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1 Introduction

The convincing observational evidence for dark matter (DM) [1, 2] leaves no doubt about
the need for physics beyond the Standard Model (SM). This is not the only shortcoming
of the SM, an incomplete list of open issues includes neutrino masses, matter-antimatter
asymmetry, and the strong CP problem. The presence of a “dark” or “hidden sector” con-
sisting of light and weakly-coupled particles that do not experience any known interaction
naturally appears in motivated frameworks addressing these issues. Examples include the
QCD axions [3–6], dark photons [7–10], and new Abelian gauge bosons [11–22]. A note-
worthy effort has been recently dedicated to the search for dark sectors [23–26], and some
discrepancies between theoretical predictions and experimental measurements have been
suggested as possible hints of a dark sector [27–33]. These hypothetical degrees of freedom
interact with visible matter through several “portal” interactions that are constrained by
the symmetries of the SM. There are four well-known portals classified in terms of the
mediator: Higgs portal, axion portal, neutrino portal, and vector portal.

This work focuses on the phenomenological consequences of a (spin-one) vector portal
particle. We assume for concreteness that such a new and light degree of freedom is the
gauge boson of additional Abelian gauge symmetry, a scenario that is indeed ubiquitous
in many ultraviolet (UV) complete theories such as string compactification for unifying all
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forces. We also take the dark Abelian gauge symmetry to be broken spontaneously, and
the resulting gauge field γ′ gets a non-vanishing mass. Although this is our general set-up,
our analysis can be easily translated into scenarios with a different origin for the vector
field (e.g., a composite resonance from a strongly-interacting confining dark sector) with
the appropriate identification of couplings. For this reason, we use the term hidden vector
to refer to the hypothetical particle throughout this study, encompassing scenarios where
γ′ serves as the mediator of a new Abelian force and cases where it does not.

As far as laboratory-based experimental searches are concerned, a high-frequency test
of the Coulomb law [34, 35] and high-quality microwave cavities [36] set strong constraints
on the mass mγ′ of hidden vectors. Further constraints arising from the hidden vector
decays can be listed as beam-dump [37–43], collider searches [44–50], and rare-meson-
decay [51–54] experiments. Searches using laser experiments are also becoming very im-
portant tools to probe dark sector particles [55–62]. In addition, stellar objects can be
seen as laboratories to study various properties of these light, weakly interacting parti-
cles [63, 64]. Interestingly, various measurements of the neutrino flux of Supernova SN
1987A [65–67] showed how one can set strong constraints on hidden-sector particles like
axions [68–78] and dark gauge bosons [79–86]. The Sun itself is one of the most important
natural sources of feebly interacting particles that could be detected on Earth [87]. An at-
tempt to analyze the axion flux from nuclear processes in the Sun has been made in ref. [88].
Several helioscope experiments, including CAST [89, 90], come up with their sensitivity
by aiming to detect solar axions, while the latest SNO data [91] provide a bound on the
axion-nucleon coupling. Borexino has provided bounds on different axion couplings [92] by
considering solar axion produced by the p+d→ 3He+a(5.49MeV) nuclear reaction [6]. A
similar analysis has been performed recently by ref. [93] to improve the Borexino bounds
with the next-generation Jiangmen Underground Neutrino Observatory (JUNO).

In this work, we continue with the same approach developed in [93] and extend the
idea to investigate hidden vectors γ′ produced by the p + d → 3He + γ′ (5.49MeV) nuclear
reaction. Given the set of future detectors, the planned JUNO provides an ideal platform
to search for monochromatic and weakly interacting particles, since it combines a large
fiducial mass (∼ 20 kton) and an exquisite energy resolution (3%/

√
E(MeV) [94].

The landscape of UV completions for the general set-up analyzed here is rather broad.
We describe the general theoretical framework in section 2, where we do not specify the dark
gauge charges of the SM fields. Before doing so, we discuss the identification of physical
states in the most general case and argue how this procedure is different in dense media
(such as the solar core when production occurs) and in the vacuum (approximately the
detector environment). By identifying the physical fields, we can uncover the key mixing
mechanisms responsible for the concealed hidden vector interactions with SM particles. On
the one hand, a renormalizable kinetic mixing between the two Abelian field strengths is
allowed by the symmetries of the theory, and it would be enough to ensure viable production
and detection channels. Even if the kinetic mixing is absent, we can still have a consistent
story of production in the solar core followed by terrestrial detection thanks to plasma
mixing effects as long as the electron carries a vector-like dark gauge charge. Electron
thermal loops generate an effective mixing between the hidden vector and the SM photon
responsible for the production, whereas detection goes on regularly via electron coupling.
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Having these two mixing sources in mind, section 3 identifies the broad framework
studied in this work. Our focus is on the Abelian extension of the SM gauge group where
dark charges of SM fields, if any, are vector-like. Furthermore, we require that dark gauge
charges are consistent with electroweak gauge invariance. We perform a complete analy-
sis where we provide production and detection rates in section 3, and JUNO projections
in section 4. Throughout our work, we identify the two main new physics scenarios de-
scribed below.

• Kinetic Mixing. The only communication channel between visible particles and
the hidden vector is a non-vanishing kinetic mixing. Production rates for transverse
and longitudinal polarizations are provided in figure 2, and the JUNO sensitivity on
the relevant parameter space is shown in figure 5.

• Plasma Mixing. The kinetic mixing is assumed absent or subdominant and the ef-
fect is controlled by a non-vanishing vector-like dark gauge charge of the electron field.
Plasma effects induce an effective γ/γ′ mixing that is responsible for the production
rate provided in figure 3, and the resulting JUNO projections in figure 6.

Broadly speaking, current experimental bounds as well as projections for future ex-
periments can be classified into two main categories. On the one hand, the hidden vector
can be stable on cosmological timescales and present in the Universe with a relic density
that reproduces the observed one for dark matter. If this is the case, experimental searches
looking for vector dark matter proceed with the implicit assumption that there is a local
mass density ρ⊙γ′ ≃ 0.4GeV/cm3 in the solar system. However, the hidden vector could
still exist without being stable and/or cosmologically abundant. Even in this case, there
is plenty of experimental signatures due to these new particles. Solar production is one of
the most studied examples, and there are two main strategies to search for them: looking
for deviations in the stellar properties (e.g., cooling), and direct detection of these hidden
vectors here on Earth. The latter approach, which is the one pursued in this work with
direct detection at JUNO, leads typically to weaker bounds since there is a higher price to
pay in terms of feeble couplings to the hidden sector. This is confirmed by figures 5 and 6.
Remarkably, figure 5 shows how JUNO will provide the best terrestrial bounds in the mass
range 50 keV ≲ mγ′ ≲ 1MeV for the kinetic mixing scenario.

We conclude our study in section 5. As illustrated by figures 2 and 3, the Sun provides a
polarized flux of hidden vectors, and the Compton-like scattering cross section for detection
has to be evaluated accordingly for the two different polarizations of the incoming particle.
We spelled out the technical details of these calculations in appendix A.

2 Massive hidden vectors: general framework

Our general analysis is valid for any massive spin-one particle coupled to light SM degrees of
freedom. It is reasonable to imagine a microscopic theory in which this new hypothetical
degree of freedom interacts with all SM particles. However, when considering the low
energies of interest, a phenomenological approach becomes viable, focusing only on a few
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key interactions that are relevant. In this section, we briefly comment on the UV origin
of our framework and then we develop the low-energy Lagrangian needed for our analysis.
Finally, we identify the physical states arising from different mixing effects and derive their
interactions. Crucially, this procedure in the vacuum is different from the same operation
in the solar interior where the large electron density leads to collective effects that alter
particle propagators. For this reason, we discuss these two cases separately.

Our conceptual starting point is a UV complete theory valid at energies high enough
so that the SM enjoys the full GSM = SU(3)c × SU(2)L × U(1)Y gauge symmetry. We
extend the SM field content with a new massive spin-one particle γ′, and we denote by
A′
µ the associated quantum field. For concreteness, we focus on the case where A′

µ is an
Abelian gauge boson of a new local symmetry U(1)′ and therefore the full gauge symmetry
in the complete theory is Gfull = GSM × U(1)′. However, this working hypothesis is not
necessary and our phenomenological analysis captures also other scenarios such as the one
of a massive vector resonance arising from strong dynamics in the dark sector. We remain
agnostic about the origin of the vector boson mass mγ′ , and we do not commit to any spe-
cific scenario. Examples include just adding a Stueckelberg mass or a spontaneous breaking
of the U(1)′ via a dark Higgs mechanism. While the Stueckelberg case contains a suffi-
ciently heavy scalar field for γ′ to acquire a mass, the Higgs mechanism case introduces an
additional Higgs field, the excitation of which could affect low-energy phenomenology [95].
In this paper, we consider such a scalar particle heavy enough to be integrated out, thus
phenomenological consequences of γ′ do not rely on how to realize its mass. In general,
our implicit assumption is that whatever mechanism provides such a mass does not affect
physics at the low energies under our investigation.

If one restricts to renormalizable interactions, there are two main channels for the
vector field A′

µ to communicate with the visible universe. First, its field strength can
kinetically mix with the SM Abelian counterpart. At high energies, where the electroweak
symmetry is unbroken, the only gauge-invariant kinetic mixing is with the hypercharge.
Once we consider energies below the weak scale, with the electroweak group broken into
the electromagnetic subgroup, the field A′

µ kinetically mixes with both the photon Aµ and
the massive Zµ boson. The latter interaction leads to negligible effects at low energies and
we ignore it. The second option is realized concretely when SM matter fields carry non-
vanishing U(1)′ charges. The lack of gauge anomalies, perhaps with the aid of dark sector
fermion fields, is a non-trivial requirement that the theory must satisfy in this case [96–107].

At energies below the weak scale, we can integrate out the weak gauge bosons, the top
quark, and the Higgs boson. The residual unbroken gauge group is SU(3)c×U(1)EM×U(1)′,
and the Lagrangian of the framework we have just described takes the form

L = −1
4FµνF

µν − 1
4F

′
µνF

′µν +
m2
γ′

2 A′
µA

′µ + ε

2FµνF
′µν + eJµEMAµ + e′J ′µA′

µ . (2.1)

We omit kinetic and mass terms for fermion fields, and we do not specify QCD interactions
since we always work in the phase where nuclear matter is confined. We ignore higher-
dimensional operators suppressed by powers of the weak scale. The first three operators
in eq. (2.1) are quadratic in the Abelian gauge fields and diagonal. The kinetic terms
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contain the field strengths Fµν = ∂µAν − ∂νAµ and F ′
µν = ∂µA

′
ν − ∂νA

′
µ, and we account

for a non-vanishing mass mγ′ for the dark gauge boson. We define e and e′ to be the
gauge coupling constants for U(1)EM and U(1)′, respectively. Photon interactions respect
electromagnetic gauge invariance, and they are proportional to the electromagnetic current
JµEM =∑

ψ qψψ̄γ
µψ, where the sum runs over all SM fermions ψ (with electric charge qψ).

The next paragraph describes the two operators mixing dark and visible sectors.
A renormalizable kinetic mixing between the two Abelian factors proportional to a

dimensionless coefficient ε is allowed by gauge invariance. Even if it is vanishing at some
high scale ΛUV, it can be induced radiatively at low energies by heavy matter fields that
carry both Abelian charges. A Dirac fermion Ψ that carries electric charge qΨ and dark
gauge charge q′Ψ,1 induces a kinetic mixing term at one-loop level, which at low energy is
given by [9]

ε = ε (ΛUV) +
∑
Ψ
NΨ

(eqΨ)(e′q′Ψ)
12π2 log

(
Λ2

UV
m2

Ψ

)
, (2.2)

where NΨ denotes the number of its internal degrees of freedom (e.g., spin, color). The
scenario in which the only communication channel is a non-zero kinetic mixing has been
commonly referred to as the dark photon since the associated physical eigenstate in the
vacuum couples to the SM electromagnetic current, which will be explained in section 2.1.
For SM fields carrying dark gauge charges, we have the last term in eq. (2.1). We keep
the discussion general for this section without specifying the explicit form of J ′µ. At high
energy, and in the general case, we have dark gauge boson interactions with both vector and
axial currents of quarks and leptons. At the low energies that are relevant for production
and detection, we have to translate these couplings into interactions with baryons.

