
Multipole vector dark matter below the GeV scale

Xiaoyong Chu ,1 Junji Hisano ,2,3,4 Alejandro Ibarra ,5 Jui-Lin Kuo,6 and Josef Pradler 1,7,8

1Institute of High Energy Physics, Austrian Academy of Sciences,
Georg-Coch-Platz 2, 1010 Vienna, Austria

2Department of Physics, Nagoya University, Furo-cho Chikusa-ku, Nagoya 464-8602, Japan
3Kobayashi-Maskawa Institute for the Origin of Particles and the Universe, Nagoya University,

Furo-cho Chikusa-ku, Nagoya 464-8602, Japan
4Kavli IPMU (WPI), UTIAS, The University of Tokyo, Kashiwa 277-8584, Japan

5Physik-Department, Technische Universität München, James-Franck-Straße, 85748 Garching, Germany
6Department of Physics and Astronomy, University of California, Irvine, California 92697-4575, USA

7University of Vienna, Faculty of Physics, Boltzmanngasse 5, A-1090 Vienna, Austria
8CERN, Theoretical Physics Department, 1211 Geneva 23, Switzerland

(Received 2 April 2023; accepted 7 July 2023; published 24 July 2023)

We consider electrically neutral complex-vector particles V below the GeV mass scale that, from a low-
energy perspective, couple to the photon via higher-dimensional form factor interactions. We derive
ensuing astrophysical constraints by considering the anomalous energy loss from the Sun, Horizontal
Branch, and Red Giant stars as well as from SN1987A that arise from vector pair production in these
environments. Under the assumption that the dark states V constitute dark matter, the bounds are then
complemented by direct and indirect detection as well as cosmological limits. The relic density from freeze-
out and freeze-in mechanisms is also computed. On the basis of a UV-complete model that realizes the
considered effective couplings, we also discuss the naturalness of the constrained parameter space, and
provide an analysis of the zero mass limit of V.
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I. INTRODUCTION

New spin-1=2 particles are arguably the most entertained
option when considering models of Dark Matter (DM),
only to be followed by scalar DM candidates. Vector
particles Vμ, on the other hand, are a comparatively less-
studied possibility for DM. The reasons for it may be
circumstantial rather than fundamental. In the Standard
Model (SM), matter fields are fermions, and spin-1 vector
fields chiefly take the role of mediating their gauge
interactions. Although gluons dynamically deliver a sig-
nificant fraction of mass to baryons, we are better familiar
with attributing 86% of the Universe’s present mass density
to new fields with their mass as a fundamental parameter in
the Lagrangian or generated through symmetry breaking
involving spin-1=2 (or spin-0) fields. However, there is
a priori no reason to discard the possibility that DM is a
fundamental (weakly coupled) massive vector field.
Complex vector DM has been studied in a number of

works before where its coupling to SMwas mediated by the

tree-level exchange of heavy fermion or scalar mediators
[1–15]. More recently, the possibility was investigated that
Vμ, albeit electrically neutral, shares a coupling with the
photon through electromagnetic multipole moments
[16,17]. In [16], the direct detection phenomenology of
electroweak scale heavy Vμ was then investigated, com-
plementing earlier works of electroweak scale DM of
spin-0 and spin-1=2 [18–29]. Once the mass of DM drops
below the GeV scale, a multitude of new phenomenological
considerations come into play. The electromagnetic
moments may be explored at the intensity frontier, through
flavor physics and precision tests, as well as in astrophys-
ics, through the anomalous energy loss they induce in
stars [30–34].
It is the purpose of this paper to carry over those

considerations and chart out the parameter space for
sub-GeV electrically neutral complex vector DM candi-
dates that carry electromagnetic (EM) form factor inter-
actions. In the classification of their transformation
property under discrete symmetries and dimensionality,
those are the mass dimension-five electric and magnetic
dipole interactions and dimension-six magnetic and electric
quadrupole moments, charge radius interaction as well as
toroidal and anapole moments. The vector particles are
pair produced from off shell photons via γ� → V†V. We
establish the stringent astrophysical constraints from the
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anomalous energy loss from the Sun, from Horizontal
Branch (HB) and Red Giant Branch (RGB) stars as well as
from SN1987A. These constraints probe the existence of
such dark states irrespective if they constitute the bulk of
DM. Assuming that they are DM, we also study its freeze-
out and freeze-in production mechanisms, as well as the
direct and indirect detection limits. We outline a UV
completion of the electromagnetic effective interactions
under investigation, and consider the scaling of production
rates in the high-energy limit of Vμ.
The paper is organized as follows. In Sec. II we introduce

the effective Lagrangian and form factors together with
the amplitude for V pair production. In Sec. III we compute
the energy loss rates in the considered astrophysical
environments and derive ensuing limits. In Sec. IV we
compute the vector relic abundance from either freeze-in or
freeze-out and derive various constraints on the model.
In Sec. V we connect the studied effective interactions to
a UV-complete model and discuss various points of
importance. Conclusions are presented in Sec. VI.

II. VECTORS WITH EM FORM FACTORS

The effective Lagrangian of a complex massive vector
field Vμ with mass mV , which is electromagnetic neutral
but interacts with the SM photon Aμ via electromagnetic
(EM) form factors up to mass-dimension six, can be
expressed as [16,35–37]

L
e
¼ igΛ1

2Λ2
½ðV†

μνVμ − V†μVμνÞ∂λFλν − V†μVν
□Fμν�

þ gΛ4
Λ2

V†
μVνð∂μ∂ρFρν þ ∂

ν
∂ρFρμÞ

þ gΛ5
Λ2

ϵμνρσ
�
V†
μ ∂
↔

ρVν

�
∂
λFλσ

þ iκΛV
†
μVνFμν þ iλΛ

Λ2
V†
λμV

μ
νFνλ

þ iκ̃ΛV
†
μVνF̃μν þ iλ̃Λ

Λ2
V†
λμV

μ
νF̃νλ; ð1Þ

where Λ characterizes the energy scale below which the
effective operator approach is valid, with Λ ≫ mV ,

1 where

the field-strength tensors, their duals, and other field second
derivatives are defined by,

Vμν ¼ ∂μVν − ∂νVμ; Fμν ¼ ∂μAν − ∂νAμ;

F̃μν ¼ ϵμνρσFρσ=2; ðV†
μ ∂
↔

ρVνÞ ¼ V†
μð∂ρVνÞ− ð∂ρV†

μÞVν:

The total antisymmetric tensor follows the convention that
ϵ0123 ¼ −ϵ0123 ¼ 1. Following the convention adopted in
[36], we define

