Where a discontinuity

131



CHAPTER 2. DARK SECTORS AND MB-LEE

is present, it can be attributed to the change of on-shell to off-shell dark

photon regimes.

High values of m4 need higher couplings to produce enough events due to

the high threshold for HNL production. On the other hand, when m4 < mZ′

and the dark photon is off-shell in the HNL decay, large couplings are required

due to the long decay length of the HNLs. In the off-shell regime, most of the

signal stems from HNLs produced in the dirt upstream of the detector. This

regime typically produces less energetic e+e− pairs than the prompt-decay

regime, as the probability of decay inside the MiniBooNE tank is larger for

slower HNLs. Furthermore, heavy dark photons tend to produce less forward

e+e− pairs, further reducing their energy.

Figure 2.5 shows the same regions of preference of the left panel of Fig. 2.3,

but exclusively for mZ′ = 30 MeV. It is then compared with the predictions

for the event rates at the three SBN detectors: MicroBooNE, Icarus, and

SBND. The orange curves in different dash styles correspond to the param-

eters where 103 e+e− pairs would be produced inside the fiducial volume of

each detector, considering upscattering in the upstream dirt and inside the

detector. This number is presented without any reconstruction or selection

efficiencies. The real sensitivity of each experiment will depend on the back-

grounds and selection strategy adopted. We leave a detailed study to future

work and experimental collaborations.

The best fit of the 3+1 model for |Uτ4| = 0 is given by |Vµ4|2 = 4.8×10−7,

m4 = 20 MeV, and mZ′ = 30 MeV. We show the prediction for the recon-

structed neutrino energy spectrum for this best fit in Fig. 2.4 for neutrino

and antineutrino modes. Most events come from coherent scattering on nu-

clei, although proton-elastic interactions are responsible for about 10% of the

total signal. It can also be seen that the rate in neutrino mode is lower than
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the data, while in antineutrino mode, it is larger than the data. This is due

to the vector nature of the dark photon couplings to quarks. It predicts that

the neutrino and antineutrino cross sections on nuclei are the same. This is in

mild tension with the MiniBooNE observation that the antineutrino excess

is comparatively smaller than the neutrino mode one. The tension is also

visible in Table 2.3. The goodness-of-fit is significantly better for neutrino

than antineutrino data, so combining the two provides an overall smaller χ2

probability. Since the excess in neutrino mode is more significant, this mode

drives the fit and leads to an overprediction for the number of events in an-

tineutrino mode. In the 3+1 model, the agreement with the data is typically

better for long-lived HNL regimes, but it is still at a ≳ 2σ tension with the

combination of the neutrino and antineutrino excess.

Finally, we emphasize that the reconstructed neutrino energy fit has a

subleading dependence on the angular distribution and cannot adequately

quantify the agreement with the MiniBooNE angular spectrum. A quanti-

tative estimate of this tension, taking into account the correlations between

angular bins, is not possible outside the collaboration. Nevertheless, in 3+1

models, we find that virtually all points predict no events in the cos θ ≲ 0.9

region. This is due to two main effects: i) for off-shell dark photons, the signal

is dominated by dirt production of HNL, so the geometrical acceptance of the

detector biases the angular spectrum to be more forward, and i) in the on-

shell dark photon regime, the signal is dominated by HNLs produced inside

the detector, but the upscattering cross section is predominantly coherent,

leading to forward HNL production due to the low momentum exchange with

the nucleus. In the next section, we explore 3+2 scenarios, where HNLs can

be short-lived even for off-shell mediators and, therefore, lead to slightly less

forward signatures.
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Finally, we also explore the effect of simultaneously varying the HNL

and mediator masses in Fig. 2.6. The darkest to lightest filled regions show

the one, two, and three σ regions of preference, respectively, for the 3+1

model in the plane of m4 versus mZ′ . The parameter |Uµ4| is profiled over

with a hard upper bound of |Uµ4|2 < 10−4. The plot on the right includes

one extra mixing, |Uτ4|, which is set to 10 × |Uµ4|. In this case, the upper

bound is set on the tau mixing parameter, |Uτ4|2 < 10−4, explaining why

the long-lived region is significantly smaller than in the previous case. The

plots are divided in two: a short-lived HNL region (cτ 0N ≤ 10 cm) shown in

shades of blue and a long-lived HNL region (cτ 0N > 10 cm) shown in shades

of beige, where cτ 0N as the decay length of the parent HNL in its rest frame.

The two regions correspond to the on-shell and off-shell dark photon cases,

respectively. Although we color the regions differently, the fit is done over

the entire plane, showing that both on and off-shell regimes can lead to an

acceptable fit to the MiniBooNE neutrino energy spectrum.

3+2 scenario

Similarly to the 3+1 scenario, we show the resulting regions of preference in

the coupling |Vµ5|2 versus mass m5 plane in Fig. 2.7. Each panel corresponds

to a fixed value of ∆ ≡ m5/m4 − 1 = 0.3, 0.5, 1 and 3, going from mildly

degenerate to mildly hierarchical masses. In turn, for each panel, we show the

resulting preference regions for different fixed values of mZ′, corresponding

to 0.03, 0.06, 0.1, 0.2, 0.5, 0.8 and 1.25 GeV. In these plots, higher values

of ∆ allow N5 to be shorter-lived and for it to release more energy into the

e+e− system. This improves the fit to the excess, up until ∆ becomes too

large and the decays resemble the 3+1 scenario. The shape of the regions of

preference can be understood by noticing that the downward trend at low
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m5 values is caused by long lifetime of N5, which is typically produced in the

dirt and decays more often inside MiniBooNE for larger m5 due to the steep

dependence of the decay rate, Γ ∝ m5
5. Once N5 becomes too short-lived to

propagate the distance from the dirt to the detector, the regions of preference

turn over to then stay flat up to the point where the N5 production energy

threshold is too large. The transition from off-shell to on-shell regions is

less noticeable in these plots since HNLs can be short-lived even for off-shell

mediators. Nevertheless, it can still be observed as a gap between the two

1σ and 2σ closed regions.

In Fig. 2.9, we can see the distribution of the reconstructed neutrino

energy of the best-fit point in the 3+2 model, namely mZ′ = 100 MeV,

m5 = 615 MeV, ∆ = 0.3, |Vµ4|2 = |Vµ5|2 = 1.1 × 10−6, and ε = 8 × 10−4.

Once more, the signal prediction for the neutrino mode undershoots the

excess, while the antineutrino signal overshoots it. Overall, Table 2.3 shows

that 3+2 models better fit the MiniBooNE energy spectrum, especially for

smaller ∆ values where the HNL decays produce lower-energy e+e− pairs.

Our projections for event rates at the SBN program are shown in Fig. 2.8

for two cases: mZ′ = 30 and 200 MeV, both for ∆ = 1. As before, the con-

tours show the parameter space where we project that 103 pairs of e+e− will

be produced inside the SBND, MicroBooNE, and ICARUS fiducial volumes.

As in the 3+1 model, when the signal is dominated by HNL production in

the dirt, ICARUS is expected to see as many events as SBND. The smaller

neutrino flux at the detector’s location is compensated by the greater extent

of dirt upstream. It is easy to see that the SBND detector could observe as

many as 105 e+e− pairs with its full exposure.

Turning to mass versus mass plots, Fig. 2.10 shows a fit to neutrino mode

data in the plane of ∆ versus m5. We fix ε2αD|UD5|4 = 8×10−6 and 5×10−8,
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and impose an upper bound on |Uµ4|2 = |Uµ5|2 < 10−4. The plot exhibits

two different shaded colors. The beige color corresponds to N5 proper decay

lengths greater than 10 cm, while the blue one is smaller than 10 cm. The

fit is mostly insensitive to the values of ∆ once larger than ∆ ≳ 1. In that

case, we recover a scenario similar to the 3+1 model, albeit with a larger

coupling on the HNL decay process. Small values of ∆ are disfavored due

to the longer lifetime and the significant suppression of the energy released

in N5 → N4e
+e− decays. Nevertheless, a feature can still be observed at

large N5 masses, where the HNL production occurs by the highest energy

neutrinos in the beam at the cost of requiring larger |Vµ5|2 couplings. We

recall that when 1 < ∆ < 2, the decay process N5 → νN4N4 could, in

principle, take place. Similarly for N5 → N4N4N4 when ∆ > 2. As discussed

in Section 2.4.1, we assume both of these channels to be subdominant due

to the structure of the dark photon couplings, which can be easily achieved

with symmetry arguments.

The second mass fit is shown in Fig. 2.11. For each panel in the vertical

direction, we vary the mass of N4 to 15, 150, and 250 MeV, while in the

horizontal direction, we consider values of ε of 8 × 10−4 and 10−2. We also

float |Uµ4|2 = |Uµ5|2, with a hard upper bound of 10−4. As the kinetic mixing

increases, more parameter space opens up at large mZ′ , where the lifetime of

the HNL can still be sufficiently short to induce a signal in MiniBooNE. A

similar effect happens for lighter N4, as the mass splitting ∆ increases and

the N5 decays faster. The change in regimes from on-shell to off-shell dark

photons can be seen in all panels as a feature at intermediate mZ′ values.

In summary, the 3+2 model can provide a better fit to the LEE than

the 3+1 model when ∆ ≲ 1 due to the lower energy emitted in HNL de-

cays. It still, however, faces two main challenges: the LEE angular distribu-
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tion and the tension between neutrino and antineutrino data. While we do

show the angular distributions here, we find that 3+2 models tend to pre-

dict more events outside the cos θbeam > 0.9 region, although the prediction

still significantly overshoots the data on the most-forward bin. The values

of kinetic mixing, |Vµ4|, and |Vµ5| can be significantly smaller in this model,

even for heavy dark photons, indicating that this scenario is less stringently

constrained by other indirect searches for dark photons and HNLs.

2.5 Conclusions

We have reviewed proposed solutions to the low-energy excess of electron-

like events at MiniBooNE. Most explanations exploit the limitations in the

particle-identification capabilities of the MiniBooNE detector as it cannot

distinguish between single e±, single γ, and collimated or energy-asymmetric

e+e− or γγ pairs. New-physics models that lead to an excess of νe and

νe in the beam, like the popular eV sterile neutrino oscillations, are asso-

ciated with the single e− and single e+ hypothesis and have already been

constrained by several experiments, including MicroBooNE, which operated

in the same beam as MiniBooNE. Other explanations based on single γ final

states, like upscattering to heavy neutrinos with transition magnetic mo-

ments or inverse-Primakoff scattering, are far less constrained. The previous

single photon search at MicroBooNE is less sensitive to these explanations as

it exclusively targets the radiative decays of the ∆(1232) resonance. Unlike

the resonant channel, the single-γ dark sector models predict a dominant

coherent-scattering component, which is subject to a larger background due

to the absence of a hadronic vertex. We have also discussed proposals based

on dark particle decays into e+e− and γγ pairs inside the detector. These
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include dark neutrino models, in which neutrinos interact with nuclei in the

detector to produce short-lived heavy neutral leptons. We also comment on

a few less explored alternatives to upscattering, including inverse-Primakoff

scattering, neutrino-induced vector boson fusion, and dark bremsstrahlung,

all of which warrant further study.

After this detailed overview, we have focused on a representative model

that advocates HNLs upscattering and subsequent fast decays: the Three

Portal model. We have also performed a comprehensive fit to the LEE neu-

trino energy spectrum. We consider both cases of one HNL (3+1) and two

HNLs (3+2) in the spectrum. The 3+2 model is less constrained and can

accommodate solutions to the LEE at large mediator masses, where the HNL

decays N5 → N4e
+e− proceed via off-shell mediators. In addition, the mass

splitting between the parent and daughter HNLs can lead to even lower-

energy events, providing a better fit to the LEE. In 3+2 models, we find

better fits to the LEE than the best fit in standard sterile-neutrino-driven

oscillation hypotheses, with an overall χ2 probability of 14%. The goodness-

of-fit is primarily limited by the tension between the relative number of excess

events in neutrino and antineutrino modes. MiniBooNE is compatible with

the SM expectation that neutrino cross sections are larger than antineutrino

ones; in contrast, the vectorial nature of dark photon interactions predicts

they are the same. Another challenge for dark photon models is reproduc-

ing the LEE angular spectrum. For dark neutrinos to produce events that

are not fully concentrated in the region cos θbeam > 0.9, the model requires

off-shell mediators and large HNL masses, mN ≳ 400 MeV. In addition to

the uncertainties on the e+e− reconstruction, quantifying the agreement with

the angular spectrum and its bin-to-bin correlations is not possible with pub-

licly available information, although the prediction significantly overshoots
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the excess in the most-forward bin, where only ∼ 32% of the total excess

is concentrated. Improvements to the angular spectrum and the neutrino-

to-antineutrino ratio can be obtained in models where the upscattering is

mediated by a scalar or an axial-vector coupling to quarks. Both possibili-

ties, however, are more severely constrained by other direct searches.

For the first time, our results allow a thorough comparison of the dark

neutrino interpretation of MiniBooNE with other experiments’ data. Extend-

ing existing constraints on dark neutrino models to the slices of parameter

space we show here will be crucial to understanding this LEE interpreta-

tion status. Looking forward, the SBN program at Fermilab will be able to

test the dark neutrino LEE hypothesis using the same beamline in which

MiniBooNE operated. As a crude estimate of the reach of each detector,

we show the signal event rate expected before reconstruction efficiencies. In

the MiniBooNE regions of preference, the number of e+e− pairs produced

inside the fiducial volume of MicroBooNE can be of O(103), while for SBND

and ICARUS, this number can be well above O(104). Despite being located

further away from the target, ICARUS can observe as many events as SBND

thanks to the larger amount of dirt upstream of the detector, offering the

ideal conditions to constrain the parameter space where HNLs are long-lived.

A full sensitivity study that contextualizes these event rates on top of SM

backgrounds and reconstruction efficiencies in each detector is in order.

We note that our dark neutrino fit is subject to uncertainties in the treat-

ment of the upscattering cross section. These uncertainties are small for light

mediators since the signal is dominated by the cleaner coherent neutrino-

nucleus scattering channel. However, our DarkNews simulation shows that

the signal can contain a significant portion of proton-elastic events for heavier

mediators, indicating that larger energy transfer regimes can dominate the
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upscattering. The tools available to simulate such processes lack a detailed

treatment of the nuclear response in these regimes. Future efforts with auto-

mated tools like Achilles [392] and more comprehensive implementations

of dark neutrinos in tools like GENIE [393] will be crucial to support searches

for dark particles at next-generation neutrino experiments.
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Figure 2.3: The MiniBooNE ECCQE−reco
ν best-fit regions in the |Vµ4|2 and

m4 plane for the 3+1 model. On the first plot, we set |Uτ4| = 0, and on
the second |Uτ4| = 10|Uµ4|. Each color represents a given fixed value of mZ′ ,
and the different shading corresponds to the 1σ, 2σ, and 3σ CL regions (2
d.o.f.). Model-independent limits on heavy neutrinos exclude the shadowed
region [388]. Other constraints from neutrino scattering and meson decays
are not shown.
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Figure 2.4: The reconstructed neutrino energy ECCQE−reco
ν at MiniBooNE for

the FHC (ν) mode (upper panel) and the RHC (ν) mode (lower panel). The
prediction of the best-fit point in the 3+1-model (|Vµ4|2 = 4.8× 10−7, m4 =
20 MeV, mZ′ = 30 MeV) is shown as a solid blue histogram, separated into
events from coherent neutrino-nucleus scattering and proton-elastic neutrino
scattering.

Figure 2.5: Same as Fig. 2.3 showing only the case where mZ′ = 30 MeV
and |Uτ4| = 0. The orange lines indicate where the MicroBooNE (dashed),
Icarus (dotted), and SBND (solid) detectors can expect 103 e+e− pairs from
N5 decays to be produced inside their respective fiducial volumes (before any
reconstruction efficiencies).
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Figure 2.6: The MiniBooNE ECCQE−reco
ν best-fit regions in the m4 and mZ′

plane for the 3+1 model without (upper) and with (lower) mixing between
N4 and tau neutrinos. The different regions show the 1σ, 2σ, and 3σ best-
fit regions. The coupling |Uµ4|2 is profiled over with an upper bound of
|Uµ4|2 < 10−4 (left) and |Uµ4|2 < 10−4/102 (right). The dark coupling and
kinetic mixing are fixed, as indicated at the top of the panels. We divide
the regions into a short-lived and a long-lived regime, where the HNLs decay
rapidly, cτ 0N ≤ 10 cm, and a region where dirt events and displaced vertices
are expected, cτ 0N > 10 cm, where cτ 0N is the HNL proper lifetime.
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Figure 2.7: The MiniBooNE ECCQE−reco
ν best-fit regions in the |Vµ5|2 and

m5 plane for the 3+2 model. Each panel corresponds to a different value
of ∆, as indicated at the top of the panel. Each color represents a given
fixed value of mZ′ , and the different shading corresponds to the 1σ, 2σ,
and 3σ CL regions (2 d.o.f.). The 1σ regions in the low-mass and large-
coupling regime appear disconnected due to an interpolation artifact. This
is due to the strong dependence of the event rate on the HNL lifetime when
the signal is dominated by dirt upscattering. Model-independent limits on
heavy neutrinos exclude the shadowed region [388]. Other constraints from
neutrino scattering and meson decays are not shown.
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Figure 2.8: Same as Fig. 2.7 but for mZ′ = 30 MeV (upper) and
mZ′ = 200 MeV (lower). The mass splitting has been fixed to ∆ = 1.
The orange lines indicate where the MicroBooNE (dashed), Icarus (dotted),
and SBND (solid) detectors can expect 103 e+e− pairs from N5 decays to be
produced inside their respective fiducial volumes (before any reconstruction
efficiencies).
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Figure 2.9: The reconstructed neutrino energy ECCQE−reco
ν at MiniBooNE

for ν mode (upper panel) and ν mode (lower panel). The prediction of the
best-fit point in the 3+2-model (mZ′ = 100 MeV, m5 = 615 MeV, ∆ = 0.3,
|Vµ4|2 = |Vµ5|2 = 1.1× 10−6, ε = 8× 10−4) is shown as solid blue histograms,
separated into events from coherent neutrino-nucleus scattering and proton-
elastic neutrino scattering.
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Figure 2.10: The MiniBooNE ECCQE−reco
ν best-fit regions in the m5 and ∆

plane for the 3+2 model for two choices of couplings. The different regions
show the 1σ, 2σ, and 3σ best-fit regions. The couplings |Uµ4|2 = |Uµ5|2 are
profiled over with an upper bound of |Uµ4|2 < 10−2, which can be tightened
by choosing larger dark couplings and kinetic mixing. All the plots consider
mZ′ = 1.25 GeV and couplings as indicated at the top of each panel. We
divide the regions into a short-lived and a long-lived regime, where the HNLs
decay rapidly, cτ 0N ≤ 10 cm, and a region where dirt events and displaced
vertices are expected, cτ 0N > 10 cm, where cτ 0N is the HNL proper lifetime.
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Figure 2.11: The MiniBooNE ECCQE−reco
ν best-fit regions in the ∆ versus m5

plane for the 3+2 model with mZ′ = 1.25 GeV. The different regions show
the 1σ, 2σ, and 3σ CL regions (2 d.o.f.). From the bottom to the upper rows,
we set m4 equal to 15, 150, and 250 MeV, respectively. In the left and right
columns we set ϵ equal to 8 × 10−4 and 10−2, respectively. The couplings
|Uµ4|2 = |Uµ5|2 are profiled over with an upper bound of |Uµ4|2 < 10−4. We
divide the regions into a short-lived and a long-lived regime, where the HNLs
decay rapidly, cτ 0N ≤ 10 cm, and a region where dirt events and displaced
vertices are expected, cτ 0N > 10 cm, where cτ 0N is the HNL proper lifetime.
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Chapter 3

Heavy dark sectors and white

dwarfs

Terrestrial experiments let us search for dark sectors in a more controlled way

than astrophysical ones, because we have direct access to the sources. Near

detectors, for example, are a powerful tool to measure how the beams evolve

in the case of accelerator experiments. However, the energies of astrophysical

sources are way more powerful and, in this way, astrophysical experiments

can shed light in different ways on our knowledge of hidden sectors. We

will devote to one particular case: white dwarfs (WDs) and plasmon decay

enhanced by a dark photon, considering the Three Portal model. Since the

common masses searched for this model are heavier than the temperatures of

WDs [88, 194, 265, 380, 394–400], we will just consider a heavy mediator case,

when ”heavy” must be understood in terms of the temperatures considered.
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3.1 Introduction

White dwarfs provide unique opportunities to study new physics due to their

extreme conditions. By analyzing the luminosity emitted by WDs, it is fea-

sible to probe the underlying physics in ways that are impossible in Earth-

based laboratories. One particular aspect is the cooling process of young and

hot white dwarfs, which is primarily driven by plasmon decay into neutrinos

originating from their core [401, 402]. The potential for enhanced cooling

through plasmon decay, mediated by new particles, has been explored in

the context of models with anomaly-free symmetry, such as U(1)B−L and

U(1)Lα−Lβ
and which will be considered in Chapter 4. These decay processes

contribute to the production of the SM neutrinos [403] and could also lead

to the generation of new light particles [404]. Furthermore some studies have

shown that there could be other important mechanisms under the assump-

tion of a strong magnetic field [405–410], such as neutrino pair synchrotron

emission from electrons [411–416].