We specify the explicit expression for J ′µ in the next section and compute explicitly
the rates. Before doing so, we have to switch to a canonical field basis and identify physical
states. This procedure is different in the vacuum and in the solar interior where the hot
plasma affects vector self-energies. Thus, we discuss the two cases separately.

2.1 Physical states I: vacuum

Once massive vectors reach terrestrial detectors, the environmental conditions allow for
the use of eq. (2.1) without further corrections. We identify the canonical basis via

Aµ → Aµ +
ε√

1− ε2
A′
µ , A′

µ → 1√
1− ε2

A′
µ . (2.3)

This GL(2,R) transformation [21] leads to canonical kinetic terms for any finite value of ε.
Phenomenological constraints impose ε≪ 1 and we neglect O(ε2) terms. Thus, the vector
mass mγ′ is unaffected by this transformation. Gauge boson interactions with fermions in
the canonical basis and at the leading order in ε result in

L|vacuum ⊃ eJµEMAµ +
(
εeJµEM + e′J ′µ)A′

µ . (2.4)

Electromagnetic interactions remain the same as in the SM, whereas the dark gauge boson
acquires an additional ε-suppressed coupling to the electromagnetic current.

1We take vector-like quantum numbers for Ψ so that it couples to A′
µ with the vector current.
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2.2 Physical states II: medium

The procedure to identify canonically normalized fields is different in the solar interior
because the hot ionized plasma affects particle self-energies. This effect is already present
in the SM case with a modification of the photon self-energy Πµνγγ [108, 109]. Another
important effect for our analysis is an effective mass mixing Πµνγγ′ between the two vec-
tors [82, 110–112]. There is also a correction to the diagonal self-energy Πµνγ′γ′ , but it can
be neglected since there is a higher price to pay in terms of couplings mixing the two sec-
tors. We conclude this section with proper treatment of medium effects, and we provide
the effective Lagrangian needed to evaluate solar production.

Medium effects alter the transverse photon polarizations and provide a longitudinal
one. For a photon with four-momentum Kµ = (ω, k⃗), we have the polarization vectors

Transverse: ϵµT =
(
0, ê1 ± iê2√

2

)
, (2.5)

Longitudinal: ϵµL = 1√
ω2 − k2

(
k, ωk̂

)
. (2.6)

Here, ê1 and ê2 are two normal unit-vectors in the plane orthogonal to the propagation
direction, and we define the magnitude of the spatial momentum k = |⃗k| and its direction
k̂ = k⃗/k. The polarization tensor reads as

Πµνγγ = ⟨(eJµEM) (eJνEM)⟩ = πT
∑

T=+,−
ϵµTϵ

∗ν
T + πL ϵ

µ
Lϵ

∗ν
L . (2.7)

The two factors πT and πL account for medium effects. The real parts of πT,L modify the
dispersion relations for the respective polarizations, whereas the imaginary parts of πT,L are
associated with the absorption of the excitation with four-momentum Kµ = (ω, k⃗) [113].
For our purposes, we can take the limit where medium electrons are non-degenerate and
non-relativistic, and in this case, we have the simple expressions [111, 114]

Re [πT] ≃ ω2
pl , Re [πL] ≃ ω2

pl

(
1− k2

ω2

)
. (2.8)

The plasma frequency ωpl is given by

ωpl =
√

4παne
me

= 0.30 keV
(

ne
6.3× 1025 cm−3

)1/2
, (2.9)

where, me denotes the electron mass, ne represents the electron density, and α corresponds
to the fine structure constant. The last expression is evaluated for typical electron densities
in the solar core. A medium-induced dispersion is typically momentum dependent due to
the breaking of Lorentz invariance by singling out the medium rest frame. The imaginary
parts of πT,L become relevant once we approach the resonant region ω2 − k2 = Re [πT,L].
In this work, the typical energies at play are large, ω ≃ 5.49MeV ≫ ωpl ≃ 0.3 keV. Hence,
while the resonance condition cannot be achieved for the longitudinal component, the
production of the transverse ones would be resonantly enhanced at ω2−k2 = Re[πT] = ω2

pl.
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γ ′e′J ′

(a) U ′(1) charges

ε

γ
γ ′eJEM

(b) the kinetic mixing ε

γ
γ ′eJEM

Πγγ′

(c) the plasma mixing Πγγ′

Figure 1. Feynman diagrams responsible for the effective dark gauge boson interactions in the
medium.

The compton scattering controls the absorption rate in the high energy regime [111, 114],
and the imaginary part of πT reads as

Im [πT] ≃ −ω
(
1− e−ω/T

) 8πα2

3m2
e

ne . (2.10)

Plasma effects provide an additional mixing source through thermal loops of particles
carrying both electromagnetic and U(1)′ charges. This effect is controlled by the lightest
particles in the plasma, and we consider the case where electrons are charged under both
the Abelian gauge symmetries since the effect of baryons is suppressed by their heavy mass.
The term induced by an electron loop is given by [82, 84–86]

Πµνγγ′ =
〈
(eJµEM)(e′J ′ν)

〉
= e′q′e
eqe

Πµνγγ , (2.11)

where qe(= −1) and q′e denote the vector-like dark charge of the electron.
The diagrams in figure 1 illustrate the effective γ′ interactions in the solar interior. A

tree-level coupling proportional to the dark gauge coupling e′ could be there if the dark
current J ′µ is non-vanishing (figure 1a). If a non-vanishing kinetic mixing couples the vector
field A′

µ to the electromagnetic current, one has to include the thermally resummed photon
propagator as denoted by the double wavy line in figure 1b. Finally, the quadratic mixing
in eq. (2.11) along with the same resummed photon propagator leads to an additional
interaction between the dark gauge boson and the electromagnetic current. The loop with
the double line in figure 1c indicates the leading effect leading of the correction Πµνγγ′ given
in eq. (2.11). These three interactions are described in the weak mixing regime (ε, e′ ≪ 1)
by the following effective Lagrangian

L|medium ⊃ e′J ′µA′
µ +

(
ε

m2
γ′

m2
γ′ − πT,L

+ e′q′e
eqe

πT,L
m2
γ′ − πT,L

)
eJµEMA

′
µ . (2.12)

We always consider on-shell (i.e., ω2 − k2 = m2
γ′) hidden vectors on external legs. When

medium effects are absent (i.e., πT,L = 0), eq. (2.12) correctly recovers the expression valid
in the vacuum as given in eq. (2.4).
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3 Production and detection rates

Having set up the general formalism, we are now ready to evaluate production and detection
rates. As a first step, we specify an explicit realization of the framework described by
eq. (2.1) focusing on theories where dark gauge charges of SM fermions, if any, are vector-
like. The current coupled to A′

µ contains only the vector part (i.e., J ′µ = ∑
ψ q

′
ψψ̄ γ

µψ),
thus Ward-Takahashi identity [115, 116] holds ∂µJ ′µ = 0 and the current J ′µ is conserved
at the classical level for this class of theories. This conservation law could be broken by
gauge anomalies (e.g., baryon or lepton numbers), and this would lead to energy-enhanced
production rates and significant constraints from high-energy experiments [117, 118].

In order to deal with solar production and terrestrial detection, we need to identify
in the Lagrangian in eq. (2.1) the interactions with the only phenomenologically relevant
degrees of freedom: proton (p), neutron (n), electron (e), and neutrinos (νi). Thus the
low-energy Lagrangian needed for the phenomenology we are interested in reads as

Llow−energy = − 1
4FµνF

µν − 1
4F

′
µνF

′µν +
m2
γ′

2 A′
µA

′µ + ε

2FµνF
′µν+

e (p̄γµp− ēγµe)Aµ+

e′
(
q′pp̄γ

µp+ q′nn̄γ
µn+ q′eēγ

µe+
∑
i

q′νi
ν̄iγ

µPLνi

)
A′
µ .

(3.1)

Interactions with the photon Aµ are proportional to the electromagnetic current, and
baryon interactions with the dark gauge boson are quantified by the following couplings

q′p ≡ 2q′u + q′d , q′n ≡ q′u + 2q′d . (3.2)

Electron and neutrino couplings are related by electroweak gauge invariance (q′ei
= q′νi

with
ei the charged leptons), and the projector PL = (1−γ5)/2 isolates the appropriate neutrino
chirality. The Lagrangian in eq. (3.1) contains just a few parameters: vector boson mass,
kinetic mixing, and three dimensionless couplings (neutrino couplings follow from gauge
invariance). Any UV complete model can be mapped into this low-energy effective theory.

It is useful to discuss the consequences of electroweak gauge invariance on the isospin
properties of the low-energy interactions in eq. (3.1). Isovector couplings originate from
tree-level isospin breaking term if q′p ̸= q′n. The relations in eq. (3.2) imply that this is
possible if we have q′u ̸= q′d, and such a charge assignment with the same component of a
weak doublet having different Abelian charges would not respect SU(2)L gauge invariance.
Thus we constrain U(1)′ charge assignments to be isoscalar. As an example, the baryon
number B would fit within our choice.

3.1 Production from solar nuclear reactions

Hidden vectors can be produced non-thermally as final states of solar nuclear reactions.
We focus on the second step of the proton-proton chain, p + d → 3He + γ (5.49MeV),
where protons and deuteriums form helium nuclei [88]. While this nuclear process produces
a photon γ most of the time, it can lead occasionally to a monochromatic γ′ via the mixing
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effects discussed in the previous section. The final state hidden vector would have the same
energy of 5.49MeV, and the production is controlled by its interactions with nucleon fields.

At the leading order in the multipole expansion [119–121], deuterium fusion proceeds
via electric dipole “E1” and magnetic dipole “M1” transitions that are characterized by
orbital angular momentum l = 1 (p-wave) and l = 0 (s-wave), respectively. Both transitions
in the long wavelength region are governed by the isovector component of the interactions
with nucleons. For the E1 transition, this follows from the fact that the proton and
the deuteron are pure isospin eigenstates and there is no electric dipole radiation when
the center-of-mass frame coincides with the center-of-charge frame [119, 120, 122]. The
magnetic dipole transition is also predominantly isovector [88, 89, 123].

Hidden vectors cannot be produced via the tree-level interaction illustrated by figure 1a
because we choose pure isoscalar couplings (i.e., q′u = q′d leading to q′p = q′n). Providentially,
a non-vanishing isovector component is effectively generated by the mixing with the photon
because electromagnetic interactions violate isospin due to the different electric charges
of up and down quarks. As illustrated in figures 1b and 1c, and quantified explicitly in
eq. (2.12), there are two mixing sources: kinetic mixing (ε ̸= 0) and plasma mixing (q′e ̸= 0).
They both lead to isovector interactions with nucleons [85, 86, 124].

The fluxes provided in this subsection need to be understood as the number of vectors
produced in the solar core per unit of time divided by the surface of a sphere with a radius
equal to one astronomical unit. This does not need to be the actual flux hitting a detector
on Earth since attenuation processes can be in action between production and detection.
We quantify their importance in the next subsection where we discuss absorption from the
solar medium and decays outside the Sun during the propagation towards the Earth.

We examine below the two distinct scenarios where only one mixing source is switched
on. This applies to any generic U(1)′ extension of the SM containing both sources since
one of them typically dominates the γ′ production rate.

Production via kinetic mixing. The scenario where the communication with the SM
proceeds via the kinetic mixing only has been dubbed in the literature as the dark photon.
In this case, the interaction responsible for production in the solar core is the first term
in the parenthesis of eq. (2.12). Dark photon interactions with the SM particles are pro-
portional to the EM current, and the production of γ′ particles via the deuterium fusion
simply follows the photon one with an additional factor involving the plasma effect as well
as the kinetic mixing parameter ε. The flux of 5.49MeV transverse (T) and longitudinal
(L) dark photons results in [125–127]

[
Φγ′0

]ε
T ≃ ϕγ

4πd2
⊙
× k3

ω3 ×
∣∣∣∣∣ε m2

γ′

m2
γ′ − πT

∣∣∣∣∣
2

, (3.3)

[
Φγ′0

]ε
L ≃ ϕγ

4πd2
⊙
× k3

ω3 ×
∣∣∣∣∣ε m2

γ′

m2
γ′ − πL

∣∣∣∣∣
2

× 1− PM1
2 ×

m2
γ′

ω2 . (3.4)

The subscript ‘0’ in the above expressions denotes the flux on Earth if it is not diminished
by effects such as solar medium absorption or vector decays. Both expressions are propor-
tional to the deuterium fusion rate ϕγ = 1.7 × 1038 s−1 [88, 128–130] and normalized per
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Figure 2. Hidden vectors flux from the second state of the pp chain for the kinetic mixing case
(ε ̸= 0). The red and blue lines indicate the flux of the transverse and longitudinal polarizations,
respectively.

unit surface 4πd2
⊙ with d⊙ = 1.5 × 1011 m the Earth-Sun distance. The modified disper-

sion relation for a massive spin-one particle, namely k ̸= ω since the spatial momentum
of the hidden vector is related to its energy ω via k =

√
ω2 −m2

γ′ , brings three additional
powers of the ratio (k/ω); one power is just due to the final state phase-space, and the
two remaining ones follow from the multipole expansion [125]. Both relations receive an
additional multiplicative correction proportional to the kinetic mixing parameter squared
and the resummed thermal photon propagator with self-energies πT,L given by eqs. (2.8)
and (2.10). There are no additional corrections for the production rate of transverse dark
photons. For the longitudinal polarization, there are two additional corrections that we
have to account for. First, we have to isolate the contribution due to the E1 transition
because longitudinal polarizations are intrinsically electric (i.e., k⃗ × ϵ⃗L = 0), and we also
have to put an additional overall 1/2 factor for the longitudinal degree of freedom com-
pared with the transverse components. This is the origin of the (1 − PM1)/2 factor with
PM1 = 54% [131] the fraction of the M1 transition at the relevant energy. Second, we also
have an additional multiplicative factor (mγ′/ω)2 that follows from the conservation law
of the electromagnetic current.2

The expected fluxes [Φγ′0]εT,L of dark photons as a function of mγ′ and normalized in
units of ε2 are shown in figure 2 for transverse (red curve) and longitudinal (blue curve)
polarizations. The former is provided by eq. (3.3) and the mass dependence enters only via
the ratio mγ′/ωpl. In the large mass region, mγ′ ≫ ωpl, the production rate is independent
of the mass. As we approach mass values mγ′ ≃ ωpl the production is resonantly enhanced
as manifest from the peak in the red curve in figure 2. The width of such a resonance is

2The transition amplitude is proportional to the electromagnetic current which is conserved kµJµ
EM =

ωJ0
EM − kJ3

EM = 0. Thus the amplitude is proportional to the factor ϵ∗L,µJµ
EM = kJ0

EM−ωJ3
EM

mγ′
= −J3

EM
mγ′

ω
.
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Figure 3. Hidden vectors flux from the second state of the pp chain for the plasma mixing case
(q′e ̸= 0). The red and blue lines indicate the flux of the transverse and longitudinal polarizations,
respectively.

determined by the imaginary part of πT in eq. (2.10). Plasma screening effects suppress the
production of transverse dark photons for mγ′ ≪ ωpl via the power law behavior (mγ′/ωpl)4.
The discussion about the flux of longitudinal dark photons provided by eq. (3.4) is much
simpler. First, there is no resonance peak for the reasons discussed in the previous section.
Being away from the resonance implies also that the leading mass dependence is via the
power law (mγ′/ω)2 which is the last factor in eq. (3.4).

Production via plasma mixing. The second case we investigate in our work is for
a non-vanishing U(1)′ charge of the electron (i.e., q′e ̸= 0). As discussed in the previous
section, this induces the in-medium mixing of dark gauge bosons with photons through
a thermal electron loop. This effect is quantified by eq. (2.11), and it provides an effec-
tive γ′ couplings to the EM current [82]. Hence, even if the kinetic mixing is absent or
sub-dominant, the p(d,3 He)γ′ reaction could proceed via the plasma mixing. In this sce-
nario, the flux of 5.49MeV vectors also follows the EM transition rate and their explicit
expressions can be obtained from the ones in eqs. (3.3) and (3.4) via the replacements
εm2

γ′ →
e′q′e
eqe

πT,L inside the absolute values

[
Φγ′0

]q′e
T ≃ ϕγ

4πd2
⊙
× k3

ω3 ×
∣∣∣∣∣e′q′eeqe

πT
m2
γ′ − πT

∣∣∣∣∣
2

, (3.5)

[
Φγ′0

]q′e
L ≃ ϕγ

4πd2
⊙
× k3

ω3 ×
∣∣∣∣∣e′q′eeqe

πL
m2
γ′ − πL

∣∣∣∣∣
2

× 1− PM1
2 ×

m2
γ′

ω2 . (3.6)

The expected fluxes for this case are shown in figure 3. For transverse polarizations
(red line), the flux is constant in the low mass region (mγ′ ≪ ωpl), and it does not change
until we reach mγ′ ≃ ωpl where we find a resonant peak. At larger masses, it decreases
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according to the power law behavior (ωpl/mγ′)4. The flux of longitudinal vectors (blue
line) is proportional to the factor (mγ′/ω)2, as it was in the dark photon scenario, but it
is further suppressed by the factor (ωpl/ω)4 due to plasma effects.

3.2 Attenuation of the incoming flux: solar absorption and decays

The solar medium could potentially alter the propagation of γ′ after production. As
an example, the massive vectors can be reabsorbed into the medium near their pro-
duction point via Compton-like scatterings. The absorption rate can be estimated by
combining the imaginary part of the transverse photon self-energy in eq. (2.10) with the
medium effective γ′ coupling to the electron in eq. (2.12), and it approximately results
in (εe − e′q′e)2|m2

γ′/(m2
γ′ − πT,L)|2(αne/3m2

e). In the standard solar model [132, 133], the
electron number density decreases exponentially ne(r) ∝ exp[−10.54 r/R⊙] along the radial
direction [134], where R⊙ = 6.96×1010 cm is the solar radius. Thus, the absorption mostly
occurs near the innermost region of the Sun. The optical length is written by

τγ′ ∼
∫ R⊙

0
dr
(
εe− e′q′e

)2 ∣∣∣∣∣ m2
γ′

m2
γ′ − πT,L

∣∣∣∣∣
2
α

3m2
e

ne (r) =

= O(0.1)
(
εe− e′q′e

)2 ∣∣∣∣∣ m2
γ′

m2
γ′ − πT,L

∣∣∣∣∣
2

r=0

α

3m2
e

ne (0)R⊙ .

(3.7)

Moreover, transverse vectors could resonantly oscillate with photons when the resonance
condition mγ′ = ωpl is achieved, while no resonance effect is present for the longitudinal
polarization as discussed around eq. (2.10). Such a resonant conversion probability relies
on the adiabaticity at the resonance point, which is parametrized by [135, 136]

γad = 2
(
εe− e′q′e

)2 ∣∣∣∣∣d logω
2
pl

dr

∣∣∣∣∣
−1

m2
γ′

ω
= O (0.1)

(
εe− e′q′e

)2 m2
γ′

ω
R⊙ , (3.8)

where we use ω2
pl ∝ ne in the second relation. The conversion probability reads as

P res
γ′↔γ ≃ 1− exp

(
−πγad

2

)
, (3.9)

where the second term corresponds to the level-crossing probability described by the
Landau-Zener formula [137–139]. Due to the exponential change of ω2

pl along the radial di-
rection, a resonant conversion becomes non-adiabatic (i.e., γad≪1) at |εe−e′q′e|<O(10−6).

Even if the hidden vectors manage to escape the Sun, they can still decay before
reaching the Earth. The net result is to diminish effectively their incoming flux whether
the decays are visible or not. A decay channel that is always kinematically allowed is the
one into three photons, γ′ → γγγ, and the process proceeds via an electron loop [140].
At masses above the kinematical threshold (mγ′ > 2me), massive vectors can decay into
electron-positron pairs again through the coupling to electron. If couplings to neutrino
are present (e.g., gauging lepton numbers), there would be additional decay channels into
neutrino-antineutrino pairs, γ′ → νiν̄i. Laboratory searches [141, 142] and cosmological
analysis [143] bound the neutrino mass to mν < O(1) eV, and massive vectors in the
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broad range 2mν ≤ mγ′ ≤ 2me can decay to this additional channel. We find it useful
to identify the electron coupling because it plays a crucial role for decays as well as for
the detection discussed in the next subsection. The low density in both cases allows us
to neglect collective effects and use the Lagrangian for physical states in the vacuum in
eq. (2.4). Focusing only on the electron coupling, we find

L|(electron)
vacuum = ge ēγ

µeA′
µ , ge = −εe+ e′q′e . (3.10)

The decay width for the three-photon final state explicitly reads as

Γγ′→γγγ ≈ (4.7× 10−8)g
2
e α

3

4π
m9
γ′

m8
e

, (3.11)

and it is always negligible in our analysis. The width to electron-positron pairs evaluated
in the vector rest frame, and averaged over the three polarizations, results in

Γγ′→e−e+ = g2
e mγ′

12π

(
1 + 2m2

e

m2
γ′

)√√√√1− 4m2
e

m2
γ′

Θ
(
mγ′ − 2me

)
, (3.12)

where Θ(x) is the Heaviside step function. If couplings to neutrinos are present, the rate
calculation is analogous to the one leading to eq. (3.12) with replacement of ge → gν and
me → mν , where gν and mν are the γ′ coupling to the neutrino and the neutrino mass,
respectively, and an additional 1/2 factor due to the chiral (left-handed) coupling.

Reabsorptions and conversions of γ′ across the solar medium deplete the fluxes given in
the previous section by an overall factor of exp[−(τγ′ + πγad/2)]. In addition, the effective
flux reaching the terrestrial detector gets another overall correction accounting for decays.
The flux that eventually reaches terrestrial detectors results in

[
Φγ′

]
= exp

[
−
(
τγ′ +

π

2 γad

)]
exp

[
−Γγ′

mγ′

ω

d⊙
vγ′

] [
Φγ′0

]
. (3.13)

Here,
[
Φγ′0

]
was derived in section 3.1 for the different cases, Γγ′ denotes the total γ′

decay width including both visible and invisible channels, the ratio mγ′/ω is a Lorentz
time dilatation factor, and vγ′ =

√
1−m2

γ′/ω
2 is the vector velocity. Resonant conversions

dominate the opacity in the mass range 10−2 ≤ mγ′/ωpl ≤ 1, reabsorption via Compton-like
scatterings controls the redistribution of γ′’s energy into the medium otherwise.

3.3 Terrestrial detection

Once the massive vectors reach finally terrestrial laboratories, there are in principle several
processes allowing for their detection. The leading one is the Compton-like scattering

γ′ + e → γ + e . (3.14)

The detection rate is controlled by the combination ge = (−εe+e′q′e) identified in eq. (3.10).
We derive the cross sections σP for transverse (P = T) and longitudinal (P = L) polar-
izations in appendix A, providing their expressions in eqs. (A.27) and (A.28), respectively.
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Figure 4. Cross section σP of the Compton-like scattering process γ′ + e → γ + e, multiplied
by the γ′ velocity vγ′ , as a function of the incident γ′ energy ω for mγ′ = 1MeV (red) and 3MeV
(green). The solid and dashed lines correspond to transverse (P = T) and longitudinal (P = L)
polarizations, respectively.

