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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 anoma-
lous magnetic moments. Motivated by the recent determination of the anomalous muon magnetic
moment performed at Fermilab, we derive the constraints on such a model obtained from the mag-
netic 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 av-
erage 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 Collab-
oration. 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

= 47+61
−16 MeV

and ε = 2.3+1.1
−0.4 × 10−3, when marginalizing over the Z − Zd mass mixing parameter δ.

A new measurement of the anomalous muon magnetic
moment, referred to as aµ ≡ (gµ − 2)/2, has been largely
awaited due to the presence of a long-standing devia-
tion 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, exp

µ = 116 592 040(54)× 10−11. The
combined experimental average between the FNAL and
BNL results

aexpµ = 116 592 061(41)× 10−11, (1)

can be compared with the standard model (SM) predic-
tion aSMµ = 116 591 810(43) × 10−11 [3], showing an in-
triguing 4.2σ discrepancy

∆aµ = aexpµ − aSMµ = 251(59)× 10−11. (2)

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 [4].

In the last years, also the electron anomalous magnetic
moment experimental result [5, 6] has shown a greater
than 2σ discrepancy with the SM prediction [7], even
if with an opposite sign with respect to the muon one.
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However, a new determination of the fine structure con-
stant [8], obtained from the measurement of the recoil
velocity on rubidium atoms, resulted into a re-evaluation
of the SM electron magnetic moment, bringing to a pos-
itive discrepancy of about 1.6σ. Namely

∆ae = aexpe − aSM,Rb
e = 0.48(30)× 10−12, (3)

where ae ≡ (ge − 2)/2. Interestingly, now the electron
and muon magnetic moment discrepancies point to the
same direction.

These long-standing anomalies have motivated a va-
riety of theoretical models that predict the existence of
yet to be discovered particles that might contribute to
the process [9–14]. In particular, they could indicate the
presence of an additional sub-GeV-scale gauge boson, re-
ferred to as Zd [15–18]. Here, we recall the basic features
of such a model in which we assume a U(1)d gauge sym-
metry associated with a hidden dark sector. The cor-
responding Zd gauge boson couples to the SM bosons
via kinetic mixing, parametrized by ε, and Z-Zd mass
matrix mixing, parametrized by εZ = (mZd

/mZ)δ [15],
where mZd

and mZ are the Zd and Z masses, respec-
tively. The parameter δ in the latter relation is usually
replaced [19] by the following expression

δ′ ≃ δ +
mZd

mZ

ε tan θW , (4)

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 subctraction
(MS) renormalization scheme [20–22].
As a consequence of the mixing, the Zd coupling with

the SM results into an interaction Lagrangian [15–17]

Lint = (−eεJem
µ − g

2 cos θW

mZd

mZ

δ′JNC
µ )Zµ

d , (5)
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Dark Zd models
I It is very likely that the energy of the Universe

is composed by:
I about 70% of Dark Energy,
I about 25% of non-baryonic Dark Matter,
I about 5% of baryonic matter.

I Therefore, there is a Dark Sector made of unknown
particles and interactions.

I There are many models of all types, many based on new symmetries.
I A simple and attractive new symmetry (present in many models) is a

broken U(1)d gauge symmetry in the Dark Sector.
I The associated low-mass gauge boson is called:

I dark photon (A′) if it couples only with Jµ
EM (kinetic mixing with Fµν);

I dark Z (Zd) if it couples with Jµ
EM and Jµ

NC (in the past: Z ′, U, V , …).
I We consider a Zd with mass between about 10 MeV and 10 GeV.
I This Zd is a force mediator in the Dark Sector, not the Dark Matter,

because it decays very quickly.
I Vector Portal: Zd has a rich low-energy phenomenology.
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Dark Energy

Dark Matter

Baryons



I Low-energy Lagrangian:

L ⊃ −1
4 B̂µνB̂µν − 1

4 D̂µνD̂µν − sin η

2 B̂µνD̂µν

kinetic mixing
+

1
2 M̂2

Z ẐµẐµ +
1
2 M̂2

D D̂µD̂µ − δ M̂Z M̂D ẐµD̂µ

mass mixing
−e Jµ

EMÂµ −
g

2 cos θW
Jµ

NCẐµ

B̂µν = ∂µB̂ν − ∂νB̂µ ←U(1)Y
D̂µν = ∂µD̂ν − ∂νD̂µ ←U(1)d

Ẑµ = cos θW W µ
3 − sin θW B̂µ g sin θW = g ′ cos θW = e

Âµ = sin θW W µ
3 + cos θW B̂µ ←massless
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I Diagonalization of kinetic term: [see Babu, Kolda, March-Russell, hep-ph/9710441]

B̂µ = Bµ − tan η Dµ D̂µ =
1

cos η
Dµ

Ẑµ = cos θW W µ
3 − sin θW Bµ + sin θW tan ηDµ

= Z̃µ + sin θW tan ηDµ

Âµ = sin θW W µ
3 + cos θW Bµ − cos θW tan ηDµ

= Aµ − cos θW tan ηDµ ←massless
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I Low-energy Lagrangian:

L ⊃ +
1
2 M̂2

Z Z̃µZ̃µ

+
1
2

[
M̂2

D
cos2 η

+ M̂2
Z sin2 θW tan2 η − 2δ M̂Z M̂D sin θW

tan η

cos η

]
DµDµ

+

[
M̂2

Z sin θW tan η − δ
M̂Z M̂D
cos η

]
Z̃µDµ mass mixing

−e Jµ
EMAµ

+e cos θW tan η Jµ
EMDµ

− g
2 cos θW

Jµ
NCZ̃µ

− g
2 cos θW

sin θW tan η Jµ
NCDµ
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I Diagonalization of mass term: [see Babu, Kolda, March-Russell, hep-ph/9710441](
Z̃µ

Dµ

)
=

(
cos ξ − sin ξ
sin ξ cos ξ

)(
Zµ

Zµ
d

)

tan 2ξ =
−2 cos η

(
M̂2

Z sin θW sin η − δ M̂Z M̂D+
)

M̂2
D + M̂2

Z
(
sin2 θW sin2 η − cos2 η

)
− 2δ M̂Z M̂D sin θW sin η

M̂2
Z = m2

Z

[
1− sin2 ξ

(
1− mZd

mZ

)]
I sin η, δ � 1 =⇒ sin ξ '

m2
Z sin θW sin η − δ mZ mZd

m2
Z −m2

Zd

m2
Z ' M̂2

Z

[
1 + sin2 ξ

(
1− M̂D

M̂Z

)]

m2
Zd
' M̂2

D

[
1 + sin2 ξ

(
1− M̂Z

M̂D

)
+ sin2 η

(
1 + sin2 θW

M̂Z

M̂D

)
− 2δ sin ξ sin θW

mZ
mZd

]
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I Low-energy Lagrangian:

L ⊃ −1
4 BµνBµν − 1

4 DµνDµν +
1
2m2

Z ZµZµ +
1
2m2

Zd
ZdµZµ

d − e Jµ
EMAµ

− g
2 cos θW

(cos ξ + sin θW tan η sin ξ) Jµ
NCZµ

+e cos θW tan η sin ξ Jµ
EMZµ ← quadratically suppressed

+e cos θW tan η cos ξ Jµ
EMZdµ ← Zd EM interactions

− g
2 cos θW

(sin θW tan η cos ξ − sin ξ) Jµ
NCZdµ ← Zd NC interactions
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I Common convenient definition:

LEM
Zd

= −e ε Jµ
EMZdµ =⇒ tan η cos ξ = − ε

cos θW

I Neutral-Current interaction:

LNC
Zd

= − g
2 cos θW

(−ε tan θW − sin ξ) Jµ
NCZdµ

I sin η, δ � 1 ⇒ sin η ' − ε

cos θW
⇒ sin ξ ' −

m2
Z tan θW ε+ δ mZ mZd

m2
Z −m2

Zd

LNC
Zd

= − g
2 cos θW

mZd

mZ
δ′ Jµ

NCZdµ

with δ′ '
(
δ +

mZd

mZ
ε tan θW

)(
1−

m2
Zd

m2
Z

)−1

I mZd � mZ =⇒ δ′ ' δ +
mZd

mZ
ε tan θW [Davoudiasl, Lee, Marciano, arXiv:1507.00352]
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Anomalous Magnetic Moments of Charged Leptons

Typical motivations of light Z’ are from DM explanations of excess in the 
astrophysical signals from our galactic center.

DM annihilation with “GeV-scale gauge boson” can explain anomalies such as

(1) 511 keV gamma-ray (INTEGRAL)  [Fayet 2004]
(2) Positron excess (ATIC, PAMELA) [Arkani-Hamed, Finkbeiner, Slatyer, Weiner 2008]

Also, (g-2)µ anomaly can be explained.  [Fayet 2007; Pospelov 2008]

Cf. Many pioneering works on light Z’ (called “U boson”) in a rather general setup 
    was done [by P. Fayet since 1980].

✦

✦

✧

✧

It is a light Z’  (mZ’ ≈ O(1) GeV)

❩❞

�

➭ ➭

aZd
`,V =

α

2π

(
ε+

mZd

mZ
δ′

1− 4 sin2 θW
4 sin θW cos θW

)2

FV

(
mZd

m`

)
aZd
`,A = −

GF m2
`

8
√

2π2
δ′2 FA

(
mZd

m`

)
` = e, µ

[Boehm, Fayet, hep-ph/0305261; Pospelov, arXiv:0811.1030; Davoudiasl, Lee, Marciano, arXiv:1205.2709]

x

F
(x

)

10
−2

10
−1

1 10 10
2

10
−4

10
−3

10
−2

10
−1

1

FV(x)
FA(x)

I mZd � mZ =⇒ δ′ contribution to aZd
`,V

is negligible

I aZd
`,V is suppressed for mZd � m`

I aZd
`,A is negligible:

GF m2
µ

8
√

2π2
' 1.2× 10−9 � α

2π ' 1.2× 10−3
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I Electron Anomalous Magnetic Moment: [Hanneke, Fogwell, Gabrielse, arXiv:0801.1134]
[LKB20, Nature 588 (2020) 7836]

∆aRb
e = aexp

e − aRb
e = 0.48(30)× 10−12 (1.6σ)

I Muon Anomalous Magnetic Moment: [WP20, arXiv:2006.04822]
[FNAL Muon g-2, arXiv:2104.03281]

∆aWP20
µ = aexp

µ − aWP20
µ = 251(59)× 10−11 (4.2σ)

mZd

ε

10
−2

10
−1

1 10

10
−4

10
−3

10
−2

10
−1

1, 2, 3 σ bands

∆a
e

Rb

∆a
µ

WP20

I Positive deviations from SM can be
explained by positive aZd

`,V .

I Note that negative [Berkeley, arXiv:1812.04130]

∆aCs
e = −0.88(36)× 10−12

cannot be explained by positive aZd
e,V .
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Zd Neutral Current Interactions
At low Q2 momentum transfer: [Davoudiasl, Lee, Marciano, arXiv:1507.00352]

I GF → ρd GF with ρd = 1 + δ′2 f
(

Q2

m2
Zd

)

= 1 +

(
δ +

mZd

mZ
ε tan θW

)2
f
(

Q2

m2
Zd

)
I sin2 θW (Q2)→ κd sin2 θW (Q2) with

κd = 1− ε δ′
mZd

mZ
cot θW f

(
Q2

m2
Zd

)

= 1− ε

(
δ +

mZd

mZ
ε tan θW

)
mZ
mZd

cot θW f
(

Q2

m2
Zd

)

' 1− ε δ
mZ
mZd

cot θW f
(

Q2

m2
Zd

)
← dominant for mZd � mZ
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We consider the low-energy Neutral Current measurements:

I Qweak measurement of proton weak charge Qp
W at Q2 = (157 MeV)2:

f
(

Q2

m2
Zd

)
=

m2
Zd

m2
Zd

+ Q2 →
{

1 for m2
Zd
� Q2

0 for m2
Zd
� Q2

I APV (Atomic Parity Violation) measurement of the 133Cs weak charge
Q133Cs

W at Q2 ≈ (2.4 MeV)2:

f
(

Q2

m2
Zd

)
= R(mZd )

nuclear structure effect

[Bouchiat, Piketty, PLB 128 (1983) 73]
[see also Bouchiat, Fayet, hep-ph/0410260]

I Then, the dominant effect of κd to sin2 θW (Q2) is maximal at

m2
Zd
' Q2
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Qweak Proton Weak Charge Measurement
[arXiv:1905.08283]

Parity-violating asymmetry in the scattering of polarized electrons on
protons:

Aep =
σ+ − σ−
σ+ + σ−

≈ − GF Q2

4
√

2πα
Qp

W

Qp,exp
W = 0.0719 (45)
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Qp,SM
W = −2 gep

AV (sin
2 θW )

(
1− α

2π

)
= 0.0711 (2)

gep
AV (sin

2 θW ) = −0.0357 ≈ −1
2 + 2 sin2 θW

Qp,Zd
W = −2 ρd gep

AV (κd sin
2 θW )

(
1− α

2π

)
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Atomic Parity Violation
I Amplitude of the Parity Non-Conserving (PNC)

transition between the 6S and 7S states of
Cesium.

I Why Cesium? The atomic structure is the most
accurately known (1%): a single valence electron
outside of a tightly bound Xe-like inner core.

I Electric-dipole (E1) transitions are forbidden
between the equal-parity 6S and 7S states.

I Parity-violating NC electron-nucleus interactions
generate a very small (∼ 10−11) admixture of
states with opposite parity: 6P states mix with
6S and with 7S states, leading to very small E1
transitions.
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Measurement of Parity
Nonconservation and an Anapole

Moment in Cesium
C. S. Wood, S. C. Bennett, D. Cho,* B. P. Masterson,†

J. L. Roberts, C. E. Tanner,‡ C. E. Wieman§

The amplitude of the parity-nonconserving transition between the 6S and 7S states of
cesium was precisely measured with the use of a spin-polarized atomic beam. This
measurement gives Im(E1pnc)/b 5 21.5935(56) millivolts per centimeter and provides an
improved test of the standard model at low energy, including a value for the S parameter
of 21.3(3)exp (11)theory. The nuclear spin–dependent contribution was 0.077(11) millivolts
per centimeter; this contribution is a manifestation of parity violation in atomic nuclei and
is a measurement of the long-sought anapole moment.

It has been recognized for more than 20
years that electroweak unification leads to
parity nonconservation (PNC) in atoms
(1). This phenomenon is the lack of mirror-
reflection symmetry and is displayed by any
object with a left or right handedness. Per-
haps the most well-known example of a
PNC effect is the asymmetry in nuclear beta
decay first observed in 1957 by Wu and
collaborators (2). Precise measurements of
PNC in a number of different atoms have
provided important tests of the standard
model of elementary particle physics at low
energy (3). Atomic PNC is uniquely sensi-
tive to a variety of “new physics” (beyond
the standard model) because it measures a
set of model-independent electron-quark
electroweak coupling constants that are dif-
ferent from those that are probed by high-

energy experiments. Specifically, the stan-

dard model is tested by comparing a mea-

sured value of atomic PNC with the corre-

sponding theoretical value predicted by the
standard model. This prediction requires, as
input, the mass of the Z boson and the
electronic structure of the atom in question.
The Z mass is now known to 77 parts per
million (4), but the uncertainties in the
atomic structure are 1 to 10%, depending
on the atom. In recent years, PNC measure-

ments in several atoms have achieved un-

certainties of a few percent (5, 6). Of these
atoms, the structure of cesium is the most
accurately known (1%) because it is an
alkali atom with a single valence electron
outside of a tightly bound inner core. Thus,

higher precision measurements of PNC in
cesium provide a sensitive probe of physics
beyond the standard model.

In addition to exploring the physics of
the standard model, high-precision atomic
PNC experiments also offer a different ap-

proach for studying the effects of parity
violation in atomic nuclei. In 1957, it was
predicted that the combination of parity
violation and electric charges would lead to
the existence of a so-called anapole mo-

ment (7), but up until now, such a moment
has not been measured. Fifteen years ago, it
was pointed out that an anapole moment in
the nucleus would lead to small nuclear-
spin–dependent contributions to atomic
PNC that could be observed as a difference
in the values of PNC measured on different
atomic transitions (8). With the determi-
nation of the anapole moment, the mea-

surement of this difference thus provides a
valuable probe of the relatively poorly un-

derstood PNC in nuclei.
Here, we report a factor of 7 improve-

ment in the measurement of PNC in atomic
cesium. This work provides an improved
test of the standard model and a definitive
observation and measurement of an anapole
moment.

This experiment is our third-generation
measurement of PNC in atomic cesium.
Conceptually, the experiment is similar to
our previous two (6, 9). As a beam of
atomic cesium passes through a region of
perpendicular electric, magnetic, and laser
fields, we excite the highly forbidden 6S to
7S transition. The handedness of this region
is reversed by reversing each of the field
directions. The parity violation is apparent
as a small modulation in the 6S-7S excita-

tion rate that is synchronous with all of
these reversals. There are numerous exper-
imental differences from our earlier work,
however, including the use of a spin-polar-

ized atomic beam and a more efficient de-

tection method. This paper describes the
basic concept of the experiment, the appa-

ratus, the data analysis, the extensive stud-

ies that have been done on possible system-

atic errors, and finally, the results and some
of their implications. Because this experi-
ment has involved 7 years of apparatus de-

velopment and 5 years studying potential
systematic errors, we provide only a rela-

tively brief summary of the work here. Fur-
ther details on both the technology and the
systematic errors will be presented in subse-

quent, longer publications.
Experimental concept. In the absence of

electric fields and weak neutral currents, an
electric dipole (E1) transition between the
6S and 7S states of the cesium atom (Fig. 1)
is forbidden by the parity selection rule. The
weak neutral current interaction violates
parity and mixes a small amount (;10211)
of the P state into the 6S and 7S states,
characterized by the quantity Im(E1PNC) (Im
selects the imaginary portion of a complex
number). This mixing results in a parity-

violating E1 transition amplitude APNC be-

tween these two states. To obtain an observ-

able that is first order in this amplitude, we
apply a dc electric field E that also mixes S
and P states. This field gives rise to a “Stark-

induced” E1 transition amplitude AE that is
typically 105 times larger than APNC and can
interfere with it.

A complete analysis of the relevant tran-

sition rates is given in (9). To get a nonzero
interference between AE and APNC, we ex-

cite the 6S to 7S transition with an ellipti-
cally polarized laser field of the form ezz 1
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Fig. 1. Partial cesium energy-level diagram includ-

ing the splitting of S states by the magnetic field.

The case of 540-nm light exciting the F 5 3, m 5

3 level is shown. Diode lasers 1 and 2 optically

pump all of the atoms into the (3, 3) level, and laser

3 drives the 6S
F54 (Fdet) to 6P

F55 transition to

detect the 7S excitation. PNC is also measured for

excitation from the (3, 23), (4, 4), and (4, 24) 6S

levels. The diode lasers excite different transitions

for the latter two cases.
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1 3 1025 to 7 3 1025 of the main fields.
The fractional shift in the PNC signal re-

sulting from combinations of such stray and
misaligned fields was ,4 3 1024.

Although this procedure was similar in
concept to our previous work, here it was
more difficult and time consuming because
of the higher accuracy required. This re-

quirement made it necessary to consider not
only the average fields, but also their gradi-
ents across the interaction region. The
study of gradient effects led to the discovery
of another error, which arises from the gra-

dient in the stray By (Table 1, number 2).
This field gradient combines with the ve-

locity gradient across the atomic beam to
break the symmetry of the standing wave
field in a polarization-sensitive manner and
thereby gives an error proportional to
AEAM1. This error can be eliminated by
carefully minimizing the stray By gradient.

The birefringence of the PBC output-
mirror coating (2 3 1026 radians per reflec-

tion) will also convert the AEAM1 interfer-
ence into a PNC error (9, 16). We have
reduced this error to a negligible level
(,0.05% of PNC) through a combination
of steps. We obtained low-birefringence
mirror coatings (17) and carefully mounted
and temperature stabilized the mirrors to
minimize additional birefringence. Also, by
rotating the output mirror we could mea-

sure and orient the birefringence before and
during the data runs. By orienting the bire-

fringence axis to within 5° of the z or x
direction, we reduced the fractional error to
0.5% of the PNC signal in each block. The
periodic 90.0(5)° rotations of the mirror
during the data runs reduced the average
fractional error to ,0.05%.

A third error proportional to AEAM1

comes from the distortion in the 6S-7S line
shape due to ac Stark shifts produced by the
green laser field (6, 18). Because of this
distortion, a modulation in the laser power
inside the PBC that is synchronous with the
polarization reversal results in a PNC error.
To eliminate this error, we measured the
polarization–synchronous power modula-

tions to 1 part in 105 of the total power.
This measurement was done in an auxiliary
experiment that detected power changes in
a polarization-insensitive manner by ob-

serving the resulting ac Stark shifts on the
6S-7S transition frequency.

We also tested for any unanticipated
errors that might arise from the AEAM1

interference by taking PNC data with po-

larization ratios εx /εz 1 and 2. The ratio
APNC/AM1 differs by a factor of 2 for these
two cases; the fact that we obtain the same
value of Im(E1PNC)/b for both polarizations
indicates that there are no significant sys-
tematic errors proportional to AM1.

In addition to the tests above, we ap-

plied large electric and magnetic fields and
gradients in the x, y, and z directions and
real and imaginary optical fields in the x
and z directions. We confirmed that certain
applied fields produced the false PNC sig-

nals we expected, and others produced the
correct changes in the 44 other modulation
combinations that we observed during the
PNC data runs and the auxiliary measure-

ments. These studies revealed another po-

tential systematic error (Table 1, number
5), which arises from imperfections in the
polarization of the green light. This error is

related to the distortion in the 6S-7S line
shape combined with a nonzero Re(εx)/εz,
just as a previously discussed error (Table 1,
number 4) was related to the line-shape
distortion combined with an intracavity
power modulation. To keep this error small,
we measured and minimized Re(εx)/εz be-

fore each block. It was adjusted so that the
error was typically less than one-half of the
PNC statistical uncertainty; we then ap-

plied a correction to the results. We inten-

tionally acquired nearly equal numbers of
blocks with positive and negative values of
Re(εx)/εz in each run, so the average cor-
rection was very small.

In such a complex and precise experi-
ment, there is always the worry that there
could be some undiscovered systematic er-
ror still lurking in the darkness. We have
made numerous checks to reduce that pos-
sibility. We have repeatedly changed many
aspects of the experiment (for example,
alignments, field plates, PBC mirrors, laser
power, atomic beam, laser control systems,
optics, and parity-reversal electronics and
timing) to ensure these did not cause any
unexplained changes in the PNC signal or
the many other modulation signals. We
reduced all sources of technical noise until
every observed fluctuation in the PNC data
was consistent with the independently mea-

sured short-term statistical noise on the 6S-

7S rate, and this noise was dominated by
the shot-noise fluctuations. Finally, it can-

not be overstated how important it is to
have the 31 other modulation signals that
are obtained from the PNC data. These
signals provide a wealth of real-time infor-
mation about operating conditions in the
experiment, including the accuracy of all
individual reversals.

Results. The data, after inclusion of the
appropriate calibration factors and correc-

tions listed above, match well to a Gaussian
distribution (Fig. 3). This agreement is con-

firmed by the x2 probabilities, which are
25% for the 4-3 line and 76% for the 3-4
line. Our final result is

2Im(E1PNC)/b 5 H1.6349~80! mV/cm

1.5576(77) mV/cm

for the 6SF54 to 7SF53, and 6SF53 to 7SF54

transitions, respectively. The difference was
0.077(11) mV/cm, and the nuclear spin–
independent average was 1.5935(56) mV/
cm. The statistical uncertainties for the two
transitions, 0.0078 and 0.0073 mV/cm, re-

spectively, dominate the error. The system-

atic uncertainties are based on statistical
uncertainties in the determination of vari-
ous calibration factors and systematic shifts,
and therefore, it is appropriate to add them
in quadrature. The final results are in good
agreement with previous measurements in
cesium (Fig. 4) and are much more precise.

Fig. 3. Histograms of 1.5 hour blocks of PNC

results for the 6SF53 to 7SF54 and the 6SF54 to

7SF53 transitions. The solid bars are the data, and

the open bars are the theoretical distributions ex-

pected for random samples with standard devia-

tions matching the independently measured

short-term noise in the data.

Fig. 4. Historical comparison of cesium PNC re-

sults. The squares are values for the 4-3 transition,

the open circles are the 3-4 transition, and the

solid circles are averages over the hyperfine tran-

sitions. The band is the standard-model predic-

tion for the average, including radiative correc-

tions. The 61s width shown is dominated by the

uncertainty of the atomic structure.
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ImEPNC
β

= −21.5935 (56)mV/cm

[Boulder, Wood et al, Science 275 (1997) 1759]

β: Stark vector transition polarizability
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Q
133Cs,exp
W = N133Cs

(
ImEPNC

β

)
exp

(
Q133Cs

W
N133CsImEPNC(Rn)

)
th

βexp+th

N133Cs = 78 neutron number of 133Cs(
ImEPNC

β

)
exp

= −1.5924± 0.0055 mV/cm

= (−3.0967± 0.0107)× 10−13 e/a2
B

[Boulder + physics/0412017]

βexp+th = (27.064± 0.033) a3
B

[hep-ph/0204134 + 1905.02768]


[PDG 2020]

Without neutron skin of 133Cs (i.e Rn = Rp):(
N133CsImEPNC(Rn)

Q133Cs
W

)w.n.s.

th

= (0.8995± 0.0040)× 10−11 e aB

[Dzuba, Berengut, Flambaum, Roberts, arXiv:1207.5864]
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I Neutron skin: ∆Rnp ≡ Rn − Rp .

I Previous determinations of Q
133Cs,exp
W used the value of ∆Rnp(

133Cs)
given by the empirical relation obtained from the fit of hadronic
measurements:

∆Rhad
np = (−0.04± 0.03) + (1.01± 0.15) N − Z

A fm

I This gives ∆Rhad
np (133Cs) = 0.13± 0.04 fm

I Rp(
133Cs) = 4.807± 0.001 fm =⇒ Rhad

n (133Cs) = 4.94± 0.04 fm

I This hadronic determination of ∆Rnp is affected by considerable model
dependencies and uncontrolled approximations

[see: Thiel, Sfienti, Piekarewicz, Horowitz, Vanderhaeghen, arXiv:1904.12269]

I This determination of Rn(
133Cs) gives Q

133Cs,exp
W = −72.82± 0.42

[PDG 2020]
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I We determined ∆Rhad
np (133Cs) in a practically model-independent way by

extrapolating the recent measurement of ∆Rhad
np (208Pb) of the PREX-1

and PREX-2 experiments [arXiv:1202.1468; arXiv:2102.10767]

I The PREX measurements of ∆Rhad
np (208Pb) are robust because done

with parity-violating electron scattering due to neutral-current weak
interactions.
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np (133Cs)

∆Rpoint
np (208Pb)

' 0.71± 0.02

[(N − