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In recent years, the gauge group U(1)r,, 1., has received a lot of attention since it can, in principle,
account for the observed excess in the anomalous muon magnetic moment (g — 2),, as well as the
Hubble tension. Due to unavoidable, loop-induced kinetic mixing with the SM photon and Z, the
U(1)r, -, gauge boson A’ can contribute to stellar cooling via decays into neutrinos. In this
work, we perform for the first time an ab initio computation of the neutrino emissivities of white
dwarf stars due to plasmon decay in a model of gauged U(1)r, r,. Our central finding is that an
observation of the early-stage white dwarf neutrino luminosity at the 30% level could exclude (or
partially exclude) the remaining allowed parameter space for explaining (g — 2),. In this work, we
present the relevant white dwarf sensitivities over the entire A’ mass range. In particular, we have
performed a rigorous computation of the luminosities in the resonant regime, where the A" mass is
comparable to the white dwarf plasma frequencies.

I. INTRODUCTION

Our current best theory of physics at the small-
est scales is in terms of the Standard Model (SM)
of particle physics. Despite its enormous success,
the SM leaves some of the most pressing ques-
tions of elementary particle physics unanswered.
Most prominently, both an explanation of the
small masses of neutrinos, and the existence of
dark matter (DM) require physics beyond the SM
(BSM). A particularly simple and well-motivated
extension of the SM is given by a new gauged
U(1)r,-r, symmetry [1-4]. This not only al-
lows to accommodate neutrino masses [5-8] and
DM [9-15], but can also help to explain the muon
(9—2), anomaly [16-19], the Hubble tension [20—
22] and the b — s pup anomaly [23-27].

In the absence of elementary kinetic mix-
ing, the associated gauge boson only couples to
second- and third-generation leptons. This makes
U(1)r,—r, models generically hard to test at
earth-based laboratory experiments, since cou-
plings to conventional matter, i.e. quarks and elec-
trons, are only induced at the one-loop level via
kinetic mixing with the photon. However, its
gauge couplings to mu- and tau-flavoured neu-
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trinos render neutrino interactions an excellent
way of searching for U(1)r, ., bosons [28]. In
particular, for U(1)z, -, bosons lighter than the
dimuon threshold almost all leading constraints
are due to tests of neutrino physics, like neutrino
trident production [23], neutrino oscillation mea-
surements at Borexino [29, 30], the number of ef-
fective neutrino degrees of freedom Neg during
big bang nucleosynthesis (BBN) [20, 31, 32], or
neutrino cooling of supernovae (SN) [33, 34].

A theoretically very clean astrophysical envi-
ronment to study neutrino physics is provided for
by early-stage, hot White Dwarfs (WD). Their
behaviour is well understood and the various ex-
isting equations of state (EoS) for modelling WDs
reproduce identical results for the same condi-
tions [35-39]. In the initial stage of the life of
WDs, their evolution is governed by neutrino
cooling via plasmon decay into neutrinos exit-
ing the WD core [40, 41]. The cooling through
plasmon decay could in principle be enhanced by
strong magnetic fields or through the addition of
new fields that could connect SM neutrinos with
the electron-positron loop [42-53]. An additional
U(1)r,—r, boson, for example, can in principle
enhance the plasmon decay into neutrinos via its
kinetic mixing with the photon and thus modify
the evolution of WDs. This will ultimately lead
to a modification of the WD luminosities com-
pared to the SM prediction. Previously, the re-
sulting constraint on the U(1)r, r, parameter
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space has been estimated [54] via an effective field
theory (EFT) analysis of modified plasmon de-
cays in WDs [55]. In this paper, however, we will
perform an ab initio calculation of the modified
WD luminosities due to a U(1)r, -1, gauge bo-
son correctly taking into account transverse, axial
and longitudinal emissivities as well as the fully
gauge-invariant kinetic mixing.

The remainder of this article is organised as fol-
lows. In Section II, we introduce the theoretical
framework of the minimal U(1)r,, -z, model stud-
ied in this paper. In Section III, we present the
computation of the neutrino luminosities respon-
sible for WD cooling within U(1)z, r,. Finally,
we present our results in Section IV before pre-
senting our conclusions in Section V.