μV ¼ e
2mV

κΛ þ emV

2Λ2
λΛ; QV ¼ −

e
m2

V
κΛ þ e

Λ2
λΛ;

dV ¼ e
2mV

κ̃Λ þ emV

2Λ2
λ̃Λ; Q̃V ¼ −

e
m2

V
κ̃Λ þ e

Λ2
λ̃Λ;

gA1;4;5 ¼
m2

V

Λ2
gΛ1;4;5; ð2Þ

corresponding to magnetic dipole, electric quadrupole,
electric dipole, and magnetic quadrupole in the first two
lines, respectively. For more properties of the operators, see
Table I. According to the transformation under discrete
Lorentz symmetries, we can see gA1 , g

A
4 , g

A
5 , as charge radius,

toroidal moment, and anapole moment, respectively. Note
that here gA1 , g

A
4 , andg

A
5 are dimensionless coupling constants;

e is the electric charge. As we shall see below, the require-
ment for its validity is that the typical energy scale of the
process

ffiffiffi
s

p
≪ vD, where vD is the symmetry breaking scale

in the UV description that generates the vector mass. Naive
dimensional analysis (NDA) [40] suggests that the dimen-
sionless constants, gΛ1;4;5, κΛ, κ̃Λ, λΛ, and λ̃Λ can be of order
g2D=ð4πÞ2 with gD being a UV coupling constant of V; see
Sec. V below for a UVexamplewhere some of the couplings
are of that order while others are further suppressed.
The Lagrangian (1) induces a A − V − V interaction.

Introducing the momentum assignment AμðkÞ → VαðqÞþ
V†βðq0Þ, with k incoming andq, q0 outgoing four-vectors, the
interactions in (1) assemble themselves in the vertex factor,

iΓμαβðk; pÞ ¼ −
iegA1
2m2

V
k2pμgαβ −

egA4
m2

V
k2ðkαgμβ þ kβgμαÞ − egA5

m2
V
k2ϵμαβρpρ

− 2imVμV

�
kαgμβ − kβgμα þ 1

4m2
V
ðk2gαβpμ − 2kαkβpμÞ

�
−
iQV

4
ðk2gαβpμ − 2kαkβpμÞ

−
idV
2mV

pμ½kp�αβ − iQ̃V

4

�
pμ½kp�αβ þ 4m2

Vϵ
μαβρkρ

�
; ð3Þ

1We impose the electric neutrality of V. For works on millicharged vector particles (see e.g., [38,39]).
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with p≡ q − q0 and ½kp�αβ ≡ ϵαβρσkρpσ. In deriving the
vertex factor suitable for Feynman-diagrammatic computa-
tion, we have imposed Lorentz gauge so that ∂

μAμ ¼ 0

for Uð1ÞEM and used ∂
μVμ ¼ 0 for an on shell massive

vector field.

A. Common squared amplitude

A V†V pair is produced from an off shell photon of
momentum k. Therefore, we may find a formulation of the
problem that is common to all processes considered in this
work, by dressing this part of the amplitude with the
associated SM processes that produce γ�ðkÞ. The squared
amplitude summed over the three polarizations λ and λ0 of
the outgoing vectors is hence given byX

λ;λ0
jMλλ0 j2 ¼ DμνðkÞD�

ρσðkÞT μρ
SMT

νσ
DM: ð4Þ

Here, DμνðkÞ is the photon propagator and T μρ
SM is the SM

current giving rise to γ�ðkÞ. It is important to note that
DμνðkÞ receives finite temperature corrections when stellar
production of V pairs is considered (see below). The DM
squared matrix element reads

T νσ
DM ¼ ΓαβνðΓα0β0σÞ†

X
λ

ϵλαðqÞϵλ�α0 ðqÞ
X
λ0
ϵλ

0
β ðq0Þϵλ

0�
β0 ðq0Þ

¼ ΓαβνðΓα0β0σÞ†
�
−gαα0 þ

qαqα0

m2
V

��
−gββ0 þ

q0βq
0
β0

m2
V

�
:

ð5Þ

For as long as one is not concerned with the V-differential
distributions of energy or angle in the medium or laboratory
frame, one may integrate over the phase space Φ2 of the V
pair,

IνσDM ≡
Z

dΦ2T νσ
DM ¼ 1

8π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
V

s

r
fðsÞ

�
−gνσ þ kνkσ

s

�
:

ð6Þ

The entire information of the various form factors is con-
tained in the dimension-two function fðsÞ, where s ¼ k2 is
the invariantmass of theV pair. The resulting expressions are
listed in Table III, where we have assumed that operators do
not interfere. The function fðsÞ feeds into the computed
vector production rates below and is hence of central
importance. Note that with increasing mass dimension of
the coupling, the power of s appearing in fðsÞ increases as
well. This provides a UV biasing of the V-production rates.

III. STELLAR ENERGY LOSS

In this section we derive constraints on the EM form
factors of V from stellar energy loss. We follow [31] for

details on stellar environments, V-production processes,
and V-trapping in SN. A summary of temperature and
plasma frequency of each environment can be found in
Table II.

A. RG, HB stars, and the Sun

The anomalous energy loss induced by V pair production
and subsequent escape can be constrained by observations
of lifetime and relative composition of stars. For RG stars,
we impose that the energy-loss rate in the stellar core, _QRG,
should not exceed

_QRG < 10 erg=g=s × ρRG: ð7Þ

This criterion is obtained by disallowing an increase in core
mass prior to helium ignition by more than 5% [41]. For
the energy density and photon temperature of the core we
adopt ρRG ¼ 2 × 105g=cm3 and T ¼ 8.6 keV, respectively.
Energy loss carried by V also changes the helium-burning
lifetime in HB stars, causing an imbalance of the stellar RG
vs HB star population in globular clusters. A conservative
constraint on nonstandard energy loss in HB stars reads [41]

TABLE I. Nomenclature of various effective interactions con-
sidered in this work together with their transformation property
under charge conjugation (C), parity (P) and their combination
(CP) with the respective vector-intrinsic parity- and charge-
conjugation assignments chosen as PVμðt; x⃗ÞP−1 ¼ Vμðt;−x⃗Þ
and CVμC−1 ¼ −V†μ (and equivalent relations for the photon).

Interaction type Coupling C P CP

Magnetic dipole μV ¼ e
2mV

ðκΛ þ m2
V

Λ2 λΛÞ þ1 þ1 þ1

Electric dipole dV ¼ e
2mV

ðκ̃Λ þ m2
V

Λ2 λ̃ΛÞ þ1 −1 −1

Electric quadrupole QV ¼ − e
m2

V
ðκΛ − m2

V

Λ2 λΛÞ þ1 þ1 þ1

Magnetic quadrupole Q̃V ¼ − e
m2

V
ðκ̃Λ − m2

V

Λ2 λ̃ΛÞ þ1 −1 −1

Charge radius gA1=m
2
V ¼ gΛ1 =Λ2 þ1 þ1 þ1

Toroidal moment gA4=m
2
V ¼ gΛ4 =Λ2 −1 þ1 −1

Anapole moment gA5=m
2
V ¼ gΛ5 =Λ2 −1 −1 þ1

TABLE II. Stellar objects considered in this work together with
the typical core-plasma frequency and photon temperature
considered in this work. Here classical regime refers to a
nonrelativistic (T ≪ me) and nondegenerate (T ≫ μe −me)
plasma, where μe and me are the electron chemical potential
and mass.