The aim of this chapter is to investigate the emission of neutrinos from

WDs, with a focus on BSM interactions in the neutrino production rate.

Specifically and as mentioned in the first paragraph, we will use the Three

Portal model. Since the dark photon is capable of interacting with neutrinos

as well as electromagnetic-charged particles, its presence could potentially

alter the production of neutrinos through plasmon decay at the early stages

of a WD.

The structure of this chapter is organized as follows. In Section 3.2, we

provide a concise overview of the physics of white dwarfs. In Section 3.3,

we present the emission rate of neutrino production, both within the context

of SM interactions and with the modified expressions that include the dark

sector. Our results are discussed and presented in Section 3.4, followed by
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our conclusions in Section 3.5.

3.2 Theoretical framework

3.2.1 White dwarfs

A white dwarf is a dense star that forms after a normal star has exhausted

its nuclear fuel and undergone the final stages of its evolution. This process

ejects the outer layers of the star, leaving behind a hot, dense core primarily

composed of carbon and oxygen. The core is supported by electron degener-

acy pressure, which prevents it from collapsing further and instead causes it

to contract and cool over billions of years. White dwarfs are incredibly dense

(∼ 106 kg/m3), with a mass similar to the Sun but a size similar to that of

the Earth.

Electrons play a crucial role in determining the equation of state (EoS)

and the structure of white dwarfs. In Ref. [417], a theoretical EoS for WDs

is obtained by assuming a Wigner-Seitz (WS) cell, which is a uniformly

negatively charged spherical cell with a positively charged ion at its centre.

Corrections to the electron energy due to the electrostatic potential were also

introduced, which are the most significant correction to the EoS. Further cor-

rections, such as considering the non-rigidity of ions within the WS cell and

self-interactions, were also taken into account. However, it was determined

that these corrections do not significantly affect the behavior of high-density

matter.

Initially, white dwarfs have extremely high temperatures before cooling

down to become faint objects. There are several stages of cooling that it goes

through, with each stage characterized by a different mechanism of energy

loss. The equation governing the temperature evolution of WDs depends on
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the cooling mechanism and the physical properties,

dT⋆
dt

= − Lγ

4πR⋆σSBT⋆
− Lν

4πR⋆σSBT⋆
. (3.1)

The left-hand side represents the temperature change rate with respect

to time, where T⋆ is the temperature of the white dwarf. The right-hand side

consists of two terms, representing the rates of energy loss due to surface

photon radiation (Lγ) and neutrino emission (Lν), respectively. Here R⋆ is

the WD radius, and σSB is the Stefan-Boltzmann constant.

The dominant cooling mechanism for newborn WDs is the emission of

neutrinos, produced primarily through plasmon decay [401, 402]. The pro-

duced neutrinos easily escape the dense core of the WD, carrying away energy

and facilitating the loss of thermal energy. The cooling through plasmon de-

cay could in principle be enhanced by strong magnetic fields or through the

addition of new fields that could connect SM neutrinos with the electron-

positron loop [407–412, 414–416, 418–420]. As the white dwarf continues

to cool down, its temperature eventually drops to approximately 103 K, at

which point it enters the photon cooling stage. In this stage, the white dwarf

radiates energy primarily in the form of photons, and its luminosity is dom-

inated by photon radiation. Consequently, this stage is not of interest in the

discussion that follows.

The dark photon, Z ′, as considered by the Three Portal model, can in-

teract with both electromagnetic and dark currents. Its mass is typically

assumed to be less than O(1GeV). When the mass of the dark photon is

much smaller than the mass of the Z boson, MZ′/MZ ≪ 1, the complicated

interactions of the dark photon can be approximated by a simplified form as

follows,
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LI ≃ −ϵeJEM
µ Z ′µ − gDJ

D
µ Z

′µ, (3.2)

where JEM
µ is an electromagnetic current, JD

µ is a dark current that con-

sists of dark neutrino states: ν̄DγµνD, and Z
′µ is a dark photon. This inter-

action is the main ingredient to compute the BSM contribution to plasmon

decay in WDs.

3.3 Neutrino emission rate

3.3.1 Review of emission rate

The release of neutrinos has a significant impact on the energy loss of stars

that are extremely hot or dense. The production rate of neutrinos can be

greatly affected by the combined effects of the stellar plasma. For instance,

photons may decay into pairs of neutrinos (γ → νν), carrying away en-

ergy [401]. This is made possible by modifying the dispersion relations of the

photon due to thermal effects that allow it to decay. Because this arises due

to the interaction of the photons with the plasma that surrounds it, they are

also called plasmons.

Photon-self energy at finite temperature

To determine the neutrino emissivity due to plasmon decay, we must first

compute the self-energy of the photon at a finite temperature, as it plays

a crucial role in the emission rate computation. The most comprehensive

expression for the photon-self energy at a finite temperature is given as [421,

422],
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Πµν = 4e2
∫

d3k

(2π)3
fe(Ek) + fe(Ek)

2Ek

× Q ·K(KµQν +KνQµ)−Q2KµKν − (Q ·K)2gµν

(Q ·K)2 −Q4/4

(3.3)

here, Q = (q0, q⃗) and K = (Ek, k⃗) represent the 4-momentum of the

photon and electron (or positron), respectively and Q ·K = q0Ek− k⃗ · q⃗. The
thermal distribution of the electron (or positron) is denoted by fe(Ek) (or

fe(Ek)). The self-energy tensor of a thermal photon can be divided into two

components: longitudinal and transverse components as follows,

Πµν = FP µν
L +GP µν

T (3.4)

where the projectors are:

P µν
T =

(
δij − q̂iq̂j

)
δµi δ

ν
j

P µν
L =

(
− gµν +

QµQν

Q2

)
− P µν

T .
(3.5)

Evaluating the 00-elements of the longitudinal and transverse components

of the photon self-energy yields P 00
T = 0 and P 00

L = q⃗ 2/Q2, respectively.

Consequently, we find that F = Q2/q⃗ 2Π00. Similarly, considering the xx-

elements of the transverse and longitudinal components gives P xx
T = 1 and

P xx
L = 0, respectively, leading to G = Πxx, if x is a transverse direction. As

a result, we can express Eq. (3.4) as follows,

Πµν =
Q2

q⃗ 2
Π00P µν

L +ΠxxP µν
T . (3.6)

We identify the first and second terms as Πµν
L and Πµν

T , respectively. It is
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important to compute these projected quantities because they appear in the

propagator of the plasmon:

Dµν =
−i gµλ
Q2 − F

P ν
Lλ +

−i gµλ
Q2 −G

P ν
Tλ (3.7)

It is necessary to determine various factors to calculate the photon po-

larization 4-vectors at finite temperature. This includes the dispersion func-

tions of plasmons as well as the corresponding residual functions (Zt(q) and

Zl(q)), where q ≡ |q⃗|. In this context, the dispersion relations for photons

and plasmons provide the relationship between the frequency ωt and ωl and

the momentum q of the plasmon. These relations provide information about

the energy of the plasmon.

The dispersion function for the plasmon is determined using the longitu-

dinal propagator. The precise form of the propagator is found by considering

D00 = 1
q2−ΠL(Q)

. If ωl(q) represents the energy of the longitudinally polarized

plasmon on-shell, in its vicinity it can be deduced that [421],

lim
q0→ωl(q)

D00 =
ωl(q)

2

q2
Zl(q)

q20 − ωl(q)2
(3.8)

and the dispersion relation for ωl is obtained by setting the denominator

equal to zero, meaning that ΠL(ωl(q), q) = q2. Therefore, we obtain

ωl(q)
2 =

ωl(q)
2

q2
ΠL(ωl(q), q). (3.9)

Furthermore, since ωl(q) is also the pole of the propagator, the value of

Zl(q) can be easily found from Eq. (3.8)
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Zl(q) =
q2

ωl(q)2

[
− ∂ΠL

∂q20
(ωl(q), q)

]−1

(3.10)

Similarly, for the transverse propagator, where x is a transverse direction,

we have Dxx = 1
q20−q2−ΠT (Q)

. The pole of the propagator is given by ωt(q),

and in its vicinity, the propagator takes the form [421]

lim
q0→ωt(q)

Dxx =
Zt(q)

q20 − ωt(q)2
, (3.11)

the dispersion relation for ωt is found to be

ωt(q)
2 = q2 +ΠT (ωt(q), q), (3.12)

and the residual function Zt(q) is given by

Zt(q) =

[
1− ∂ΠT

∂q20
(ωt(q), q)

]−1

. (3.13)

Finally, we can define the plasmon polarization 4-vectors modified due to

the effects of the temperature,

εµ(q, λ = 0) =
ωl(q)

q

√
Zl(q)(1, 0)

µ

εµ(q, λ = ±1) =
√
Zt(q)(0, ε±(q))

µ

(3.14)

where ε±(q) are two unit mutually orthogonal vectors on the plane trans-

verse to q⃗.

During the integration of the self-energy, the quantity v ≡ k/Ek, where

k ≡ |⃗k|, may lead to three different temperature regimes: a non-relativistic,

relativistic or degenerate regime.

In the non-relativistic limit (T ≪ me) where particles are non-degenerate
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(T ≪ me − µ), v is equal to 0. On the other hand, in the relativistic limit,

where electrons can be considered massless, the parameter v takes on the

value of 1. This limit is observed in either a high-density regime (µ ≫ me)

or a high-temperature regime (T ≫ me). Finally, v = vF ≡ pF/EF in the

degenerate limit, where pF ≡
(
3π2ne

)1/3
is the Fermi momentum, EF ≡

µ(T = 0) is the Fermi energy, and ne is the number density of electrons. In

the degenerate limit, dfe/dk peaks at vF . In such cases, we can approximate

the integrals by extracting this central value, denoted as v∗, from the integral

so that [421],

ΠL = ω2
p

3

v2∗

(
q0
2v∗q

ln
q0 + v∗q

q0 − v∗q
− 1

)
(3.15)

ΠT = ω2
p

3

2v2∗

(
q20
q2

− q20 − v2∗q
2

q2
q0
2v∗q

ln
q0 + v∗q

q0 − v∗q

)
, (3.16)

here, ωp refers to the plasma frequency, which describes the oscillation of

the plasma itself due to changes in the separation of electric charges caused

by the motion of the charged particles. This type of oscillation is also referred

to as Langmuir waves [423]. It is equal to:

ω2
p =

4α

π

∫ ∞

0

dk
k2

Ek

(
1− 1

3
v2
)(
fe(Ek) + fe(Ek)

)
(3.17)

By using the aforementioned approximations in Eq. (3.10) and (3.13), we

can express Zl and Zt as follows,
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Z−1
l =

3ω2
p

2v2∗q
2

(
ω2
l

ω2
l − v2∗q

2
− ωl

2v∗q
ln
ωl + v∗q

ωl − v∗q
− 1

)
(3.18)

Z−1
t = 1− 3ω2

p

2v2∗q
2

(
3

2
− 3ω2

t − v2∗q
2

2ω2
t

ωt

2v∗q
ln
ωt + v∗q

ωt − v∗q

)
(3.19)

In the computation of the plasmon decay, an additional contribution to

the self-energy arises from a diagram containing a γ5 matrix at one of its

vertices. This axial contribution is due to the electroweak sector of neutrinos

and must also be calculated. The magnitude of this purely transverse tensor

is given by [421]

ΠA(Q) =
2α

π

Q2

q

∫
dk
k2

E2
k

[
fe(Ek)− fe(Ek)

]
×
(
q0
2qv

ln
q0 + vq

q0 − vq
− Q2

q20 − v2q2

)
(3.20)

Here α is the fine structure constant. By employing the same approxi-

mation as previously mentioned, we can obtain the following expression

ΠA(Q) = ωA
Q2

q

3

v2∗

(
q0
2qv∗

ln
q0 + v∗q

q0 − v∗q
− 1

)
. (3.21)

Here, ωA represents an axial frequency, which is defined as,

ωA = lim
q→0

ΠA(ωt(q), q)

q

= −2α

3π

∫
dk
k3

E2
k

d

dk

[
fe(Ek)− fe(Ek)

]
.

(3.22)

We now have all the necessary elements to compute the plasmon decay
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Figure 3.1: Diagrams that contribute to the plasmon decay: trough the
charged and neutral currents.

and the neutrino emission rates.

Amplitude and decay width

Figure 3.1 displays the two SM diagrams contributing to plasmon decay.

These diagrams can be expressed in a way that includes the previously com-

puted self-energy,

M =
GF√
8πα

[
εµ(ωl, q)C

SM
V

(
ΠL(ωl, q)

(
1,

ωl

q
q̂
)µ(

1,
ωl

q
q̂
)ν)

+ εµ(ωt, q)g
µi

(
CSM
V ΠT (ωt, q)

(
δij − q̂iq̂j

)
+ CAΠA(ωt, q)(iε

ijmq̂m)

)
gνj

]
u(p1)γν(1− γ5)v(p2) (3.23)

GF is the Fermi constant, which appears because M2
W (M2

Z) ≫ p2. The

coefficient CSM
V takes on a value of 2 sin2 θW+1/2 for νe, and 2 sin2 θW−1/2 for

other neutrino species. Meanwhile, CA is equal to 1/2 for νe and −1/2 for all

others. We are explicitly stating that CV belongs to the SM to distinguish it

from the DS contribution. This is not the case for the axial component, as it

remains unaffected by the inclusion of new physics. It should be noted that we

assume the masses of the weak bosons to be much larger than the momenta

involved in the process. Finally, if λ = l, t represents the longitudinal or
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transverse polarization, respectively, the above equation can be expressed

using shorthand notation

M =
GF√
2

(
Γµν
λ εν(q⃗, λ)

)
u(p1)γν(1− γ5)v(p2) (3.24)

where a sum over polarization is assumed.

The decay width of the process given a specific polarization λ is,

Γλ(q) =
1

2ωλ(q)

∫
d3p1
(2π)3

1

2p1

∫
d3p2
(2π)3

1

2p2

(2π)4δ(4)(P1 + P2 −Q)|M|2.
(3.25)

The integral can be performed easily since the final states only involve

neutrinos, which are independent of the self-energy

Γλ(q) = −G2
F

12π

ωλ(q)
2 − q2

ωλ(q)

(
Γαµ
λ εµ(q, λ)

)(
Γλ
αρε

ρ(q, λ)
)∗

(3.26)

Since the expression is evaluated at q0 = ωλ(q), it is possible to use the

dispersion relations to derive more explicit relations for each polarisation,

Γl(q) = (CSM
V )2

G2
F

48π2α
Zl(q)

(
ωl(q)

2 − q2
)2
ωl(q) (3.27)

Γt(q) =
G2

F

48π2α
Zt(q)

ωt(q)
2 − q2

ωt(q)

×
(
(CSM

V )2
(
ωt(q)

2 − q2
)2

+ C2
AΠA(ωt(q), q)

2

)
(3.28)
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Emissivity of the plasma

To calculate the Emissivity Q of the plasma, which represents the rate of

energy loss per unit volume, we must integrate the decay rate over the phase

space of the photon, with weighting by number density and energy, and sum

over the polarization states of the photon as well as the different species

of neutrinos. Upon substitution of the previously derived expressions, we

obtain the following Emissivity for each type of polarization

QT =
∑
ν

(CSM
V )2

G2
F

48π4α

∫ ∞

0
dqq2Zt(q)

(
ωt(q)

2 − q2
)3
nB(ωt(q)) (3.29)

QA =
∑
ν

C2
A

G2
F

48π4α

∫ ∞

0
dqq2Zt(q)

(
ωt(q)

2 − q2
)

×ΠA(ωt(q), q)
2nB(ωt(q)) (3.30)

QL =
∑
ν

(CSM
V )2

G2
F

96π4α

∫ ∞

0
dqq2Zl(q)

(
ωl(q)

2 − q2
)2

× ωl(q)
2nB(ωl(q)) (3.31)

the sum of the squares of the vector and axial-vector couplings, repre-

sented by CSM
V and CA respectively, overall neutrino species, is given by∑

ν(C
SM
V )2 = 3/4− 2 sin2 θW + 12 sin4 θW ≈ 0.911, while

∑
ν C

2
A = 3/4. The

variable nB represents the distribution function of the photons within the

system.

To calculate the neutrino luminosity, the Emissivity must be integrated

over the entire volume of the star. Assuming spherical symmetry, this can

be expressed as

LΛ = 4π

∫ R⋆

0

QΛ(r)r
2dr (3.32)
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Figure 3.2: Diagram that contributes to the plasmon decay through the dark
photon.

where Λ stands for L, T or A. R⋆ is the radius of the WD core, which is

the volume considered for the plasmon decay. The quantities used to compute

the emissivities depend simultaneously on the radius of the WD through its

density or pF , depending on the regime. For high chemical potential, the

high degenerate approximation can be used. As we approach the surface of

the core, the non-relativistic approximation is used instead.

3.3.2 Emission rate and the dark sector

If dark photons are present and interact with both an electromagnetic current

and a current of dark neutrinos, it introduces the possibility of an additional

diagram in the system that we sum to the SM ones. The new interaction

is analogous to the diagram involving the Z particle, but instead involving

the Z ′ particle, as depicted in Fig. 3.2. In this scenario, the dark final states

would be mixed with the light states, which can be expressed in terms of the

SM neutrinos.

It is important to note that the plasmon could not produce heavier mass

states at the energies characteristic of a WD if we consider those heavy

neutral leptons at the MeV scale. The plasma frequencies of a WD are well

below those energies.

In this case, we will not use the effective propagator of the dark photo,
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(Q2 −M2
Z′)−1 ∼ −M−2

Z′ , just to consider a general approach. The amplitude

to neutrino mass states i and j, coming from the diagram in Fig. 3.2 is,

Mij
Z′ = −εµ(Q)

∫
d4k

(2π)4
tr
[
γµSF

β (K)γνSF
β (K −Q)

]
× ϵe2

1

Q2 −M2
Z′

gD
2
U∗
iDUjD[uj(p1)γν(1− γ5)vi(p2)]

=
GF

2
√
4πα

[
CD

ν U
∗
iDUjDΠ

µν
]
uj(p1)γν(1− γ5)vi(p2)

(3.33)

where U represents the mixing matrix for neutrino states, with UiD denot-

ing the mixing between a dark state D and a light mass state i. Here SF
β (P )

is the thermal fermion propagator for the electron/positron at temperature

T ≡ 1/β. The constant CD
ν is defined as

CD
ν =

√
2πα

GF

ϵgD
M2

Z′ −Q2
. (3.34)

When computing the neutrino emission rates, it is convenient to express

each contribution in terms of neutrino mass states, i and j, rather than

flavour states in order to observe the interference with the dark sector. These

mass states may not necessarily be the same, and hence, the summation must

be performed over all possible combinations,

CSM+D
V,ij =

∑
α

CSM
V,αU

∗
αiUαj + CD

ν U
∗
DiUDj

(
CSM+D

V,ij

)2
=
∣∣∑

α

CSM
V,αU

∗
αiUαj

∣∣2 + |CD
V U

∗
DiUDj|2

+

√
8πα

GF

ϵgDU
∗
DiUDj

M2
Z′ −Q2

Re

[∑
α

CSM
V,αU

∗
αiUαj

]
(3.35)
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where CSM
V,α is for a particular flavor α. Performing the sums over all possible

final mass eigenstates, we compute the decay width,

(
CSM+D
V

)2
=
∑
α

(
CSM
V

)2
+

18πα

G2
F

ϵ2g2D
∣∣UD

∣∣4
(M2

Z′ −Q2)2

+

√
8πα

GF

ϵgD
∣∣UD

∣∣2
M2

Z′ −Q2
Re

[∑
α,i,j

CSM
V,αU

∗
αiUαj

]
. (3.36)

Here, (CSM+D
V )2 ≡∑ij(C

SM+D
V, ij )2 has contributions from three terms. The

first term represents the SM contribution, while the second term is solely from

the DS. The third term represents the interference between the SM and DS

amplitudes.