II. THE U(1),-., MODEL

The Lagrangian of the SM exposes some ac-
cidental global symmetries like baryon number,
U(1)p, and the lepton family numbers, U(1)p,
with ¢ = e, u, 7. Remarkably, the combinations
U(l)p—r and U(1)r,—r, with i,j = e, ju,7 can
be promoted to anomaly-free gauge symmetries
with only the SM field content.! Among these
anomaly-free groups U(1)r, 1, is of special phe-
nomenological interest as it allows for the expla-
nation of several experimental anomalies. For
example, it can accommodate the observed ex-
cess in the anomalous magnetic moment of the
muon (g —2),,, as well as the tension arising from
determining the Hubble constant H, from early-
time cosmology via the cosmic microwave back-
ground (CMB) [56] contrasted with the value ob-
tained from local measurements via standard can-
dles like type-Ia supernovae and cepheid variable
stars [57].2

The relevant parts of the Lagrangian of an extra
U(1)r,-r, symmetry can be compactly written

I Cancelling the gauge anomalies of U(1)p_r requires
the addition of three right-handed, SM-singlet neutri-
nos. The groups U(l)r,—r, are already anomaly-free
without the addition of right-handed neutrinos (if Ma-
jorana mass terms for the neutrinos are forbidden [7]).
As noted in Ref. [58], however, explanations of the Hp
tension by light vector mediators are not able to account
for the less severe tension in the cosmological parame-
ter og linked to the small scale power spectrum of the
universe.

N
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Here, X, denotes the new U(1)r, 1, gauge
boson, while Bg, Wgﬁ and X, are the hy-
percharge, neutral SU(2);, and U(1)r,—r, field
strengths, respectively. Furthermore, g, is the
U(1)r,-r, gauge coupling, and ep and ey are the
kinetic mixing parameters with the hypercharge
and neutral weak boson, respectively. Note that
the mixing of the U(1)r, 1, boson with the neu-
tral weak component, ey /2 T/V[;”BX“B7 is gener-
ated at the one-loop level from the SU(2). lep-
ton doublets running in the loop [59]. The new
gauge boson X, couples to SM leptons through
the gauge current

Jpr = L2y L2 + iry® pr — La3y* Ls — TRY TR . (2)

The lack of any gauge interactions with conven-
tional matter composed of electrons and quarks
(and thus hadrons) sets this gauge group apart
from other anomaly-free U(1) extensions. At the
one-loop level, however, the coupling of the lep-
tophilic gauge boson to the leptons induces an in-
teraction with all SM fermions via a kinetic mix-
ing term with the SM photon and Z boson. At
energies I/ ~ Tywp < my, -, we find for these mix-
ings (cf. Appendix 1 for details)

€9ur my, 9ur
/T Py ~
AT Gpz 8 (m7> 70’ ®)
1sw
= —_——— 4
€z 2 cw €A, ( )

where sy and ¢y are the sine and cosine of
the Weinberg angle 6y,. These irreducible loop-
induced kinetic mixings are finite and effec-
tively lead to loop-suppressed interactions of the
U(1)r, -1, boson with quarks and electrons.

In the physical mass basis of the dark photon
A’, we can express the interactions of the new
mediator as (cf. Appendix 2),

1
= tan® 0w ]%) Al

Lint = —9ur jﬁf Aix +e€a (]]%M - 2
(5)



FIG. 1. Loop contribution of the U(1)r,-r, boson
to the muon anomalous magnetic moment (g — 2),.

with the electromagnetic and Z current defined
as

ng = ZQ?M f'yaf, (6)
f

jg=> f"
7

(17 2% QP — 1347 1.
(7)

From Eq. (5) we see that the mass eigenstate
of the U(1)L, ., boson acquires couplings to the
SM electromagnetic and Z currents suppressed by
the kinetic mixing parameter € 4.

N —

II.1. Muon anomalous magnetic moment

Due to its gauge interactions with the second-
generation leptons the U(1)r, ., gauge boson A’
contributes to the anomalous magnetic moment
of the muon, a, = (g — 2),/2, via the loop pro-
cess displayed in Fig. 1. For any neutral gauge
boson with vectorial couplings to muons (as in
U(1)r,-r,), the additional contribution to a, can
be expressed in the compact form [60, 61],

1 2
n o (I-wu
Aa, = Q) = ), du NEDR (8)
vt Ta
I

where o/ = g2 /4n, x, = m,/ma and Q;, de-

.
notes the U(lfLM,LT charge of the muon.

In recent years, there has been significant the-
oretical effort to improve the precision of the SM
prediction of (g —2), [62], with the current theo-
retical result being

ag™ =116 591 810(43) x 10~ . (9)

At the same time, the E989 experiment at Fermi-
lab has recently reported results from their runs
2 and 3, determining the value of (g — 2), with

unprecedented levels of precision [63]. Combined
with their run-1 result [64] and the previous BNL
result [65], the current experimental world aver-
age amounts to

as™ =116 592 059(22) x 10~'".  (10)

This leads to a ~ 5.20 excess of the experimen-
tally observed value from the theoretical predic-
tion in Eq. (9) captured by the total deviation
of

Aa,, = 249(48) x 10711, (11)

The preferred region in parameter space, where
the contribution of a U(1)z, -1, boson to (g—2),
can account for this excess is shown by the green
band in Fig. 5.