ωp T Thermal plasma

Sun’s core 0.3 keV 1.4 keV Classical
HB’s core 2.6 keV 10.6 keV Classical
RG’s core 8.6 keV 8.6 keV Nonrelativistic=degenerate
SN’s core 17.6 MeV 12.1 MeV Relativistic=degenerate
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Z
core

dV _QHB < 10% × LHB; ð8Þ

where we take LHB ¼ 20L⊙ for a 0.5M⊙ core with L⊙ ¼
3.83 × 1033 erg=s andM⊙ ¼ 1.99 × 1033 g being the Solar
luminosity and Solar mass. For the Sun, a benchmark
criterion can be drawn from total Solar photon luminosity
[42,43], Z

Sun
dV _Q⊙ < 10% × L⊙: ð9Þ

We note that a more stringent criterion is possible, see, e.g.,
[44–46]. As the constraint from the Sun is superseded by
others, (9) suffices for our purposes.
To derive the energy-loss rate of each environment, we

consider the production of V via plasmon decay, Compton-
like scattering and electron-nucleus bremsstrahlung. The
analytical formulas for each respective process is given in
our preceding work [31], which can be applied here by
substituting fðsÞ of Table III. In summary, the total energy
loss rate for RG, HB stars, and our Sun can be expressed as

_Q ¼ _Qplasmon þ _QCompton þ _Qbrem: ð10Þ

The inequalities above are then used to derive the upper
bounds on the portal interactions for each dark state mass
mV , as long as its production in stellar objects is kinemat-
ically allowed.
Resulting constraints on the parameter space are shown

in Figs. 1–3. A general trend to observe is that among
the Sun, HB, and RG systems, RG stars yield the most
stringent constraint in the low-mV region, where the
plasmon decay dominates the production of dark vectors.
This is traced back to the fact that RG stars possess the
highest plasma frequency. In contrast, the HB stars have the

highest core temperature, and thus become better probes
than RG stars when mV is large enough so that the
plasmon channel is kinematically suppressed; Table II lists
the various plasma frequencies and core temperatures.

TABLE III. Summary of results that feed into the computation of limits and relic density. The first column shows
the phase-space integrated expression fðsÞ, with mass-dimension two, for V†V production defined in (6). The
coefficients All and Aγγ multiply the annihilation cross sections (16) and (17) into charged leptons and photons,

respectively. The last column lists the leading terms of the squared matrix elements jMVeðq ¼ αmeÞj2 of DM
electron scattering for mV ≳ 3me.

Interaction type fðsÞ All Aγγ jMVeðqÞj2

Magnetic dipole μ2Vsðs−4m2
V Þð16m2

Vþ3sÞ
12m2

V

7
54
μ2Vm

2
Vv

2 7μ4Vm
4
V

9π

64
3
παμ2Vm

2
V

Electric dipole d2Vsðs−4m2
V Þ2

6m2
V

1
108

d2Vm
2
Vv

4 d4Vm
4
Vv

2

432π
256παd2Vm

2
em2

V

3q2

Electric quadrupole Q2
Vs

2ðs−4m2
V Þ

16

1
72
m4

VQ
2
Vv

2 m8
VQ

4
Vv

2

3456π
8παm2

em2
VQ

2
V

Magnetic quadrupole Q̃2
Vs

2ðsþ8m2
V Þ

24

m4
VQ̃

2
V

9

13m8
V Q̃

4
V

288π

4
3
παm2

Vq
2Q̃2

V

Charge radius e2ðgA
1
Þ2s2ðs−4m2

V Þð12m4
V−4m

2
Vsþs2Þ

48m8
V

2
9
παðgA1 Þ2v2 0 128π2α2ðgA

1
Þ2m2

e

m2
V

Toroidal moment e2ðgA
4
Þ2s3ðs−4m2

V Þ
3m6

V

32
27
παðgA4 Þ2v2 0 64π2α2ðgA

4
Þ2q4

3m4
V

Anapole moment e2ðgA
5
Þ2s2ðs−4m2

V Þ2
3m6

V

8
27
παðgA5 Þ2v4 0 256π2α2ðgA

5
Þ2q2

3m2
V

FIG. 1. Constraints on jgA1 j=m2
V , or, equivalently, on jgΛ1 j=Λ2, as

a function of vector mass. Stellar energy loss bounds from the
Sun, HB and RG are effective for sub-keV mV (shaded regions),
while SN1987A can probe mV up to 200 MeV (hatched region).
The solid lines show thevalues for thermal freeze-out and freeze-in,
with reheating temperatures of 0.1 GeVand 1 GeVas lableled, to
yield the observed DM abundance. The limits are in part super-
seded by the BBN constraint ΔNeff constraint. For mV ≳ 1 MeV
additional constraints from DM-electron scattering in the direct
detection experiments XENON10 and XENON1T and from
indirect detection (Voyager 1) apply when assuming V is DM.
The dotted line provides the requirement of perturbative unitarity if
no other new physics appears at

ffiffiffi
s

p ¼ 2 GeV.
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We are probing higher dimensional operators for which the
production is UV-biased and the rates grow with available
center-of-mass energy.

B. SN1987A

TheMeVvectormass range is probedby the emissionofV
from the proto-neutron star (PNS) of SN1987A, assuming
SN1987A was neutrino-driven supernova explosion. As a
conservative criterion we require that the luminosity of V
shall not exceed the neutrino luminosity in the cooling phase,Z

core
dV _QSN < Lν ≃ 3 × 1052 erg=s; ð11Þ

where Lν is taken at one second after the core bounce [41].
Since the positron abundance in the stellar core is not
suppressed, the main V pair-production mechanism is
electron-positron annihilation [31]. To the latter we also
add the contribution from plasmon decay. In our numerical
evaluation we take into account the thermal masses of
photons and electrons in the relevant production rates. The
total energy loss rate for PNS reads

_Q ≃ _Qann þ _Qplasmon: ð12Þ

In the low-coupling regime, V streams freely after its
production, escapes the star and (11) applies directly. On
the other hand, once effective EM couplings are large
enough, V engages in a random walk with SM particles and
can eventually be trapped inside the SN, rendering the
energy loss argument ineffective. For the latter, we follow
the treatment in [31] to derive the upper boundary of

SN1987A constraint. Concretely, we first estimate the
radius at which a thermalized blackbody luminosity of V
equals the critical neutrino luminosity Lν, referred to as rd.
Taking the stellar model from [47], the value of rd varies
from 29 km formV ≲ 1 MeV to 11 km formV ∼ 400 MeV.
We consider V as being sufficiently trapped onceZ

rPNS

rd

dr
X
N¼p;n

ρN
mN

σVNT ≲ 2 ð13Þ

is satisfied, where rPNS ¼ 35 km is the PNS size, ρN is the
nucleon energy density andmN is the nucleon mass. For the
evaluation we compute the momentum-transfer cross sec-
tions of V scattering on both, protons and neutrons, inside
the PNS, defined by

σVNT ¼
Z

1

−1
d cos θð1 − cos θÞ dσVN

d cos θ
; ð14Þ

where θ is the scattering angle in the CM frame. Note that the
dominant contribution always comes from V scattering off
protons via the proton’s charge. In the evaluation, we include
a form factor for the proton, adopting a dipole-form [48],

Fp
EðtÞ¼

1�
1þjtj=GeV2

0.71

�
2
; and Fp

MðtÞ≃2.79Fp
EðtÞ: ð15Þ

Moreover, as mN is much larger than the temperature in the
PNS, we assume that nucleons are at rest. In the end, Eq. (13)
gives the upper boundaries of our exclusion region from
SN1987A.