To simplify the computation, the assumption has been made that UDi is

equal for every i, denoted as UD. This implies that the mixing between each

light mass state and the dark states is real and equal without any loss of

generality. With the inclusion of the dark photon in the plasmon decay, the

transverse and longitudinal emissivities are also altered as a consequence,

QT = 2
G2

F

96π4α

∫ ∞

0

dqq2Zt(q)
∑
αβ

(
CSM+D

V (ωt(q), q)
)2

×
(
ωt(q)

2 − q2
)3
nB(ωt(q)), (3.37)

QL =
G2

F

96π4α

∫ ∞

0

dqq2Zl(q)
∑
αβ

(
CSM+D

V (ωl(q), q)
)2

× ωl(q)
2
(
ωl(q)

2 − q2
)2
nB(ωl(q)). (3.38)

It is evident from Eq. (3.36), that the dependence on G2
F/α vanishes for the

purely DS contribution. Notice that QA remains unchanged because there is

no axial term next to the thermal loop in the dark photon diagram (see Fig.
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3.2).

Finally, using Eq. (3.32), Eq. (3.37) and Eq. (3.38), we can compute the

WD luminosity due to plasmon decay into neutrinos.

3.4 Results and discussion

To obtain the total luminosity of a WD due to plasmon decay is necessary

to obtain the WD radial profiles. This is achieved through the use of the

Tolman-Oppenheimer-Volkoff (TOV) equations [424], which describe the hy-

drostatic equilibrium of a spherically symmetric, non-rotating star coupled

to the Salpeter EOS [417]. It is important to note that the following analysis

is performed on a hypothetical young WD with 1 solar mass. We fix its tem-

perature to be of the order of 108 K, and using the evolutionary sequences

given in Ref. [425], this temperature corresponds to a WD of ∼ O(106) s old.

It is necessary to establish some limits to determine the parameter space

of the Three Portal model that will be explored. One such limit concerns

the quantity ϵgD|UD|2. Here, |UD| refers to |UDi|, where i denotes a massive

light neutrino state. Current limits on this element depend on the mass scale

of the heavy states, and we want to avoid the heavy states being so light

that they can be directly produced by the plasmon.1 Based on Ref. [426], we

can assume that |UD| ≲ 10−1. This would imply high masses for the heavy

neutrino states. We are not particularly interested in the specific realization

of this as long as the values are not fully excluded. The parameter gD is not a

coupling of the dark photon to SM fermionic currents, so limits such as those

found in [427] are not relevant for our model. There are no direct constraints

on gD neither if we do not consider the dark photon or the HNLs to be

1Although this effect might increase the energy lost by plasmon decay.
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dark matter, we still need to keep the theory perturbative on αD ≡ g2D/4π.

Therefore, we can assume that gD ∼ O(1). The excluded regions for ϵ depend

heavily on the mass of the dark photon and the number of extra neutrino

states. We can assume ϵ ≲ 10−2 based on [183, 385] which is safe, especially

for heavy neutrino mass states of the order of 1 − 10 GeV [178]. Hence, we

can consider ϵgD|UD|2 ≲ 10−4.

On the other hand, for the mass of the dark photon, the limits depend

on several conditions: whether the dark photon or the heavy neutral lep-

tons constitute dark matter, the value of ϵ or gD and the mixing matrix

of the neutrino sector, U . Here, we will also consider the same parameter

space of [183, 385], such that 10MeV ≤ MZ′ ≤ 10GeV. The Lagrangian in

Eq. (3.2) is valid as long as
(
MZ′/MZ

)2
is negligible. Since forMZ′ = 10GeV,

this is of the order of 10−2, and its contribution is still negligible.

3.4.1 Luminosity

Figure 3.3 illustrates the total luminosity of the WD attributed solely to

plasmon decay. The plot depicts different scenarios. The blue solid (dashed)

lines correspond to the longitudinal (transverse) contributions of the SM

case. In contrast, the green and pink regions show the longitudinal and

transverse contributions of the DS scenario, which includes a dark photon

with a mass of MZ′ = 1 GeV. Both bands demonstrate the luminosity for

two different coupling strengths: ϵgD|UD|2 = 10−8 and ϵgD|UD|2 = 10−4.

Note that when the coupling is too small, the curves correspond to the SM

scenario. The maximum luminosity from new interactions in the neutrino

emission rate is about one order of magnitude greater than the SM. This

suggests that dark photons, like the one proposed in the DS scenario, may

contribute to the evolution and behavior of WDs in ways not accounted
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Figure 3.3: Luminosity of a 1M⊙ young WD with respect to its temper-
ature for different BSM scenarios. The solid (dashed) line represents the
longitudinal (transverse) components. The green (pink) bandwidth of the
DS longitudinal (transverse) contribution considers the values: ϵgD|UD|2 =
[10−8− 10−4]. The axial contribution is not just shown since no contribution
comes from the new physics.
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Figure 3.4: Luminosity of a 1M⊙ young WD with a temperature of T = 108

K, as a function of the dark photon mass for different BSM scenarios.
The solid (dashed) line represents the longitudinal (transverse) components.
The axial contribution is not shown since there is no contribution from
new physics. The bandwidth of the DS contribution considers the values:
ϵgD|UD|2 = [10−8 − 10−4].

for by the SM. As the WD cools down, the contributions from plasmons

decrease until they essentially disappear. Before reaching a temperature of

108 K, the main source of energy loss is from the longitudinal contribution

(solid line). At lower temperatures, the transverse contribution (dashed line)

dominates. Here, we do not show the axial contribution in our analysis since

it is suppressed several orders of magnitude compared to the longitudinal

and transverse contributions.

Figure 3.4 shows the luminosity of the WD, at a temperature of T = 108

K, as a function of the dark photon massMZ′ . Again, the solid (dashed) blue

line represents the SM longitudinal (transverse) contribution. The green and

pink areas correspond to the emission rates, including the dark photon, and

the bands represent various fixed values of ϵgD|UD|2 = [10−8 − 10−4]. As ex-

pected, for each set of couplings, there is an upper bound on the dark photon
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mass above, which the new physics does not visibly contribute, and the lumi-

nosity curve is just a horizontal line approaching the SM. As the dark photon

mass decreases, the contribution to the luminosity grows exponentially, with

the dominant contribution coming from the longitudinal photon states (solid

lines). For instance, when the product of couplings is ϵgD|UD|2 = 10−8, and

the dark photon has a mass of ∼ 10 MeV, the luminosity of the WD can be

up to ∼ 2 orders of magnitude higher than the SM case. This effect becomes

insignificant for MZ′ ∼ 100 MeV and above. On the other hand, in the case

of ϵgD|UD|2 = 10−4, the effect of the new interaction in the WD luminosity

becomes irrelevant around 10 GeV. Notice that as the product ϵgD|UD|2 in-

creases, the impact of the new physics in the luminosity is visible for heavier

dark photon states. This can be seen from the green solid and pink dashed

lines showing, from left to right, ϵgD|UD|2 = 10−7, 10−6 and 10−5.

3.4.2 Results

Finally, we present a comprehensive investigation of the parameter space

associated with the dark photon in the context of the cooling of WDs. Here,

we express the contribution of dark photons as a fraction of the total SM

luminosity,

FDS =
LDS+SM − LSM

LSM

× 100%. (3.39)

Therefore, we can perform estimations and projections of the allowed

parameter space regarding the cooling of WD mediated by dark photons.

By imposing the condition that the luminosity generated through the

presence of dark photons constitutes a maximum of 1%, 10%, and 30% of

the total SM luminosity, we can determine the excluded parameter space.
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Figure 3.5: Limits on ϵ for dark photons decaying into neutrinos, obtained
with a young WD assuming T = 108 K and a dark sector parameter of
gD|UD|2 = 10−5. The luminosity due to dark photons constitutes a maximum
of FDS = 1%, 10%, and 30% of the total SM luminosity. For comparison, we
also show the bounds from DIS [428], electron (g− 2) (LKB) [429] and [430]
proportioned in Ref. [385].

169



CHAPTER 3. HEAVY DARK SECTORS AND WHITE DWARFS

Current limits on WD cooling through neutrinos exclude more than 30% of

extra luminosity with respect to the SM (see Appendix E for the extraction

of this limit based on Ref. [431]). In Fig. 3.5, we set reasonable dark sec-

tor parameters gD|UD|2 = 10−5, and show the estimated bounds on ϵ. The

bounds are depicted as red lines, corresponding to 1%, 10%, and 30% maxi-

mum values of FDS, respectively. For comparison, we also show the bounds

given by Deep-inelastic scattering (DIS) [428], electron (g − 2) (LKB) [429]

and electroweak precision observables (EWPO) [430], revised and presented

in [385] as model-independent limits.

We notice that in all cases, the estimated bounds significantly surpass

the existing constraints. As the contribution of dark photons decreases,

the bound becomes progressively more stringent. This behavior can be at-

tributed to the fact that, in order to achieve a smaller DS contribution, the

coupling parameter ϵ must decrease accordingly. The obtained bounds are

up to one and two orders of magnitude, larger than those given by precision

measurements of the electron anomalous magnetic moment when consider-

ing a maximum fraction of FDS = 30% and 10%, respectively. However, the

most compelling result emerges when we restrict the luminosity to only 1%

of the SM luminosity. In this scenario, the range where the bound exhibits

its greatest strength extends from 10 MeV to 1 GeV. Future measurements

of CASTOR [432, 433] could push the bounds of [431] to 1%. It is impor-

tant to note that we are unable to extend our bounds beyond 10 GeV since

the validity of the dark photon interactions taken into account relies on the

assumption that
(
MZ′/MZ

)2 ≪ 1. Hence, for MZ′ > 104 MeV, the strongest

bounds are still given by EWPO and DIS.

There are certainly additional constraints on this parameter space [434,

435]. However, in order to translate these bounds, we would need more
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specific considerations on the model, especially those that affect the visible,

semi-visible and invisible decays of the dark photon. Since our computation

is independent of those regards, we are not showing them here. Finally, it is

worth noting that electron-neutrino scattering can be mediated through the

exchange of a dark photon. In the context of B-L models, the constraints

imposed on this process are more stringent compared to those derived from

white dwarf cooling. This is primarily due to the fact that in B-L models,

the vector boson couples with the same strength to the SM and the DS.

On the other hand, in the case of the three-portal model, the couplings

are independent, resulting in weaker constraints from the electron-neutrino

scattering process.

3.5 Conclusions

In the present chapter, we have computed the total luminosity of a white

dwarf due to plasmon decay and present various scenarios involving a dark

photon with different masses and couplings, within the Three Portal model.

We found that for a MZ′ = 1 GeV, the maximum luminosity from new

interactions, corresponding to ϵgD|UD|2 = 10−4, exceeds that of the SM by

approximately one order of magnitude. Additionally, we have examined the

upper bound on the dark photon mass for each set of couplings. Above this

mass, the new physics has a minimal visible contribution, and the luminosity

from new interactions aligns with the SM one. We found that in the case

of ϵgD|UD|2 = 10−4, the dark photon mass at which the luminosity becomes

only SM luminosity is around 10 GeV.

Finally, by imposing the condition that the luminosity attributed to dark

photons should not exceed 1%, 10%, and 30% of the total Standard Model
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luminosity, we estimated bounds on the coupling parameter ϵ for reasonable

dark sector parameters gD|UD|2 = 10−5. Remarkably, our estimated bounds

consistently surpass the existing constraints, becoming increasingly stringent

as the contribution of dark photons decreases. This is due to the need for

smaller coupling values of ϵ to achieve a reduced dark sector contribution.

Notably, when restricting the luminosity to only 1% of the SM luminosity,

our bounds exhibit their strongest range from 10 MeV to 1 GeV. Therefore,

the cooling behavior of WDs presents a promising avenue to probe the exis-

tence and properties of dark photons. In this way, white dwarfs are an open

possibility to study and look for dark sector that interact with the SM.
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Wide mass range DS and WDs

As we have seen, white dwarfs are a powerful test for dark sectors. Here, we

broaden the mass range and provide strong bounds from WD cooling. The

study is of particular interest as it allows to gain deeper insight on the process

of plasmon decay, in regimes in which the dark photons are ultra-light as well

as with masses that are resonant with respect to the plasma frequency of the

star.

4.1 Introduction

A particularly simple and well-motivated extension of the SM that consid-

ers a dark vector mediator is given by a new gauged U(1)Lµ−Lτ symme-

try [436–439]. These models can solve very prominent problems in particle

physics. They not only allow to accommodate neutrino masses [440–443] and

DM [444–450], but can also help to explain the muon (g−2)µ anomaly [451–

454], the Hubble tension [455–457] and the b→ s µµ anomaly [458–462].1

1There still persists a discrepancy between the observed value of the branching ratio
of the decay B+ → K+µµ and its SM prediction, which favours BSM contributions [463].
However, in light of the recent LHCb result on lepton universality [464, 465], a careful
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In the absence of elementary kinetic mixing, the associated gauge boson

only couples to second- and third-generation leptons. This makes U(1)Lµ−Lτ

models generically hard to test at earth-based laboratory experiments, since

couplings to conventional matter, i.e. quarks and electrons, are only induced

at the one-loop level via kinetic mixing with the photon. However, its gauge

couplings to mu- and tau-flavoured neutrinos render neutrino interactions

an excellent way of searching for U(1)Lµ−Lτ bosons [466]. In particular, for

U(1)Lµ−Lτ bosons lighter than the dimuon threshold all leading constraints

are due to tests of neutrino physics, like neutrino trident production [458],

neutrino oscillation measurements at Borexino [467, 468], the number of

effective neutrino degrees of freedom Neff during big bang nucleosynthesis

(BBN) [455, 469, 470], or neutrino cooling of supernovae (SN) [471–473].

Studying these models in the process of cooling of a white dwarf is partic-

ularly useful because these stars constitute a theoretically very clean astro-

physical environment to study neutrino physics. As we have already pointed

out, their behaviour is well understood and the various existing equations of

state (EoS) for modeling WDs reproduce identical results for the same con-

ditions [474–478]. An additional U(1)Lµ−Lτ boson can in principle enhance

the plasmon decay into neutrinos via its kinetic mixing with the photon and

thus modify the evolution of WDs, just as the dark photon from the Three

Portal model. This will ultimately lead to a modification of the WD lumi-

nosities compared to the SM prediction. Previously, the resulting constraint

on the U(1)Lµ−Lτ parameter space has been estimated [403] via an effective

field theory (EFT) analysis of modified plasmon decays in WDs [404]. In

this chapter, however, we will perform an ab initio calculation of the modi-

fied WD luminosities due to a U(1)Lµ−Lτ gauge boson correctly taking into

reevaluation of an explanation in terms of a U(1)Lµ−Lτ boson seems to be warranted.
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account transverse, axial and longitudinal emissivities as well as the fully

gauge-invariant kinetic mixing.

The remainder of this chapter is organised as follows. In Section 4.2,

we introduce the theoretical framework of the minimal U(1)Lµ−Lτ model

studied in this paper. In Section 4.3, we present the computation of the

neutrino luminosities responsible for WD cooling within U(1)Lµ−Lτ . Finally,

we present our results in Section 4.4 before presenting our conclusions in

Section 4.5.

4.2 The U(1)Lµ−Lτ Model

The Lagrangian of the SM exposes some accidental global symmetries like

baryon number, U(1)B, and the lepton family numbers, U(1)Li
with i =

e, µ, τ . Remarkably, the combinations U(1)B−L and U(1)Li−Lj
with i, j =

e, µ, τ can be promoted to anomaly-free gauge symmetries with only the SM

field content.2 Among these anomaly-free groups U(1)Lµ−Lτ is of special

phenomenological interest as it allows for the explanation of several experi-

mental anomalies. For example, it can accommodate the observed excess in

the anomalous magnetic moment of the muon (g−2)µ, as well as the tension

arising from determining the Hubble constant H0 from early-time cosmol-

ogy via the cosmic microwave background (CMB) [69] contrasted with the

value obtained from local measurements via standard candles like type-Ia

supernovae and cepheid variable stars [479].3

2Cancelling the gauge anomalies of U(1)B−L requires the addition of three right-
handed, SM-singlet neutrinos. The groups U(1)Li−Lj

are already anomaly-free without
the addition of right-handed neutrinos (if Majorana mass terms for the neutrinos are
forbidden [442]).

3As noted in Ref. [480], however, explanations of the H0 tension by light vector medi-
ators are not able to account for the less severe tension in the cosmological parameter σ8

linked to the small scale power spectrum of the universe.
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The relevant parts of Lagrangian of an extra U(1)Lµ−Lτ symmetry can be

compactly written in matrix form as

L ⊃− 1

4
(Bαβ,W

3
αβ, Xαβ)


1 0 ϵB

0 1 ϵW

ϵB ϵW 1




Bαβ

W 3αβ

Xαβ



+
1

2
(Bα,W

3
α, Xα)

v2

4


g′2 g′ g 0

g′ g g2 0

0 0
4M2

X
v2




Bα

W 3α

Xα



− (g′ jαY , g jα3 , gµτ j
α
µτ )


Bα

W 3
α

Xα


. (4.1)

Here, Xα denotes the new U(1)Lµ−Lτ gauge boson, while Bαβ, W
3
αβ and

Xαβ are the hypercharge, neutral SU(2)L and U(1)Lµ−Lτ field strengths,

respectively. Furthermore, gµτ is the U(1)Lµ−Lτ gauge coupling, and ϵB and

ϵW are the kinetic mixing parameters with the hypercharge and neutral weak

boson, respectively. Note that the mixing of the U(1)Lµ−Lτ boson with the

neutral weak component, ϵW/2W
3
αβX

αβ, is generated at the one-loop level

from the SU(2)L lepton doublets running in the loop [481]. The new gauge

boson Xα couples to SM leptons through the gauge current

jαµτ = L̄2γ
αL2 + µ̄Rγ

αµR − L̄3γ
αL3 − τ̄Rγ

ατR . (4.2)

The lack of any gauge interactions with conventional matter composed

of electrons and quarks (and thus hadrons) sets this gauge group apart from
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other anomaly-free U(1) extensions. At the one-loop level, however, the cou-

pling of the leptophilic gauge boson to the leptons induces an interaction with

all SM fermions via a kinetic mixing term with the SM photon and Z boson.

At energies E ∼ TWD ≪ mµ,τ , we find for these mixings (cf. Appendix D.1

for details)

ϵA =
e gµτ
6π2

log

(
mµ

mτ

)
∼ −gµτ

70
, (4.3)

ϵZ = −1

2

sW
cW

ϵA , (4.4)

where sW and cW are the sine and cosine of the Weinberg angle θW . These

irreducible loop-induced kinetic mixings are finite and effectively lead to loop-

suppressed interactions of the U(1)Lµ−Lτ boson with quarks and electrons.

In the physical mass basis of the hidden photon A′, we can express the

interactions of the new mediator as (cf. Appendix D.2),

Lint = −gµτ j
α
µτ A

′
α + e ϵA

(
jαEM − 1

2
tan2 θW jαZ

)
A′

α , (4.5)

with the electromagnetic and Z current defined as

jαEM =
∑
f

QEM
f f̄γαf , (4.6)

jαZ =
∑
f

f̄ γα
1

2

[
(T 3

f − 2 s2W QEM
f )− T 3

f γ5
]
f . (4.7)

From Eq. (4.5) we see that the mass eigenstate of the U(1)Lµ−Lτ boson

acquires couplings to the SM electromagnetic and Z currents suppressed by

the kinetic mixing parameter ϵA.
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µ µ
A′

γ

Figure 4.1: Loop contribution of the U(1)Lµ−Lτ boson to the muon anomalous
magnetic moment (g − 2)µ.

4.2.1 Muon anomalous magnetic moment

Due to its gauge interactions with the second-generation leptons the U(1)Lµ−Lτ

gauge boson A′ contributes to the anomalous magnetic moment of the muon,

aµ = (g − 2)µ/2, via the loop process displayed in Fig. 4.1. For any neutral

gauge boson with vectorial couplings to muons (as in U(1)Lµ−Lτ ), the addi-

tional contribution to aµ can be expressed in the compact form [382, 482],

∆aµ = Q′2
µ

α′

π

∫ 1

0

du
(1− u)u2

u2 +
(1− u)

x2µ

, (4.8)

where α′ = g2µτ/4π, xµ = mµ/mA′ and Q′
µ denotes the U(1)Lµ−Lτ charge of

the muon.