It should be noted that a recent lattice result
of the leading-order hadronic vacuum polarisa-
tion [66] significantly decreases the above tension.
This, however, comes at the cost of worsening fits
to other electroweak precision observables [67].

III. WHITE DWARF COOLING

In this section, we outline the computation of
the WD luminosity in neutrinos under the addi-
tion of a novel U(1), 1, gauge boson. In doing
so we follow closely the computation of Ref. [68].
Importantly, we carefully develop the relevant ex-
pressions for a light leptophilic gauge boson where
plasma effects play a relevant role. We consider
a hot white dwarf, in which the main source of
energy loss is plasmon decay. We also regard
a U(1)r,—r, leptophilic dark photon that con-
tributes to the plasmon decay. This novel vec-
tor mediator has different contributions for each
flavour of neutrino-antineutrino pairs that are
emitted in the plasmon decay process. In order to
obtain more compact expressions, we will intro-
duce the following definitions encapsulating the
A’ couplings to electrons and neutrinos,

C —eey (1 — tan® Oy (1 — 4sin’ 9w)/8) , (12)
d4% =eeq tan® Oy /8, (13)
ky = sa guT/Q +d%, (14)

where s, = 0,1, —1 for o = e, u, T, respectively.
The contribution to the neutrino emissivity of a
WD due to a novel U(1)r,r, boson originates
from the diagram of Fig. 2, which is identical to
the SM neutral current contribution but with a
dark photon A’ instead of the SM Z. Due to
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FIG. 2. Plasmon decay contribution via U(1)r,-r,
boson coupling to electrons via kinetic mixing.

the kinetic mixing coupling of the dark photon
to electrons in this model, the BSM contribution
can be calculated exactly analogous to the SM
Z. Hence, we only need to redefine the values of
Cy and Cj4 for each neutrino flavour in Egs. (36-
38) of Ref. [69] and consider the full expression
for the dark photon propagator to allow for A’
masses comparable to the WD plasma frequency,

CoSMHBSM (o) car gy i ky dg

15
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where a = V, A are the vectorial and axial com-
ponents with by = 1 and by = —1. Here, ¢ is
the 4-momentum of the plasmon, a denotes the
flavour of the SM neutrino final states, and C¢
are the coefficients obtained from the SM plas-
mon decay diagrams: the vectorial ones are equal
to 2sin? Oy + 0.5 (for ) and 2sin® Oy — 0.5 (for
w and 7), and the axial are 0.5 (for e) and —0.5
(for p and 7). With this, the WD emissivities into
neutrino-antineutrino pairs can be written as
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where the boldface g denotes the 3—momentum
of the dark photon, np(w) is the Bose-Einstein
distribution function and the subscripts L,T, A
denote the longitudinal, transverse and axial con-
tributions, respectively. The WD luminosity due
to neutrinos is obtained by integrating the emis-
sivities over the volume of the WD core. Consid-

ering spherical symmetry, the luminosity is ob-
tained as

Rwp
Lwp = 4n / Qior rdr (19)
0

where Rwp is the radius of the WD. For our
computations, we have chosen a representative
value of Mwp =1 Mg for the mass of the WD.
However, the results are not altered by picking
smaller values. If the star has a temperature of
Twp = 1078 K then the photon luminosity is just
L, 2 107%5L¢ [70] and the main cooling mecha-
nism is the plasmon decay inside the star. There-
fore, at these temperatures, extra contributions to
plasmon decay have an impact on the overall cool-
ing. The limits are computed by estimating the
relative excess contribution, eBSM, of the novel
U(1)r,-r, boson over the SM one,

DM = (LM 1) /IR (20)

In the following, we discuss the three regimes
of dark photon masses with respect to the WD
temperatures:

(1) The heavy regime with m 4 > Twp.
(2) The wultra-light regime with ma < Twp.

(3) The resonant regime with ma» ~ Twp.

IT1.1. Heavy dark photons

A WD cannot reach temperatures for which
the energies of the plasmon decay are substan-
tially greater than O(10) MeV. Therefore, in the
heavy regime of m4, = 10 MeV the dark pho-
ton propagator entering the momentum-integral
in the emissivity can be well approximated as

1/(¢*> — m%,) ~ —1/m%,. Hence, CrSM+PSM anq

C’j’SM+BSM no longer depend on ¢ and we can di-
rectly compute eB5M since the axial contribution

is negligible,

BSM _ Z (Cg,SM-‘rBSM)Z/Z (Cg,SM)Z 1

[e3

4
~1.50 x 1077 [ —Ipm
% (mA//l MeV

2
Gur
—1.66 x 10° | —2ET—— ) .
x (mA//l MeV)
(21)

This quantity is also independent of the exact
temperature of the WD, but is only valid for



masses that are much greater than the plasma
frequency of the WD?. Due to the relative small-
ness of €z compared to €4, the results are also
unaltered if we neglect the dark photon coupling
to the Z current in Eq. (5).

ITII.2. Ultra-light dark photons

In the case of an ultra-light dark photon me-
diator, effects due to the self energy correction
to the propagator become relevant when comput-
ing its propagation in the stellar medium and the
subsequent plasmon decay. The dark photon self
energy is given by

4
W) = — [ A ey + )+ )

(2m)*
X Y (d5y +d5y°) (¢ — K —mar)]
x {/@—Zmi — 21 [(—K0)

+ sign (k%) f(k° — p)]é(kQ — mi,)}
: {(q—k)Q—mif
+sign(¢” — k%) f(¢° — K + p)]

xa@_ky_nﬁq}

—2r[0(—¢" + &°)

(22)

where f(z) = (%% +1)~! with 8 = 1/(kg T).
We can conveniently express this in terms of
the plasmon self energy II5”. To do so, we note
that (d%)?/(d%)? ~ O(1073) is negligible, as well
as the axial contribution to the self-energy, which
is ~ dy, d% I14,4. This is warranted since the ax-
ial contribution to the plasmon self-energy 114 .
appearing is typically four to six orders of magni-
tude smaller than the longitudinal and transverse
ones. Taking this into account, the final expres-

sion for the dark photon self energy reads

. de 2 + de, 2
iy () =B gy 23)
with II4" the plasmon self-energy. Next, we need
to compute the full propagator, D47, up to the
same order, O(«), used for the plasmon decay
computation. To compute this quantity, we need
to expand the self-energy into its longitudinal and
transverse components. We can work with the
same projectors as used for the photon since, as
we saw, the dark photon self-energy is propor-
tional to that of the photon. Hence, we can write

Hl:; = FA/P£W + GA/P%W s (24)

with the transverse and longitudinal projectors
given by
PR = (8% — ¢'¢7) 6k'sY

i Y5

oV 25)
P£V<gw+qqg )P%W. (

Here, the factors F4» and G4/ are obtained anal-
ogously to the photon case, by contracting IT%,
with the projectors of Eq. (25). Formally, we can
write this as
2

Fa=T11% %, Ga =118, (26)
where x is any direction transverse to the prop-
agation of the dark photon with 4—momentum
q=(w,q).

Importantly, we note that since IIj; is propor-
tional to the plasmon self-energy, its contraction
with ¢ vanishes. Hence it is respecting the Ward
identity, even though the gauge symmetry is bro-
ken. In our computation, the full propagator D%/
is contracted with the plasmon self-energy 114"
Thus, we will neglect any term proportional to
q*. Furthermore, we remind ourselves that for
the projectors Pry PpY = Pp”, Pl PN = PI",
and P}, PpY = Pr, P} = 0. With these prepa-
rations, we can write the expression for the full
propagator of the dark photon as

3 See Eq. (33) for the full expression of the plasma fre-
quency.
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with II] and IIJ. the plasmon longitudinal and
transverse self-energies, that can be found in [68]
in Egs. (18) and (19). To obtain the last line
of Eq. (27), we have made use of the identity

N =P+ P+ ¢ (30)

In the computation of the emissivities the full
A’ propagator D'} is contracted with the plas-
mon self-energy I14”. Hence, we find that only

the longitudinal component of D'}7 enters the lon-
gitudinal emissivity and only 1ts transverse com-
ponent enters the transverse and axial emissivi-
ties. Furthermore, since the A’ self-energy can be
expressed in terms of the photon self-energy and
the 4-momentum at which it is evaluated is the
on-shell plasmon momentum (due to momentum
conservation), we can use the standard plasmon
relations to evaluate P;” and PL” for the dark
photon. Taking this into consideration, the ex-
pression for the full propagator finally simplifies

J

\4
Z(C‘O;,SNI+BSM((I))2 —

Z(CZ,SM+BSM(Q))2 _

where we have defined ¢ = (1 — rgsm) ¢°.

(31)

This expression for the full propagator has to
be used instead of the naive tree-level propagator
qz%'niz, in computing the coupling coefficients in
Eq. (15). Effectively, this means that in the com-
putation of the longitudinal emissivity the denom-
inator of the coefficient C{ SMABSM () has to be
replaced by the one of the ﬁrst term in Eq. (31).
Similarly, for the transverse and axial compo-
nents the denominator of the coupling coefficients
CoSMABSM )y and ¢ SMTPSM () have to be re-
placed by the denominator of the second term
in Eq. (31).

