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Theories beyond the standard model involving a sub-GeV-scale vector Zd mediator have been largely
studied as a possible explanation of the experimental values of the muon and electron anomalous magnetic
moments. Motivated by the recent determination of the anomalous muon magnetic moment performed at
Fermilab, we derive the constraints on such amodel obtained from the magnetic moment determinations and
the measurements of the proton and cesium weak charge,QW , performed at low-energy transfer. In order to
do so, we revisit the determination of the cesium QW from the atomic parity violation experiment, which
depends critically on the value of the average neutron rms radius of 133Cs, by determining the latter from a
practically model-independent extrapolation from the recent average neutron rms radius of 208Pb performed
by the PREX-2 Collaboration. From a combined fit of all the aforementioned experimental results, we obtain
rather precise limits on the mass and the kinetic mixing parameter of the Zd boson, namely mZd

¼
47þ61

−16 MeV and ε ¼ 2.3þ1.1
−0.4 × 10−3, when marginalizing over the Z − Zd mass mixing parameter δ.

DOI: 10.1103/PhysRevD.104.L011701

A new measurement of the anomalous muon magnetic
moment, referred to as aμ ≡ ðgμ − 2Þ=2, has been largely
awaited due to the presence of a long-standing deviation of
the experimental determination of aμ, performed at BNL
[1] in 2004, from the theoretical expectation of about 3.7σ.
Recently, the Muon g − 2 Collaboration at Fermilab
(FNAL) released a new measurement [2], with a slightly
better precision, about 15% less, than the BNL one, which
is aFNAL;expμ ¼ 116 592 040ð54Þ × 10−11. The combined
experimental average between the FNAL and BNL results

aexpμ ¼ 116 592 061ð41Þ × 10−11; ð1Þ

can be compared with the standard model (SM) prediction
aSMμ ¼ 116 591 810ð43Þ × 10−11 [3–28], showing an in-
triguing 4.2σ discrepancy

Δaμ ¼ aexpμ − aSMμ ¼ 251ð59Þ × 10−11: ð2Þ

This breakthrough result strengthens the motivation for the
development of SM extensions, in particular in light of
other increasing evidences for the incompleteness of the
SM recently reported [29].
In the last years, also the electron anomalous magnetic

moment experimental result [30,31] has shown a greater
than 2σ discrepancy with the SM prediction [32], even if
with an opposite sign with respect to the muon one.
However, a new determination of the fine structure constant
[33], obtained from the measurement of the recoil velocity
on rubidium atoms, resulted into a reevaluation of the SM
electron magnetic moment, bringing to a positive discrep-
ancy of about 1.6σ. Namely

Δae ¼ aexpe − aSM;Rb
e ¼ 0.48ð30Þ × 10−12; ð3Þ

where ae ≡ ðge − 2Þ=2. Interestingly, now the electron and
muon magnetic moment discrepancies point to the same
direction.
These longstanding anomalies have motivated a variety

of theoretical models that predict the existence of yet to be
discovered particles that might contribute to the process
[34–39]. In particular, they could indicate the presence of
an additional sub-GeV-scale gauge boson, referred to as Zd
[40–43]. Here, we recall the basic features of such a model
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in which we assume a Uð1Þd gauge symmetry associated
with a hidden dark sector. The corresponding Zd gauge
boson couples to the SM bosons via kinetic mixing,
parametrized by ε, and Z − Zd mass matrix mixing, para-
metrized by εZ ¼ ðmZd

=mZÞδ [40], where mZd
and mZ are

the Zd and Z masses, respectively. The parameter δ in the
latter relation is usually replaced [44] by the following
expression

δ0 ≃ δþmZd

mZ
ε tan θW; ð4Þ

that incorporates higher order corrections, even if small for
mZd

≪ mZ. Here, θW is the SM predicted running of the
Weinberg angle in the modified minimal subtraction (MS)
renormalization scheme [45–47].
As a consequence of the mixing, the Zd coupling with

the SM results into an interaction Lagrangian [40–42]