In recent years, there has been significant theoretical effort to improve the

precision of the SM prediction of (g − 2)µ [483], with the current theoretical

result being

aSMµ = 116 591 810(43)× 10−11 . (4.9)

At the same time, the E989 experiment at Fermilab has recently reported
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results from their runs 2 and 3, determining the value of (g − 2)µ with un-

precedented levels of precision [484]. Combined with their run-1 result [381]

and the previous BNL result [485], the current experimental world average

amounts to

aexpµ = 116 592 059(22)× 10−11 . (4.10)

This leads to a ∼ 5.2σ excess of the experimentally observed value from the

theoretical prediction in Eq. (4.9) captured by the total deviation of

∆aµ = 249(48)× 10−11 . (4.11)

The preferred region in parameter space, where the contribution of a U(1)Lµ−Lτ

boson to (g − 2)µ can account for this excess is shown by the green band

in Fig. 4.5.

It should be noted that a recent lattice result of the leading-order hadronic

vacuum polarisation [486] significantly decreases the above tension. This,

however, comes at the cost of worsening fits to other electroweak precision

observables [487].

4.3 White Dwarf Cooling

In our computation, we will consider the general framework presented in

Chapter 3, but now applied to the U(1)Lµ−Lτ model: we regard a U(1)Lµ−Lτ

leptophilic dark photon that contributes to the plasmon decay. This novel

vector mediator has different contributions for each flavour of neutrino-antineutrino

pairs that are emitted in the plasmon decay process. In order to obtain more

compact expressions, we will introduce the following definitions encapsulat-
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γ A′

e+

e−

ν

ν̄

Figure 4.2: Plasmon decay contribution via U(1)Lµ−Lτ boson coupling to
electrons via kinetic mixing.

ing the A′ couplings to electrons and neutrinos,

deV = e ϵA

(
1− tan2 θW (1− 4 sin2 θW )/8

)
, (4.12)

deA = e ϵA tan2 θW/8 , (4.13)

kαν = sα gµτ/2 + deA , (4.14)

where sα = 0, 1,−1 for α = e, µ, τ , respectively. The contribution to the neu-

trino emissivity of a WD due to a novel U(1)Lµ−Lτ boson originates from the

diagram of Fig. 4.2, which is identical to the SM neutral current contribution

but with a dark photon A′ instead of the SM Z. Due to the kinetic mixing

coupling of the dark photon to electrons in this model, the BSM contribution

can be calculated exactly analogous to the SM Z. Hence, we only need to

redefine the values of CV and CA for each neutrino flavour in Eqs. (36-38) of

Ref. [421] and consider the full expression for the dark photon propagator to

allow for A′ masses comparable to the WD plasma frequency,

Cα,SM+BSM
a (q) → Cα

a + ba

√
2

GF

kαν d
e
a

q2 −m2
A′
, (4.15)

where a = V,A are the vectorial and axial components with bV = 1 and

bA = −1. Here, q is the 4-momentum of the plasmon, α denotes the flavour
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of the SM neutrino final states, and Cα
a are the coefficients obtained from the

SM plasmon decay diagrams: the vectorial ones are equal to 2 sin2 θW + 0.5

(for e) and 2 sin2 θW −0.5 (for µ and τ), and the axial are 0.5 (for e) and −0.5

(for µ and τ). With this, the WD emissivities into neutrino / antineutrino

pairs can be written as

QL =
G2

F

96π4α

∫ ∞

0
dq
∑
α

(Cα,SM+BSM
V (q))2 q2 Zl(q)

×
(
ωl(q)

2 − q2
)2

ωl(q)
2 nB(ωl(q)) , (4.16)

QT =
G2

F

48π4α

∫ ∞

0
dq
∑
α

(Cα,SM+BSM
V (q))2 q2 Zt(q)

×
(
ωt(q)

2 − q2
)3

nB(ωt(q)) , (4.17)

QA =
G2

F

48π4α

∫ ∞

0
dq
∑
α

(Cα,SM+BSM
A (q))2 q2 Zt(q) (4.18)

×
(
ωt(q)

2 − q2
)
ΠA (ωt(q), q)

2 nB(ωt(q)) ,

where as in the previous chapter q denotes the 3−momentum of the dark

photon and nB(ω) is the Bose-Einstein distribution function. For our compu-

tations, we have chosen a representative value of MWD = 1M⊙ for the mass

of the WD, which is the same used in the previous chapter. However, the re-

sults are not altered by picking smaller values. If the star has a temperature

of TWD ≳ 107.8 K then the photon luminosity is just Lγ ≳ 10−0.5L⊙ [488] and

the main cooling mechanism is the plasmon decay inside the star. Therefore,

at these temperatures, extra contributions to plasmon decay have an impact

on the overall cooling. The limits are computed by estimating the relative

excess contribution, FDS, defined in Eq. (3.39) of the novel U(1)Lµ−Lτ boson

over the SM one.

In the following we discuss the three regimes of dark photon masses with
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respect to the WD temperatures: (i) the heavy regime with mA′ ≫ TWD, (ii)

the resonant regime with mA′ ∼ TWD, and (iii) the ultra-light regime with

mA′ ≪ TWD.

4.3.1 Heavy dark photons

AWD cannot reach temperatures for which the energies of the plasmon decay

are substantially greater than O(10) MeV. Therefore, in the heavy regime of

mA′ ≳ 10 MeV the dark photon propagator entering the momentum-integral

in the emissivity can be well approximated as 1/(q2 −m2
A′) ∼ −1/m2

A′ . Hence,

Cα,SM+BSM
V and Cα,SM+BSM

A no longer depend on q and we can directly com-

pute FDS since the axial contribution is negligible,

FDS =
∑
α

(
Cα,SM+BSM

V

)2
/
∑
α

(
Cα,SM

V

)2
− 1

≃ 1.50× 1017
(

gµτ
mA′/1 MeV

)4

− 1.66× 105
(

gµτ
mA′/1 MeV

)2

.

(4.19)

This quantity is also independent of the exact temperature of the WD, but

is only valid for masses that are much greater than the plasma frequency of

the WD4. Due to the relative smallness of ϵZ compared to ϵA, the results

are also unaltered if we neglect the dark photon coupling to the Z current

in Eq. (4.5).

4.3.2 Ultra-light dark photons

In the case of an ultra-light dark photon mediator, effects due to the self

energy correction to the propagator become relevant when computing its

4See Eq. (3.17) for the full expression of the plasma frequency.
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propagation in the stellar medium and the subsequent plasmon decay. The

dark photon self energy is given by

Πµν
A′ (Q) =−

∫
d4K

(2π)4
tr
[
γµ(deV + deAγ

5)( /K +me)

× γν(deV + deAγ
5)(/Q− /K −me)

]
×
{

i

K2 −m2
e

− 2π
[
θ(−k0)

+ sign(k0) f̃(k0 − µe)
]
δ
(
k2 −m2

e

)}
×
{

i

(Q−K)2 −m2
e

− 2π
[
θ(−q0 + k0)

+ sign(q0 − k0) f̃(q0 − k0 + µe)
]

× δ
(
(Q−K)2 −m2

e

)}
.

(4.20)

where f̃(x) ≡ (eβx + 1)−1 with β = 1/(kB T ).

We can conveniently express this in terms of the plasmon self energy Πµν
γ .

To do so, we note that (deA)
2/(deV )

2 ∼ O(10−3) is negligible, as well as the

axial contribution to the self-energy, which is∼ deV d
e
A ΠA,γ. This is warranted

since the axial contribution to the plasmon self-energy ΠA,γ appearing is

typically four to six orders of magnitude smaller than the longitudinal and

transverse ones. Taking this into account, the final expression for the dark

photon self energy reads

Πµν
A′ (Q) =

(deV )
2 + (deA)

2

4πα
Πµν

γ (Q) , (4.21)

with Πµν
γ the plasmon self-energy. Next, we need to compute the full propa-

gator, Dµν
A′ , up to the same order, O(α), used for the plasmon decay compu-

tation. To compute this quantity, we need to expand the self-energy into its
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longitudinal and transverse components. We can work with the same pro-

jectors as used for the photon since, as we saw, the dark photon self-energy

is proportional to that of the photon. Hence, we can write

Πµν
A′ = FA′P µν

L +GA′P µν
T , (4.22)

with the transverse and longitudinal projectors given by

P µν
T =

(
δij − q̂iq̂j

)
δµi δ

ν
j ,

P µν
L =

(
− gµν +

qµqν

Q2

)
− P µν

T .
(4.23)

Here, the factors FA′ and GA′ are obtained analogously to the photon

case, by contracting Πµν
A′ with the projectors of Eq. (4.23). Formally, we can

write this as

FA′ ≡ Π00
A′
Q2

q2
, GA′ ≡ Πxx

A′ , (4.24)

where x is any transverse direction to the propagation of the dark photon

with 4−momentum Q = (ω, q).

Importantly, we note that since Πµν
A′ is proportional to the plasmon self-

energy, its contraction with Qµ vanishes. Hence it is respecting the Ward

identity, even though the gauge symmetry is broken. In our computation, the

full propagatorDµν
A′ is contracted with the plasmon self-energy Πµν

γ . Thus, we

will neglect any term proportional to qµ. Furthermore, we remind ourselves

that for the projectors P µ
Tλ P

λν
T = P µν

T , P µ
Lλ P

λν
L = P µν

L , and P µ
Lλ P

λν
T =

P µ
Tλ P

λν
L = 0. With these preparations, we can write the expression for the
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full propagator of the dark photon as

Dµν
A′ =

−i (gµν − qµqν/m2
A′)

Q2 −m2
A′

+
−i (gµλ − qµqλ/m

2
A′)

Q2 −m2
A′

(
iΠλσ

A′

) −i (gνσ − qσq
ν/m2

A′)

Q2 −m2
A′

+ ...

=
−i gµλ

Q2 −m2
A′

[
δνλ +

∞∑
n=1

(
FA′

Q2 −m2
A′

)n

P ν
Lλ +

∞∑
n=1

(
GA′

Q2 −m2
A′

)n

P ν
Tλ

]

=
−i gµλ

Q2 −m2
A′ − FA′

P ν
Lλ +

−i gµλ
Q2 −m2

A′ −GA′
P ν
Tλ ,

(4.25)

where finally we have

FA′ ≡ (deV )
2 + (deA)

2

4πα

Q2

q2
Πγ

L , (4.26)

GA′ ≡ (deV )
2 + (deA)

2

4πα
Πγ

T . (4.27)

where Πγ
L and Πγ

T are the plasmon longitudinal and transverse self-energies,

that can be found in [489] in Eqs. (18) and (19). To obtain the last line

of Eq. (4.25), we have made use of the identity

δλν = P λν
L + P λν

T + qλqν/Q2 . (4.28)

In the computation of the emissivities the full A′ propagator Dµν
A′ is con-

tracted with the plasmon self-energy Πµν
γ . Hence, we find that only the

longitudinal component of Dµν
A′ enters the longitudinal emissivity and only

its transverse component enters the transverse and axial emissivities. Fur-

thermore, since the A′ self-energy can be expressed in terms of the photon

self-energy and the 4-momentum at which it is evaluated is the on-shell plas-

mon momentum (due to momentum conservation), we can use the standard

plasmon relations to evaluate P µν
L and P µν

T for the dark photon. Taking this
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into consideration, the expression for the full propagator finally simplifies to

Dµν
A′ =

−i Pµν
L

Q2 −m2
A′ −

(deV )
2 + (deA)

2

4πα

(
ωl(q)2 − q2

)
+

−i Pµν
T

Q2 −m2
A′ −

(deV )
2 + (deA)

2

4πα

(
ωt(q)2 − q2

) . (4.29)

This expression for the full propagator has to be used instead of the naive

tree-level propagator −i
Q2−m2

A′
in computing the coupling coefficients in Eq. (4.15).

Effectively, this means that in the computation of the longitudinal emissivity

the denominator of the coefficient Cα,SM+BSM
V (q) has to be replaced by the

one of the first term in Eq. (4.29). Similarly, for the transverse and axial

components the denominator of the coupling coefficients Cα,SM+BSM
V (q) and

Cα,SM+BSM
A (q) have to be replaced by the denominator of the second term

in Eq. (4.29).

In the very low mass region, where m2
A′ ≪ Q2, the luminosities become

approximately independent of the mass. To see this, let us consider the de-

nominator of the propagator in Eq. (4.29). This has the form (1−rBSM)Q
2−

m2
A′ , where rBSM ≡ [(deV )

2 + (deA)
2] /4πα . Since rBSM ≪ 1, in this region the

denominator of the propagator can be approximated as ∼ 1/Q2. The lu-

minosity in this region is then obtained by integrating the emissivities in

Eqs. (4.16) to (4.18) with the replacements,

∑
α

(Cα,SM+BSM
V (q))2 =

dVe
G2

F (q2r)
2

(
dVe
(
6 (dAe )

2 + g2µτ
)
+
√
2GF q2r

[
2 dAe

∑
α

Cα,SM
V

+ gµτ
(
Cµ,SM

V − Cτ,SM
V

)])
∑
α

(Cα,SM+BSM
A (q))2 =

dAe
G2

F (q
2
r)

2

(
6 (dAe )

3 −
√
2GF gµτ

(
Cµ,SM

A − Cτ,SM
A

)
q2r

+GF dAe

[
g2µτ − 2

√
2GF q2r

∑
α

Cα,SM
A

])
(4.30)
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where we have defined q2r ≡ (1− rBSM)Q
2.
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Figure 4.3: Plasma frequency ωp (blue line) and electron density ne (orange
dashed line) of a WD with MWD = 1M⊙ at TWD = 108 K as a function of
the distance to the centre of the star in km.

4.3.3 Resonant dark photons

When the dark photon mass is roughly of the same order as the WD temper-

ature of O(keV)5 the A′ contribution to the WD emissivities are significantly

enhanced due to a resonance in the A′ propagator. More precisely, this hap-

pens when the dark photon mass hits the plasma frequency, which is defined

as [421] (see Eq. (3.17)).

When computing this frequency, we are integrating over the 3−momentum

5In the computations a temperature of TWD =108 K was used.
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of the electrons and positrons in the plasma with energy Ek ≡
√
k2 +m2

e and

velocity v ≡ k/Ek. The plasma frequency ωp depends on the temperature

TWD and the chemical potential µe, which depends on the distance r from

the centre of the WD.

In Fig. 4.3, we show the plasma frequency ωp and electron density ne as a

function of the WD radius r. We can see that the plasma frequency reaches

its maximum at the centre of the star and decreases roughly over an order

of magnitude throughout the interior of the star before it rapidly drops in

the outer layers. This behaviour can be readily understood by looking at the

electron density profile since the plasma frequency ωp is directly proportional

to it.

Thus, the resonance region consists of a whole range of dark photon

masses for which a pole arises in the A′ propagator due to the scanning of

the plasma frequency ωp in the range 0 ≤ r ≤ RWD. This effect, if not cured,

leads to a continuous curve of divergences of the integrands in Eqs. (4.16)

to (4.18) in the q − r plane, where q is the 3−momentum of the external

plasmon and r the distance from the centre of the WD.

However, these divergences are non-physical and can be cured by con-

sidering the Breit-Wigner (BW) propagator [490]. This takes into account

the imaginary component of the self-energy, which is directly related to the

instability of the particle, and therefore is closely related to its decay width.

The BW propagator takes the form [491]

Gµν
BW(Q2) =

−i(gµλ − qµqλ/m2)

Q2 −m2 − Re(F )− i Im(F )
P ν
Lλ

+
−i(gµλ − qµqλ/m2)

Q2 −m2 − Re(G)− i Im(G)
P ν
Tλ ,

(4.31)

where the self-energy of the vector is Πµν = F P µν
L + GP µν

T , in terms of the
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Figure 4.4: WD cooling bounds on sub-MeV U(1)Lµ−Lτ bosons. At high dark
photon masses of mA′ ≳ 100 keV, the A′ propagator in the WD emissivities
is dominated by the A′ mass and is to good approximation independent of
the plasma frequency ωp. Below this threshold the A′ mass scans the plasma
frequency in different phase space regions, leading to a resonance behaviour
in the window of 0.2 keV ≲ mA′ ≲ 100 keV. At the low-mass end of this win-
dow the resonance peaks of the BW propagator start slowly moving outside
the integration domain of the luminosity LWD towards higher radii r > RWD

resulting in an attenuation of the resonance. Below mA′ ≲ 200 eV the inte-
grand no longer exposes any resonance behaviour in the integration domain
and the integrand is dominated by the plasma frequency and approximately
independent of the A′ mass.

projectors P µν
L and P µν

T given in Eq. (4.23).

For the case of a vector mediator, it takes a similar form. There are, in

principle, two main contributions to the imaginary part of the dark photon

self energy Im(ΠA′). The first one is due to a thermal loop of electrons, while

the second one is due to a zero-temperature loop of neutrinos, since neutrinos

are not thermalized inside the WD star. In the resonance region of masses
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mA′ ≪ 1 MeV, there is no imaginary contribution from the electron loop since

the dark photon is not massive enough to decay into an electron-positron

pair. It can, however, decay into a pair of neutrino-antineutrino, which for

the corresponding A′ masses and WD temperatures can be considered to be

massless. We have to include the imaginary contributions i Im(ΠA′,λ) in the

propagators of each polarisation λ = T, L in Eq. (4.29).

After renormalizing the self-energy with internal neutrinos of flavour α

using the MS scheme, we obtain the following expressions,

Π̄µν
A′ (Q

2) = −
(
kαν
)2

4π2
Q2gµν

∫ 1

0

dx x (1− x)

× log

(
m2

α

m2
α − x(1− x)Q2

)
,

(4.32)

where kαν is the coefficient defined in Eq. (4.12). In the limit of massless neu-

trinos, the imaginary part of this self-energy is easily found as the argument

of the logarithm is always negative in the region of integration, since the

momentum of the thermal on-shell plasmon, Q2, is always positive. Hence,

we find

Im(Π̄µν
A′ )(Q

2) =

(
kαν
)2

24π
Q2gµν

=

(
kαν
)2

24π

(ω2
l − q2)2

q2
P µν
L

−
(
kαν
)2

24π
(ω2

t − q2)P µν
T ,

(4.33)

where we have replaced Q2 by its explicit value for the two polarizations.

Finally, the quantities entering the denominator of the dark photon prop-

agator following the same procedure as in Section 4.3.2, are Im(Π̄00
A′)×Q2/q2

and Im(Π̄xx
A′ ) for the longitudinal and transverse polarisation, respectively.
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The projectors are absorbed when multiplied by those of the electronic loop

of the plasmon. To obtain the full expression we still have to sum over the

different neutrino flavours α in Im(Π̄µν
A′ ), kαν →∑

α k
α
ν .

This prescription regulates the divergences in the dark photon propagator

and leads to finite expressions in the whole parameter space. Nevertheless,

the curve of very narrow peaks in the q − r plane of integration remains.

To reliably evaluate the luminosity integrals, we have to thoroughly sample

these narrow peaks, for which we were relying on the VEGAS+ algorithm [492]

for adaptive multidimensional Monte Carlo integration in our calculations.

4.4 Results

In the following, we present our results for WD cooling via plasmon decay

in presence of a U(1)Lµ−Lτ gauge boson. The results were derived for a

representative WD with a mass of MWD = 1 M⊙, a temperature of TWD

= 108 K, and the profiles of the electron number density ne and chemical

potential µ obtained from solving the Salpeter EoS [475]. For the numerical

computation of the self-energy, we have considered two main approximations.

For the inner layers of the WD, we considered a degenerate regime, where the

chemical potential µ dominates over the temperature TWD and the electron

mass me. The quantities depend mainly on the Fermi momentum in this

regime. For the outer layers, we regarded the classical regime, where the

mass of the electron dominates over the temperature and over the sum of the

chemical potential and temperature. In this regime, the quantities depend

mainly on the electron number density ne. More details on these limits and

their respective expressions can also be found in [475].

In ?? we present the general behaviour of the WD cooling limits due to
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plasmon decay via an extra U(1)Lµ−Lτ boson obtained by the computations

outlined in Section 4.3. Current best fits of the hot WD neutrino luminosity

function allow for a variation in the neutrino cooling with respect to the

SM by a relative factor of 0.66 ≲ fs ≲ 1.31 at the 90% confidence level

(CL) (see Appendix E for the extraction of this limit based on Ref. [431]).