The final expressions are rather long and we do not report them here. Once the hidden
vector mass becomes negligible (i.e., mγ′ ≪ ω,me), the expressions simplify

σT ≃ 8.5 g2
e × 10−25 cm2 , (3.15)

σL ≃ 1.2 g2
e

(
mγ′

1 keV

)2
× 10−31 cm2 . (3.16)

We take the massless limit for transverse polarizations, whereas for the longitudinal ones
we keep only the leading term in the small vector mass. The initial state electron is at
rest in the laboratory frame, and the (square root of the) energy in the center of mass
quantified by the Mandelstam variable s reads s = m2

e +m2
γ′ +2meω. We show in figure 4

the product between the vector initial velocity vγ′ and the cross section σP of the Compton-
like scattering process for transverse (solid) and longitudinal (dashed) polarizations. We fix
the vector mass to two different values: mγ′ = 1MeV (red) and mγ′ = 3MeV (green). The
scattering rate of all polarizations is equivalent when ω = m′

γ ; in such a limit the vector is
at rest in the rest frame of the target electron, and therefore the transverse and longitudinal
polarizations are indistinguishable due to the isotropic environment of the detector.

Besides mediating Compton-like scattering, the coupling to the electron in eq. (3.10)
could also induce decays to e± pairs once they become kinematically allowed. These visible
decays during their propagation inside the detector would provide an additional detection
channel. However, this is never important for our analysis because once visible decays
become available the net flux detected on Earth is drastically reduced. Apart from elec-
trons, hidden vectors can also scatter coherently with ionized nuclei (e.g., carbon), but
their rate is negligible due to the suppression by heavy nuclear masses. In principle,
massive vectors can be absorbed also via other scattering processes. For instance, in a
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process similar to the photoelectric effect γ + e → e∗, the vector is absorbed and an elec-
tron e∗ is emitted with an energy equal to the difference between the absorbed boson
energy and the electron binding energy. The cross section for this process is approximately
σγ′e→e∗ ≈ σγe→e∗g

2
e (3ω2/16παm2

e) v−1
γ′ (1 − v

2/3
γ′ /3) with σγe→e∗ the cross section for the

photoelectric effect at the energy ω. Hidden vectors can produce electron-positron pairs in
the electric field of nuclei or electrons but these processes are subdominant with respect to
the Compton scattering in the JUNO detector (see figure 1 in ref. [93]).

4 Hidden vectors at JUNO

The primary goal of the next-generation multi-purpose underground liquid scintillator (LS)
JUNO detector is to resolve the neutrino mass ordering. Because of its excellent energy res-
olution capability and the large fiducial volume (FV), the JUNO detector can be used also
to test various new physics predictions, such as proton decay, neutrino non-standard inter-
actions, and hidden sector particles. In this section, we investigate the JUNO sensitivity
to the new physics scenarios presented in this work.

The main features of JUNO have been thoroughly described in refs. [94, 144]. The LS
detector has a fiducial mass of 20 kton of Linear alkyl benzene (LAB), C19H32, doped with
3 g/L of 2, 5-diphenyloxazole (PPO) and 15mg/L of p-bis-(o-methylstyryl)-benzene (bis-
MSB), contained in a sphere of radius 17.7m. The energy resolution is σ̄/E = 3%/

√
E,

where both σ̄ and E are in MeV. To detect 8B solar neutrinos with threshold energy of
2MeV, an energy-dependent FV cut is considered (see ref. [145] for more details). In
particular, for events with energy larger than 5 MeV, a FV of 16.2 kton contained in a
sphere of radius r = 16.5m is assumed. After all the selection cuts described in [145],
about 60,000 solar neutrino events and 30,000 radioactive background events are expected
in 10 years of data taking, as shown in table 4 and figure 11 of ref. [145]. In our work, both
types of events represent the background of the solar dark gauge boson signal.

The detection rate at JUNO can be quantified according to what detection channel is
dominant. For our study, section 3.3 discusses how the detection proceeds via Compton-like
scattering only, and the expected number of events per time interval ∆t results in

∆Nev
∆t

∣∣∣∣
Compton−like

=
[
Φγ′

]
⊗Ntar ⊗ σ ⊗R⊗ ϵ , (4.1)

where
[
Φγ′

]
is the net vector flux on Earth given by eq. (3.13), Ntar the number of targets,

and σ the scattering cross section. Here, R and ϵ represent the detector energy resolution
and the detector efficiency, respectively, and we assume ϵ = 1 for all detection channels
over the energy threshold throughout this work. We report for completeness also the decay
rate if visible decays (such as 3γ or e±) are allowed inside the detector

∆Nev
∆t

∣∣∣∣
Decays

=
[
Φγ′

]
⊗ Vf

li
⊗ ϵ , (4.2)

where Vf is the detector FV and li is the decay length in the laboratory frame for i-th
decay channel. Combining everything together, the total number of expected events reads

Nev =
∑

P=T,L

[
Φγ′

]
P

[
NeσP + Vf

vγ′

mγ′

ω
Γγ′Br

(
γ′ → vis

)]
t . (4.3)
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Here, Ne ≃ 5.5 × 1033 is the total number of electrons in the 16.2 kton FV (Vf ) of the
spherical structure with the radius 16.5m, implying Vf = 1.9 × 104 m3, and t = 10 years
is the measurement time duration. We derive the Compton-like scattering cross section in
appendix A. The total decay rate Γγ′ , which is multiplied by the factor (mγ′/ω) to account
for the Lorentz dilation, includes both visible and invisible channels, and vγ′ denotes the
vector velocity in the laboratory frame. The branching ratio to visible decay channels
Br(γ′ → vis) in eq. (4.3) is required since only visible decays lead to detectable events.

4.1 Fitting procedure

We evaluate now the future reaches of JUNO detector on the hidden vector models. We
adopt the likelihood prescription developed in [93] for our numerical analysis, and we briefly
summarize below the main steps. In order to forecast the detector sensitivity, we express
the χ2 function which contains the information on dark photons as

χ2 = 2×
∑
i

(
Ni,pre −Ni,exp +Ni,exp × log Ni,exp

Ni,pre

)
+
(
ϵsb
σsb

)2
+
(
ϵrb
σrb

)2
,

Ni,pre = (1 + ϵsb)×Bi,sb + (1 + ϵrb)×Bi,rb + S√
2πσ̄

× e−
(Ē−Ei)2

2σ̄2 ,

(4.4)

where Ni,exp and Ni,pre represent the expected solar neutrino events and the predicted
number of events in the presence of dark photon corresponding to the ith energy bin, with
energy Ei [145], respectively. Also, Bi,sb and Bi,rb represent the solar neutrino and the
radioactive background events,3 while ϵsb and ϵrb are the nuisance parameters, and the
corresponding solar and radioactive background normalization uncertainties are given by
σsb = 5% and σrb = 15%, respectively. We model the new physics contribution by using
a Gaussian function, with S parameterizing the expected hidden vector peak intensity
centered at Ē = 5.49MeV and with a width σ̄ = 0.07MeV (see figure 2 of [93] for details).
Through a χ2 test, we find that the projected JUNO sensitivity at the 90% confidence level
(C.L.) is Slim = 97 counts in 10 years, as shown by figure 3 in [93].

4.2 Results

We present the JUNO discovery reach by starting with the dark photon scenario. For this
case, the only communication channel with the visible sector is a non-vanishing kinetic
mixing parameter (ε ̸= 0). Figure 5 shows an overview of the parameter space. We show
in red the region that will be probed by the JUNO at 90% C.L. sensitivity. For masses
m′
γ > 2me dark photons can decay into electron-positron pairs, and the corresponding

attenuation depletes exponentially the vector flux for values of the kinetic mixing parameter
that in principle would allow for detection. Thus, JUNO cannot probe dark photon masses
above the MeV scale, explaining the sharp cut at ma ≈ 1MeV in the JUNO sensitivity
region in figure 5. On the contrary, for masses below the electron-positron threshold,
JUNO will probe kinetic mixing parameters 3 × 10−7 ≲ ε ≲ 10−5 for masses in the range
ωpl ≃ 300 eV ≲ mγ′ ≲ 2me ≃ 1MeV. For mγ′ ≲ ωpl the lower limit of the JUNO sensitivity

3We adopt Ni,exp = Bi,sb + Bi,rb.
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Figure 5. Exclusion regions and projected JUNO sensitivity for the dark photon scenario com-
municating with the SM via a non-vanishing kinetic mixing (ε ̸= 0). In the (mγ′ , ε) plane, the red
region with a dashed boundary represents the discovery reach of the JUNO experiment at the 90%
C.L. sensitivity. The blue and green regions indicate the current constraints based on cosmology
and terrestrial experiments, respectively. The magenta, brown, orange, and purple regions are ex-
cluded by astrophysics with respect to the Sun, horizontal branch stars [146], red giants [147], and
core-collapse supernovae [81, 84, 86, 148–150], respectively; see ref. [151] and the references therein
for more details.

scales linearly with the mass since [Nev]ε ∝ ε4m4
γ′ (see eq. (3.3)). The deep at mγ′ ≈ ωpl

is due to the resonance at mγ′ = ωpl. Finally, for mγ′ ≳ ωpl the event rate is independent
of the dark photon mass since [Nev]ε ∝ ε4. JUNO will provide the best terrestrial bounds
for the dark photon scenario in the mass range 50 keV ≲ mγ′ ≲ 1MeV.

As shown in figure 5, JUNO will be sensitive to a region already excluded by astrophys-
ical arguments. In particular, for mγ′ ≳ 50 keV, where JUNO will provide the strongest
terrestrial bound, the projected limit overlaps with the bounds from Horizontal Branch
(HB) stars, Red Giants (RG) and core-collapse supernovae (SNe). The HB and the RG
constraints have been recently revised in ref. [147], using simulations with a self-consistent
inclusion of dark photons as an additional energy-loss channel, focusing on the region of the
parameter space with ε < 10−13 where dark photons freely escape the stellar interior. For
the large values of the kinetic mixing which can be probed by JUNO (ε ≳ 10−7), the hidden
vector reabsorption in the stellar interior cannot be neglected. Since stellar-evolution sim-
ulations considering dark-photon reabsorption are still missing, for ε > 10−13 the HB and
RG bounds shown in figure 5 are obtained extrapolating the ones from ref. [147]. On the
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other hand, the SNe constraints [81, 84, 86, 148–150] shown in figure 5 take into account
the trapping regime, where produced hidden vectors do not freely escape the SN core.
Nonetheless, such analyses are subject to large theoretical and observational uncertainties
(see, e.g., ref. [152] for a recent discussion on the issues related to the observed events from
SN 1987A) and no SN simulation with a self-consistent inclusion of trapped hidden vectors
is available. As a result, it is worthwhile to probe this region of the parameter space with
different approaches.

We note that the 5.49MeV solar hidden vector flux is evaluated assuming the stan-
dard solar model without changes due to extra hidden vector emission. This may lead
to inconsistency with the evolutionary history of the Sun [146, 153]. A significant hidden
vector production inside the Sun can affect the solar evolution and leave imprints on some
observables, such as the 8B and 7Be neutrino fluxes and the helioseismologic quantities.
The magenta region in figure 5 corresponds to such constraints based on the solar evolu-
tion, which rely on the solar hidden vector luminosity dominantly distributed in the range
of the core temperature (∼ keV). In this context, the 5.49MeV hidden vector spectrum
contributes to the luminosity as ϕγ(k3/ω2)ε2|m2

γ′/(m2
γ′ − πT)|2 ∼ ε2|m2

γ′/(m2
γ′ − πT)|2L⊙.

Therefore, the evaluation of the JUNO sensitivity at masses above 10 keV, corresponding
to the brighter red-colored region, is self-consistent in terms of the solar profile.

Figure 6 reports the exclusion plot for the plasma mixing scenario (q′e ̸= 0). In this case,
a non-vanishing coupling q′ν of the massive vector to SM neutrinos can alter the projected
sensitivity. The red region delimited by the red dashed line is the projected sensitivity
at 90% C.L. for q′νe

= 0, while the dashed black line delimits the sensitivity in the case
of q′νe

= q′e (in agreement with electroweak gauge invariance). For our analysis, we pick
mν = 1 eV as a fiducial value. As in the kinetic mixing theory, the parametric behavior of
the lower part of the JUNO sensitivity for the in-medium mixing theory depends on the
flux Φγ′0 given in eq. (3.5) with an additional (e′q′e)2 factor from detection. For mγ′ < ωpl
the JUNO sensitivity is independent of the dark gauge boson mass since [Nev]q

′
e ∝ (e′q′e)4.

Also in this case, there is a deep at mγ′ ≈ ωpl and for larger masses the JUNO
sensitivity scales as e′q′e ∝ mγ′ since [Nev]q

′
e ∝ (e′q′e)4m−4

γ′ for mγ′ > ωpl. Decays into
neutrino pairs allowed for q′νe

̸= 0 suppress the net flux, thus the upper limit scales as
e′q′e ∝ m−1

γ′ . In the absence of coupling to neutrinos, hidden vectors could still be ab-
sorbed into the solar medium. In particular, for mγ′ < ωpl they are mainly reabsorbed
after resonant conversions, leading to an upper limit which scales as e′q′e ∝ m−1

γ′ . On the
other hand, for mγ′ > ωpl the main absorption channel is the Compton-like scattering,
which limits the JUNO sensitivity to values e′ q′e ≲ 2 × 10−6. In figure 6, the magenta
and brown regions show astrophysical constraints based on the stellar evolution of the
Sun and HB stars [82, 154, 155], respectively, and the cyan region comes from observ-
ables related to core-collapse SNe [86, 148] and neutron star cooling [84–86]. In addition,
the gravity experiments testing fifth forces lead to the stringent constraints at masses be-
low O(1) eV [156–161], depicted by the gray region. The current terrestrial bounds from
XENON1T [162] exclude the green-colored region. For coupling to neutrinos (q′ν ̸= 0),
there would be also cosmological constraints from Big Bang nucleosynthesis [83, 155] that
would exclude the blue region delimited by the dashed blue line (to derive this constraint
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Figure 6. Exclusion regions and projected JUNO sensitivity for the dark gauge boson scenario
communicating via plasma mixing (q′e ̸= 0). For this case, we have two different dashed boundaries
for the red regions representing the discovery reach of the JUNO experiment at the 90% C.L.
sensitivity. The dashed red and dashed black boundaries correspond to the case of q′νe

= 0 and
q′νe

= q′e, respectively. The gray and green regions indicate the current constraints based on fifth
force tests and terrestrial experiments, respectively. The blue and dashed green regions come from
the cosmological bounds and reactor experiments for q′νe

= q′e; see the main text for more details.
The magenta, brown, and cyan regions are excluded by astrophysics with respect to the Sun,
horizontal branch stars, and core-collapse supernovae, respectively.

we set the electroweak preserving charge assignment q′ν = q′e). Furthermore, reactor exper-
iments [163] give the bound for q′ν = q′e at masses above 500 eV (dashed green). Unlike the
previous case, our projected sensitivity covers regions already excluded by other terrestrial
bounds with the exception of a small region at masses mγ′ ≃ 1 keV if neutrino couplings
are switched on. However, this region is excluded by the solar arguments and therefore it
has to be carefully identified through evolutionary solar profiles as discussed already for
the kinetic mixing scenario.

5 Final remarks

The last decade has been witnessing a regular increase in interest in light and weakly-
coupled new particles. There are at least two reasons behind this activity: the lack of
a new physics discovery at the weak scale by the Large Hadron Collider and searches
for Weakly Interacting Massive Particles and the blossoming of several novel ideas for
experimentally tackling such a low-mass region. Stars provide a natural environment to
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produce these hypothetical light states in their interior. In the Sun, thermal processes can
produce particles up to masses around the keV scale, and supernovae can even go above
the MeV scale. Stars like the Sun provide an additional non-thermal production process
via nuclear reactions, allowing for the study of sub-MeV particles in these environments.
Typically, cooling arguments put upper bounds on the couplings of these new particles that
are often stronger than the ones obtained in laboratories.

In this work, we have employed the second step of the pp chain in the solar core to
produce “massive hidden vector bosons”. Instead of relying upon cooling arguments, we
have investigated the discovery reach of the forthcoming JUNO experiment to detect di-
rectly this monochromatic flux of 5.49 MeV spin-one particles. We focused on the Abelian
extension of the SM gauge group, and we assumed the new gauge group to be broken
spontaneously so that the resulting gauge boson field A′

µ is massive. We restricted our-
selves to vector-like dark gauge charges (if any) that are consistent with electroweak gauge
invariance. This charge choice led to only isoscalar dark gauge interactions between nu-
cleons and the new massive vector. Due to the isovector nature of the transition in the
deuterium fusion process, tree-level dark gauge interactions cannot be responsible for the
production of massive vectors. However, we have identified two possible mixing between
the dark gauge boson and the SM photon that could control the production rate: the ki-
netic mixing between the two Abelian field strenghts [9], and the plasma mixing through
the thermal electron loop that is ensured once the electron has a non-vanishing dark gauge
charge [82, 84]. The production rates via these two mechanisms are shown in figures 2
and 3. Once these particles are produced and made their way to the Earth, they can be
detected via Compton-like scatterings.

We have investigated the discovery potential of the JUNO detector by adopting the
statistical analysis developed by ref. [93]. The parameter space region within the reach
of JUNO is shown in figure 5 and figure 6 for the kinetic mixing and plasma mixing
scenarios, respectively. For the kinetic mixing scenario, JUNO can achieve a sensitivity
better than current terrestrial bounds in the mass region 50 keV ≲ mγ′ ≲ MeV. On
the contrary, for the plasma mixing scenario, JUNO will cover regions already excluded
by other terrestrial bounds with the only exception of a tiny region around mγ′ ≃ keV.
Finally, given the high energy threshold, it would be challenging for the upcoming neutrino
oscillation experiment like Deep Underground Neutrino Experiment [164] at Fermilab to
detect 5.49 MeV hidden sector particles. On the other hand, its competing project Hyper-
Kamiokande experiment [165] in Japan has an appropriate energy threshold but because of
its lower energy resolution, σ̄/MeV = 0.6

√
E/MeV, provides an order of magnitude weaker

bounds to hidden sectors than the JUNO (see ref. [93] for bounds on axion couplings).
The two scenarios studied in this work are useful for exemplifying the most general

case but are certainly not exhaustive. We can easily extend the framework developed
here to study any U(1) gauge extensions of SM. A very instructive example is the gauged
B −L model (if we want the model to be anomaly-free we need to introduce right-handed
neutrinos). The baryon number gauge charge assignments lead to isoscalar coupling and
therefore negligible effects on the production of solar γ′, the lepton number charge induces
the plasma mixing for the production and mediates detection via scatterings and decays.
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Figure 7. Exclusion region plot for the B−L extension of the SM. The red region in the (mγ′ , e′)
plane (with e′ the dark gauge coupling) represents the JUNO discovery reached the 90% C.L. The
blue, gray, and green regions indicate the current constraints based on cosmology, fifth force tests,
and terrestrial experiments, respectively. The magenta, brown, and cyan regions are excluded
by astrophysics with respect to the Sun, horizontal branch stars, and core-collapse supernovae,
respectively.

The lepton number also involves neutrinos, so the solar γ′ flux on the Earth would be
further reduced by γ′ → νν̄ decays as discussed above. The kinetic mixing parameter in
this case is a free parameter in the Lagrangian that has to be fixed by some renormalization
condition. Even if we set it to vanish at some energy scale, it would be radiatively induced
by loops of particles carrying both Abelian charges. If we assume the kinetic mixing to be
vanishing at some UV scale ΛUV, and we find that loop of SM particles gives a low-energy
value that results in ε ≃ (ee′/3π2) log

[
Λ2

UV/v
2
EW
]
. Assuming ΛUV = 100TeV and taking

vEW ≃ 246GeV, we have the kinetic mixing ε ≃ 0.12 e′. Likewise, for the other motivated
scenario where we gauge the combination of lepton numbers Lµ−Lτ , the irreducible kinetic
mixing from radiative corrections results in ε ≃ (ee′/12π2) log(m2

τ/m
2
µ) ≃ e′/70. Figure 7

shows the discovery reach for the B−L case. The red region indicates the JUNO sensitivity
at 90% C.L. (the small island around ωpl due to the resonant feature), and this result is
valid regardless of the low-energy value of the kinetic mixing ε. In this case, neutrino
decay depletes the signal in the parameter space region sensitive to kinetic mixing. These
simple observations motivate the analysis of explicit UV complete models building upon
the present work.
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From a slightly broader perspective, our work contains novel results on the physics of
massive spin-one particles that can be employed beyond the experimental setup of JUNO
analyzed here. The production rates derived in section 3.1 quantify the incoming flux of
feebly-interacting vectors reaching a generic detector on Earth. An option worthwhile to
investigate is along the lines of the study performed by ref. [91], where dissociation of
deuterons at the Sudbury Neutrino Observatory (SNO) was exploited as a probe of axion
couplings to nuclei. The same analysis could be performed if the dissociation is generated
by massive vectors produced in the solar core, and the production rates computed in this
work will be an essential input to this analysis. On the opposite end of the story, the
Compton-like scattering cross sections provided in section 3.3 (with details in appendix A)
for polarized initial states could improve existing studies in the current literature. Whether
we consider thermal production in the solar interior (with energy around the keV scale) or
products of nuclear reactions (with energy around the MeV scale), the Sun is a powerful
source of polarized massive vectors. If we do not invoke any cooling argument but instead
aim at detecting the feebly-interacting spin-one bosons on Earth, the proper procedure is
to evaluate the detection cross sections for the different polarizations with the appropriate
weight. This signal is actually searched for by dark matter direct detection experiments
(see, e.g., refs. [166–169]). Consistent implementation of the polarized fluxes is still missing
in the literature, and the cross-sections provided in this work will also serve as crucial input.
We defer these further applications of our calculations to future work.
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A Compton-like scattering cross section for polarized hidden vectors

The Compton-like scattering where an incoming massive vector from the Sun hits a target
electron at rest, and leads to a final state with one photon and one electron, is a key process
for the hidden vector detection in our analysis. Crucially, the flux of vectors produced in
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the solar interior is polarized, and as a consequence, we have to compute the Compton-like
cross section for each given polarization. We provide in this appendix the computational
details for the scattering cross section.

We use the following notation to describe the four momenta involved in the scattering

γ′(k) + e−(p1) → γ(q) + e−(p2) .

Here, we put in parenthesis the four-momentum associated with each particle. Conservation
of energy and momentum reads k + p1 = q + p2, and we find it useful to introduce the
Mandelstam variables

s =(k + p1)2 = (q + p2)2 ,

t =(p1 − p2)2 = (q − k)2 ,

u =(p1 − q)2 = (k − p2)2 .

They are related by the constraint s+ t+ u = 2m2
e +m2

γ′ .

Laboratory frame kinematics. We perform the calculation in the laboratory frame
where the target electron is at rest and the incoming vector is monochromatic. Initial
state four-momenta read kµ = (ω, kk̂) and pµ1 = (me, 0⃗) with ω fixed to 5.49 MeV and
k2 = ω2 −m2

γ′ . The polarization vectors are indeed the ones given in eqs. (2.5) and (2.6).
We reproduce them here for convenience and this time we use the dispersion relation to
write them only in terms of ω and mγ′

Transverse: ϵµT =
(
0, ê1 ± iê2√

2

)
, (A.1)

Longitudinal: ϵµL = 1
mγ′

(√
ω2 −m2

γ′ , ωk̂
)
. (A.2)

As usual, ê1 and ê2 are two normal unit vectors in the orthogonal plane. We define the final
state electron four-momentum as pµ2 = (Elab, p⃗lab) with p2

lab = E2
lab−m2

e, and θlab to be the
angle that the electron spatial momentum makes with the direction of the incoming vector:
k⃗ · p⃗lab = |⃗k| |p⃗lab| cos θlab. With these definitions, the Mandelstam variables explicitly read

s =m2
γ′ +m2

e + 2ωme ,

t = − 2me(Elab −me) ,
u = −me(2ω − 2Elab +me) .

The laboratory frame kinematics is sketched in the left panel of figure 8. Our ultimate
goal is to compute the scattering cross section. We notice how the Mandelstam variables
are completely identified by one piece of information about the initial state, the value of ω,
and one piece of information about the final state, the electron energy Elab. In particular,
they do not depend on the scattering angle θlab. If we were computing the unpolarized
cross section, this set of information would be enough. However, we are going to compute
the scattering cross section for a fixed polarization of the incoming vector (see eq. (A.2))
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Figure 8. Scattering angles in the laboratory frame where the initial state electron is at rest (left)
and the center of mass frame (right).

and therefore we have to compute Lorentz invariant product between the particle four-
momenta and the polarization vectors themselves. We do not need to compute all possible
combinations. First, we know how the polarization vectors are orthogonal to the four-
vector of the particle they describe (i.e., k · ϵPµ(k) = 0). Furthermore, we can always use
four-momentum conservation to express q · ϵPµ(k) in terms of the other Lorentz invariant
products. Ultimately, we only need to compute the Lorentz invariant products between
the polarization vectors and the electron four-momenta

Transverse: p1 · ϵT = 0 , (A.3)

p2 · ϵT = −p⃗lab · ê1 ± iê2√
2

. (A.4)

Longitudinal: p1 · ϵL =
me

√
ω2 −m2

γ′

mγ′
, (A.5)

p2 · ϵL =
Elab

√
ω2 −m2

γ′ − ω
√
E2

lab −m2
e cos θlab

mγ′
. (A.6)

The Lorentz invariant products between the initial state electron four-momentum and the
polarization vectors are straightforward. The corresponding quantities with the final state
electron four-momentum require more attention. First, we notice how the products with
the two transverse polarization vectors in eq. (A.3) isolate the two components of p⃗lab
orthogonal to the incoming vector direction. The analogous quantity with the longitudinal
polarization in eq. (A.5) depends on both Elab and cos θlab, and these two kinematical
variables are not independent. We choose to identify the final state with the value of Elab.
The connection between cos θlab and Elab is eased once we study the kinematics in the
center of mass frame.

Center of mass kinematics. The center of mass frame (or, more properly, the center
of momentum frame) is identified by the condition that the total spatial momentum is
vanishing. We introduce a generic Lorentz boost connecting the two frames as follows

E′ = γ(β⋆)
[
E − β⋆p∥

]
, p′∥ = γ(β⋆)

[
p∥ − β⋆E

]
, p′⊥ = p⊥ . (A.7)

Primed and unprimed kinematical variables correspond to the center of mass and laboratory
frames, respectively. Furthermore, we have the Lorentz factor γ(β⋆) =

(
1− β2

⋆

)−1/2, and
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the parallel (∥) and orthogonal (⊥) directions are identified with respect to the incoming
vector spatial momentum. The requirement that the initial state momentum along the
incoming direction (p∥) is vanishing in the center of mass frame leads to the relations

β⋆ =

√
ω2 −m2

γ′

ω +me
, γ(β⋆) =

ω +me√
m2
γ′ +m2

e + 2ωme

= ω +me√
s

. (A.8)

The advantage of working in the center of mass frame is that both initial and final states are
monochromatic. In particular, the final state electron has energy and spatial momentum
size that are function of

√
s only

E′
2 =

√
s

2

(
1 + m2

e

s

)
,

∣∣p⃗ ′
2
∣∣ = √

s

2

(
1− m2

e

s

)
.

Thus the final state is identified by the scattering angle θ⋆ that is illustrated in the left
panel of figure 8.

Final state electron kinematical variables. The relations identified above in the two
frames allow us to describe completely the final state electron. First, we employ the inverse
Lorentz boost to write down the electron energy in the laboratory frame

Elab = γ(β⋆)
[
E′

2 − β⋆
∣∣p⃗ ′

2
∣∣ cos θ⋆] . (A.9)

The scattering angle in the center of mass frame can take any value between 0 and π. Thus
the final state electron energy is bounded from both above and below, E−

lab ≤ Elab ≤ E+
lab.

The kinematical thresholds explicitly read

E±
lab =

(ω +me)(s+m2
e)±

√
ω2 −m2

γ′(s−m2
e)

2s . (A.10)

The only leftover task is to express the scattering angle θlab as a function of Elab. The
center of mass frame kinematics is useful here as well

tan θlab = p2⊥
p2∥

= − |p⃗ ′
2| sin θ⋆

γ(β⋆) [− |p⃗ ′
2| cos θ⋆ + β⋆E′

2]
. (A.11)

We use the relation in eq. (A.10) to express the center of mass scattering angle θ⋆ in terms
of Elab, and we take the energy and the size of the spatial momentum in the center of mass
frame from eq. (A.9). Once we put everything together, and we convert the tangent into a
cosine (since it is what we need, see eq. (A.5)), we find

cos θlab =
2 (me + ω) (Elab −me)−m2

γ′

2
√
ω2 −m2

γ′

√
E2

lab −m2
e

. (A.12)
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Scattering cross section. The differential cross section reads

dσP = |MP |2

4I dΦfinal ,

where the subscript P refers to the polarization state of the incoming vector that can be
either transverse (P = T) or longitudinal (P = L). The Lorentz invariant flux factor I
appearing in the cross section results in

I =
√
(k · p1)2 −m2

γ′m
2
e = me

√
ω2 −m2

γ′ .

The Lorentz-invariant phase space factor dΦfinal accounts for all possible kinematically
allowed final states. In the center of mass frame, the Lorentz invariant phase space takes
the well-known form and once we use the information that the squared matrix element
respects cylindrical symmetry around the incoming direction of the massive vector the
phase space is just proportional to d cos θ⋆. The relation in eq. (A.9) allows us to derive
the corresponding quantity in the laboratory frame, and after we differentiate it we find

dΦfinal =
1

16π

(
1− m2

e

s

)
d cos θ⋆ =

1
8π
√
ω2 −m2

γ′

dElab .

To summarize, the general expression for the differential cross section reads

dσP
dElab

= |MP |2

32πme(ω2 −m2
γ′)

. (A.13)

Polarized squared matrix elements. The couplings in the Lagrangian that mediate
this process are

LCompton−like =
(
−eAµ + geA

′
µ

)
ēγµe .

The first term comes from the electromagnetic interaction of the electron field, the coupling
with the dark vector field has to account for mixing effects as well. As discussed in this
paper, the general expression reads ge = −εe + q′ee

′. We have a polarized flux of dark
vectors coming from the Sun, and for this reason, we evaluate the transition amplitude for
a fixed initial-state polarization P of the incoming γ′ particle. The Feynman diagrams for
the Compton-like scattering are shown in figure 9, and we write the total matrix element
as the sum of these two contributions

iMP = iM(s)
P + iM(u)

P .

The two individual terms contributing to the transition amplitude, s- and u-channels,
explicitly read

iM(s)
P = ū(p2)(−ieγν)

i(/p1 + /k +me)
s−m2

e

(igeγµ)u(p1) ϵPµ(k) ϵγiν(q)∗ , (A.14)

iM(u)
P = ū(p2)(igeγµ)

i(/p1 − /q +me)
u−m2

e

(−ieγν)u(p1) ϵPµ(k) ϵγiν(q)∗ . (A.15)

– 26 –



J
H
E
P
1
2
(
2
0
2
3
)
0
9
1

<latexit sha1_base64="Ny3bEkkSP/F58wEWEs/KMwjY9zM=">AAACGXicbVC7TsMwFHXKq5RXgLFLRIXEVCWI11jBwlgk+pCaUDnOTWvVTiLbQaqiDHwHH8AKn8CGWJn4An4DN80AhSNZOjrnvnz8hFGpbPvTqCwtr6yuVddrG5tb2zvm7l5Xxqkg0CExi0XfxxIYjaCjqGLQTwRg7jPo+ZOrmd+7ByFpHN2qaQIex6OIhpRgpaWhWXeLGZnPUsgzd4Q5x3duIiiHfGg27KZdwPpLnJI0UIn20Pxyg5ikHCJFGJZy4NiJ8jIsFCUM8pqbSkgwmeARDDSNMAfpZcUBuXWolcAKY6FfpKxC/dmRYS7llPu6kmM1loveTPzXk/qUMQQL61V44WU0SlIFEZlvD1NmqdiaxWQFVABRbKoJJoLqD1hkjAUmSodZ08k4izn8Jd3jpnPWPL05abQuy4yqqI4O0BFy0DlqoWvURh1E0AN6Qs/oxXg0Xo03431eWjHKnn30C8bHN+1UoeU=</latexit>

�0

<latexit sha1_base64="+3lSkXRXneFRHuVFhZk+PdM2Pm0=">AAAB/3icbVC7TsNAEFzzDOEVoKSxiJBoiGzEq4ygoQyCPKTEROfzOjnlfLbuzkiRlYIPoIVPoEO0fApfwG9wSVxAwkgrjWZ2tbvjJ5wp7Thf1sLi0vLKamGtuL6xubVd2tltqDiVFOs05rFs+UQhZwLrmmmOrUQiiXyOTX9wPfabjygVi8W9HiboRaQnWMgo0Ua6w4fjbqnsVJwJ7Hni5qQMOWrd0ncniGkaodCUE6XarpNoLyNSM8pxVOykChNCB6SHbUMFiVB52eTUkX1olMAOY2lKaHui/p7ISKTUMPJNZ0R0X816Y/FfT5lT+hjMrNfhpZcxkaQaBZ1uD1Nu69geh2EHTCLVfGgIoZKZB2zaJ5JQbSIrmmTc2RzmSeOk4p5Xzm5Py9WrPKMC7MMBHIELF1CFG6hBHSj04Ble4NV6st6sd+tj2rpg5TN78AfW5w/c55Zr</latexit>

e�
<latexit sha1_base64="+3lSkXRXneFRHuVFhZk+PdM2Pm0=">AAAB/3icbVC7TsNAEFzzDOEVoKSxiJBoiGzEq4ygoQyCPKTEROfzOjnlfLbuzkiRlYIPoIVPoEO0fApfwG9wSVxAwkgrjWZ2tbvjJ5wp7Thf1sLi0vLKamGtuL6xubVd2tltqDiVFOs05rFs+UQhZwLrmmmOrUQiiXyOTX9wPfabjygVi8W9HiboRaQnWMgo0Ua6w4fjbqnsVJwJ7Hni5qQMOWrd0ncniGkaodCUE6XarpNoLyNSM8pxVOykChNCB6SHbUMFiVB52eTUkX1olMAOY2lKaHui/p7ISKTUMPJNZ0R0X816Y/FfT5lT+hjMrNfhpZcxkaQaBZ1uD1Nu69geh2EHTCLVfGgIoZKZB2zaJ5JQbSIrmmTc2RzmSeOk4p5Xzm5Py9WrPKMC7MMBHIELF1CFG6hBHSj04Ble4NV6st6sd+tj2rpg5TN78AfW5w/c55Zr</latexit>

e�
<latexit sha1_base64="+3lSkXRXneFRHuVFhZk+PdM2Pm0=">AAAB/3icbVC7TsNAEFzzDOEVoKSxiJBoiGzEq4ygoQyCPKTEROfzOjnlfLbuzkiRlYIPoIVPoEO0fApfwG9wSVxAwkgrjWZ2tbvjJ5wp7Thf1sLi0vLKamGtuL6xubVd2tltqDiVFOs05rFs+UQhZwLrmmmOrUQiiXyOTX9wPfabjygVi8W9HiboRaQnWMgo0Ua6w4fjbqnsVJwJ7Hni5qQMOWrd0ncniGkaodCUE6XarpNoLyNSM8pxVOykChNCB6SHbUMFiVB52eTUkX1olMAOY2lKaHui/p7ISKTUMPJNZ0R0X816Y/FfT5lT+hjMrNfhpZcxkaQaBZ1uD1Nu69geh2EHTCLVfGgIoZKZB2zaJ5JQbSIrmmTc2RzmSeOk4p5Xzm5Py9WrPKMC7MMBHIELF1CFG6hBHSj04Ble4NV6st6sd+tj2rpg5TN78AfW5w/c55Zr</latexit>

e�
<latexit sha1_base64="+3lSkXRXneFRHuVFhZk+PdM2Pm0=">AAAB/3icbVC7TsNAEFzzDOEVoKSxiJBoiGzEq4ygoQyCPKTEROfzOjnlfLbuzkiRlYIPoIVPoEO0fApfwG9wSVxAwkgrjWZ2tbvjJ5wp7Thf1sLi0vLKamGtuL6xubVd2tltqDiVFOs05rFs+UQhZwLrmmmOrUQiiXyOTX9wPfabjygVi8W9HiboRaQnWMgo0Ua6w4fjbqnsVJwJ7Hni5qQMOWrd0ncniGkaodCUE6XarpNoLyNSM8pxVOykChNCB6SHbUMFiVB52eTUkX1olMAOY2lKaHui/p7ISKTUMPJNZ0R0X816Y/FfT5lT+hjMrNfhpZcxkaQaBZ1uD1Nu69geh2EHTCLVfGgIoZKZB2zaJ5JQbSIrmmTc2RzmSeOk4p5Xzm5Py9WrPKMC7MMBHIELF1CFG6hBHSj04Ble4NV6st6sd+tj2rpg5TN78AfW5w/c55Zr</latexit>

e�

<latexit sha1_base64="wTe6d4NrKDRpB3nK2qWsRc/y70E=">AAACAnicbVDLSgNBEJz1GeMr6tHLYBA8hV3xdQx68RjBPCBZQu9sbzJmZneZmRVCyM0P8Kqf4E28+iN+gb/hJNmDJhY0FFXddHcFqeDauO6Xs7S8srq2Xtgobm5t7+yW9vYbOskUwzpLRKJaAWgUPMa64UZgK1UIMhDYDAY3E7/5iErzJL43wxR9Cb2YR5yBsVKj0wMpoVsquxV3CrpIvJyUSY5at/TdCROWSYwNE6B123NT449AGc4EjoudTGMKbAA9bFsag0Ttj6bXjumxVUIaJcpWbOhU/T0xAqn1UAa2U4Lp63lvIv7raXtKH8O59Sa68kc8TjODMZttjzJBTUInedCQK2RGDC0Bprh9gLI+KGDGpla0yXjzOSySxmnFu6ic352Vq9d5RgVySI7ICfHIJamSW1IjdcLIA3kmL+TVeXLenHfnY9a65OQzB+QPnM8fmxKX+A==</latexit>� <latexit sha1_base64="wTe6d4NrKDRpB3nK2qWsRc/y70E=">AAACAnicbVDLSgNBEJz1GeMr6tHLYBA8hV3xdQx68RjBPCBZQu9sbzJmZneZmRVCyM0P8Kqf4E28+iN+gb/hJNmDJhY0FFXddHcFqeDauO6Xs7S8srq2Xtgobm5t7+yW9vYbOskUwzpLRKJaAWgUPMa64UZgK1UIMhDYDAY3E7/5iErzJL43wxR9Cb2YR5yBsVKj0wMpoVsquxV3CrpIvJyUSY5at/TdCROWSYwNE6B123NT449AGc4EjoudTGMKbAA9bFsag0Ttj6bXjumxVUIaJcpWbOhU/T0xAqn1UAa2U4Lp63lvIv7raXtKH8O59Sa68kc8TjODMZttjzJBTUInedCQK2RGDC0Bprh9gLI+KGDGpla0yXjzOSySxmnFu6ic352Vq9d5RgVySI7ICfHIJamSW1IjdcLIA3kmL+TVeXLenHfnY9a65OQzB+QPnM8fmxKX+A==</latexit>�

<latexit sha1_base64="wNoiJAreDE7uqHBbGu+nNRw6lT0=">AAAB/3icbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmZne5Mhs7PLzKwQQg5+gFf9BG/i1U/xC/wNJ8keNFrQUFR1090VpIJr47qfTmFpeWV1rbhe2tjc2t4p7+41dZIphg2WiES1A6pRcIkNw43AdqqQxoHAVjC8nvqtB1SaJ/LejFL0Y9qXPOKMGivdpT2vV664VXcG8pd4OalAjnqv/NUNE5bFKA0TVOuO56bGH1NlOBM4KXUzjSllQ9rHjqWSxqj98ezUCTmySkiiRNmShszUnxNjGms9igPbGVMz0IveVPzX0/aUAYYL60106Y+5TDODks23R5kgJiHTMEjIFTIjRpZQprh9gLABVZQZG1nJJuMt5vCXNE+q3nn17Pa0UrvKMyrCARzCMXhwATW4gTo0gEEfnuAZXpxH59V5c97nrQUnn9mHX3A+vgH2jpZ7</latexit>p1
<latexit sha1_base64="wNoiJAreDE7uqHBbGu+nNRw6lT0=">AAAB/3icbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmZne5Mhs7PLzKwQQg5+gFf9BG/i1U/xC/wNJ8keNFrQUFR1090VpIJr47qfTmFpeWV1rbhe2tjc2t4p7+41dZIphg2WiES1A6pRcIkNw43AdqqQxoHAVjC8nvqtB1SaJ/LejFL0Y9qXPOKMGivdpT2vV664VXcG8pd4OalAjnqv/NUNE5bFKA0TVOuO56bGH1NlOBM4KXUzjSllQ9rHjqWSxqj98ezUCTmySkiiRNmShszUnxNjGms9igPbGVMz0IveVPzX0/aUAYYL60106Y+5TDODks23R5kgJiHTMEjIFTIjRpZQprh9gLABVZQZG1nJJuMt5vCXNE+q3nn17Pa0UrvKMyrCARzCMXhwATW4gTo0gEEfnuAZXpxH59V5c97nrQUnn9mHX3A+vgH2jpZ7</latexit>p1

<latexit sha1_base64="V9FFFF+Dp/qPp0e9lEokgeTizkg=">AAAB/3icbVDJSgNBEK2JW4xb1KOXxiB4CjPB7Rj04jGiWSAZQk9PTdKkZ6G7RwhDDn6AV/0Eb+LVT/EL/A07yRw08UHB470qqup5ieBK2/aXVVhZXVvfKG6WtrZ3dvfK+wctFaeSYZPFIpYdjyoUPMKm5lpgJ5FIQ09g2xvdTP32I0rF4+hBjxN0QzqIeMAZ1Ua6T/q1frliV+0ZyDJxclKBHI1++bvnxywNMdJMUKW6jp1oN6NScyZwUuqlChPKRnSAXUMjGqJys9mpE3JiFJ8EsTQVaTJTf09kNFRqHHqmM6R6qBa9qfivp8wpQ/QX1uvgys14lKQaIzbfHqSC6JhMwyA+l8i0GBtCmeTmAcKGVFKmTWQlk4yzmMMyadWqzkX1/O6sUr/OMyrCERzDKThwCXW4hQY0gcEAnuEFXq0n6816tz7mrQUrnzmEP7A+fwD4J5Z8</latexit>p2
<latexit sha1_base64="V9FFFF+Dp/qPp0e9lEokgeTizkg=">AAAB/3icbVDJSgNBEK2JW4xb1KOXxiB4CjPB7Rj04jGiWSAZQk9PTdKkZ6G7RwhDDn6AV/0Eb+LVT/EL/A07yRw08UHB470qqup5ieBK2/aXVVhZXVvfKG6WtrZ3dvfK+wctFaeSYZPFIpYdjyoUPMKm5lpgJ5FIQ09g2xvdTP32I0rF4+hBjxN0QzqIeMAZ1Ua6T/q1frliV+0ZyDJxclKBHI1++bvnxywNMdJMUKW6jp1oN6NScyZwUuqlChPKRnSAXUMjGqJys9mpE3JiFJ8EsTQVaTJTf09kNFRqHHqmM6R6qBa9qfivp8wpQ/QX1uvgys14lKQaIzbfHqSC6JhMwyA+l8i0GBtCmeTmAcKGVFKmTWQlk4yzmMMyadWqzkX1/O6sUr/OMyrCERzDKThwCXW4hQY0gcEAnuEFXq0n6816tz7mrQUrnzmEP7A+fwD4J5Z8</latexit>p2

<latexit sha1_base64="Ny3bEkkSP/F58wEWEs/KMwjY9zM=">AAACGXicbVC7TsMwFHXKq5RXgLFLRIXEVCWI11jBwlgk+pCaUDnOTWvVTiLbQaqiDHwHH8AKn8CGWJn4An4DN80AhSNZOjrnvnz8hFGpbPvTqCwtr6yuVddrG5tb2zvm7l5Xxqkg0CExi0XfxxIYjaCjqGLQTwRg7jPo+ZOrmd+7ByFpHN2qaQIex6OIhpRgpaWhWXeLGZnPUsgzd4Q5x3duIiiHfGg27KZdwPpLnJI0UIn20Pxyg5ikHCJFGJZy4NiJ8jIsFCUM8pqbSkgwmeARDDSNMAfpZcUBuXWolcAKY6FfpKxC/dmRYS7llPu6kmM1loveTPzXk/qUMQQL61V44WU0SlIFEZlvD1NmqdiaxWQFVABRbKoJJoLqD1hkjAUmSodZ08k4izn8Jd3jpnPWPL05abQuy4yqqI4O0BFy0DlqoWvURh1E0AN6Qs/oxXg0Xo03431eWjHKnn30C8bHN+1UoeU=</latexit>

�0

<latexit sha1_base64="cskF0/0H2Y2Qdhq1GQCVhtT6h4o=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRo8BLx4TMA9IljA725sMmX04MyuEJfgBXvUTvIlXv8Uv8DecJHvQxIKGoqqb7i4vEVxp2/6yCmvrG5tbxe3Szu7e/kH58Kit4lQybLFYxLLrUYWCR9jSXAvsJhJp6AnseOPbmd95RKl4HN3rSYJuSIcRDzij2kjNh0G5YlftOcgqcXJSgRyNQfm778csDTHSTFCleo6daDejUnMmcFrqpwoTysZ0iD1DIxqicrP5oVNyZhSfBLE0FWkyV39PZDRUahJ6pjOkeqSWvZn4r6fMKSP0l9br4MbNeJSkGiO22B6kguiYzKIgPpfItJgYQpnk5gHCRlRSpk1gJZOMs5zDKmlfVJ1a9ap5WanX8oyKcAKncA4OXEMd7qABLWCA8Awv8Go9WW/Wu/WxaC1Y+cwx/IH1+QPDOZXM</latexit>q
<latexit sha1_base64="zEn/Lr2BVtoprFvp1TvPFKkS2Ps=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRo8BLx4TMDGQLGF2tjcZMju7zMwKIQQ/wKt+gjfx6rf4Bf6Gk2QPmljQUFR1090VpIJr47pfTmFtfWNzq7hd2tnd2z8oHx61dZIphi2WiER1AqpRcIktw43ATqqQxoHAh2B0O/MfHlFpnsh7M07Rj+lA8ogzaqzUHPXLFbfqzkFWiZeTCuRo9MvfvTBhWYzSMEG17npuavwJVYYzgdNSL9OYUjaiA+xaKmmM2p/MD52SM6uEJEqULWnIXP09MaGx1uM4sJ0xNUO97M3Efz1tTxliuLTeRDf+hMs0MyjZYnuUCWISMouChFwhM2JsCWWK2wcIG1JFmbGBlWwy3nIOq6R9UfVq1avmZaVeyzMqwgmcwjl4cA11uIMGtIABwjO8wKvz5Lw5787HorXg5DPH8AfO5w+5o5XG</latexit>

k

<latexit sha1_base64="zEn/Lr2BVtoprFvp1TvPFKkS2Ps=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRo8BLx4TMDGQLGF2tjcZMju7zMwKIQQ/wKt+gjfx6rf4Bf6Gk2QPmljQUFR1090VpIJr47pfTmFtfWNzq7hd2tnd2z8oHx61dZIphi2WiER1AqpRcIktw43ATqqQxoHAh2B0O/MfHlFpnsh7M07Rj+lA8ogzaqzUHPXLFbfqzkFWiZeTCuRo9MvfvTBhWYzSMEG17npuavwJVYYzgdNSL9OYUjaiA+xaKmmM2p/MD52SM6uEJEqULWnIXP09MaGx1uM4sJ0xNUO97M3Efz1tTxliuLTeRDf+hMs0MyjZYnuUCWISMouChFwhM2JsCWWK2wcIG1JFmbGBlWwy3nIOq6R9UfVq1avmZaVeyzMqwgmcwjl4cA11uIMGtIABwjO8wKvz5Lw5787HorXg5DPH8AfO5w+5o5XG</latexit>

k
<latexit sha1_base64="cskF0/0H2Y2Qdhq1GQCVhtT6h4o=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRo8BLx4TMA9IljA725sMmX04MyuEJfgBXvUTvIlXv8Uv8DecJHvQxIKGoqqb7i4vEVxp2/6yCmvrG5tbxe3Szu7e/kH58Kit4lQybLFYxLLrUYWCR9jSXAvsJhJp6AnseOPbmd95RKl4HN3rSYJuSIcRDzij2kjNh0G5YlftOcgqcXJSgRyNQfm778csDTHSTFCleo6daDejUnMmcFrqpwoTysZ0iD1DIxqicrP5oVNyZhSfBLE0FWkyV39PZDRUahJ6pjOkeqSWvZn4r6fMKSP0l9br4MbNeJSkGiO22B6kguiYzKIgPpfItJgYQpnk5gHCRlRSpk1gJZOMs5zDKmlfVJ1a9ap5WanX8oyKcAKncA4OXEMd7qABLWCA8Awv8Go9WW/Wu/WxaC1Y+cwx/IH1+QPDOZXM</latexit>q

Figure 9. Feynman diagrams for the Compton-like scattering. The blue lines correspond to the
hidden vector γ′ whereas regular wavy black lines to the SM photon γ. We have contributions from
both the s-channel (left) and the u-channel (right).

The dark gauge boson polarization vectors ϵPµ(k) are given in eqs. (2.5) and (2.6). We
sum over the final state photon polarizations ϵγiν(q), and only the two transverse ones given
in eq. (2.5) are available in this case. Once we square the matrix element, and average and
sum over initial and final states with the only exception of the fixed polarization P , we
find the general expression

|MP |2 = e2g2
e

2 Lµναβ
(∑
i=±

ϵγiβ(q)ϵ
γ
iν(q)∗

)(
ϵPµ(k)ϵPα(k)∗

)
. (A.16)

The overall factor of 1/2 averages over the initial state electron spins. The leptonic tensor
explicitly reads

Lµναβ =Tr
[
(/p2 +me)

(
γν
/p1 + /k +me

s−m2
e

γµ + γµ
/p1 − /q +me

u−m2
e

γν
)
×

(/p1 +me)
(
γα
/p1 + /k +me

s−m2
e

γβ + γβ
/p1 − /q +me

u−m2
e

γα
)]

. (A.17)

We always sum over the final-state photon polarizations∑
i=±

ϵγiβ(q)ϵ
γ
iν(q)∗ = −gνβ . (A.18)

As anticipated, we do not average over the initial state polarizations P of the massive vector,
and this makes the calculation more difficult since we cannot employ the well-known result
for the sum over all polarizations∑

P

ϵPµ(k)ϵPν(k)∗ =
∑
T=±

ϵTµ(k)ϵTν(k)∗ + ϵLµ(k)ϵLν(k)∗ = −gµν +
kµkν
m2
γ′

. (A.19)

We work in the laboratory frame where the polarization vectors are defined. For a generic
laboratory frame that moves with four-velocity Uµ, we have the following relations [170]

∑
T=±

ϵTµ(k)ϵTν(k)∗ = − g̃µν −
k̃µk̃ν
k2 , (A.20)

ϵLµ(k)ϵLν(k)∗ = − gµν +
kµkν
m2
γ′

−
(
−g̃µν −

k̃µk̃ν
k2

)
, (A.21)
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where we define g̃µν = gµν−UµUν , and k̃µ = kµ−(k ·U)Uµ. For our specific calculation, the
target electron is at rest and therefore Uµ = (1 , 0⃗). Thus the Lorentz boost to achieve the
center of mass frame is aligned with the momentum of the massive vector. Furthermore,
we take advantage of the fact that the hidden vector couples to a conserved current and
therefore if we write the matrix element MP = ϵPµ(k)Mµ the condition kµMµ = 0 must be
satisfied. This has two immediate consequences. First, the sum over all polarizations can
be replaced by eq. (A.19) without the last term proportional to kµkν . Second, the squared
matrix element for the longitudinal vector takes a particularly simple form after we plug the
explicit expression for the polarization vector and we impose current conservation. In the
end, the polarization part of the squared matrix element can be replaced by the following
simple expressions [86]∑

T=±
ϵTµ(k)ϵTν(k)∗

kµMµ=0−−−−−→ − gµν −
m2
γ′

ω2 −m2
γ′
gµ0gν0 , (A.22)

ϵLµ(k)ϵLν(k)∗
kµMµ=0−−−−−→

m2
γ′

ω2 −m2
γ′
gµ0gν0 . (A.23)

For a generic case where the massive vector couples to a non-conserved current (e.g., the
electron axial current), we have to include the explicit expression for the polarization vec-
tors. As already discussed, we can always employ four-momentum conservation and the
conditions kµϵPµ(k) = 0 and ϵPµ(k)ϵµP (k) = −1 to have only the Lorentz invariant with
electron initial and final state momenta provided by eqs. (A.3) and (A.5). We performed
our calculations by using both methods, conditions in eqs. (A.22) and (A.23) from cur-
rent conservation and explicit polarization vectors, and we employed the FeynCalc pack-
age [171, 172] to perform the Dirac algebra and the Lorentz indices contractions. In the
next subsection, we provide our final results for both the differential and total cross sections.

Final expressions for the differential and total cross sections. Once we have
the squared matrix elements, we can write down the differential cross section as given by
eq. (A.13). For the P = T case, we sum over the two transverse polarizations and average
over them, whereas we have one only one option for the P = L case. We find the differential
scattering cross sections

dσT

dElab
= e2g2

e

64πm2
e(ω2 −m2

γ′)2(2ωme +m2
γ′)2(me − Elab + ω)2

×
[
8ωm6

e(−4ωElab +m2
γ′ + 6ω2)− 2mem

4
γ′(m2

γ′(ω − 2Elab)(Elab + ω)

− 2ω(ω − Elab)(−6ωElab + 4E2
lab + 3ω2) +m4

γ′) + 8m5
e(ωm2

γ′(3ω − Elab)
+ 2ω2Elab(Elab − 7ω)−m4

γ′ + 10ω4) + 4m3
e(m4

γ′(2Elab(ω − 2Elab)− 3ω2)
+ 2ωm2

γ′(−16ω2Elab + 11ωE2
lab + E3

lab + 6ω3) + 4ω3(ω − Elab)(−2ωElab + E2
lab

+ 2ω2)) +m2
e(8ω2m2

γ′(ω − Elab)(3Elab(Elab − 2ω) + 4ω2)
+ 4m4

γ′(−6ω2Elab + 7ωE2
lab + E3

lab + ω3)− 6ωm6
γ′)

+ 4m4
e(2ωm2

γ′(7ω2−Elab(Elab+11ω)) + 5m4
γ′(Elab − ω) + 4ω3Elab(5Elab − 8ω) + 16ω5)

+ 16ω2m7
e −m6

γ′(ω − Elab)(m2
γ′ − 2(2Elab(Elab − ω) + ω2))

]
(A.24)
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dσL

dElab
=
e2g2

em
2
γ′(Elab(2ωme +m2

γ′)− (2me + ω)(2me(me + ω) +m2
γ′))

32πm2
e(m2

γ′ − ω2)2(2ωme +m2
γ′)2(me − Elab + ω)2

×
[
4E2

lab(2ωme +m2
e +m2

γ′)− 4Elab(me + ω)(2me(me + ω) +m2
γ′) + 4ωmem

2
γ′

+ 8ω2m2
e + 8ωm3

e + 4m4
e +m4

γ′

]
. (A.25)

The total cross section for transverse (P = T) and longitudinal (P = L) results from the
integration over the kinematical extremes provided by eq. (A.10), and we find

σP =
∫ E+

lab

E−
lab

dσP
dElab

. (A.26)

The explicit integrations lead to the following results

σT = e2g2
e

128πm2
e(m2

γ′ − ω2)2(2ωme +m2
γ′)

×

[
−

(m2
γ′ + 2ωme)2(m4

γ′ + (2ω −me)mem
2
γ′ + 2ω2m2

e)
(
ω +me −

√
ω2 −m2

γ′

)2

(m2
e + 2ωme +m2

γ′)2

+
(m2

γ′ + 2ωme)2(m4
γ′ + (2ω −me)mem

2
γ′ + 2ω2m2

e)
(
ω +me +

√
ω2 −m2

γ

)2

(m2
e + 2ωme +m2

γ′)2

+
4(−((ω+2me)m6

γ′)−me(2ω2+2meω+m2
e)m4

γ′+2ωm3
e(5ω+2me)m2

γ′+4ω2m4
e(2ω +me))

(
− ω−me+

√
ω2−m2

γ′

)
m2

e + 2ωme +m2
γ′

+
4(−((ω+2me)m6

γ)−me(2ω2+2meω+m2
e)m4

γ′ + 2ωm3
e(5ω+2me)m2

γ′+4ω2m4
e(2ω+me))

(
ω+me +

√
ω2−m2

γ′

)
m2

e+2ωme +m2
γ′

+ 2
(
log
( (m2

γ + 2ωme)
(
ω +me −

√
ω2 −m2

γ′

)
m2

e + 2ωme +m2
γ′

)
− log(2)

)
×
(
m6

γ − 2ω2m4
γ′ + 16ω2m4

e + 16ωm3
e(ω2 +m2

γ′)− 4m2
e(2ω4 − 7m2

γ′ω2 +m4
γ′)
)

− 2 log
( (m2

γ′ + 2ωme)
(
ω +me +

√
ω2 −m2

γ′

)
2(m2

e + 2ωme +m2
γ′)

)
×
(
m6

γ′ − 2ω2m4
γ′ + 16ω2m4

e + 16ωm3
e(ω2 +m2

γ′)− 4m2
e(2ω4 − 7m2

γ′ω2 +m4
γ′)
)

−
4me(m2

e + 2ωme +m2
γ)(−m4

γ′ + 2ω(ω + 2me)m2
γ′ + 4ω2m2

e)

ω +me +
√
ω2 −m2

γ

+
4me(m2

e + 2ωme +m2
γ′)(−m4

γ′ + 2ω(ω + 2me)m2
γ′ + 4ω2m2

e)

ω +me −
√
ω2 −m2

γ′

]
. (A.27)
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σL=
e2g2

em
2
γ′

32πm2
e(mγ′ − ω)2(mγ′ + ω)2(2ωme +m2

γ′)

×

[2√ω2−m2
γ′(4mem

2
γ′(ω2−5me(me+ω))+m4

γ′(ω−3me)+4m2
e(me+ω)(ω2−4me(me+2ω)))

2ωme +m2
e +m2

γ′

+ (−4m2
em

2
γ − 4m2

e(2me + ω)(2me + 3ω) +m4
γ′)

×

(
log
(

−
(2ωme +m2

γ′)(me −
√
ω2 −m2

γ′ + ω)
2ωme +m2

e +m2
γ′

)

− log
(

−
(2ωme +m2

γ′)(me +
√
ω2 −m2

γ′ + ω)
2ωme +m2

e +m2
γ′

))]
. (A.28)

These expressions take the simple form in the limit of small hidden vector mass

σT ≃ e2g2
e

16πm2
e

2xω(xω(xω + 1)(xω + 8) + 2) + ((xω − 2)xω − 2)(2xω + 1)2 log(2xω + 1)
x3
ω (2xω + 1) 2 .

(A.29)

σL ≃
e2g2

em
2
γ′

16πm4
e

(
2xω(xω+1)((xω−8)xω−4)

2xω+1 + (xω + 2) (3xω + 2) log (2xω + 1)
)

x5
ω

, (A.30)

where we provide the expressions in terms of the dimensionless variable xω = ω/me quan-
tifying the initial state energy in units of the electron mass.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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