Lint ¼
�
−eεJemμ −

g
2 cos θW

mZd

mZ
δ0JNC

μ

�
Zμ
d; ð5Þ

where e is the electric charge, JNC
μ and Jemμ are respectively

the neutral and electromagnetic currents, whereas Zμ
d is the

new boson field. Within this model, the new weak neutral
current amplitudes at low Q2 momentum transfer can be
retrieved through the substitutions GF → ρdGF, GF

being the Fermi coupling constant, and sin2 θWðQ2Þ →
κd sin2 θWðQ2Þ [40,44,48,49], where

ρd ¼ 1þ
�
δþmZd

mZ
ε tan θW

�
2

f

�
Q2

m2
Zd

�
; ð6Þ

and

κd ¼ 1 − ε

�
δþmZd

mZ
ε tan θW

�
mZ

mZd

cot θWf

�
Q2

m2
Zd

�
: ð7Þ

The term fðQ2=m2
Zd
Þ is related to the propagator of the new

boson and it may assume different forms depending on the
experimental process [50,51].
The one-loop vector contribution to the magnetic

moment of the lepton l ¼ e, μ which arises from this
model is [52]

aZd
l;vector ¼

α

2π

�
εþmZd

mZ
δ0

1−4sin2θW
4sinθW cosθW

�
2

FV

�
mZd

ml

�
; ð8Þ

where sin θW is employed at the corresponding lepton mass
scale, α is the fine-structure constant, ml the lepton mass,
and

FVðxÞ≡
Z

1

0

dz
2zð1 − zÞ2

ð1 − zÞ2 þ x2z
: ð9Þ

The mass mixing introduces also an axial contribution,
which is although negligible, given by [52]

aZd
l;axial ¼ −

GFm2
l

8
ffiffiffi
2

p
π2

δ02FA

�
mZd

ml

�
; ð10Þ

where

FAðxÞ≡
Z

1

0

dz
2ð1 − zÞ3 þ x2zð1 − zÞðzþ 3Þ

ð1 − zÞ2 þ x2z
: ð11Þ

Adding the two contributions in Eqs. (8) and (10), it is
possible to retrieve the total Zd induced magnetic momen-
tum contribution aZd

l ðε; δ; mZd
Þ ¼ aZd

l;vector þ aZd
l;axial.

Another consequence of the existence of this additional
Zd boson, besides the modification of the lepton magnetic
moment, would be the introduction of a new source of
parity violation that could be tested by experiments
sensitive to the weak charge, QW , of both protons and
nuclei. In particular, recently the Qweak Collaboration at
JLAB [53] measured the proton weak charge at Q2 ¼
0.0248 GeV2 to be

Qp;exp
W ¼ 0.0719ð45Þ; ð12Þ

which has to be compared with the SM prediction [45,54]
that, taking into account radiative corrections, is

Qp;SM
W ¼ −2gepAVðsin2θWÞ

�
1 −

α

2π

�
¼ 0.0711ð2Þ; ð13Þ

where gepAV is the SM electron-proton coupling, which
depends on the weak mixing angle at the appropriate
experimental energy scale. Similarly, in the low-energy
sector, atomic parity violation (APV) experiments provide
the measurement of the weak charge of a nucleusN with N
neutrons and Z protons, which is also very sensitive to new
vector bosons. So far, the most precise measurement has
been performed at Q ≈ 2.4 MeV using cesium atoms
(NCs ¼ 78 and ZCs ¼ 55), for which one can derive the
following SM prediction1 [45] which also includes radia-
tive corrections

Q
133Cs;SM
W ¼ −2½ZCsðgepAVðsin2θWÞ þ 0.00005Þ

þ NCsðgenAV þ 0.00006Þ�
�
1 −

α

2π

�

¼ −73.23ð1Þ; ð14Þ

1The SM prediction for the weak charge of a nucleus at tree-
level is given by QN ;tree

W ¼ −N þ Zð1 − 4sin2θWÞ.
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where genAV is the SM electron-neutron coupling.2 The
current experimental measurement [45,55,56]

Q
133Cs;PDG
W ¼ −72.82ð42Þ; ð15Þ

depends strongly on the value of the average neutron rms
radius of 133Cs, Rnð133CsÞ [57–59]. Since at the time of
Refs. [60,61] there was not any cesium neutron radius

measurement, the correction on Q
133Cs;PDG
W due to the

difference between Rnð133CsÞ and Rpð133CsÞ, the average
proton rms radius, could only have been estimated exploit-
ing hadronic probes, using an extrapolation of data from
antiprotonic atom x-rays [62]. From these data, the value of
the so-called neutron skin, ΔRnp ≡ Rn − Rp, has been
measured for a number of elements, from which the
extrapolated neutron skin value for each nucleus was found
assuming a linear dependence on the asymmetry parameter,
I ¼ ðN − ZÞ=A, where A is the mass number, leading to the
empirically fitted function

ΔRhad
np ðN Þ ¼ ð−0.04� 0.03Þ þ ð1.01� 0.15ÞI fm: ð16Þ

Using the latter equation, the extrapolated value of the
neutron skin of 133Cs is ΔRhad

np ð133CsÞ ¼ 0.13ð4Þ fm, that
combined with the very well known value of Rpð133CsÞ ¼
4.807ð1Þ fm at the time [63], gave a value of Rnð133CsÞ ¼
4.94ð4Þ fm and a correction to Q

133Cs;PDG
W explicitly visible

in Table IV of Ref. [60]. However, these determinations of
the neutron skin with hadronic measurements are known to
be affected, unlike electroweak measurements, by consid-
erable model dependencies and uncontrolled approxima-
tions [64]. In this paper, we revisit the determination of

Q
133Cs
W determining Rnð133CsÞ from a practically model-

independent extrapolation from the recent average neutron
rms radius of 208Pb performed by the PREX-1 and PREX-2
experiments [65–68], which exploit parity violating elec-
tron scattering on lead. Indeed, the PREX collaboration
released a unique determination of the point neutron skin,
the difference between the point3 neutron and proton rms
radii Rpoint

p;n , that is equal to [65–68]

ΔRpoint
np ð208PbÞ≡ Rpoint

n − Rpoint
p ¼ 0.283ð71Þ fm: ð17Þ

We note that, this value is significantly larger with respect
to the one that could be retrieved using the extrapolation in

Eq. (16), corresponding to ΔRhad
np ð208PbÞ ¼ 0.17ð4Þ fm.

Given that the PREX measurement is basically model
independent and thus more reliable, this large discrepancy
motivated us to discard the determination of Rnð133CsÞ from
hadronic probes in favor of the usage of electroweak
probes.
To this purpose, in Fig. 1 we show the values of the point

neutron skins of 133Cs, and 208Pb obtained with various
nonrelativistic Skyrme-Hartree-Fock (SHF) [69–74] and
relativistic mean-field (RMF) [75–84] nuclear models. A
clear model-independent linear correlation [76,85–89] is
present between the neutron skin of 208Pb and 133Cs within
the nonrelativistic and relativistic models with different
interactions, with a Pearson’s correlation coefficient
ρ ≃ 0.999, an angular coefficient equal to 0.707� 0.023
and intercept 0.016� 0.005 fm. Here we want to exploit
this powerful linear correlation to translate the PREX-1 &
PREX-2 combined measurement of ΔRpoint

np ð208PbÞ into a
determination of ΔRpoint

np ð133CsÞ. We obtain

ΔRpoint
np ð133CsÞ ¼ 0.22ð5Þ fm: ð18Þ

Comparing it with the extrapolated value derived using
hadronic probes, we note that the uncertainty is basically
the same while the central value is almost doubled. This
measurement can be in turn translated into a rather-precise
and model-independent value of the physical neutron rms
radius, exploiting the well-known value of the proton rms
radius determined experimentally from muonic atom

0.10 0.15 0.20 0.25 0.30 0.35 0.40

0.10

0.15

0.20

0.25

0.30

FIG. 1. Point neutron skin predictions for 208Pb and 133Cs
according to different models (red circles [69–74], orange triangles
[75–78], and blue squares [79–84]). A linear fit is superimposed in
solid black, where the 1σ and 3σ constraints are also shown by the
dark-gray dotted and light-gray dashed regions, respectively.
Constraints set by the combination of PREX-1 and PREX-2
[65–68] and the constraint on ΔRpoint

np ð133CsÞ derived in this work
are also shown by the green and purple point, respectively.

2The SM prediction for the electron-proton and electron
neutron-couplings at tree-level are given by gepAV ¼ −1=2þ
2 sin2 θW and genAV ¼ 1=2.