In the very low mass region, where m?%, < ¢?,
the luminosities become approximately indepen-
dent of the mass. To see this, let us consider
the denominator of the propagator in Eq. (31).
This has the form (1 — rgsm)¢®> — m%,, where
resm = [(d$,)? + (d)?] /4ma . Since rpgm < 1,
in this region the denominator of the propagator
can be approximated as ~ 1/¢%. The luminosity
in this region is then obtained by integrating the
emissivities in Egs. (16) to (18) with the replace-
ments,

d¥ (6 (d2)? + g2,) + V2 Gr g2 [2d2 S O™ 4 g, (O - C‘T/’SM)])

A
e (6 (d?)S _ \/§GF Gur (CZ,SM o™ SM) @ + GF dA |:g,u-r 2\/7GF @ Z Ca SM])
q

(32)
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FIG. 3. Plasma frequency w, (blue line) and elec-
tron density n. (orange dashed line) of a WD with
Mwp = 1Mg at Twp = 10% K as a function of the
distance to the centre of the star in km.

IT1.3. Resonant dark photons

When the dark photon mass is roughly of the
same order as the WD temperature of O(keV)?
the A’ contribution to the WD emissivities are
significantly enhanced due to a resonance in the
A’ propagator. More precisely, this happens when
the dark photon mass hits the plasma frequency,
which is defined as [69]

oo 2
%2) :4ﬂ d|k|k—(
™ Jo

1oL )(fe(Ek) F(E),
(33)

where f. and fz are the Fermi thermal distri-
butions for electrons and positrons, respectively.
We are integrating over the 3—momentum of the
electrons and positrons in the plasma with energy
Er, = Vk?+ m? and velocity v = k/E). The
plasma frequency w, depends on the temperature
Twp and the chemical potential y, which in turn
depends on the distance r from the centre of the
WD.

In Fig. 3, we show the plasma frequency w, and
electron density n. as a function of the WD ra-
dius 7. We can see that the plasma frequency
reaches its maximum at the centre of the star

4 In the computations a temperature of Tywp =108 K was
used.

and decreases roughly over an order of magni-
tude throughout the interior of the star before it
rapidly drops in the outer layers. This behaviour
can be readily understood by looking at the elec-
tron density profile since the plasma frequency wy,
is directly proportional to it.

Thus, the resonance region consists of a whole
range of dark photon masses for which a pole
arises in the A’ propagator due to the scan-
ning of the plasma frequency w, in the range
0 < r < Rwp. This effect, if not cured, leads to a
continuous curve of divergences of the integrands
in Egs. (16) to (18) in the |g| — r plane, where g
is the 3—momentum of the external plasmon and
r the distance from the centre of the WD.

However, these divergences are non-physical
and can be cured by considering the Breit-Wigner
(BW) propagator [71]. This takes into account
the imaginary component of the self-energy, which
is directly related to the instability of the particle,
and therefore is closely related to its decay width.
The BW propagator takes the form [72]

GHV (q2) _ _i(gMA - qﬂqA/mQ) v
BW ¢> —m2 —Re(F) —iIm(F) ™
N —i(g" — ¢"g*/m?) v
> —m2 —Re(G) —iIm(G)” ™’
(34)
where the self-energy of the vector is

" = F P +GP}’, in terms of the pro-
jectors PI'" and PL” given in Eq. (25).

There are, in principle, two main contribu-
tions to the imaginary part of the dark pho-
ton self energy Im(I14/). The first one is due
to a thermal loop of electrons, while the second
one is due to a zero-temperature loop of neutri-
nos, since neutrinos are not thermalized inside
the WD star. In the resonance region of masses
my < 1 MeV, there is no imaginary contribu-
tion from the electron loop since the dark photon
is not massive enough to decay into an electron-
positron pair. It can, however, decay into a pair of
neutrino-antineutrino, which for the correspond-
ing A’ masses and WD temperatures can be con-
sidered to be massless. We have to include the
imaginary contributions ¢ Im(II4/ ) in the prop-
agators of each polarisation A =T, L in Eq. (31).

After renormalizing the self-energy with inter-
nal neutrinos of flavour « using the MS scheme,
we obtain the following expressions,

2

B ko 1

Hffl’,'(qQ):—L ) ng‘“’/ drz(1—x)
0

472
x 1 ma
o
&\ m2 —z(1—x)q? )’

(e

(35)




where k2 is the coefficient defined in Eq. (12). In
the limit of massless neutrinos, the imaginary part
of this self-energy is easily found as the argument
of the logarithm is always negative in the region
of integration, since in turn the momentum of the
thermal on-shell plasmon, ¢2, is always positive.
Hence, we find

(kg)®
24w
) @ - o (36
Y q? Pr (36)
(kg)*
247

Im(I1%7)(¢%) = ol

(wi —@*) Py,

where we have replaced ¢2 by its explicit value for
the two polarizations.

Finally, the quantities entering the denomina-
tors of the dark photon propagator in Eq. (34),
following the same procedure as in Sec-
tion 112, are Im(F)=Im(II%) x ¢*/¢*> and
Im(G@) = Im(I1%7) for the longitudinal and trans-
verse polarisation, respectively. The projectors
are absorbed when multiplied by those of the elec-
tronic loop of the plasmon. To obtain the full
expression we still have to sum over the different
neutrino flavours « in Im(I147), k& — Y= k<.

This prescription regulates the divergences in
the dark photon propagator and leads to finite
expressions in the whole parameter space. Nev-
ertheless, the curve of very narrow peaks in the
|g| — r plane of integration remains. To reliably
evaluate the luminosity integrals in this regime,
we have to thoroughly sample these narrow peaks,
for which we were relying on the VEGAS+ algo-
rithm [73] for adaptive multidimensional Monte
Carlo integration in our calculations.

IV. RESULTS

In the following, we present our results for
WD cooling via plasmon decay in presence of a
U(1)r,-r, gauge boson. The results were de-
rived for a representative WD with a mass of
Mwp = 1 Mg, a temperature of Tywp = 108 K,
and the profiles of the electron number density n.
and chemical potential p obtained from solving
the Salpeter EoS [36]. For the numerical com-
putation of the self-energy, we have considered
two main approximations. For the inner layers
of the WD, we considered a degenerate regime,
where the chemical potential 1 dominates over
the temperature Twp and mass of the electron.

The quantities depend mainly on the Fermi mo-
mentum in this regime. For the outer layers, we
regarded the classical regime, where the mass of
the electron dominates over the temperature and
over the sum of the chemical potential and tem-
perature. In this regime, the quantities depend
mainly on the electron number density n.. More
details on these limits and their respective expres-
sions can also be found in [36].

In Fig. 4 we present the general behaviour
of the WD cooling sensitivities to plasmon de-
cay by an extra U(1)r,_r, boson obtained via
the computations outlined in Section III. Current
best fits of the hot WD luminosity function allow
for a variation of the neutrino luminosity func-
tion with respect to the SM by a scaling factor
of 0.6 < fs < 1.7 at the 95% confidence level
(CL) [74]. Therefore, an exclusion of more than
eBSM = 30 % (red line) excess cooling at the 90 %
CL by a future observation of hot young WDs
seems realistic. We show the sensitivity line in
the mas — g, plane of eBSM — (.3 extra cooling
relative to the SM, as defined in Eq. (20). This
plot illustrates well the three qualitatively differ-
ent domains of WD cooling depending on the A’
mass already outlined throughout the paper.

For heavy dark photon masses of
ma > 10° eV, we observe a linear scaling
of the sensitivity line. This is readily explained
by looking at the WD plasma frequency in Fig. 3.
Throughout the star the plasma frequency
assumes its maximum value at wp max S 10° eV.
Hence, for dark photon masses above wp max
the A’ propagator in the emissivity is entirely
dominated by its mass and scales as ~ 1/m?2,.
The linear increase can be understood from the
solution of the approximation in Eq. (21).

On the other hand, for ultra-light dark photons
instead, we see a constant scaling of the sensitiv-
ity independent of the dark photon mass. This
can be understood by an inspection of the propa-
gator of the dark photon. As we stated in section
Section III.2, for ultra-light dark photons with
my < q much smaller than the typical momenta
in the stellar interior, we can well approximate
the propagator in the WD emissivities by ~ 1/¢?.
Hence, in this very light regime the WD sensitiv-
ity becomes independent of the A’ mass to excel-
lent approximation.

Finally, we will discuss the central region of the
plot where the resonance behaviour dominates.
For masses of the order of the plasma frequency,
wp, there is a resonance in the propagator between
the dark photon mass m, and the momentum
transfer q. As can be seen in Fig. 3, as soon as



104

—— WD 30%

107> - :

"ultra-light" "resonant"

S 107 ;
1077 5 L“ LT
MWD =1 Mo
TWD = 108 K

1078 ; ; ; ;

10! 102 103 104 10° 106

ma [eV]

FIG. 4. WD cooling bounds on sub-MeV U(1)r,, —r, bosons. At high dark photon masses of m 4/ 2 100 keV, the
A’ propagator in the WD emissivities is dominated by the A’ mass and is to good approximation independent
of the plasma frequency w,. Below this threshold the A’ mass scans the plasma frequency in different phase
space regions, leading to a resonance behaviour in the window of 0.2 keV < m4/ < 100 keV. At the low-mass
end of this window the resonance peaks of the BW propagator start slowly moving outside the integration
domain of the luminosity Lwp towards higher radii » > Rwp resulting in an attenuation of the resonance.
Below m 4/ < 200 eV the integrand no longer exposes any resonance behaviour in the integration domain and
the integrand is dominated by the plasma frequency and approximately independent of the A’ mass.