FIG. 2. Similar to Fig. 1, a summary of constraints derived in this work on magnetic and electric dipole form factors. Additional
constraints that appear here are from gamma-ray transparency labeled λγmfp, on energy injection during CMB and from scattering with
protons, labeled by σVNT .
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IV. V AS DARK MATTER

A. Freeze-out

The freeze-out of V-particles that have come into thermal
equilibrium with SM is governed by the 2 → 2 annihilation
cross sections into fermion and photon pairs. In the non-
relativistic velocity expansion the annihilation into charged
leptons l of mass ml is given by2

σV†V→lþl−v ¼ All
α

m2
V

�
1þ m2

l

2m2
V

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

m2
l

m2
V

s
: ð16Þ

The coefficients All the various EM form factors are listed
in Table III.
Note that only the magnetic quadrupole moment is

s-wave whereas all other cross sections are p- or d-wave
in their velocity suppression, rendering indirect detection
constraints comparatively less important. The annihilation
into hadronic final states below the QCD phase transition
can be estimated via

FIG. 3. Similar to Figs. 1 and 2, constraints on the electric (magnetic) quadrupole moments QV (Q̃V) in the top panel and on the
CP-violating toroidal moment (gA4 ) and CP-conserving anapole moment (gA5 ) in the bottom panel.

2In the numerical evaluation we use the fully relativistic total
invariant cross section and compute thermal average and freeze-
out following [49].
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σV†V→hadðsÞ ¼ σV†V→μþμ−ðsÞ × Rð ffiffiffi
s

p Þ;

where for the experimentally measured R-ratio we use the
tabulated data from [50]. Finally, the annihilation cross
section into photon pairs can be written as

σV†V→γγv ¼ Aγγ=m2
V: ð17Þ

This cross section is only nonvanishing for form factors that
are not proportional to k2 as they are otherwise identically
zero for on shell photons. The coefficients Aγγ are listed in
Table III. We find that the cross sections are either s- or
p-wave in their velocity dependence.

B. Freeze-in

We now consider the possibility that the production rate
of V in the early Universe was always smaller than the
Hubble rate, and V never came into equilibrium with the
SM. The freeze-in mediated by the higher-dimensional
effective operators considered in this work is UV domi-
nated. The details then depend on whether the symmetry
breaking of the UV theory happened before or after
reheating. For simplicity, here we take the example of
TRH ¼ 1 GeV and 0.1 GeV, while assuming that all other
particles in the UV theory are much heavier. Using
dimensional analysis, the results can then be easily rescaled
for other reheating temperatures as long as TRH ≫ mV.

3

For the freeze-in production from the SM thermal bath,
we solve numerically the Boltzmann equation

dnV
dt

þ 3HnV ≃
X
f

n2fhσf̄f→VþVvi þ n2WhσWþW−→VþVvi;

ð18Þ

where f denotes all SM charged fermions, and the sum
takes into account the spin and color degrees of freedom
(d.o.f.) of these fermions. For the production cross sections,
there are

σf̄f→VþVv ¼ αð2m2
f þ sÞ

2s3
fðsÞ; ð19Þ

and

σWþW−→VþVv ¼ αðs2 þ 20m2
W þ 12m2

WÞðs − 4m2
WÞ

72m4
Ws

3
fðsÞ;

ð20Þ

after electroweak symmetry breaking. To obtain the final
DM abundance, a sudden thermalization after inflation is
assumed, while the initial DM abundance is set to be zero.
We also estimate that for reheating temperatures higher
than the electron mass, the contribution from plasmon
decay is very subleading, and thus neglected here.
It is worth emphasizing that the freeze-in mechanism

produces DM particles that in average carry kinetic energy
close to the photon temperature. So, while here the results
are shown for the whole mass range, DMwith a mass below
keV is excluded observationally, being too hot to satisfy the
Lyman-α constraints [51,52]. Apparently, this exclusion
also applies to the thermal freeze-out mechanism above.

C. Neff constraint from BBN

Following the calculation above, we also obtain bounds
from big bang nucleosynthesis (BBN) by requiring the
energy deposited in the dark sector should not exceed the
BBN constraint on the extra relativistic degrees of freedom,
ΔNeff ≲ 0.407 [53] with the minimally allowed reheating
temperature TRH ∼ 4 MeV [54,55]. That is, now we replace
the number density in Eq. (18) with energy density of the
dark sector as follows:

dρV
dt

þ 3HðρV þ pVÞ ≃ n2ehσēe→V†Vv ·
ffiffiffi
s

p i; ð21Þ

and calculate the ρV evolution from negligible initial value
at TRH to T ¼ 1 MeV, where, because of the low temper-
atures involved, we only need to include the production
from electrons [with anOð1Þ correction from γγ → V†V for
a subset of operators]. Similar bounds are obtained by
requiring electrons and V are not mutually thermalized, i.e.,
nehσeþe−→VþVvi ≤ HðTÞ at T ≃ 1 MeV. We cut off the
bound at mV ¼ 2.8 MeV, since a thermalized vector
species with larger mass cannot yield ΔNeff ≳ 0.407 at
T ≃ 1 MeV. We emphasize that these considerations guar-
antee that V particles do not overpopulate to jeopardize the
standard BBN predictions. It is based on the assumption
that V particles behave either as dark radiation or as
nonrelativistic matter, depending on their average kinetic
energy, and remain present hundreds of seconds after being
produced. If V particles decay sufficiently fast (see e.g.,
[56]), the BBN bounds may be alleviated. This class of
scenarios may lead to novel signatures, depending on the
specific decay channels.