Therefore, we can exclude parameter space leading to more than 30% (red

line) WD excess cooling in neutrinos. We show the limit of εBSM = 0.3 extra

cooling relative to the SM in the mA′ − gµτ plane. This plot illustrates well

the three qualitatively different domains of WD cooling depending on the A′

mass already outlined throughout the paper.

For heavy dark photon masses of mA′ ≳ 105 eV, we observe a linear scal-

ing of the sensitivity line. This is readily explained by looking at the WD

plasma frequency in Fig. 4.3. Throughout the star the plasma frequency as-

sumes its maximum value at ωp,max ≲ 105 eV. Hence, for dark photon masses

above ωp,max the A′ propagator in the emissivity is entirely dominated by its

mass and scales as ∼ 1/m2
A′ . The linear increase can be understood from the

solution of the approximation in Eq. (4.19).

On the other hand, for ultra-light dark photons instead, we see a constant

scaling of the sensitivity independent of the dark photon mass. This can be

understood by an inspection of the propagator of the dark photon. As we

stated in section Section 4.3.2, for ultra-light dark photons with mA′ ≪ q

much smaller than the typical momenta in the stellar interior, we can well

approximate the propagator in the WD emissivities by ∼ 1/q2. Hence, in this

very light regime the WD sensitivity becomes independent of the A′ mass to

excellent approximation.

Finally, we will discuss the central region of the plot where the resonance

behaviour dominates. For masses of the order of the plasma frequency, ωp,
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there is a resonance in the propagator between the dark photon massmA′ and

the momentum transfer q. As can be seen in Fig. 4.3, as soon as the dark

photon masses fall below the maximum plasma frequency of ωp,max ≲ 105

eV, resonance will occur in some region in the interior of the star. This ex-

plains why the transition between the linear and resonant regime is so abrupt.

Employing the Breit-Wigner prescription, this will result in narrow but reg-

ulated peaks in the emissivities. Since these peaks contribute significantly

to the integral, they are largely enhancing the sensitivity of WD cooling to

a new U(1)Lµ−Lτ boson. As the dark photon masses decrease, the location

of these peaks within the integration domain will shift towards higher and

higher radii. For masses below about ∼ 300 eV these peaks will start moving

past the WD radius RWD and out of the integration domain. Hence, their

contribution becomes less and less important until no resonance occurs at all

for masses of mA′ ≲ 200 eV and the ultra-light regime is reached.

In Fig. 4.5 we show the WD cooling limit on a U(1)Lµ−Lτ boson in the

MeV mass window, where a solution of the muon (g − 2)µ anomaly is still

allowed. For comparison, we show the current best limits in grey. At masses

below O(10) MeV the dark photon A′ contributes significantly to the heating

of the neutrino gas in the early universe resulting in a too large number of

neutrino degrees of freedom, ∆Neff , during BBN [455]. However, in the mass

window of mA′ ∼ 10− 20 MeV the same effect leads to a milder contribution

to Neff , which could explain the Hubble tension [455]. The corresponding

favored region is depicted by the blue band labelled H0. In turn, the green

band shows the region of parameter space preferred by the (g− 2)µ anomaly

as measured at the E989 experiment [484] and explained in Section 4.2.1.

The most stringent existing constraint on the (g − 2)µ favored region is due

to the recently reported result of the invisible search at the NA64µ exper-
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Figure 4.5: Limits on MeV-mass U(1)Lµ−Lτ gauge bosons. The grey shaded
areas show the current constraints (see text for explanations). The green and
blue bands depict the regions of parameter space preferred by the (g − 2)µ
and H0 anomaly, respectively. We show our constraints from white dwarf
cooling via plasmon decay for an excess of 30% (red), 10% (orange) and 1%
(yellow) over the SM neutrino cooling rate. The red colored area shows newly
excluded parameter space from the 30% excess cooling limit of this analysis.
For comparison, the black dashed line shows the previously estimated WD
cooling bound of Ref. [403].
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iment [493]. At low masses constraints from the measurement of the 7Be

solar neutrino flux at the Borexino experiment [468, 494, 495] exclude a so-

lution below A′ masses of mA′ ∼ 10 MeV. At high masses, we also show

the limit obtained from resonance searches in four-muon production by the

BaBar collaboration [496]. For comparison, we also show the resulting bound

from measurements of coherent elastic neutrino-nucleus scattering (CEνNS)

with a CsI[Na] target at the COHERENT experiment [497, 498]. Similarly, a

strong constraint arises from the search for neutrino trident production [499].

We show the leading bound by the CHARM-II experiment [500].6

The solid red line is the novel constraint derived in this work from ex-

cluding εBSM = 30% extra WD neutrino cooling. For comparison, the black

dashed line shows the estimate of the WD cooling bound that has been ob-

tained in Ref. [403] from matching to the EFT coefficients used in the analysis

of [404], which in turn assumed a 100% excess cooling constraint. We note

that the current 30% WD cooling limit excludes part of the parameter space

favored by a simultaneous explanation of (g − 2)µ and H0, which previously

has not been tested (red area).

We also show the sensitivities of a future measurement of the hot WD neu-

trino luminosity function excluding extra cooling at the 10% (orange line) and

1% (yellow line) level. The future space-based CASTOR experiment [432] is

planning to observe approximately 8 million hot young WDs [433]. Hence,

CASTOR is expected to collect a factor of ∼ 103 more statistics as compared

to the sample used in Ref. [431], which was used to extract the current 30%

excess cooling bound. CASTOR is expected to be launched as early as 2027

with a minimum lifetime of the spacecraft of 5 years [502], so that an order

6In principle, a more stringent bound can be derived from the CCFR results [499].
However, some doubts have been shed on the correct incorporation of a background due
to diffractive charm production in the relevant analysis [501] and hence we abstain from
showing the corresponding limit.
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of magnitude improvement in the WD excess cooling bound within the next

decade seems feasible. Improved sensitivities at the level of 10% (orange

line) excess cooling could rule out almost all of the joint (g − 2)µ and H0

explanation, while sensitivities at the level of 1% (yellow line) could exclude

almost the entire parameter space favored by the (g − 2)µ anomaly.

4.5 Conclusions

In this chapter, we have performed for the first time an ab initio computation

of the WD luminosity due to plasmon decay into neutrinos in presence of an

extra new U(1)Lµ−Lτ gauge boson. We have performed the calculations for

a representative WD star with a mass of MWD = 1M⊙ and temperature of

TWD = 108 K. Following [421], we have considered two main approximations:

the degenerate regime (for the inner layers of the WD) and the classical

regime (for the outer ones).

Our main result is a careful derivation of the neutrino luminosity for

the entire mass range of a U(1)Lµ−Lτ boson resulting in the limits shown

in Fig. 4.4. In particular, we have also performed the computation in the

resonant regime where the A′ masses are comparable to the plasma frequency

ωp. We have demonstrated that the varying profile of the electron density ne

and chemical potential µ in the interior of the star result in a broad range

of A′ masses of 100 eV ≲ mA′ ≲ 100 keV, in which plasma resonance effects

become important and lead to a significantly increased cooling contribution

of the A′.

We have further demonstrated that the current bound of 30% extra WD

cooling is the leading constraint on the region of parameter space favored

by a simultaneous explanation of the (g − 2)µ and H0 anomaly (cf. red line
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in Fig. 4.5). A future precision observation of the WD neutrino luminosity

function with CASTOR at the 10% or even 1% level could exclude a large

fraction or even the entire remaining parameter space favored by (g − 2)µ.

A straightforward extension of this work would be to perform the same

calculations for neutron stars. However, the lack of knowledge of the precise

equation of state for these stars makes it fundamentally more difficult to

obtain robust results for the corresponding luminosities. Nevertheless, com-

pared to WDs these objects exhibit much higher densities and at their birth

also much higher temperatures of up to T ∼ 50 MeV. This could significantly

enhance the effect of neutrino cooling through a novel U(1)Lµ−Lτ boson and

in particular improve sensitivities at higher boson masses. Furthermore, res-

onances at a higher mass range could result in limits improving over current

ones for mediators like leptophilic dark photons.
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In this thesis we have explored different strategies to test dark sectors, with

emphasis on dark photons and heavy neutral leptons, especifically for the

“Three portal model” and Lµ − Lτ gauge extensions. We have addressed

one particular anomaly: MiniBooNE low energy excess. We also took the

solution we fitted in MiniBooNE to look for effects in a very different scenario:

white dwarf cooling. We have also tested the Lµ − Lτ dark photon in these

compact stars. The main idea underneath this test was to realize and show

how astrophysics can also constrain the models we use to explain terrestrial

anomalies. In this way, dark sectors can be inspected from various different

approaches and sub-fields, from neutrino to astro-particle physics.

Dark sectors in MiniBooNE As we have seen in Chapter 2, anomalies

in experiments like MiniBooNE open the door to a rich world of possibilities

from dark sectors, since there are many final states that could be misre-

constructed as signal events in the detector. We discussed a vast array of

dark sector models that could produce those states and consequently that

could explain the excess. Thanks to this richness we were able to propose a

LEE explanation exploiting the production of an e−e+ pair from the decay

of HNLs, upscattered by neutrinos in the detector itself. We have discussed

how this solution is a successful alternative to the sterile neutrino oscilla-
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tion ones, that are strongly disfavored as they produce an excess in both

disappearance and appearance experiments and they have not been seen in

MicroBooNE [222–225, 229, 271, 275].

The process we fitted, namely an up-scattering to an HNL through a dark

photon, has other challenges: the HNLs can be long-lived in some regions

of parameter space. Therefore, they can interact with the dirt before the

detector and decay inside it, as well as escape from the detector not leaving

a single trace of their presence. These subtleties were carefully worked and

studied, so that the correct amount of events was computed. The best solu-

tions involved non-prompt lifetimes, such that the higher energy HNLs could

escape the detector before decaying.

This model fits better than the sterile neutrino oscillation explanation,

with a χ2 of 14%. However, it also shares the difficulty of a tension in fitting

the neutrino and anti-neutrino mode simultaneously. Another challenge is to

reproduce the angular distribution of the excess which, although is forward,

it exhibits events along a broad angular spectrum. The HNLs are usually

produced very close to the direction of the beam. A dark sector that would

fit even better is one with a scalar or axial coupling to matter, though a

vector coupling for the decay, though these models are more constrained by

direct searches.

The “Three portal model” regions that better fit MiniBooNE can also be

tested in the SBN program. We showed that O(103) events would be seen in

MicroBooNE and O(104) events in ICARUS and SBND, without considering

the detector responses and (mis-)reconstruction capacities. In principle, we

would expect to observe these kinds of events in the future years and be

able to constrain or exclude parts of the parameter region of the model. In

principle any dark sector model fitting MiniBooNE can be tested at these
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experiments.

Testing the dark photon in WDs Any model with a mediator that can

connect a photon or an electromagnetic current with a neutrino current, such

as the dark photon from the “Three portal model”, could in principle leave

traces in the cooling rate of hot WDs. Therefore, this dark boson is a suitable

candidate to study a contribution to plasmon decay in WDs, which is the

main source of cooling for those stars with temperatures beyond 107.8 − 108

K.

Even though the constrained couplings from the model are usually weaker

than the electroweak ones, the region of masses of the order of 10s MeV to 1

GeV of the dark photon gives a stronger contribution through its propagator.

For the temperatures considered, ≪ 1 MeV, the propagator takes the form of

1/m2
Z′ , which can be several orders of magnitude greater than the SM ones:

1/m2
W or 1/m2

Z .

The constraints found by this search do not depend on the number of

HNLs added to the model. The only parameter that comes into the compu-

tation from the neutrino sector of the model is the neutrino mixing. Light

sterile neutrino mass states could even make the limits stronger: no extra

state would relax the limits obtained in Chapter 3. The constraints calcu-

lated in the present work are stronger that the general model - independent

limits from DIS [428], LKB [429] and EWPO [430].

The general behavior of the limits are as expected: lower masses of the

dark photon are more constrained than higher masses due to the impact of

its propagator, while higher values of the kinetic mixing ε are more excluded.

In the region studied, where the propagator is approximated to a constant,

the temperature does not have a direct impact in the limits. The indirect
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effect of the temperature would be on the stars observed and the statistics

and sensitivity of their measurement, which is beyond the scope of this work.

In the case of the Lµ−Lτ , this model has a strong advantage: it just adds

one field to the SM. The dark photon that arises from this model is directly

connected to the second and third generation of leptons, which makes it less

constrained than models where interactions with electrons are at tree level.

This dark photon, as we have shown, can interact with the first generation

of leptons through a kinetic mixing with the photon and the Z boson at

a 1-loop level. This possibility lets this dark photon to contribute to WD

cooling.

In Chapter 4, we have performed a computation of the luminosities in

this BSM scenario for a full range of masses. These whole-range limits may

not be important if we consider other ones. However, they allow us to better

understand the effect of having an extra boson of any mass in a WD and to

visualize a region which would in principle enable to observe new physics in

any hot object: the resonant region. Hotter and denser objects could more

stringently exclude regions. That is why a further study in neutron stars

could also be of great interest for researchers working in dark sectors.

The limits come from the heavy sector of the mass range, for which we

have shown a better constraint than the existing ones, especially on the re-

gion where the Lµ − Lτ model could in principle solve the Hubble tension

and the muon (g − 2)µ simultaneously. The sensitivities that set the limits

were obtained thanks to the statistical fit done by [431] and the χ2 values

the authors found for hot WD luminosities deviating from just the SM con-

tribution. A careful inspection into the values was needed to find the 90%

C.L., which is the same level considered by the other limits. There is still a

region from which this model could solve the two anomalous measurements,

201



Conclusions

though near future observations by CASTOR may exclude the whole region.

Astrophysics as a testing scenario As we have shown from a WD cool-

ing context, astrophysical scenarios may be fruitful places to search for dark

sectors and to test the models, especially when they play a role in explaining

observed anomalies. Astrophysics can constrain the models used to explain

terrestrial experimental anomalies, as we showed in Chapter 3. There are

some conclusions and future prospects that we can extract from the work

presented here.

Open questions and future developments First, low mass mediators

are more strongly excluded by cooling stars because of their higher contri-

bution to cooling through their propagators. If these masses are well above

the plasma frequencies in the star core, then the effect is simply a linear

one on the space of the mass and couplings of the dark vector. We have

not computed a case in which a non-excluded mass for a mediator can be

in resonance with the star plasma ferquencies, since the computations done

for the resonant region in the present thesis set limits for already excluded

parameter regions. This was out of the scope of our work, but it is a promis-

ing challenge to find such a case. Neutron stars (NSs) could offer fruitful

opportunities to exclude broader ranges of parameter regions for ∼ O(MeV)

bosons under this resonant regime, due to their higher masses and densi-

ties. The difficulties for these computations are related to the modeling of

the equation of state of the NSs: unless we know with more precision what

happens inside these stars, we will not be able to set stronger limits than the

current ones.

Second, WDs, as degenerate scenarios, are sensitive to BSM physics.

In our case, an electron degenerate gas makes leptonic processes visible.
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Hadronic degenerate cases could also have a strong impact, though we would

need to be very careful about the regime in which form factors can be used

for the computations. The formulae used in the present thesis regard the

degenerate approximation in order to compute quantities that would be nu-

merically too expensive without these degenerate assumptions. A full com-

putation of plasmon decay emissivities is also a challenge to face in the future

in order to have a better control of the different regimes found in stars. This

is especially relevant when we get closer to their atmospheres and farther

from the center of the degenerate core.

Third, dark sectors offer a rich a vast phenomenology that can explain

many of the current experimental anomalies with just some simple new in-

gredients added to the SM. We have mainly worked with dark photons, so

other kinds of mediators are a challenge for the future. In the case of scalars

in WD cooling, they have a suppressed contribution because they couple to

the difference of electrons and positrons distributions. Unless other kinds of

diagrams are made possible, this would be analogous to the axial contribu-

tion in the case presented here. Furthermore, pseudo-scalar vanish if we are

forced to attach them to electron-positron loops. Axions and ALPs in general

could be good candidates to be studied, as they can directly be connected

to photons. Hot WDs are also sensitive to more exotic interactions, though

that was out of the scope of this work and remains as a future challenge.

Finally, there are many other astrophysical (and cosmological) scenarios

that can help in the search of dark sectors, such as black holes, Active Galac-

tic Nuclei (AGNs), phase transitions, inflation, topological defects, etc. The

collaboration between these contexts and terrestrial experiments is certainly

of great importance and can in principle give a feedback to the solutions that

are being regarded for many of the current experimental anomalies. This is
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precisely what we wanted to show along the thesis.
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Appendix A

MiniBooNE signal selection

The MiniBooNE signal selection focused on a νµ → νe signal from oscillations.

The data released by the collaboration [66] includes data and background

distributions in reconstructed quantities like visible shower energy, shower

angles, and reconstructed neutrino energy under the assumption of CCQE

scattering. The collaboration also released Monte-Carlo events with true and

reconstructed variables and selection efficiencies for electron and photon fi-

nal states. These data releases are best suited for studies of single-electron,

positron, or photon final states. Other models based on misidentifying mul-

tiple electromagnetic showers into one require greater care since they depend

on the detector response and signal reconstruction specifics. The two main

challenges are i) obtaining realistic distributions of reconstructed quantities

without a detailed detector simulation and ii) evaluating the signal efficiency

without access to high-level reconstructed variables. For instance, part of

the signal selection in MiniBooNE is performed using particle identification

likelihoods, which quantify the compatibility of an observed event with the

hypothesis that it consists of an electron, muon, or pion final state. Without

a detector simulation, obtaining the distributions of these abstract quanti-

205



APPENDIX A. MINIBOONE SIGNAL SELECTION

0 500 1000 1500 2000

Eν/MeV

0.000

0.025

0.050

0.075

0.100

0.125

0.150

eff

e/γ efficiency

Figure A.1: MiniBooNE single electron/photon efficiencies as a function of
energy [60] used in this work.

ties and the selection efficiency of the respective cuts in these variables is not

realistic. As a result, phenomenological studies of models that rely on the

misidentification of final states are subject to more uncertainties than those

based on oscillation signatures, for example.

In the absence of dedicated studies of exotic e+e− and γγ final states

by the collaboration, we turn to simplified signal selection criteria. As the

main benchmark of this chapter, we focus on the dark neutrino model that

arises from the Three Portal model, where the main source of uncertainty

in the analysis is the probability that an e+e− final state is selected as an

electron-like event in the LEE region. We also turn to the study in Ref. [198],

where the authors attempted to reproduce the MiniBooNE π0 signal selection

without a complete detector simulation. In our own fits, we implement a

procedure analogous to theirs and compare the final signal efficiency obtained

under different selection and reconstruction assumptions.
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We divide the selection criteria into two steps.

• Pre-selection: requirements that the e+e− pair is reconstructed as a

single electromagnetic shower.

• Selection: fiducialization, PID, and energy requirements.

To evaluate the efficiency of the second step, we apply the official Mini-

BooNE reconstruction efficiencies shown in Fig. A.1 for each event given its

Evis. Since we apply fiducial volume cuts ourselves, we divide the official

MiniBooNE efficiencies by 55% [54]. The efficiencies also include the cut on

Evis > 140 MeV, so we extend our prediction down to Evis < 100 MeV. This

is also an approximation since the shape of CCQE events and dark-neutrino

events within this low-energy bin can differ. Also implicit is the assumption

that the PID cuts have the same efficiency for CCQE events and e+e− ones.

These cuts account for approximately a factor of two reduction in the overall

efficiency [54]. This number may vary for e+e− events due to the different

topology, but it cannot be estimated here without access to the reconstructed

electron, muon, and pion likelihoods for each event. Finally, other cuts aimed

at reducing external (dirt and wall) events and comics are also included in

Fig. A.1 and are assumed to have the same effect on e+e− events.

We now describe two simplified pre-selection procedures and compare

their efficiencies in Figs. A.3 and A.4.

A.1 Simplified hard cuts pre-selection

A dark neutrino event can be reconstructed as a single shower for sufficiently

energy-asymmetric or collimated e+e− pairs. A simplified approach adopted

in Refs. [196, 230] was to define an energy-asymmetric e+e− pair as one where
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the energy of one of the particles was below 30 MeV (after smearing). Events

were classified as overlapping when the opening angle between the leptons

was at most 13◦ (after smearing). In addition, a cut on the true invariant

mass of all events was performed, simulating the selection criterion in Table

12.1 of Ref. [391],

mtrue
e+e− <

[
32.03 + 7.417

(
Ee+ + Ee−

GeV

)
(A.1)

+27.38

(
Ee+ + Ee−

GeV

)2
]

MeV.