3The physical proton and neutron radii Rp;n can be retrieved
from the corresponding point-radii Rpoint

p;n adding in quadrature the
contribution of the rms nucleon radius hr2Ni1=2 ≃ 0.84 fm, that is
considered to be approximately equal for the proton and the
neutron. Namely, R2

p;n ¼ ðRpoint
p;n Þ2 þ hr2Ni.
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spectroscopy [90,91] and corrected following the procedure
introduced in Refs. [92,93], corresponding to Rpð133CsÞ ¼
4.821ð5Þ fm. We thus obtain

Rnð133CsÞ ¼ 5.03ð5Þ fm: ð19Þ

This value is also compatible with the phenomenological
nuclear shell model estimation in Ref. [94] and can be used

as an input for Q
133Cs;exp
W . Experimentally, the weak charge

of Cs is extracted from the ratio of the parity violating
amplitude, EPNC, to the Stark vector transition polariz-
ability, β, and by calculating theoretically EPNC in terms of

Q
133Cs;SM
W , leading to

Q
133Cs;exp
W ¼NCs

�
ImEPNC

β

�
exp

·

�
Q

133Cs;SM
W

NCsImEPNCðRnÞ
�

th
βexpþth;

ð20Þ

where βexpþth and ðImEPNCÞth are determined from
atomic theory, and Im stands for imaginary part (see
Ref. [45]). In particular, we use ðImEPNC=βÞexp ¼
ð−3.0967� 0.0107Þ × 10−13jej=a2B [45], where aB is the
Bohr radius and βexpþth ¼ ð27.064� 0.033Þa3B [45]. The
imaginary part ofEPNC is where the dependence on the value

of Rnð133CsÞ is encapsulated. Thus, we use ðImEPNCÞw:n:s:th ¼
ð0.8995�0.0040Þ×10−11jejaBQ

133Cs;SM
W =NCs [60], where

we subtracted the correction called “neutron skin,” intro-
duced to take into account the difference between Rn and
Rp that is not considered in the nominal atomic theory
derivation. Indeed, besides the usage of the value of
ΔRhad

np ð133CsÞ, that we have shown to be quite model-
dependent, another problem connected with this correction
is that it was determined using the approximated formula in
Eq. (4.8) of Ref. [61], that underestimates the correction for
larger values of ΔRnp. Here we remove this correction in
order to be able to implement a new one with the value of
Rnð133CsÞ just derived and avoiding the usage of an
approximated formula. The neutron skin corrected value
of the weak charge is thus retrieved using the correcting
term [92,95,96]

δEn:s:
PNCðRnð133CsÞÞ

Ew:n:s:
PNC

¼ NCs

Q
133Cs;SM
W

�
1 −

qnðRnð133CsÞÞ
qp

�
; ð21Þ

where the factors qp and qn incorporate the radial depend-
ence of the electron axial transition matrix element by
considering the proton and the neutron densities in the
nucleus as functions of the radius r, ρp;nðrÞ. Namely,

qp;n ¼ 4π

Z
∞

0

ρp;nðrÞfðrÞr2dr; ð22Þ

where fðrÞ is the matrix element of the electron axial
current between the atomic s1=2 and p1=2 wave functions
inside the nucleus normalized to fð0Þ ¼ 1. The details of
the calculation can be found in the Supplemental Material
of Ref. [89]. The new experimental value of the weak
charge of 133Cs becomes

Q
133Cs;exp
W ¼ −72.94ð43Þ: ð23Þ

This result can be compared to the current one presented in
Eq. (15). The uncertainty is practically the same and the
central value is only marginally shifted. However, the main
advantage is that it is derived from a determination of
Rnð133CsÞ that is coming solely from electroweak probes
with less assumptions.
The measurements of QW in Eqs. (23) and (12) can be

used to set limits on the available phase space for the Zd
model. Indeed, the presence of a Zd mediator would change
the experimental values of QW . More precisely, adopting
the substitutions described before, the proton weak charge
expression becomes