D. Direct detection constraints

The MeV mass region of EM interacting DM candidates
is chiefly probed by the scattering on atomic or valence
electrons in direct detection experiments [57,58]. Limits are
often expressed in terms of a DM electron-reference cross
section on free electrons where the squared matrix element
is evaluated at a typical atomic-squared momentum transfer
q2 ¼ α2m2

e [57],

3For the freeze-in calculation of vector DM carrying magnetic
dipole but without Z2 custodial symmetry, see [17]; freeze-in
from magnetic and electric dipole moments of fermions was
considered in [33].
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σ̄e ≡ 1

16πðme þmVÞ2
jMVeðq ¼ αmeÞj2: ð22Þ

We list the expressions for jMVeðqÞj2 in Table III.
The recoil cross section for DM electron scattering from

atomic orbital n, l is given by [57],

dhσn;lvi
d lnEe

¼ σ̄e
8μ2e

Z
dq½qjFDMðqÞj2jfionnl ðpe; qÞj2

×ηðvminðq;ΔEn;lÞÞ�; ð23Þ

where ηðvminÞ is the velocity average of the inverse speed,
ηðvminÞ ¼ hΘðv − vminÞ=vifdet over the distribution fdet of
relative velocity in the detector frame; the minimum
velocity vmin to inflict an electron recoil energy Ee is
given by vminðq;ΔEn;lÞ ≃ q=ð2μeÞ þ ΔEn;l=q where
ΔEn;l ¼ Ee þ jEn;ljwithEn;l being the ionization threshold
of the n, l orbital. The momentum transfer dependence of
the cross section is shifted into a DM form factor
jFDMj2 ¼ jMVeðqÞj2=jMVeðq ¼ αmeÞj2; the electron ion-
ization form factors jfionnl ðpe; qÞj2 are taken from [59].
We derive constraints on the vector DM parameter space

by utilizing the results from the XENON10 and XENON1T
experiments [58,60,61]. The modeling of the formation of
the ionization-only S2 signals in these liquid scintillator
experiments as well as the limit setting procedure follows
[62]. The limits can be significantly extended to lower
masses once the solar-reflected component of DM is
included [62–64]. The results from the semiconductor
experiments SENSEI [65] and DAMIC-M [66] will also
improve the obtained limits at the low-mass end. For DM
masses below one GeV, the bounds from nucleon recoil
events, e.g., obtained by CRESST-III [67], are relatively
weaker [16], and thus not included here.

E. Indirect search of dark matter annihilation

Dark Matter annihilation into the visible sector is con-
strained by observables at low redshift, under the condition
that this DM candidate is symmetric, and dominates the
observed relic abundance. For most of the operators studied
here, the DM annihilation cross section is velocity sup-
pressed, and the corresponding limits are generally weak,
allowing for the standard thermal freeze-out except for the
magnetic quadrupole case.
For the numerical results shown below, we take Planck

data [68] that constrain both DM annihilation channels,
VV → γγ and VV → eþe−, at the epoch of cosmic micro-
wave background (CMB) emission [69] and during cosmic
reionization [70]. For the limits on DM annihilating into
two photons at present, we adopt the bounds that have been
derived from several x-ray experiments (NuSTAR,
INTEGRAL, and COMPTEL) [71,72], as well as gamma-
ray observations from the EGRET and Fermi-Lat data
[73,74]. On the other side, the nonobservation of a

cosmic-ray excess puts upper limits on DM annihilating
into electron-positron pairs, among which the local eþe−
measurement by Voyager 1 provides the strongest con-
straints on our model [75,76].
For simplicity, only the most relevant bounds from

indirect searches are shown in our constraint Figs. 1–3.
The cases of electric dipole and anapole moment are, in
practice, unconstrained by current indirect searches, as both
DM annihilation channels are strongly suppressed. This
can be seen from the expressions for All and Aγγ in
Table III. Moreover, alternative considerations that are
able to probe DM annihilation to γγ with DM mass well
below the MeV-scale, such as gas heating [77], are not
included, as their sensitivities are currently comparable to
the x-ray experiments mentioned above, and being much
weaker than either the stellar or the BBN constraints.

F. Cosmological limits on DM-SM scattering

If V is the dominant DM component and sufficiently
scatters with protons or electrons, it leads to modifications
of the CMB spectrum, as well as the matter power
spectrum; see e.g., the recent works [78–84]. Here we
consider the limits from the DM proton scattering, using
the results in [81,82]. To obtain the upper bounds on the
coefficients, we use the momentum-transfer cross sections
calculated from Eq. (14), labeled as “σVNT ” in our constraint
figures. Since these limits are derived using observables
inferred from epochs in the Universe where DM is already
extremely nonrelativistic, they do not strongly constrain the
effective operators studied here.
In contrast, very high-energy (VHE) photons scattering

with the dark matter medium may result in much stronger
limits. For instance, the attenuation of VHE γ-rays have
been used to measure the density of extragalactic back-
ground light in space; see e.g., [85]. Nevertheless, the
validity of our effective operator approach is not guaranteed
in such high-energy collisions. Here, we instead provide a
benchmark line illustrating the parameters for which a
photon with Eγ ¼ 1 TeV has a mean-free-path of 0.3 Gpc.
This is comparable to the actual mean-free path of a TeV
photon propagating in the extragalactic background light.
Similarly to the DM proton-scattering case above, we

use the momentum-transfer cross sections of DM photon
scattering, but now in the frame of the nonrelativistic DM
medium. Consequently, the mean-free path of VHE pho-
tons in the DM medium can be expressed as

λγmfp ¼ 0.3 Gpc
mV

ρVσ
Vγ
T

≃
�

mV

MeV

��
10−24 cm2

σVγT

�
; ð24Þ

where we have taken the average DM density ρV ≃ 1.2 ×
10−6 GeV=cm3 [68]. Dimensional analysis suggests that
σVγT scales as E5

γμ
4
V=m

3
V , E

3
γd4V=mV , E5

γQ4
VmV , and E3

γQ̃
4
Vm

3
V

for the first four operators and vanishes for gA1;4;5. The line
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labeled as “λγmfp ¼ 0.3 Gpc” in Figs. 2 and 3 can be
considered an upper limit for as long as the effective
operator approach is valid at a center of mass energy offfiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mVTeV

p
(see the discussion in Sec. V.) Note that stronger

bounds may be obtained from considering blazar photons
with much higher energies, as well as the existence of a DM
spike around the source [86].

V. VALIDITY OF THE EFFECTIVE DESCRIPTION
AND THE LIMIT mV → 0

In this section, we address important questions on the
validity range of the effective operator description and on
the limit of diminishing vector mass.