In the MiniBooNE analysis, this cut is applied to the invariant mass ob-

tained under the two-photon reconstruction hypothesis. Without such a

reconstructed variable, we apply the cut to the true invariant mass of the

e+e− pair. This implicitly assumes that the MiniBooNE two-photon recon-

struction correctly reconstructs the e+e− invariant mass, which is less likely

to be the case for events that appear more single-shower-like. While a crude

approximation, this cut ensures that heavy parent particles do not contribute

significantly to the LEE, since the daughter e+e− pair will typically be well

separated. As we will see, this cut tends to produce much smaller efficiencies

than the method implemented in the analysis of the main text.

A.2 Simplified π0-based pre-selection

This method is the one we adopt for our dark neutrino fits and is adapted

from Ref. [198]. The authors implement an energy-dependent cut on the

plane of the π0 kinematics: cos θγγ vs Emax/Evis. This is achieved with a cut

on r, the distance between points in the π0 kinematic plane and the most-

overlapping and most-energy-asymmetric region. The selection criterion is
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designed to reproduce the correct π0-background distribution, and it was

shown to be mostly independent of the exact choice of the abstract variable

r. Due to the similarity between the topology of dark neutrino and π0 events,

we readily adapt the selection for e+e− events. For concreteness, we choose

to work with the variable rcirc1, defined here as

r2circ1 =

(
1− cos θee

2

)2

+

(
1− Emax

Evis

)2

. (A.2)

We then apply an energy-dependent cut on rcirc1 following the data release

of Ref. [198]. The three different r variables defined in Ref. [198], namely,

rcirc1, rcirc0, and rdiag, lead to very similar results.

A comparison of the efficiency for the two pre-selection methods discussed

above is shown in Fig. A.2. We generate upscattering events exclusively

inside the detector and enforce the N4 decays to be prompt. In this way,

the shape of the efficiencies as a function of the reconstructed visible energy

Ereco
vis depends uniquely on the kinematics and not on the HNL lifetime. The

fiducial volume cut is included in our pre-selection efficiency but does not

depend on the kinematics. The comparison shows that the cut in Eq. (A.1)

significantly impacts the true-variable selection method. In addition, the

methods of Appendix A.1 and Appendix A.2 can differ significantly in shape

and overall normalization. The discrepancy is also significant for mZ′ ≃ mπ,

indicating that the true-variable method would most likely not reproduce

the correct π0 spectrum at MiniBooNE if applied to single π0 background

events. This further motivates us to work with the simplified π0 method of

Ref. [198].

We also compare our pre-selection method (circ1) with the misidenti-

fication of π0 backgrounds at MiniBooNE. In Fig. A.3, we show the pre-

selection efficiencies for a few dark neutrino models and compare them with
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the misidentification probabilities for genuine π0 events quoted in Fig. 11.8

of Ref.[391]. Although we refer to the latter as an efficiency, it should not be

confused with the efficiency of reconstructing well-separated 2γ event from

π0s. We convert the true e+e− total energy Etot into a mock π0 momentum

variable according to pπ =
√
E2

tot −m2
π0 . The differences in shapes are due to

the different boost factors of the parent particle. Light mediators produced

on-shell are more likely to be misidentified as a single shower at much lower

momenta than π0 simply due to their larger boosts. In the case of off-shell

mediators, the HNLs are misidentified as a single shower more often across

the entire energy region. Finally, we also compare our preselection with the

efficiency in [198], as a function of the reconstructed visible energy Ereco
vis .

A comparison of the final signal selection efficiencies for various points in

the parameter space of dark neutrino events is shown in Figs. A.5 and A.6.

We do not include the geometrical acceptance in order to isolate the effects

of the kinematics on the efficiency. However, we do include the official Mini-

BooNE e/γ efficiencies.

For ease of comparison with previous literature, we compare our own dark

neutrino fit for 3+1 model with mZ′ = 30 MeV with the fit in Ref. [194].

While the set of phenomenological parameters used in their work is not the

same, we assume that |UD4| = 1, instead of our own value of |UD4| = 1/
√
2.

Good agreement is observed between the two cases.

210



APPENDIX A. MINIBOONE SIGNAL SELECTION

Figure A.2: The final signal efficiency using different pre-selection methods.
The true-variable method, discussed in Appendix A.1, is shown with and
without applying the cut on the e+e− invariant mass mee. The simplified π0

method, discussed in Appendix A.2, is referred to as Kelly-Kopp. We show
the different methods based on the choice of the r variable, as defined in
[198]. In all cases, we generate upscattering inside the detector and enforce
N4 to decay promptly. The fits in the main text are based on the Kelly-Kopp
(circ1) method.

211



APPENDIX A. MINIBOONE SIGNAL SELECTION

Figure A.3: A comparison between the MiniBooNE signal selection efficiency
for dark neutrino events and the misidentification probability for π0 back-
ground events (from [391]) in the true π0 momentum variable. The latter is
defined as

√
E2

tot −m2
π0 for e+e− events.

Figure A.4: A comparison between the pre-selection (circ1) efficiency for
dark neutrino events and the misidentification probability for π0 background
events (from [198]) in the reconstructed visible energy variable.
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Figure A.5: The signal selection efficiency of our simulation for dark neutrino
events in MiniBooNE for the 3+1 model. On the left, we show the efficiency
as a function of the heavy neutrino mass m4 for fixed values of the mediator
mass, mZ′ . On the right, we show the same efficiency, now as a function of
mZ′ for fixed values of m4. The geometric acceptance is not included.

Figure A.6: The signal selection efficiency of our simulation for dark neu-
trino events in MiniBooNE for the 3+2 model. The upper panels show the
efficiency as a function of the HNL mass splitting ∆ (left) and the parent
HNL mass m5 (right) for a single fixed value of mZ′ . The lower panels show
the efficiency as a function of the mediator mass mZ′ (left) and the parent
HNL mass m5 (right) for a single fixed value of m4. The geometric accep-
tance is not included.
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Figure A.7: A comparison of the LEE neutrino energy spectrum fit in this
work and that of Ref. [194] for the choice of mZ′ = 30 MeV. The 1σ and 2σ
regions are shown are shown as smaller and larger closed regions, respectively.
We assume that the results in Ref. [194] are quoted for |UD4|2 = 1.
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Kinematics of events in

MiniBooNE

To understand the properties of the e+e− showers produced in dark neutrino

events, we show the median of kinematical variables across the parameter

space.

For the 3+1 model, Fig. B.1 shows the median of various kinematical

observables as a function ofmZ′ andm4. We can observe that on-shell regions

exhibit more forward events than off-shell ones. Lower values of mZ′ and m4

produce more forward showers because of the larger boost characterizing

the events. In those regions, the misreconstruction of the two showers is

dominated by asymmetric events, which can have a larger separation angle

than those in regions dominated by overlapping showers, which by definition,

have small angles. Higher HNL masses favor higher showers’ total energy,

particularly in the on-shell region, where more energy goes to the e+e− pair

rather than to the outgoing invisible neutrino.

Figure B.2 shows the same study for the 3+2 model. In this case, we

only show the off-shell region considered for this model. The median angle of
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showers relative to the neutrino incoming beam increases with higher values

of m5 and ∆. Close to the off and on-shell decay limits of HNLs, a resonance

due to interactions with dirt produces highly forward events. Conversely, the

angle increases in two directions: for lower m5 and higher ∆. The higher m5

region is naturally explained by the high mass of the decaying HNLs that pro-

duce the showers. The lower m5 region results from filtering highly boosted

events due to long decay, leaving showers with larger angles. The separa-

tion angle between showers mainly depends on the mass of N5, with higher

masses leading to larger angles. However, very high masses approaching the

on-shell region exhibit a reverting effect due to resonance and boosted effect

near the change of regimes on the on-shell side. Apart from this effect, the

region with the highest separation angle is around m5 ∼ 700 MeV, where

the energy asymmetry is also larger due to misreconstructed events being

dominated by asymmetric showers. The total energy of showers is highly

dependent on the regime, with energies significantly higher very close to the

on-shell region. Additionally, higher ∆ values lead to less massive outgoing

N4, translating into more energy going into the showers. Hence, regions with

large m5 exhibit a maximum as they approach the on-shell mediator region.

Figure B.3 shows an additional study on the 3+2 model obtained by

varying mZ′ and m5, while fixing m4 = 150 MeV and ε = 0.01. There is

a clear separation between off and on-shell regimes In the on-shell region,

angles are less forward for lighter mediators and higher m5, while in the off-

shell region, events are less forward for heavier mediators and higherm5. The

angular separation between pairs exhibits the opposite behavior: less forward

events result in more separated e+e− pairs. This region of high separation

is also the most asymmetric one. Moreover, heavier N5 mediators in the on-

shell region lead to significantly higher shower energies, and a similar trend
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can be observed for other cases with fixed m4.
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Figure B.1: The median of kinematical variables in dark neutrino events
at MiniBooNE for the 3+1 model. We show the median of (1) the angle
between the shower and beam, (2) the angle between the two showers, (3)
the asymmetry of the showers, (4) the total energy of the showers, and the
energy of the leading (5) and subleading (6) showers.
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Figure B.2: The median of kinematical variables in dark neutrino events at
MiniBooNE for the 3+2 model with mZ′ = 1.25 GeV. We show the median
of (1) the angle between the shower and beam, (2) the angle between the
two showers, (3) the asymmetry of the showers, (4) the total energy of the
showers, and the energy of the leading (5) and subleading (6) showers.
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Figure B.3: The median of kinematical variables in dark neutrino events
at MiniBooNE. We show the median of (1) the angle between the shower
and beam, (2) the angle between the two showers, (3) the asymmetry of the
showers, (4) the total energy of the showers, and the energy of the leading
(5) and subleading (6) showers. We fix m4 = 150 MeV and ϵ = 0.01.
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Plasmon decay computation

C.1 General expression of the photon self-

energy

Introduction We want to compute the photon self-energy in a QED plasma.

We will mainly consider a plasma of electrons and positrons. The quantity

we are interested in is Πµν , defined through the following diagram:

Πµν is equal to i times this diagram. We will compute the diagram using

the real time formalism of Thermal Field Theory.

Initial expression Following the thermal Feynman rules, we have:

Figure C.1: Feynman diagram under consideration.
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Πµν =− ie2
∫

d4K

(2π)4
tr[γµSF

β (K)γνSF
β (Q−K)]

=− ie2
∫

d4K

(2π)4
tr[γµ( /K +me)γ

ν(/Q− /K −me)]

×
[

i

K2 −m2
e

− 2π
(
θ(−k0) + sgn(k0)f̃(k0 − µe)

)
δ(K2 −m2

e)

]
×
[

i

(Q−K)2 −m2
e

− 2π
(
θ(−q0 + k0)

+ sgn(Q0 − k0)f̃(q0 − k0 + µe)
)
δ((Q−K)2 −m2

e)

]
(C.1)

where:

f̃(x) =
1

eβx + 1
(C.2)

The function θ is the step function and β ≡ 1/T using natural units. It

is important to notice that after performing the product of the 2 factors in

square brackets, we obtain 4 terms that we need to analyze. One of them is

exactly the self-energy of the photon at T = 0, so we do not need to compute

it because it will be absorbed after the renormalization is taken into account.

The term with the 2 deltas is not relevant for our computation because the

both conditions in the deltas taken simultaneously force the photon to be

on-shell and, consequently, no decay is allowed. Therefore, we are left with

2 terms with just one delta that makes the computation be on-shell.
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Πµν =− e2
∫

d4K

(2π)3
tr[γµ( /K +me)γ

ν(/Q− /K −me)]

×
[
θ(−k0) + sgn(k0)f̃(k0 − µe)

(Q−K)2 −m2
e

δ(K2 −m2
e)

]
×
[
θ(−q0 + k0) + sgn(q0 − k0)f̃(q0 − k0 + µe)

K2 −m2
e

δ((Q−K)2 −m2
e)

]
(C.3)

First term First, we will work on the first term. In order to do so, we

need to compute the trace.

tr[γµ( /K +me)γ
ν(/Q− /K −me)] = 4(kµqν + kνqµ − 2kµkν −K ·Qgµν)

≡ 4Aµν

(C.4)

We expect the self-energy to obey the Ward identity, so that: QµΠ
µν = 0.

That also implies thatQµA
µν = 0, which implies thatQ2 = 2Q·K. Therefore,

we can express Aµν as:

Aµν =
(K ·Q)(kµqν + kνqµ)−Q2kµkν − (K ·Q)2gµν

K ·Q (C.5)

Since the delta forces K2 to be equal to m2
e, then the denominator of the

same term would be: (Q−K)2 −m2
e = Q2 − 2Q ·K.

Finally, the rest of the factors can be reduced using the properties of the

delta:
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θ(−k0) + sgn(k0)f̃(k0 − µe)δ(K
2 −m2

e) =
1

2EK

[
f̃(k0 − µe)δ

+

+
(
1− f̃(k0 − µe)

)
δ−
]

(C.6)

where EK ≡
√
K⃗2 +m2

e and δ± ≡ δ(k0 ∓ EK). Therefore, the first term

yields:

2Aµν

EK

f̃(k0 − µe)δ
+ +

(
1− f̃(k0 − µe)

)
δ−

Q2 − 2Q ·K
(C.7)

Second term For the second term, we will use a trick: we will change

the integration variable just with a translation: K → K + Q, so that d4K

remains invariant. After that change and performing the same computation

done for the first term, the second term is:

tr[γµ( /K + /Q+me)γ
ν(− /K +me)] = −4(kµqν + kνqµ + 2kµkν −K ·Qgµν)

≡ −4Bµν

(C.8)

The Ward identity, QµB
µν = 0, gives us a similar relation as the previous

one: Q2 = −2Q ·K. So we find that:

Bµν =
(K ·Q)(kµqν + kνqµ)−Q2kµkν − (K ·Q)2gµν

K ·Q = Aµν (C.9)
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The delta gives us again the relation K2 = m2
e after considering the

transformation K → K + Q. If we follow the same procedure as with the

first term, the second term is found to be:

−2Aµν

EK

(
1− f̃(−k0 + µe)

)
δ+ + f̃(−k0 + µe)δ

−

Q2 + 2Q ·K
(C.10)

Final expression Now, we just need to add the two terms. It is worth

noting that, under the transformation kµ → −kµ, then Aµν → −Aµν and∫
d4K →

∫
d4K. Then, we just need to perform this transformation of the

kµ just for the terms containing δ−, which turns into δ+. In this way and

after integrating over k0 with the use of the Dirac deltas, we find the final

expression for the photon self-energy at finite temperature:

Πµν =4e2
∫

d3k

(2π)3
fe(EK) + fe(EK)

2EK

× Q ·K(kµqν + kνqµ)−Q2kµkν − (Q ·K)2gµν

(Q ·K)2 − (Q2)2/4

(C.11)

Canceling the unphysical decay into e+e− According to Braaten and

Segel [421], it is necessary to cancel the unphysical process: γ → e+e−,

which is forbidden because the thermal masses of the electron and positron

also grow together with the thermal mass of the photon in such a way that

this channel is forbidden. Because of that, it contributes to an imaginary

part of the self-energy, whose value is proportional to the decay width, which

is precisely forbidden. Therefore, the expression to be used for the self-energy

computations is:
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Πµν =4e2
∫

d3k

(2π)3
fe(EK) + fe(EK)

2EK

× Q ·K(kµqν + kνqµ)−Q2kµkν − (Q ·K)2gµν

(Q ·K)2

(C.12)

C.2 Projection onto L and T components

C.2.1 Introduction

The self-energy tensor can be projected onto a longitudinal and a transverse

component using the following projectors:

Πµν = FP µν
L +GP µν

T (C.13)

where the projectors are:

P µν
T =

(
δij − q̂iq̂j

)
δµi δ

ν
j

P µν
L =

(
− gµν +

qµqν

Q2

)
− P µν

T

where: Q = (q0, q⃗)

(C.14)

For the following computations, we will assume without loss of generality

that the photon momentum points towards the Z-axis, so that: q⃗ = qẑ. To

obtain F , we just need to compute Π00:
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Π00 = FP 00
L +GP 00

T

= F

[(
− 1 +

q20
Q2

)
− 0

]
+G · 0

= F
q2

Q2

(C.15)

Therefore, F = Q2

q2
Π00. To obtain G, we need to pick up a direction

perpendicular to Z, any transverse direction. We will choose X:

Πxx = FP xx
L +GP xx

T

= F

[(
1 +

0

Q2

)
−
(
1− 0

)]
+G

(
1− 0

)
= G

(C.16)

Therefore, G = Πxx, such that q⃗ = qẑ.

C.2.2 Computing Π00

Considering that under our assumptions: Q · k = q0Ek − k3q, we plug in

everything to compute Π00 and then change it into spherical coordinates,

such that k3 = k cos θ ≡ kx, where we will call x to cos θ:

Π00 = 4e2
∫

d3k

(2π)3
fe(Ek) + fe(Ek)

2Ek

(q0Ek − k3q)(2q0Ek)−Q2E2
k − (q0Ek − k3q)

2

(q0Ek − k3q)2 −Q4/2

=
e2

2π2

∫
k2dk

Ek
(fe(Ek) + fe(Ek))

∫
dx

(
2Ekq0

Ekq0 − kqx

(Ekq0 − kqx)2 −Q4/4

−Q2E2
k

1

(Ekq0 − kqx)2 −Q4/4
− (Ekq0 − kqx)2

(Ekq0 − kqx)2 −Q4/4

)
(C.17)
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Each of the terms inside the integration over x can be easily performed

and the logarithms can be grouped so as to obtain the final expression:

Π00 =− e2

2π2q

∫
kdk

Ek

(fe(Ek) + fe(Ek))

[
2qk

+
Q2 + 4Ek(Ek − q0)

4
ln

(
Q2 − 2kq − 2Ekq0
Q2 + 2kq − 2Ekq0

)
+
Q2 + 4Ek(Ek + q0)

4
ln

(
Q2 − 2kq + 2Ekq0
Q2 + 2kq + 2Ekq0

)] (C.18)

C.2.3 Computing Πxx

To compute Πxx we need to consider that: kx = k(1 − x2)1/2 cosφ and that

qx = 0:

Πxx = 4e2
∫

d3k

(2π)3
fe(Ek) + fe(Ek)

2Ek

−Q2k2(1− x2) cos2 φ+ (q0Ek − kqx)2

(q0Ek − kqx)2 −Q4/2

=
e2

4π3

∫
k2dk

Ek

(fe(Ek) + fe(Ek))

∫
dxdφ

(
− Q2k2(1− x2)

(q0Ek − kqx)2 −Q4/2
cos2 φ

+ 1 +
Q4

4

1

(q0Ek − kqx)2 −Q4/2

)
(C.19)

The integration over φ is quite simple and, then, the one over x, when

rearranging the terms leads us to the following final form:

228



APPENDIX C. PLASMON DECAY COMPUTATION

Πxx =
e2

2π2q

∫
kdk

Ek

(fe(Ek) + fe(Ek))

[
2qk

(
1 +

Q2

2q2

)
+

1

2

(
(Q2/2− Ekq0)

2

q2
+
Q2

2
− k2

)
ln

(
Q2 − 2kq − 2Ekq0
Q2 + 2kq − 2Ekq0

)
+

1

2

(
− (Q2/2 + Ekq0)

2

q2
− Q2

2
+ k2

)
ln

(
Q2 + 2kq + 2Ekq0
Q2 − 2kq + 2Ekq0

)]
(C.20)

C.3 Propagators, Polarization 4-vectors and

Dispersion relations

C.3.1 Propagators

First, let us compute the longitudinal propagator, which is found by consid-

ering:

D00 =
1

q2 − ΠL(Q)
(C.21)

If ωl(q) is the energy of the longitudinally polarized photon on-shell, we

know that:

lim
q0→ωl(q)

D00 =
ω2
l (q)

q2
Zl(q)

q20 − ωl(q)2
(C.22)

ωl(q) is the pole of the propagator, so that ΠL(ωl(q), q) = q2. To find

the expression for Zl(q), we will do a perturbation on q20: q
2
0 = ωl(q)

2 + λ,

being λ a small parameter which will subsequently be sent to 0. Under

these conditions: ΠL(q0, q) ≈ ΠL(ωl(q), q) + λ∂ΠL

∂q20

∣∣∣
ωl(q)2

= q2 + λ∂ΠL

∂q20

∣∣∣
ωl(q)2

.

Therefore, in the vicinity of ωl(q), we can solve the equality:
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1

q2 − ΠL(
√
ωl(q)2 + λ, q)

=
ωl(q)

2

q2
Zl(q)

ωl(q)2 + λ− ωl(q)2

Zl(q) =
q2

ωl(q)2
λ

1

q2 − (q2 + λ∂ΠL

∂q20

∣∣∣
ωl(q)2

)

Zl(q) =
q2

ωl(q)2

[
− ∂ΠL

∂q20
(ωl(q), q)

]−1

(C.23)

For the transverse, we can work on the X direction, being Z the direction

of the photon momentum:

Dxx =
1

q20 − q2 − ΠT (Q)
(C.24)

Now, the pole of the propagator is ωt(q) and on its vicinity the propagator

takes the form:

lim
q0→ωt(q)

Dxx =
Zt(q)

q20 − ωt(q)2
(C.25)

Now our perturbation will be: q20 = ωt(q)
2+λ and ΠT (q0, q) ≈ ΠT (ωt(q), q)+

λ∂ΠT

∂q20

∣∣∣
ωt(q)2

= q20 − q2+λ∂ΠT

∂q20

∣∣∣
ωt(q)2

. Therefore, in the vicinity of ωt(q), we can

solve the equality:

1

q20 − q2 −ΠT (
√
ωt(q)2 + λ, q)

=
Zt(q)

ωt(q)2 + λ− ωt(q)2

Zt(q) =
ωt(q)

2 + λ− ωt(q)
2

ωt(q)2 + λ− q2 −ΠT (ωt(q), q)− λ∂ΠT

∂q20

∣∣∣
ωt(q)2

Zt(q) =

[
1− ∂ΠT

∂q20
(ωt(q), q)

]−1

(C.26)
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C.3.2 Polarization 4-vectors

The residue of a pole in q20 of Dµν(q0, q) can be identified with εµ(q)εν(q)∗.

So we have:

ResD00 = Res

(
ωl(q)

2

q2
Zl(q)

q20 − ωl(q)2

)
=
ωl(q)

2

q2
Zl(q)

ResDxx = ResDyy = Res

(
Zt(q)

q20 − ωt(q)2

)
= Zt(q)

(C.27)

From these expressions, we can find the polarization 4-vectors:

εµ(q, λ = 0) =
ωl(q)

q

√
Zl(q)(1, 0)

µ

εµ(q, λ = ±1) =
√
Zt(q)(0, ε±(q))

µ

(C.28)

C.3.3 Dispersion Relations

The dispersion relations are simply the ones in which there is a pole on the

denominators of the propagators. Therefore, we have:

ωl(q)
2 =

ωl(q)
2

q2
ΠL(ωl(q), q)

ωt(q)
2 = q2 +ΠT (ωt(q), q)

(C.29)

C.4 Limiting Cases

In the following, we will obtain approximate expressions for certain cases of

interest. We need to take into account the results obtained for the projections

of the self-energy and the plasma frequency.
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C.4.1 Classical limit

In this limit, we have a non-relativistic (T ≪ me) and non-degenerate (T ≪
me−µe) plasma. That means βµ≫ µ/(me−µe). Therefore, the distributions

take the following form:

fe(Ek) =
[
eβ(Ek−µe) + 1

]−1 ∼=
[
eβ(Ek−µe)

]−1
= e

µe−Ek
T

fe(Ek) =
[
eβ(Ek+µe) + 1

]−1 ∼= 0
(C.30)

Because fe(Ek) is negligible, under this regime we will just consider a

plasma of electrons. The number density is given by:

ne(T, µe) =
1

π2

∫
dkk2

(
fe(Ek)− fe(Ek)

)
=
eµe/T

π2

∫
dkk2e−

√
k2+m2

e
T

∼= e(µe−me)/T

√
2π3

(
mT
)3/2(

1 +
15

8

T

me

) (C.31)

On the other hand, the plasma frequency is:

ω2
p =

4α

π

∫
dk
k2

Ek

(
1− 1

3

k2√
k2 +m2

e

)
eµe/T e−

√
k2+m2

e
T

∼= e(µe−me)/T

√
8

π
α
(
mT 3

)1/2(
1− 5

8

T

me

)
=

4παne

me

(
1− 5

2

T

me

) (C.32)

When doing the same process for ΠL and ΠT , we find:

232



APPENDIX C. PLASMON DECAY COMPUTATION

ΠL
∼= ω2

p

(
q2

q20
+ 3

q4

q40

T

me

)
ΠT

∼= ω2
p

(
1 +

q2

q20

T

me

) (C.33)

With this expressions, we can also compute the dispersion relations:

ω2
l = ω2

p

(
1 + 3

q2

ω2
l

T

me

)
, 0 ≤ q <

√
1 + 3

T

me

ω2
t = q2 + ω2

p

(
1 +

q2

ω2
t

T

me

) (C.34)

and:

Zl(q) =
ω2
l

ω2
p

(
1− 6

q2

ω2
l

T

me

)
Zt(q) = 1− ω2

pq
2

ω4
t

T

me

(C.35)

C.4.2 Degenerate limit

In the degenerate limit of the electrons, µe−me ≫ T . Therefore, the positron

distribution vanishes and the electron one approximates to:

fe(Ek) ∼=

1, Ek < me

0, Ek > me

(C.36)

So, the number density is easily found:
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ne(T ∼ 0, µ) =
1

π2

∫
dkk2fe(Ek)

∼= 1

π2

∫ (µ2−m2
e)

1/2

0

dkk2fe(Ek)

=
1

3π2
(µ2 −m2

e)
3/2 ≡ 1

3π2
p3F

(C.37)

For the plasma frequency:

ω2
p
∼= 4α

π

∫ pF

0

dk
k2√

k2 +m2
e

(
1− 1

3

k2√
k2 +m2

e

)
=

4α

π

(
pFEF

3
− m2

epF
3EF

)
=

4α

3π
p2FvF

(C.38)

where vF ≡ pF/EF . We can also compute ΠL and ΠT , by integrating

over p or v, depending on the term:

ΠL
∼= ω2

p

3

v2F

(
q0

2vfq
ln
q0 + vF q

q0 − vF q
− 1

)

ΠT
∼= ω2

p

3q20
2v2F q

2

(
1− q20 − q2v2F

q20

q0
2vfq

ln
q0 + vF q

q0 − vF q

) (C.39)

From these expressions we can find the transverse photon mass:

mt = lim
q→∞

Π
1/2
T =

[
3

2v2F

(
1− 1− v2F

2vF
ln

1 + vF
1− vF

)]1/2
ωp (C.40)

and finally:
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Z−1
l =

3

2

ω2
p

v2F q
2

[
ω2
l

ω2
l − q2v2F

− ωl

2vF q
ln
ωl + qvF
ωl − qvF

]

Z−1
t = 1− 3

2

ω2
p

v2F q
2

[
3

2
− 3ω2

t − q2v2F
2ω2

t

ωt

2vF q
ln
ωt + qvF
ωt − qvF

] (C.41)

C.4.3 Relativistic limit

In the relativistic regime, T, µ ≫ me, so we will assume me ∼ 0. So, the

number density is:

ne(T, µ) ∼=
1

π2

∫
dkk2

[
1

eβ(k−µ)
− 1

eβ(k+µ)

]
=

1

3π2
µ
(
µ2 + π2T 2

) (C.42)

In this particular case, we can solve it for µ:

µ =

(
p3F
2

+

√(
p3F
2

)2

+

(
π2

3
T 2

)3
)1/3

−
(

− p3F
2

+

√(
p3F
2

)2

+

(
π2

3
T 2

)3
)1/3

(C.43)

The plasma frequency is:

ω2
p
∼= 4α

π

∫
dkk

(
1− 1

3

)[
1

eβ(k−µ)
− 1

eβ(k+µ)

]

=
4α

π

2

3

(
3µ2 + π2T 2

6

)
=

4α

3π

(
µ2 +

1

3
π2T 2

) (C.44)

The values for ΠL and ΠT are also obtained straightforwardly by setting
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vF equal to 1 on the previous result for the degenerate case:

ΠL
∼= 3ω2

p

(
q0
2q

ln
q0 + q

q0 − q
− 1

)

ΠT
∼= ω2

p

3q20
2q2

(
1− q20 − q2

q20

q0
2q

ln
q0 + q

q0 − q

) (C.45)

and to conclude:

Z−1
l =

3

2

ω2
p

q2

[
ω2
l

ω2
l − q2

− ωl

2q
ln
ωl + q

ωl − q

]

Z−1
t = 1− 3

2

ω2
p

q2

[
3

2
− 3ω2

t − q2

2ω2
t

ωt

2q
ln
ωt + q

ωt − q

] (C.46)

C.4.4 Analytical Approximation

We can obtain useful approximations to better perform numerical computa-

tions. We first need to integrate ΠL and ΠT by parts. We will first work with

ΠT , which has the form ΠT = 4α
π

∫
dkF(k)(fe(Ek) + fe(Ek)). We will com-

pute the indefinite integral
∫
F(k)dk to perform the whole integration. We

will define w ≡ q/q0 just to have a shorter notation. Since it is an indefinite

integral, we might neglect constant terms.
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∫
F(k)dk =

1

w2

∫
dk

k2√
k2 +m2

e

− Q2

q2
1

2w

∑
b=±1

b

∫
dkk ln

(
1 +

bwk√
k2 +m2

e

)
=

1

w2

(Ekk

2
− m2

e

2
ln(Ek + k)

)
1− w2

2q2w3

∑
b=±1

b
m2

e

2

[( 1

1− v2
− w2

1− w2

)
ln(1 + bwv)

ln(1− v)

2(1 + bw)
+

ln(1 + v)

2(1 +−w)

]
=

q20
2q2

Ekk −
q30E

2
k − k2q2q0
4q3

ln
q0 + vq

q0 − vq

(C.47)

On the other hand, since the integration is performed from 0 to ∞, we

see that the surface terms that arises from the integration by parts vanish

identically. Therefore, we finally obtain:

ΠT =− 4α

π

∫
dk
k3

Ek

[
1

2v2

(
q20
q2

− q20 − v2q2

q2
q0
2vq

ln
q0 + vq

q0 − vq

)]
× d

dk

(
fe(Ek) + fe(Ek)

) (C.48)

Now we will do the same with ΠL, which has the form ΠL = 4α
π

∫
dkG(k)(fe(Ek)+

fe(Ek)). We need to compute the indefinite integral
∫
G(k)dk:
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∫
G(k)dk =

1

w

∑
b=±1

b

∫
dkk ln(1 + bwv)−

∫
dk
k2

Ek

− (1− w2)

∫
dk

kv

1− w2v2

=
1

w

(
E2

k − k2w2

2(1− w2)
ln

1 + wv

1− wv
− m2

ew

2(1− w2)
ln

1 + v

1− v

)
(
kEk

2
+
m2

e

4
ln

1− v

1 + v

)
(1− w2)

(
m2

ew

2(1− w2)2
ln

1 + wv

1− wv
+

m2
ev

2(1− w2)(1− v2)

m2
e

4

1 + w2

(1− w2)2
ln

1 + v

1− v

)
=
k3

Ek

[
1

v2

(
q0
2vq

ln
q0 + qv

q0 − qv
− 1

)]
(C.49)

The surface terms also vanish identically. Therefore, we finally obtain:

ΠL =− 4α

π

∫
dk
k3

Ek

[
1

v2

(
q0
2vq

ln
q0 + vq

q0 − vq
− 1

)]
× d

dk

(
fe(Ek) + fe(Ek)

) (C.50)

For many cases of interest, v can be regarded as being dominated by

a value v∗. For the limiting cases considered above, this value is equal to

0 (classical limit), 1 (relativistic limit) and vF (degenerate limit, because

dfe/dk us peaked at vF ). Under such consideration, we can pull out the

factors depending just on v out of the integral and perform it in a very

simple way. What we are going to do first, is to uncover the relation between

that result and the plasma frequency. In order to do that, we will do the

same process we did for ΠL and ΠT , but for ω2
p, which has the form ω2

p =
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4α
π

∫
dkH(k)(fe(Ek) + fe(Ek)). Let us compute

∫
H(k)dk:

∫
H(k)dk =

∫
dk
k2

Ek

− 1

3

∫
dv

m2
ev

4

(1− v2)2

=

(
kEk

2
+
m2

e

4
ln

1− v

1 + v

)
− 1

3

(
m2

ev −
3

4
m2

e ln ln
1 + v

1− v
+
E2

kv

2

)
=

1

3

k3

Ek

(C.51)

Since the surface terms also vanish, we finally obtain:

ω2
p =− 4α

3π

∫
dk
k3

Ek

× d

dk

(
fe(Ek) + fe(Ek)

)
(C.52)

So the final approximations are:

ΠL = ω2
p

3

v2∗

(
q0
2v∗q

ln
q0 + v∗q

q0 − v∗q
− 1

)

ΠT = ω2
p

3

2v2∗

(
q20
q2

− q20 − v2∗q
2

q2
q0
2v∗q

ln
q0 + v∗q

q0 − v∗q

) (C.53)

With those approximations, we can also find Zl and Zt:

Z−1
l =

3ω2
p

2v2∗q
2

(
ω2
l

ω2
l − v2∗q

2
− ωl

2v∗q
ln
ωl + v∗q

ωl − v∗q
− 1

)

Z−1
t = 1− 3ω2

p

2v2∗q
2

(
3

2
− 3ω2

t − v2∗q
2

2ω2
t

ωt

2v∗q
ln
ωt + v∗q

ωt − v∗q

) (C.54)
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C.5 Computation of axial self-energy of the

photon

C.5.1 Axial self-energy

One expression that will be of great importance to compute the decay of pho-

tons into neutrino pairs is the same diagram that we previously calculated,

the photon self-energy, but with a γ5 matrix. The expression is as follows:

Πµν
A =− ie2

∫
d4K

(2π)4
tr[γµSF (K)γνγ5SF (K −Q)]

=− ie2
∫

d4K

(2π)4
tr[γµ( /K +me)γ

νγ5(/Q− /K −me)]

×
[

i

K2 −m2
e

− 2π
(
θ(−k0) + sgn(k0)f̃(k0 − µe)

)
δ(K2 −m2

e)

]
×
[

i

(Q−K)2 −m2
e

− 2π
(
θ(−q0 + k0)

+ sgn(q0 − k0)f̃(q0 − k0 + µe)
)
δ((Q−K)2 −m2

e)

]
(C.55)

We will follow the same procedure. The two terms, after transforming

the second by doing kµ → kµ + qµ, yield the same trace:

tr[γµ( /K +me)γ
νγ5(/Q− /K −me)] = 4iεµνλσQλKσ (C.56)

In the last line, the symmetric factors vanish due to the antisymmetric

nature of the Levi-Civita symbol. This expression already vanishes when

contracted with Qµ. The rest of the computation is quite similar to the one
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we have already done. When we do K → K +Q to work on the second term

of the last factor, the trace remains the same, as it is easy to show. Finally

we find:

Πµν
A = 4e2iεµνλσ

∫
d4K

(2π)3
KλQσ

2Ek

×
[
f̃(k0 − µe)δ

+ +
(
1− f̃(k0 − µe)

)
δ−

Q2 − 2Q ·K

+

(
1− f̃(−k0 + µe)

)
δ+ + f̃(−k0 + µe)δ

−

Q2 + 2Q ·K

] (C.57)

This can be easily solved by transforming the δ− into δ+ by doing kµ →
−kµ. Then we are left with:

Πµν
A = 2e2iεµνλσ

∫
d3k

(2π)3
fe(EK)− fe(EK)

2EK

Q2KλQσ

(Q ·K)2 − (Q2)2/4
(C.58)

After a manipulation of this expression, we could discover that is purely

transverse and that it has the following form:

Πµν
A = gµigνj[ΠA(Q)(iε

ijmq̂m)]

ΠA(Q) = 8πα
Q2

q

∫
d3k

(2π)3
fe(Ek)− fe(Ek)

2Ek

Q ·Kq0 −Q2Ek

(Q ·K)2 − (Q2)2/4

(C.59)

We can perform the angular integration of ΠA(Q). φ is straightforwardly

done, while with x ≡ cos θ we need to integrate term by term:
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ΠA(Q) =
α

π

Q2

q

∫
k2dk

fe(Ek)− fe(Ek)

Ek

(
q0

∫
dx

q0Ek − qkx
−Q2Ek

∫
dx

(q0Ek − qkx)2

)
=

2α

π

Q2

q

∫
dk

k2

E2
k

(
q0
2qv

ln
q0 + vq

q0 − vq
− Q2

q20 − v2q2

)[
fe(Ek)− fe(Ek)

]
(C.60)

C.5.2 Limits

Classical limit:

ΠA(Q) = e(µ−me)/T

√
2

π
α

(
T 3

me

)1/2
Q2

q20
=

ω2
p

2me

qQ2

q20
(C.61)

Degenerate limit:

ΠA(Q) =
2α

π
kF
Q2

q

(
q0

2vF q
ln
q0 + vF q

q0 − vF q
− 1

)
(C.62)

Relativistic limit:

ΠA(Q) =
2α

π

Q2

q

(
q0
2q

ln
q0 + q

q0 − q
− 1

)
(C.63)

C.5.3 Analytic approximation

By doing a similar process than that done for PiL and PiT , we would find

the following equality:

ΠA(Q) = −2α

π

Q2

q

∫
dk
k3

E2
k

[
1

v2

(
q0
2qv

ln
q0 + vq

q0 − vq
− 1

)]
d

dk

[
fe(Ek)− fe(Ek)

]
(C.64)

In the limits considered above, there is usually a value v∗ that dominates.
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But together with this, we need an axial frequency to absorb the derivative

above. We will define this to be ωA:

lim
q→0

ΠA(Q) = ωAq (C.65)

We now can compute this frequency, neglecting some terms by considering

that q → 0:

ωA =
2α

π

q20
q2

∫
dk
k2

E2
k

(
q0
2qv

ln
1 + (v/q0)q

1− (v/q0)q
− Q2

q20

(
1 + (v2/q20)q

2
))[

fe(Ek)− fe(Ek)
]

=
2α

π

q20
q2

∫
dk
k2

E2
k

((
1 +

v2q2

3q20

)
−
(
1− (1− v2)

q2

q20

))[
fe(Ek)− fe(Ek)

]
=

2α

π

∫
dk
k2

E2
k

(
1− 2

3
v2
)[
fe(Ek)− fe(Ek)

]
(C.66)

Also, considering that
∫

k2

E2
k

(
1− 2

3
v2
)

= k3

E2
k
+ C, we find the following:

ωA = −2α

3π

∫
dk
k3

E2
k

d

dk

[
fe(Ek)− fe(Ek)

]
(C.67)

Finally, we can express ΠA(Q) in terms of ωA and, by considering a dom-

inant v∗, we obtain:

ΠA(Q) = ωA
Q2

q

3

v2∗

(
q0
2qv∗

ln
q0 + v∗q

q0 − v∗q
− 1

)
(C.68)
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C.6 Decay of the plasmon

C.6.1 Amplitude

We need to compute two main diagrams by which the photons decay into a

pair of neutrino-antineutrino. The first one is through the Z boson, while

the second through the W one. What we will see is that these diagrams can

be computed in terms of the photon self-energy and axial self-energy. We

will consider that M2
Z and M2

W are much larger than the square 4-momenta

of the propagators involved. The decay can take place mediated by the Z

boson:

MZ = εµ(Q)

∫
d4k

(2π)4
tr
[
γµSF (K)γν(C

(e)
V − C

(e)
A γ5)S

F (K −Q)
]e
4

e2

sin2 θW cos2 θWM2
Z

× u(p1)γν(1− γ5)v(p2)

=
GF√
2

1√
4πα

εµ(Q)
[
C

(e)
V Πµν − C

(e)
A Πµν

A

]
u(p1)γν(1− γ5)v(p2)

(C.69)

The other diagram that contributes to the process is mediated by the W

boson:

MW = εµ(Q)ie

∫
d4k

(2π)4
−igW
2
√
2
tr
[
γµSF (K)γν(1− γ5)S

F (K −Q)
]−igW
2
√
2

i

M2
W

× u(p1)γν(1− γ5)v(p2)

=
GF√
2

1√
4πα

εµ(Q)
[
Πµν − Πµν

A

]
u(p1)γν(1− γ5)v(p2)

(C.70)

Here, the final states can just be νe and νe. We can sum both diagrams
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to obtain:

M =
GF√
2

1√
4πα

εµ(Q)
[
CVΠ

µν − CAΠ
µν
A

]
u(p1)γν(1− γ5)v(p2) (C.71)

where CV is equal to 2 sin2 θW + 1/2 for νe and 2 sin2 θW − 1/2 for the

other neutrino species, while CA is equal to 1/2 for νe and −1/2 for the

rest. Now, we need to see how we can carefully separate that part that

belongs to the longitudinal polarization to that of the transverse, because the

photon polarization vector and its dispersion relation is differently defined

with respect to each of them. Πµν , when q⃗ = qq̂, is:

Πµν =



ΠL 0 0 q0
q
ΠL

0 ΠT 0 0

0 0 ΠT 0

q0
q
ΠL 0 0

q20
q2
ΠL


= ΠL

(
1,
q0
q
q̂
)µ(

1,
q0
q
q̂
)ν

+ΠT

(
δij−q̂iq̂j

)
gµigνj

(C.72)

Therefore, the final expression for M would be:

M =
GF√
2

1√
4πα

[
εµ(ωl, q)CV

(
ΠL(ωl, q)

(
1,
ωl

q
q̂
)µ(

1,
ωl

q
q̂
)ν)

+ εµ(ωt, q)g
µi

(
CVΠT (ωt, q)

(
δij − q̂iq̂j

)
+ CAΠA(ωt, q)(iε

ijmq̂m)

)
gνj

]
u(p1)γν(1− γ5)v(p2)

(C.73)
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If λ stands for the polarization, the previous equation can be expressed

in a short hand notation:

M =
GF√
2

(
Γµν
λ εν(q⃗, λ)

)
u(p1)γν(1− γ5)v(p2) (C.74)

where a sum over polarizations is assumed.

C.6.2 Decay width

The previous process has the following effective diagram:

The decay width of the process given a specific polarization λ is:

Γλ(q) =
1

2ωλ(q)

∫
d3p1
(2π)3

1

2p1

∫
d3p2
(2π)3

1

2p2
(2π)4δ(4)(P1 + P2 −Q)|M|2

(C.75)

We are assuming that the number density of neutrinos is negligible, so

that no Pauli blocking factors need to be considered. We can see that the

integration is just of |u(p1)γν(1− γ5)v(p2)|2. We can sum over final states to

obtain:

∑
spins

|u(p1)γν(1− γ5)v(p2)|2 = 8
(
P µ
1 P

ν
2 + P ν

1 P
µ
2 − P1 · P2g

µν − iεµνλσP1λP2σ

)
(C.76)
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So the integrals over p1 and p2 give us a tensor, Iµν :

Iµν =
1

2π2

∫
d3p1
p1

d3p2
p2

δ(4)(Q− P1 − P2)
[
Pµ
1 P

ν
2 + P ν

1 P
µ
2 − P1 · P2g

µν − iεµνλσP1λP2σ

]
(C.77)

To compute this tensor, we will just need to compute I00 and I03, as we

will see. Before starting to compute it, let us analyze what happens to the

last term in the square brackets when we consider P2 → Q−P1. We will have

just one apparently non vanishing term: the one that contains εµνλσP1λQσ.

But, if we consider Z to be the direction of q⃗, we see that this term also

vanishes for our computation: for I00 the Levi-Civita symbol vanishes, and

for I03, since Q only has non-vanishing for 0 and 3, its contraction with ε00λσ

vanishes identically. Therefore, we just need to compute Iµν0 :

Iµν0 =
1

2π2

∫
d3p1
p1

d3p2
p2

δ(4)(Q− P1 − P2)
[
P µ
1 P

ν
2 + P ν

1 P
µ
2 − P1 · P2g

µν
]

(C.78)

The interesting fact about Iµν0 is that it is symmetric in µν, so that we

can express it in the following way:

Iµν0 = A(Q2)qµqν +B(Q2)gµν

I030 = A(Q2)q0q

I000 = A(Q2)q20 +B

(C.79)

It is important to note that, considering kinematics, the value of p1 ≡ |p⃗1|
is:
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p1 =
Q2

2(q0 − qx)
(C.80)

where x ≡ cos θ, and θ is the angle between p⃗1 and q⃗. On the other

hand, after performing the integral for the spatial part of the Dirac delta, we

remain with the following:

δ(q0 − p1 − p2) =
q0 − p1
q0 − qx

δ

(
p1 −

Q2

2(q0 − qx)

)
(C.81)

Now, we can compute I030

I030 =
1

2π2

∫
d3p1
p1

d3p2
p2

δ(4)(Q− P1 − P2)
[
p1p

z
2 + pz1p2

]
=

1

2π2

∫
p1dp1dφdx

q0 − qx
δ

(
p1 −

Q2

2(q0 − qx)

)[
p1q −+p1x(2p1 − q0)

]
=
q0q

3π

(C.82)

Therefore, A = 1
3π
. Now, we need to compute I000 :

I000 =
1

2π2

∫
d3p1
p1

d3p2
p2

δ(4)(Q− P1 − P2)
[
p1p2 + p1 · p2

]
=

1

2π2

∫
p1dp1dφdx

q0 − qx
δ

(
p1 −

Q2

2(q0 − qx)

)[
p1q0 −+p1xq − 2p21

]
=
q2

3π

(C.83)

Therefore, B = I000 − Aq20 = −Q2

3π
. So, for our case, Iµν ≡ Iµν0 :

Iµν =
1

3π

(
qµqν −Q2gµν

)
(C.84)
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However, if we remember that QµΓ
µν = 0, the effective tensor we need to

consider is:

Iµνeff = − 1

3π
Q2gµν (C.85)

So, we obtain for the decay width:

Γλ(q) = −G2
F

12π

ωλ(q)
2 − q2

ωλ(q)

(
Γαµεµ(q, λ)

)(
Γαρε

ρ(q, λ)
)∗

(C.86)

C.6.3 Longitudinal case

We need to compute the terms contracting and keep in mind that ΠL(ωl, q) =

q2:

Γαµ(ωl(q), q)εµ(q, 0) =
1√
4πα

CVΠL

(
1,
ωl

q
q̂
)α(

1,
ωl

q
q̂
)µωl(q)

q

√
Zl(q)(1, 0)µ

= CV
1√
4πα

qωl(q)
√
Zl(q)

(
1,
ωl

q
q̂
)α

(C.87)

If we plug this into the expression for the decay width, we find:

Γl(q) = C2
V

G2
F

48π2α
Zl(q)

(
ωl(q)

2 − q2
)2
ωl(q) (C.88)

C.6.4 Transverse case

This case is a bit more subtle in the computation. We need to remember

that ΠT (ωt, q) = ωt(q)
2 − q2.
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Γαµ(ωt(q), q)εµ(q,±1) =
1√
4πα

(
CV

(
δij − q̂iq̂j

)
gαigµjΠT

+ CAg
αigµjΠA

(
iεijmq̂m

))√
Zt(q)

(
0, ε⃗±(q)

)
µ

=
1√
4πα

√
Zt(q)

(
CV

(
ωt(q)

2 − q2
)(

0, ε⃗±(q)
)α

− CAΠA

(
0, iq̂ × ε⃗±(q)

)α)
(C.89)

It is important to notice that the first and second terms in the parenthesis

represent perpendicular vectors, so that their contraction vanishes. Keeping

this in mind, we can finally obtain the decay width for this case:

Γt(q) =
G2

F

48π2α
Zt(q)

ωt(q)
2 − q2

ωt(q)

(
C2

V

(
ωt(q)

2 − q2
)2

+ C2
AΠA(ωt(q), q)

2

)
(C.90)

C.6.5 Including plasma effects from protons

If we made all the computations considering the thermal bath of protons too

in such a way that the plasma frequency is much less than 700 MeV, so that

form factors do not need to be included, we would straightforwardly obtain

the following results:
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Γl(q) =
G2

F

48π2α
Zl(q)

(
ωl(q)

2 − q2
)2
ωl(q)

q4

[
CVΠ

(e)
L (ωl, q)− hVΠ

(p)
L (ωl, q)

]2
Γt(q) =

G2
F

48π2α
Zt(q)

ωt(q)
2 − q2

ωt(q)

[(
CVΠ

(e)
T (ωt, q)− hVΠ

(p)
T (ωt, q)

)2

+

(
CAΠ

(e)
A (ωt, q)− hAΠ

(p)
A (ωt, q)

)2
]

(C.91)

where wherever we find a (p) we must substituteme → mp in the previous

expressions. On the other hand, hV = −2 sin2 θW+1/2 and hA = gA/2, where

gA ≈ 1.26. Finally, the dispersion equations are now:

ω2
t = q2 +Π

(e)
T (ωt, q) + Π

(p)
T (ωt, q)

ω2
l =

ω2
l

q2

(
Π

(e)
L (ωl, q) + Π

(p)
L (ωl, q)

) (C.92)

C.7 Emissivity of the plasma

We want to compute the emissivity Q of the plasma, namely, the rate of

energy loss per unit volume. What we need to do is integrate the decay

rate over the phase space of the photon, weighted by the number density

and energy and summing over the polarization states of the photon and the

different species of neutrinos. The full expression is:

Q =
∑
ν

∫
d3q

(2π)3

[
2nB

(
ωt(q)

)
ωt(q)Γt(q) + nB

(
ωl(q)

)
ωl(q)Γl(q)

]
(C.93)
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where nB is the boson distribution of the photons:

nB(ω) =
1

eω/T − 1
(C.94)

If we plug in the expressions already found, we obtain the following emis-

sivity for each type of polarization:

Qt = 2
(∑

ν

C2
V

) G2
F

96π4α

∫ ∞

0

dqq2Zt(q)
(
ωt(q)

2 − q2
)3
nB(ωt(q))

QA = 2
(∑

ν

C2
A

) G2
F

96π4α

∫ ∞

0

dqq2Zt(q)
(
ωt(q)

2 − q2
)
ΠA(ωt(q), q)

2nB(ωt(q))

Ql =
(∑

ν

C2
V

) G2
F

96π4α

∫ ∞

0

dqq2Zl(q)ωl(q)
2
(
ωl(q)

2 − q2
)2
nB(ωl(q))

(C.95)

where
∑

ν C
2
V = 3/4 − 2 sin2 θW + 12 sin4 θW ≈ 0.911 and

∑
ν C

2
A = 3/4,

for the standard number of species of light neutrinos.

C.8 Dark Sectors and Plasmon Decay

C.8.1 Dark Photon from the Three portal model

We can consider the effects of a dark photon, such as in the model of the

Three Portal dark sectors. For the energies we are considering, we have an

effective interaction of the dark photon of the following form:

LI = −ϵeJEM
µ Z ′µ + gDJ

D
µ Z

′µ (C.96)
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where JEM
µ is an electromagnetic current, JD

µ is a dark current that con-

sists of dark neutrino states: ν̄DγµνD, and Z
′µ is a dark photon. We consider

ϵ to be a small number, while gD is not highly constrained. This interaction

allows the dark photon to couple to the fermion loop the plasmon decay, on

one side, and to neutrino dark states, on the other. The dark neutrinos are

mixed with the SM neutrinos in such a way that the dark photon would be

effectively coupled to these SM neutrino states. We consider the non-SM

states to have masses well above the limit of what can be produced by the

decay of a plasmon.

The contribution to the amplitude of the plasmon decay is exactly the

same diagram of the Z-contribution, but with a dark photon instead of that

heavy boson state. In this case, we will not use an effective propagator of

the boson (dark photon) due to its heavy mass. The amplitude to neutrino

mass states i and j is:

Mij
Z′ = −εµ(Q)

∫
d4k

(2π)4
tr
[
γµSF (K)γνSF (K −Q)

]
× ϵe2

1

Q2 −M2
Z′

gD
2
U∗
iDUjD

× uj(p1)γν(1− γ5)vi(p2)

=
GF

2

1√
4πα

[
CD

ν,ijΠ
µν
]
uj(p1)γν(1− γ5)vi(p2)

(C.97)

where U is the mixing matrix for neutrino states and:

CD
ν,ij =

√
2πα

GF

ϵgDU
∗
iDUjD

M2
Z′ −Q2

(C.98)

Now, this effective C is purely vector in nature, but depends on Q. We
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can just add it to the SM contribution, but it is important to notice that

we must sum over all contributions. We need to project the SM results on

different mass states, final i and j states. Then, we need to sum over all

possible combinations of light mass states:

CV,ij =
∑
α

CSM
V,αU

∗
αiUαj +

√
2πα

GF

ϵgDU
∗
iDUjD

M2
Z′ −Q2

C2
V,ij =

∣∣∑
α

CSM
V,αU

∗
αiUαj

∣∣2
+

√
8πα

GF

ϵgDU
∗
iDUjD

M2
Z′ −Q2

Re
(∑

α

CSM
V,αU

∗
αiUαj

)
+

2πα

G2
F

ϵ2g2D
∣∣UiD

∣∣2∣∣UjD

∣∣2
(M2

Z′ −Q2)2

(C.99)

where CSM
V,α is 2 sin2 θW +0.5 for νe and 2 sin2 θW −0.5 for the other flavors.

Now, we perform the sums over all possible final mass eigenstates to

compute the decay width:

∑
ij

C2
V =

∑
α

(
CSM
V

)2
+

√
8πα

GF

ϵgD
∣∣UiD

∣∣2
M2

Z′ −Q2
Re
(∑
α,i,j

CSM
V,αU

∗
αiUαj

)
+

18πα

G2
F

ϵ2g2D
∣∣UD

∣∣4
(M2

Z′ −Q2)2

(C.100)

where, to simplify the computation, we have assumed that UiD ≡ UD is

equal for every i and
∑

α

(
CSM

V

)
= 6 sin2 θW − 1/2.

With this change, we alter the transverse and longitudinal emissivities:

254



APPENDIX C. PLASMON DECAY COMPUTATION

Qt =2
G2

F

96π4α

∫ ∞

0

dqq2Zt(q)

×
(∑

αβ

(
CV (ωt(q), q)

)2)(
ωt(q)

2 − q2
)3
nB(ωt(q))

Ql =
G2

F

96π4α

∫ ∞

0

dqq2Zl(q)
(∑

αβ

(
CV (ωl(q), q)

)2)
× ωl(q)

2
(
ωl(q)

2 − q2
)2
nB(ωl(q))

(C.101)

where we have added an explicit dependence of CV on Q ≡ (ωi(q), q),

such that i = t, l. QA remains unchanged.

C.8.2 Dark Photon from U(1)Li−Lj

In the case of the U(1)Li−Lj
model, the computation is straightforward, since

the final states that couple to the dark photon are exactly the same from

the ones that couple to the SM Weak forces. That is why we just need to

reformulate the values of the vector and axial coefficients, as shown before:

Cα,SM+BSM
a (Q) → Cα

a + ba

√
2

GF

kαν d
e
a

Q2 −m2
A′

(C.102)

where a = V,A are the vector and axial components with bV = 1 and

bA = −1, α is the flavor.

The final formula would be the same as the SM one, with the coefficients

inside the integral, as in Eqs. (4.16) to (4.18).
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Lµ − Lτ : Model details

D.1 Loop-induced kinetic mixing in U(1)Li−Lj

In this section, we discuss the computation of the one-loop induced kinetic

mixing. In this work we are mainly interested in U(1)Lµ−Lτ , however, this

discussion is generic for all U(1)Li−Lj
with i, j = e, µ, τ .

Since part of the SM leptons are charged under both the SM hypercharge

U(1)Y and the new leptophilic gauge group U(1)Li−Lj
, a kinetic mixing term

between the new gauge boson and the hypercharge boson as well as the

neutral SU(2)L boson is induced at the one-loop level [481],
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ϵijB(q
2) =

g′ gij
8π2

∫ 1

0

dx x(1− x)

[
3 log

(
m2

i − x(1− x)q2

m2
j − x(1− x)q2

)
(D.1)

+ log

(
m2

νi
− x(1− x)q2

m2
νj
− x(1− x)q2

)]
, (D.2)

ϵijW (q2) =
g gij
8π2

∫ 1

0

dx x(1− x)

[
log

(
m2

i − x(1− x)q2

m2
j − x(1− x)q2

)
(D.3)

− log

(
m2

νi
− x(1− x)q2

m2
νj
− x(1− x)q2

)]
. (D.4)

In the physical basis of neutral photon and Z boson, the mixings with

the new leptophilic gauge boson read

ϵijA(q
2) =

e gij
2π2

∫ 1

0

dx x(1− x) log

(
m2

i − x(1− x)q2

m2
j − x(1− x)q2

)
, (D.5)

ϵijZ (q
2) = −gz gij

4π2

∫ 1

0

dx x(1− x)

[
log

(
m2

i − x(1− x)q2

m2
j − x(1− x)q2

)
(D.6)

+ log

(
m2

νi
− x(1− x)q2

m2
νj
− x(1− x)q2

)]
. (D.7)

Since the typical core temperature of a white dwarf is of the order of

∼ 10 keV, it is safe to assume that the typical energy transfer q2 at which

the plasmon decay is happening, is much larger than the neutrino masses,

q2 ≫ m2
ν . Thus, we can expand the second term in Eq. (D.7),

log

(
m2

νi
/q2 − x(1− x)

m2
νj
/q2 − x(1− x)

)
≈ log

(
x(1− x)

x(1− x)

)
= 0 , (D.8)

where the first approximation is valid almost everywhere in the interval x ∈
[0, 1].
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At the same time, the masses of the charged leptons are much larger than

the WD temperatures, q2 ≪ m2
ℓ . Hence, we can also expand the logarithms

containing the charged lepton masses in Eqs. (D.5) and (D.7),

log

(
m2

i /m
2
j − x(1− x) q2/m2

j

1− x(1− x) q2/m2
j

)
≈ log

(
m2

i

m2
j

)
, (D.9)

In summary, at typical WD temperatures, we can work with the q2-

independent approximations,

ϵijA ≈ e gij
6π2

log

(
mi

mj

)
, (D.10)

ϵijZ ≈ −gz gij
12π2

log

(
mi

mj

)
= −1

2

sW
cW

ϵijA . (D.11)

D.2 Interaction terms of the boson mass eigen-

states

In order to obtain the interaction terms of the physical mass eigenstates of

the neutral gauge bosons, we have to diagonalise both the kinetic and the

mass terms in Eq. (4.1). Applying the full diagonalisation to the interaction

terms, we obtain
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Lint = −(Aµ, Zµ, A
′
µ)
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(D.12)

with the definitions

τ =
√
1− ϵ2A − ϵ2Z , (D.13)

κ =

√
1 + 4

(
ϵZ
δ − 1

)2

, (D.14)

δ =

(
MX

MZ

)2

. (D.15)

Since we are considering the mass range MX ≪MZ we can approximate

δ ≈ 0. Furthermore, we are mostly interested in the parameter space where

gx < 10−2, such that ϵA ≲ 10−4. To linear order in the the small parameters

ϵA and ϵZ , we then get

Lint ≈ −(Aµ, Zµ, A
′
µ)



e jµEM

gz j
µ
Z

gx j
µ
x − e ϵA jµEM − gz ϵZ jµZ


. (D.16)

Hence, we recover the familiar SM photon and Z interactions with the elec-

tromagnetic and Z currents as defined in Eqs. (4.6) and (4.7), respectively.
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The mass eigenstate of the U(1)Lµ−Lτ gauge boson A′, however, not only

couples to the U(1)Lµ−Lτ current but picks up an additional interaction with

the electromagnetic and Z current suppressed by the kinetic mixings ϵA and

ϵZ , respectively.
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Appendix E

Limit extraction for WD

cooling

To set a limit on extra WD cooling through neutrinos, we utilise the χ2

function provided in Fig. 10 of Ref. [431]. The plot in Fig. E.1 shows ∆χ2

as a function of the linear scaling parameter fs quantifying extra neutrino

cooling relative to the SM. The original limit provided in [431] was set at the

95% CL and resulted in an allowed interval of 0.6 ≲ f 95
s ≲ 1.7. However, in

order to be consistent with the literature on dark photons, where limits in the

coupling-versus-mass plane are typically set at the 90% CL, we also extract

the 90% CL limit on the scaling parameter fs by setting ∆χ2 = 2.7 (for 1

dof) in the χ2 function of [431]. As illustrated by the two blue vertical lines

in Fig. E.1, this results in an interval of 0.66 ≲ f 90
s ≲ 1.31. Hence, we can

exclude 30% extra neutrino cooling at the 90% CL (cf. red line in Figs. 4.4

and 4.5) given the analysis of [431].
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Figure E.1: We use the χ2 function computed in Ref. [431] to extract the
limit at the 90% CL (∆χ2 = 2.7) for modified cooling by a factor of fs relative
to the SM.
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