Qp;Zd
W ¼ −2ρdg

ep
AVðκd sin2 θWÞ

�
1 −

α

2π

�
; ð24Þ

where, in the case of polarized electron scattering experi-
ments, such as for the measurement of the proton
weak charge, the propagator term inside Eqs. (6) and (7)
becomes [50,51]

f

�
Q2

m2
Zd

�
¼ m2

Zd

m2
Zd

þQ2
; ð25Þ

where Q2 is the typical momentum transfer of the experi-
ment. Similarly, the expression for the cesium weak
charge is

Q
133Cs;Zd
W ¼ −2ρd½ZCsðgepAVðκdsin2θWÞ þ 0.00005Þ

þ NCsðgenAV þ 0.00006Þ�
�
1 −

α

2π

�
: ð26Þ

In the case of parity violation in heavy atoms, such as for
cesium, the propagator assumes a different form due to the
nuclear structure. In particular, for 133Cs it becomes
fðQ2=m2

Zd
Þ ¼ Kð133CsÞ, as described in Refs. [50,51].

For example, Kð133CsÞ ≃ 0.5 for masses of the Zd boson
of the order of the typical momentum transfer of
APV, Q ≈ 2.4 MeV, while Kð133CsÞ ≃ 0.83, 1 for mZd

≃
20; 100 MeV.
In order to determine information on ε, δ and mZd

, we
performed several fits with the common least-squares
function

M. CADEDDU et al. PHYS. REV. D 104, L011701 (2021)

L011701-4



χ2i ¼
ðXexp

i − Xth
i ðε; δ; mZd

ÞÞ2
σ2i

; ð27Þ

where i stands forQweak;APV; aμ, and ae, such that Xexp ¼
fQp;exp

W ;Q
133Cs;exp
W ; aexpμ ; aexpe g, Xth ¼ fQp;Zd

W ;Q
133Cs;Zd
W ; aZd

μ ;
aZd
e g and σi are the corresponding experimental and

theoretical uncertainties summed in quadrature. In Fig. 2
we show the limits or allowed regions at 90% confidence
level (CL) in the plane ofmZd

and ε for different values of δ.
In particular, we show the limits of APV, Qweak and their
combination. Moreover, we also show the 90% CL favored
regions for the explanation of the muon and electron
anomalous magnetic moments. We note that the ability
to exclude the aμ and ae interpretations under the Zd model
depends strongly on the value of δ chosen. Namely, for
δ > 10−2 the entire Δaμ discrepancy is completely ruled
out, not only by the combined result but also by the APV
only limit. Other experiments that are also sensitive to Zd
bosons are those able to measure rare flavor-changing
weak neutral-current decays of K and B mesons, like
K� → π�Zd, induced by quark transition amplitudes such
as s → dZd and b → sZd [49,97–99]. Similarly, Higgs
boson decays to ZZd bosons [40,44], induced by Z − Zd
mass mixing, are also sensitive to it. In both cases, the
constraints obtained depend on the assumed branching
fraction (BF) of the Zd boson decay and on its mass.
Indeed, if only SM particles are lighter than the Zd boson,

the latter could decay into pairs of charged leptons or
hadrons, leaving a visible signature in detectors,4 or into a
pair of neutrinos, resulting in missing energy. Instead, if it
exists at least one dark-matter particle whose mass is such
that 2mχ < mZd

, the Zd boson decays preferentially into
dark-matter, depending on the assumed coupling αD. In the
mass range 30≲mZd

≲ 300 MeV the dominant constraints
arise from rare kaon decays. Indeed, the BNL E949
experiment combined with the E787 results put severe
constraints on Kþ → πþ þ invisible [100], that however
can be significantly relaxed in case of δ ≠ 0 thanks to a
cancellation that may occur between kinetic and Z − Zd
mass mixing [49]. It is worth to mention that the two
favored regions determined for the magnetic moments in
Fig. 2 do not depend significantly on the value of δ, at least
for the small values tested in this work, since the dominant
contribution is the one induced by the term related to the
kinetic mixing parameter ε in Eq. (8).
In Fig. 2 it is possible to see that, for given values of δ,

mZd
and ε, there is an overlap between all the different

experimental constraints. To better highlight it, we per-
formed a combined fit by summing all the four χ2’s in
Eq. (27). In order to remove the ambiguity on δ, we
marginalized the result over this parameter. In Fig. 3 we
show the 1σ, 2σ, and 3σ CL contours in the plane of mZd

FIG. 2. Limits at 90% CL in the plane of mZd
and ε, for both

Qweak (dashed line) and APV (dotted line) experiments, and also
their combination (solid line), for different values of δ as depicted
in the label. The green band and the light blue area are the favored
regions at 90% CL needed to explain the anomalous magnetic
moment of the muon and of the electron, respectively.

FIG. 3. Contours at different CL of the allowed regions in the
plane ofmZd

and ε, together with their marginalizations, obtained
from the combined fit of the Qweak, APV, aμ and ae experimental
results. The best fit result is indicated by the black dot.

4Although this depends on the Zd lifetime, otherwise the Zd
boson may escape and decay outside the detector acceptance
making it impossible to reconstruct its decay products.
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and ε, as well as the best fit result corresponding to a
minimum χ2min ¼ 0.007. For completeness, when margin-
alizing in turn over the other two parameters, we get the
following results for mZd

, ε and δ at 1σ CL

mZd
¼ 47þ61

−16 MeV; ð28Þ

ε ¼ 2.3þ1.1
−0.4 × 10−3; ð29Þ

δ < 2 × 10−3: ð30Þ

Using these best fit values5 and their 1σ ranges, in Fig. 4
we show how the running of sin2ϑW changes at low
energies due to the contribution of a Zd boson. Clearly,
further measurements of sin2 ϑW in the low energy sector,
as those coming from the P2 [102,103] and MOLLER
[104] experiments, from the near DUNE detector [105],
the exploitation of coherent elastic neutrino scattering in
atoms [106] and nuclei [93,107,108] and finally from
future atomic parity violation with francium, radium and
rubidium [109,110] would be really powerful for further
constraining such a model. To highlight the near future
prospects that can be achieved thanks to upcoming results
from MOLLER and P2, considering the SM value for the
central value, as well as an improved measurement of aμ
with half of the uncertainty in Eq. (1), we show in Fig. 5
the limits at 90% CL in the plane ofmZd

and ε for different

values of δ. As clearly visible, P2 and MOLLER will
allow to exclude a large portion of the aμ band already for
values of δ as small as 10−3. See Ref. [101] for additional
information.
In summary, in this paper we studied a possible Uð1Þd

extension of the SM that implies the presence of a sub-
GeV-scale vector Zd mediator. The existence of this addi-
tional force would modify the experimental values of the
muon and electron anomalous magnetic moments as well
as the measurements of the proton and cesium weak charge,
performed so far at low-energy transfer. Motivated by the
recent determination of the muon anomalous magnetic
moment performed at Fermilab, we derived the constraints
on such a model obtained from the aforementioned
experimental measurements and by their combination.
Before to do so, we revisited the determination of the
cesium QW from the atomic parity violation experiment,
which depends critically on the value of the average
neutron rms radius of 133Cs, by determining the latter from
a practically model-independent extrapolation from the
recent average neutron rms radius of 208Pb performed by
the PREX-2 Collaboration. From a combined χ2 fit we
obtain rather precise limits on the mass and the kinetic
mixing parameter of the Zd boson, namely mZd

¼
47þ61

−16 MeV and ε ¼ 2.3þ1.1
−0.4 × 10−3, when marginalizing

over the Z − Zd mass mixing parameter δ.

FIG. 4. Variation of sin2 ϑW with energy scale Q. The SM
prediction is shown as the solid blue curve, together with
experimental determinations in black [53,55,60,111–114] and
future projections in violet [102,104] with a central value shown
at an arbitrary position. The result derived in this paper for APV
on cesium is shown in red. With the dashed red and green lines
we indicate the best fit result and the�1σ variations, respectively,
for the running of sin2 ϑW in the presence of a Zd boson as
described in the paper. FIG. 5. Limits at 90% CL in the plane of mZd

and ε, for the
combination of the current Qweak and APV experiments (solid),
the projected MOLLER (dashed) and P2 (dot-dashed) proposed
experiments, for different values of δ as depicted in the label.
The green band and the light blue area are the favored regions
at 90% CL needed to explain the projected and current anoma-
lous magnetic moment of the muon and of the electron,
respectively.

5The best fit value of δ is 7.9 × 10−4, see Ref. [101] for
additional information.
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