A. Perturbative unitarity

As is well known, the amplitudes involving on shell
massive vectors may contain factors of s=m2

V with
ffiffiffi
s

p
being

the center-of-mass energy, and thus lead to bad high-energy
behavior. Here we focus on the elastic scattering process
V†V → V†V, and require its cross section to be below the
unitarity limit [87–89] as follows:

σVþV→VþVðsÞ ≲ 4π

s

X
l

ð2lþ 1Þ; ð25Þ

where l stands for the contribution of l-partial wave
scattering. We estimate the corresponding limit for each
effective operator, by only including the s-channel process
via an intermediate photon, where one partial wave
dominates the cross section.4 This inequality needs to be
satisfied for the values of

ffiffiffi
s

p
for the processes studied in

this paper. We checked this and affirm that our derived
exclusion bounds are indeed self-consistent. The inelastic
process of V-creation, f̄f → V†V, automatically satisfies
the unitarity limit, as it is further suppressed by the EM
fine-structure constant α.
We may, however, go further and ask: given mV and a

value of center-of-mass energy
ffiffiffi
s

p
, what is the maximally

allowed value of the effective coupling constant, below
which perturbative unitarity remains respected? As an
example, we choose

ffiffiffi
s

p ¼ 2 GeV and show the corre-
sponding coupling constant values as dotted gray lines in
Figs. 1–3. That is to say, in the region above those lines, a
dark Higgs particle must enter the theory at or below the
considered energy scale to restore unitarity. As we exclu-
sively consider processes with

ffiffiffi
s

p ≲ 2 GeV ¼ 2mV jmax,
the bounds derived in this work are valid above the dotted
gray lines, but if other higher energy probes such as collider
constraints are considered, one should not rely on the
effective operator picture presented above.

B. An exemplary UV model

The study presented above in terms of effective multi-
pole couplings of V to the photon stands by itself, but as is
pertinent to the physics of massive vector bosons, the limit
mV → 0 deserves special attention. Indeed, in Figs. 1–3
we observe a strengthening of stellar bounds as the vector
mass diminishes. This, of course, does not mean that the
production rate diverges as mV → 0. To see this, however,
one must make reference to a UV description that gives rise
to the effective operators in (1).
A UV model that gives rise to all effective couplings in

(1) except gA4 was presented by some of us in [16]. Here, we
briefly outline the main ingredients; a detailed description
is found in the original work. Under a dark SUð2ÞD gauge
symmetry, a vector triplet Wa

D, a dark Higgs doublet ΦD as
well as a fermion doublet Ψl and singlet Ψe are introduced.
Spontaneous symmetry breaking by the vacuum expect-
ation value hΦDi ¼ vD=

ffiffiffi
2

p
yields a common vector boson

mass mWD
¼ gDvD=2, where gD is the SUð2ÞD gauge

coupling. The masses of fermions receive additional
Yukawa contributions by the breaking. In a mass-diagonal
basis one is left with massive fermions ΨN and Ψ1;2

E with
respective masses mN and mEi and electric charges −e that
originate from a nontrivial hypercharge assignment of Ψl
and Ψe. The interaction Lagrangian then reads [16],

Lint¼−
gDffiffiffi
2

p
�
Ψ̄i

E½ðVLÞ1iPLþðVRÞ1iPR�γμΨNW−
DμþH:c:

�
−eΨNγ

μΨNAμ−eΨ̄i
Eγ

μΨi
EAμ: ð26Þ

Here VL;R are the unitary matrices that diagonalize the
fermions; PL;R are chiral projectors. Here, W�

D refers to
the components of the vector triplet that carry a custodial
(global) Uð1ÞD symmetry ensuring their stability; W0

D is
unprotected and together withΨN andΨ1;2

E decay to the SM;
see [16]. In the language of the previous sections we may
then assignV ¼ W− andV† ¼ Wþ and identifymV ¼ mWD

.

C. The limit mV → 0

The multipole moments of (1) are then radiatively
induced by the interactions in (26) through triangle dia-
grams where the electrically charged statesΨN andΨ1;2

E run
in the loop. The explicit expressions in the limit mV ≪
mN;mEi are given in Appendix. Here, we are principally
interested in connecting the scalings of couplings and
emission rates with the UV parameters of the theory in
the limit mV ≪ Tstar ≪ mN;Ei .
On general grounds, from the UV perspective, one

expects the following scaling of emission rates in the
high-energy limit

ffiffiffi
s

p
=mV ≫ 1 for the various combina-

tions of vector-boson polarities,

4A rigorous derivation should include both s=t-channel proc-
esses and separate each partial-wave contribution to scattering
amplitude, e.g., iMVþ

L VL→Vþ
LVL

, using vector-polarization tensors.
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_Qλλ0 ∝

8>><
>>:

g4D=m
4
V λλ0 ¼ LL;

g4D=m
2
V λλ0 ¼ LT;

g4D λλ0 ¼ TT:

ð27Þ

The differences are of course traced back to the relative
enhancement of longitudinal (L) over transverse (T) modes
for which the respective polarization vectors read

ϵL ¼
�

p
mV

;0;0;
E
mV

�
; ϵ�T ¼

�
0;

1ffiffiffi
2

p ;� iffiffiffi
2

p ;0

�
: ð28Þ

For example, in the UV picture, the emission rate for VLV
†
L

is proportional to

_QLL ∝ jðgDϵL;1ÞðgDϵL;2Þj2 ∝
g4D
m4

V
∝

1

v4D
; ð29Þ

independent of gD. This is because the L mode of V is
equivalent to the emission of Goldstone bosons that attach
to the triangle graphs that induce the effective coupling
with Yukawa strength.
We summarize the results obtained in terms of the

effective couplings in Table IV. The first column shows
the leading scaling of the coupling. The second column
shows the corresponding scaling of the stellar emission
rates in the limit mV ≪ Tstar, the penultimate column
highlights the corresponding limit and the last column
shows the available final polarization states available
through the operator. As can be seen, the rates are
manifestly finite and there is no divergence at gD → 0.5

As can be seen from Table IV the scaling (29) is indeed
observed for QV and gA1 which permit the LL mode.
However, Table IV also reveals that effective operators
that do not permit the LL mode in the final state, show the
same scaling as in (29). For example, electric and magnetic
dipoles both exhibit 1=v4D, but the electric-dipole emission
is only in TT modes. This scaling is only introduced
because these couplings were studied in isolation, as
shown below.
From the UV perspective, the multipole moments are not

independent and the emission rate rather probes the entire
vertex factor iΓναβ, so the inferences among different
operators should enter. Based on their C and P properties,
the operators can be grouped in four categories, as listed
in Table V. At the order of Oðm0

NÞ, only κΛ and κ̃Λ are
nonzero, corresponding to μV ¼ −QVmV=2 ≠ 0, dV ¼
−Q̃VmV=2 ≠ 0, and gAi ¼ 0 (i ¼ 1, 4, 5) in the language

of our effective interactions. Such relations among cou-
plings, motivated by the UV theory, resolve the issue of the
scaling in the last paragraph. For example, consider the first
group in this table; the emission rates _QLL and _QTL are
induced at the first order and indeed have the scaling
introduced in Eq. (27) at small-mV limit. At the next-to-
leading order Oðm−2

N Þ, λΛ and gA1 become nonzero too,
which open up the TT emission channel, with _QTT ∝ g4D
following Eq. (27). The same scaling can also be observed
for other groups in the dominant contribution of the
emission rates, as summarized in Table V.
The analysis above shows that, given an underlying UV

model, the coefficients of the effective interactions can be

TABLE IV. Scaling of operators and stellar emission rates. The
first column gives the EM moments in terms of UV parameters
(dark gauge coupling gD and symmetry breaking scale vD). The
middle column shows the scaling of the stellar energy loss rates
_Q. The last column shows the behavior of V production rates in
the mV → 0 limit under the condition that vD ≫ Tstar so that the
dark Higgs remains decoupled.

Coupling UV model _Q ∝ fðsÞ _QjmV→0 Polarizations

μV g2D
mV

∝ gD
vD

μ2V
m2

V
∝ 1

v4D

Finite All

QV g2D
m2

V
∝ 1

v2D
Q2

V ∝ 1
v4D

Finite LL, TT

gA1 g2Dm
2
V

m2
N

∝ g4Dv
2
D

m2
N

ðgA
1
Þ2

m8
V
∝ 1

v4D

Finite LL, TT

dV g2D
mV

∝ gD
vD

d2V
m2

V
∝ 1

v4D

Finite TT

Q̃V
g2D
m2

V
∝ 1

v2D
Q̃2

V ∝ 1
v4D

Finite LT, TT

gA4 0 ðgA
4
Þ2

m6
V

� � � LT

gA5 g2Dm
2
V

m2
N

∝ g4Dv
2
D

m2
N

ðgA
5
Þ2

m6
V
∝ g2D

v2D

0 LT

TABLE V. Operators grouped by their C and P transformation
properties. The first row shows the leading scaling of the operator
when mV is the smallest scale in the problem, the second row
details their discrete symmetries, and the subsequent rows show
the scaling of the stellar emission rate _Qλλ0 in their combination
with final state vector polarity λ; λ0 in the limitmV → 0. As can be
seen, the various strengths of emission are commensurate with the
expectation in (27).

κΛ λΛ gA1 κ̃Λ λ̃Λ gA4 gA5

UV g2D g2DΛ
2

m2
N

g2Dm
2
V

m2
N

g2D 0 0 g2Dm
2
V

m2
N|{z} |{z}

C, P ðþ;þÞ ðþ;−Þ ð−;þÞ ð−;−Þ
_QLL

κ2Λ
m4

V
∝ g4D

m4
V

0 0 0

_QLT
κ2Λ
m2

V
∝ g4D

m2
V

κ̃2Λ
m2

V
∝ g4D

m2
V

� � � ðgA
5
Þ2

m6
V
∝ g4D

m2
V

_QTT

�
λΛ
Λ2 þ gA

1

m2
V

�
2
∝ g4D

κ̃2Λ ∝ g4D 0 0

5Note that all fermion masses and vD are assumed to be much
larger than the stellar temperature. If, instead, one allows vD to be
lowered, the contribution of the dark Higgs will likely need to be
taken into account in order to regularize the production rates,
in analogy to the role of the SM Higgs in high-energy WLWL
scattering.
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connected. Taken together, they reproduce the scalings of
Eq. (27). We therefore conclude that caution must be
exercised when translating the constraints on the effective
operators into bounds on a UV model, as there can exist
significant destructive interferences in the squared ampli-
tude calculation. On the other hand, from the perspective of
dimensional analysis the function fðsÞ of the considered
operators scale as s3, s4, and s5. Therefore our stellar lower
bounds can be easily rescaled to constrain interactions with
similar dependence on s for dark state masses well below
the stellar temperature. Take the example of a millicharged
V, for which _QLL dominates and fðsÞ ∝ s3 in the limit of
mV ≪

ffiffiffi
s

p
. Our stellar/freeze-in/BBN results on QV then

approximately as well apply to ϵe=m2
V , where ϵ is the

millicharge of V.
Finally, we also provide some comments on the natural-

ness of the smallness of mV . Naive dimensional analysis
together with the requirement of the masslessness ofV in the
limit of unbroken SUð2ÞD suggests that the radiative cor-
rection to the mass of V scales as δm2

V ∼m2
Vg

2
D=16π

2 or
m2

Vy
2=16π2, where y denotes the Yukawa coupling of

intermediate fermions. Requiring that this correction does
not exceedmV , i.e., δmV=mV ≲Oð1Þ, suggests perturbative
gauge and Yukawa couplings, and yields a consistency
constraint on the size of the effective coupling. For the
magnetic (electric) dipole one obtains μVðdVÞmV ∼ g2D=
16π2 ≲Oð1Þ, which is respected in the entire parameter
space explored in Fig. 3. Similarly, we obtain QVðQ̃VÞ≲
108 GeV−2ðMeV=mVÞ2, which is a very mild requirement
on the high-mass end. Finally, the remaining couplings are
constrained by gAi =m

2
V ≲ 10−4ðTeV=mNÞ2. It should be

noted, however, that in the concretely considered UV model
with heavy integer charged fermionsΨi

E andΨN , constraints
from theLargeHadronCollider (LHC) imply a fermionmass
scale of several hundred of GeV. This predicts much smaller
values of gAi than are being probed in Figs. 1 and 3. In
summary, the consideredUVcompletion helped us to answer
important questions of themV → 0 limit, but is not capable to
populate thepresentedmass-couplingplanes in their entirety;
we leave such model-building challenges for future work.

VI. CONCLUSIONS

In this work, we consider the neutral complex vector
particles Vμ below the GeV mass scale which are electri-
cally neutral but share a coupling to the SM photon through
higher-dimensional multipole moments. We study mag-
netic and electric dipole (μV and dV), electric- and
magnetic-quadrupole (QV and Q̃V) interactions, the ana-
pole (gA5 ) and a CP-odd toroidal (gA4 ) moment, as well as a
charge radius (gA1 ) interaction. Together, they make the
complete list of seven electromagnetic moments a neutral
vector particle can possess.
We compute the relic density from freeze-out and freeze-

in and contrast the predictions with the most important

astrophysical and cosmological constraints for each of the
interaction, treating them as formally independent Wilson
coefficients. A thermal DM candidate V from freeze-out
requires mV ≳ 1 MeV so that annihilation into electron
pairs becomes efficient. We then find that the combination
of direct and indirect detection constraints as well as limits
from cosmic-ray physics exclude all but the toroidal or
anapole moment as the origin for the SM origin. In contrast,
freeze-in is possible for any mass considered (keV to GeV
range). Because of the mass dimensionality of the effective
operators, the relic-abundance prediction depends on the
reheating temperature. We find that for TRH > 100 MeV,
the DM line is not touched by any of considered observ-
ables, and freeze-in V DM remains a valid but untested
possibility.
Independently from the DM hypothesis, the existence of

(potentially unstable) V particles with such couplings is
probed by stellar energy loss arguments. Specifically, we
compute the emission rate of V-pairs in the Sun, HB and
RG stars, as well as from the protoneutron star from
SN1987A. All relevant production channels are accounted
for—plasmon decay, Compton and bremsstrahlung pro-
duction, and, for the SN1987A constraint, electron-positron
annihilation as well. A broad-parameter region, principally
below the MeV vector mass scale, is excluded from these
considerations as well as from BBN.
A most important question regards the scaling of con-

straints with diminishing vector mass. We clarify the
validity of the obtained results by explicit reference to a
UV model that induces six of the seven operators. The
calculations are valid as long as the invariant divector mass
satisfies

ffiffiffi
s

p
≪ vD and the emission rates remain finite for

mV → 0. However, a UV model also connects various
operators. We show that they are grouped according to their
C and P transformation property, and that when the
interactions, within such group, are jointly taken into
account, the stellar emission rates into the various polari-
zation states exhibit the correct scaling as naive dimen-
sional analysis suggests.
How “dark” DM and physics beyond SM in general need

to be is a question that finds a quantifiable and systematic
answer by constraining the various coefficients of the vertex
function with the photon. In this work, we provide this
answer of a dark vector particle with a mass below the
GeV scale.
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APPENDIX: COUPLINGS FROM THE UV

Here we provide the explicit expressions for the various
moment-interactions of the explicit UV model considered
in [16] and discussed in Sec. V where we take the limit that
the vector V is much lighter than the charged fermions
generating the effective interactions,6

μV ¼ −e
g2D
64π2

1

mV

X2
i¼1

ð1 − x2i Þ
��			ðVLÞ21i

			2 þ 			ðVRÞ21i
			2�Gð1Þ

μ ðxiÞ þ 2ReððVLÞ⋆1iðVRÞ⋆1iÞGð2Þ
μ ðxiÞ

�
; ðA1Þ

dV ¼ e
g2D
64π2

1

mV

X2
i¼1

ImððVLÞ⋆1iðVRÞ⋆1iÞGð1Þ
d ðxiÞ; ðA2Þ

QV ¼ −e
g2D
64π2

1

m2
V

X2
i¼1

ð1 − x2i Þ
��			ðVLÞ21i

			2 þ 			ðVRÞ21i
			2�Gð1Þ

Q ðxiÞ þ 2ReððVLÞ⋆1iðVRÞ⋆1iÞGð2Þ
Q ðxiÞ

�
; ðA3Þ

Q̃V ¼ e
g2D
64π2

1

m2
V

X2
i¼1

ImððVLÞ⋆1iðVRÞ⋆1iÞð−2ÞGð1Þ
d ðxiÞ; ðA4Þ

gA1 ¼ −
g2D
64π2

m2
V

m2
N

X2
i¼1

ð1 − x2i Þ
��			ðVLÞ21i

			2 þ 			ðVRÞ21i
			2�Gð1Þ

1 ðxiÞ þ 2ReððVLÞ⋆1iðVRÞ⋆1iÞGð2Þ
1 ðxiÞ

�
; ðA5Þ

gA5 ¼ g2D
128π2

m2
V

m2
N

X2
i¼1

�			ðVLÞ21i
			2 − 			ðVRÞ21i

			2�G5ðxiÞ: ðA6Þ

If the kinetic mixing between the photon and the third
component of dark SUð2Þ gauge group,W0

D, is generated, a
correction 2ðgD=eÞϵ=ðs −m2

W0
D
Þ is added to gA1=m

2
V . Thus

its contribution to gA1 is approximately proportional tom2
V at

the limit of s ≫ m2
W0

D
. Here, xi ¼ mEi

=mN and the loop

functions are given by

Gð1Þ
μ ðxÞ ¼ ð1 − x4 þ 4x2 logðxÞÞ

ð1 − x2Þ2 ; ðA7Þ

Gð2Þ
μ ðxÞ ¼ −

4xð1 − x2 þ ð1þ x2Þ logðxÞÞ
ð1 − x2Þ2 ; ðA8Þ

Gð1Þ
Q ðxÞ ¼ −

2ð1 − x4 þ 4x2 logðxÞÞ
ð1 − x2Þ2 ; ðA9Þ

Gð2Þ
Q ðxÞ ¼ 8xð1 − x2 þ ð1þ x2Þ logðxÞÞ

ð1 − x2Þ2 ; ðA10Þ

Gð1Þ
1 ðxÞ ¼ −

1

9ð1 − x2Þ4 ½2ð11 − 45x2 þ 45x4 − 11x6

þ12ð1 − 2x2 − 2x4 þ x6Þ logðxÞÞ�; ðA11Þ

Gð2Þ
1 ðxÞ ¼ −

xð12ð1 − x4Þ þ 8ð1þ 4x2 þ x4Þ logðxÞÞ
3ð1 − x2Þ4 ;

ðA12Þ

Gð1Þ
d ðxÞ ¼ −

8x logðxÞ
ð1 − x2Þ ; ðA13Þ

6The limiting expressions for μV, QV , and gA1 correct a typo in
[16], where the factors ð1=r2N − 1=r2Ei

Þ in Eqs. (4.13)–(4.15) there
should have read ðr2N − r2Ei

Þ. Here, rN;Ei
¼ mN;Ei

=mV . We thank
R. Nagai for this point.
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Gð2Þ
d ðxÞ ¼ −

8xð1 − x2 þ ð1þ x2Þ logðxÞÞ
ð1 − x2Þ3 ; ðA14Þ

G5ðxÞ ¼
2ð3ð1 − x4Þ þ 4ð1þ x2 þ x4Þ logðxÞÞ

3ð1 − x2Þ3 : ðA15Þ

These loop functions are valid up to the order ofOð1=m2
NÞ.

The kinetic mixing between photon and W0
D is given by

ϵ ¼ −
egD
12π2

�
2 log x2 þ ðjðVRÞ11j2 þ jðVLÞ11j2Þ log

x1
x2

�
:

ðA16Þ

One observes that 2Gð1Þ
μ ðxÞ þ Gð1Þ

Q ðxÞ ¼ 0 and 2Gð2Þ
μ ðxÞ þ

Gð2Þ
Q ðxÞ ¼ 0, suggesting at the first order, 2μV þmVQV ¼ 0.

That is, λΛ only appears at the order ofOð1=m2
NÞ, for which

we have calculated to yield

λΛ ¼ Λ2

emV

�
μV þmVQV

2

�

¼ −
g2D
32π2

Λ2

m2
N

X2
i¼1

ð1 − x2i ÞðjðVLÞ21ij2 þ jðVRÞ21ij2Þ
�
−1þ x2i ð−9þ 9x2i þ x4i − 12ð1þ x2i Þ logðxiÞÞ

9ð−1þ x2i Þ5
�
: ðA17Þ

In contrast, in this UV model there is always 2dV þmVQ̃V ¼ 0, and thus λ̃Λ ¼ 0, at one-loop level.
If we fix the dimensionless coefficient xi and the dark symmetry breaking scale, denoted as vD ≡ 2mV=gD, for

nondegenerate fermion mass we obtain the effective coefficients from dimensional analysis (and the consequent stellar
luminosity scaling for T ≫ mV) in Table IV of the main text.
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