the dark photon masses fall below the maximum
plasma frequency of wp max S 10° eV, resonance
will occur in some region in the interior of the
star. This explains why the transition between
the linear and resonant regime is so abrupt. Due
to the Breit-Wigner prescription, this resonance
will produce large narrow, but regulated peaks in
the integrand of the emissivity. Since these peaks
contribute significantly to the integral, they are
largely enhancing the sensitivity of WD cooling
to a new U(1)r, -z, boson. As the dark pho-
ton masses decrease, the location of these peaks
within the integration domain will shift towards
higher and higher radii. For masses below about
~ 300 eV these peaks will start moving past the
WD radius Rwp and out of the integration do-
main. Hence, their contribution becomes less and
less important until no resonance occurs at all
for masses of mas < 200 eV and the ultra-light
regime is reached.

In Fig. 5 we show the WD sensitivities on

a U(1)p,-r, boson in the MeV mass window,
where a solution of the muon (g —2),, anomaly is
still allowed. For comparison, we show the current
best limits in grey. At masses below O(10) MeV
the dark photon A’ contributes significantly to the
heating of the neutrino gas in the early universe
leading to a too large number of neutrino degrees
of freedom, ANyg, during BBN [20]. However,
in the mass window of my ~ 10 — 20 MeV the
same effect leads to a milder contribution to Neg,
which could explain the Hubble tension [20]. The
corresponding favoured region is depicted by the
blue band labeled Hy. In turn, the green band
shows the region of parameter space preferred by
the (g9 —2), anomaly as measured at the E989 ex-
periment [63] and explained in Section II.1. The
most stringent constraint on the (g—2),, favoured
region is due to the recently reported result of the
invisible search at the NA64yu experiment [75]. At
low masses constraints from the measurement of
the "Be solar neutrino flux at the Borexino ex-
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FIG. 5. Limits on MeV-mass U(1)r, -1, gauge bosons. The grey shaded areas show the current constraints
(see text for explanations). The green and blue bands depict the regions of parameter space preferred by the
(9 — 2), and Hy anomaly, respectively. We show our constraints from white dwarf cooling via plasmon decay
for an excess of 50% (crimson), 30% (red), 10% (orange) and 1% (yellow) over the SM neutrino cooling rate.
The grey dashed line shows the previously estimated WD cooling bound of Ref. [54].

periment [30, 76, 77] exclude a solution below
A’ masses of my ~ 10 MeV. At high masses,
we also show the limit obtained from resonance
searches in four-muon production by the BaBar
collaboration [78]. For comparison, we also show
the resulting bound from measurements of coher-
ent elastic neutrino-nucleus scattering (CEvNS)
with a CsI[Na] target at the COHERENT ex-
periment [79, 80]. Similarly, a strong constraint
arises from the search for neutrino trident pro-
duction [81]. We show the leading bound by the
CHARM-II experiment [82].°

The crimson, red, orange and yellow lines repre-
sent our bounds obtained under the assumption
of a sensitivity to ePSM = 50%, 30%, 10% and
1% WD excess neutrino cooling over the SM pre-
diction, respectively. For comparison, the grey

5 In principle, a more stringent bound can be derived from
the CCFR results [81]. However, some doubts have been
shed on the correct incorporation of a background due to
diffractive charm production in the relevant analysis [83]
and hence we abstain from showing the corresponding
limit.

10

dashed line shows the estimate of the WD cool-
ing bound that has been obtained in Ref. [54] from
matching to the EFT coefficients used in the anal-
ysis of [55], which in turn assumed a 100% excess
cooling constraint.

First of all, we note that the conservative (crim-
son) 50% line lies marginally below the current
best limit provided by Borexino. A realistic 30%
exclusion limit would already rule out currently
still allowed regions of the parameter space, where
a simultaneous explanation of the (¢ — 2), and
Hjy anomalies are possible. If in turn future anal-
yses would significantly improve their sensitivity
to extra neutrino cooling (via an improved ex-
traction of the luminosity function), sensitivities
at the level of 10% (orange line) excess cooling
could rule out almost all of the joint (¢ —2),, and
Hj explanation, while sensitivities at the level of
1% (yellow line) would exclude almost the entire
parameter space favoured by the (9—2),, anomaly.



V. CONCLUSIONS

In this article, we have performed for the first
time an ab initio computation of the WD luminos-
ity due to plasmon decay into neutrinos in pres-
ence of an extra new U(1)r, —r, gauge boson. We
have performed the calculations for a representa-
tive WD star with a mass of Mwp = 1Mg and
temperature of Tywp = 108 K. Following [69], we
have considered two main approximations: the
degenerate regime (for the inner layers of the WD)
and the classical regime (for the outer ones).

Our main result is that, given a realistic obser-
vation of the neutrino luminosity of a hot young
WD at the 30% level, the resulting WD cooling
bounds can exclude currently untested regions of
parameter space, where a simultaneous explana-
tion of the (¢ —2), and Hy anomaly are still pos-
sible (cf. Fig. 5). For a precision observation at
the 10% or even 1% level, this could exclude a
large fraction or even all of the remaining allowed
parameter space for the (¢ — 2), anomaly in this
model.

Second, we have carefully derived and com-
puted the neutrino luminosity in the resonant
regime where the A’ masses are comparable to
the plasma frequency w,. We have demonstrated
that the varying profile of the electron density
n. and chemical potential p in the interior of
the star result in a broad range of A’ masses of
100 eV < my <100 keV, in which plasma reso-
nance effects become important and lead to a sig-
nificantly increased cooling contribution of the A’.

A straightforward extension of this work would
be to perform the same calculations for neutron
stars. However, the lack of knowledge of the pre-
cise equation of state for these stars makes it
fundamentally more difficult to obtain robust re-
sults for the corresponding luminosities. Never-
theless, compared to WDs these objects exhibit
much higher densities and at their birth also much
higher temperatures of up to 7' ~ 50 MeV. This
could significantly enhance the effect of neutrino
cooling through a novel U(1)z, —r, boson and in
particular improve sensitivities at higher boson
masses. Furthermore, resonances at a higher mass
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range could result in limits improving over current
ones for mediators like leptophilic dark photons.
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Appendix A: Model details
1. Loop-induced kinetic mixing in U(1)r,-r,

In this section, we discuss the computation of
the one-loop induced kinetic mixing. In this work
we are mainly interested in U(1)z, r,, however,
this discussion is generic for all U(1)r,_r, with
L] =6, T.

Since part of the SM leptons are charged un-
der both the SM hypercharge U(1)y and the new
leptophilic gauge group U(1)r,—r,, a kinetic mix-
ing term between the new gauge boson and the
hypercharge boson as well as the neutral SU(2),
boson is induced at the one-loop level [59],



In the physical basis of neutral photon and Z bo-

1
_ g/gij m; —

1 2 2
; m? —x(1 —x)q m; —
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son, the mixings with the new leptophilic gauge
boson read

2 2
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2 2 2 2
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o) = 0% [ aesti [Og g ) T\ e )] Y

Since the typical core temperature of a white
dwarf is of the order of ~ 10 keV, it is safe to as-
sume that the typical energy transfer ¢2 at which
the plasmon decay is happening, is much larger
than the neutrino masses, ¢> > m?2. Thus, we

can expand the second term in Eq. (A4),

log (

m2 /¢ — x(1 — x)

b /a® —a(l—x)

where the first approximation is valid almost ev-
erywhere in the interval x € [0, 1].

At the same time, the masses of the charged
leptons are much larger than the WD tempera-
tures, ¢ < m,%. Hence, we can also expand the

logarithms containing the charged lepton masses
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in Egs. (A3) and (A4),
m;/m5 — (1 —x) ¢*/m3 m2
log 5 ~ log 5
1—2(l—x)¢*/m3 m;

In summary, at typical WD temperatures, we
can work with the g?-independent approxima-

tions,
y ms
¢ no $9U 1o (1 , A7
AT 67T2 & mj ( )
ij o 9295 o, (M) _ _Lsw i A8
¢z 1272 & m;j 2 cw €a. (A8)
2. Interaction terms of the boson mass

eigenstates

In order to obtain the interaction terms of the
physical mass eigenstates of the neutral gauge
bosons, we have to diagonalise both the kinetic
and the mass terms in Eq. (1). Applying the full
diagonalisation to the interaction terms, we ob-
tain
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with the definitions then get
€ i
T=yl-di-, (AL0) i ~ (A, Z,, AL) 6: 7%
€z 2 gzjg_eEAng_gzerg
K= 1+4(51> , (A11) (A13)
Mo\ 2 Hence, we recover the familiar SM photon and
= <J\4X) . (A12) Z interactions with the electromagnetic and Z
z

Since we are considering the mass range Mx <
My we can approximate § =~ 0. Furthermore,
we are mostly interested in the parameter space
where g, < 1072, such that e4 < 10~%. To linear
order in the the small parameters €4 and ez, we
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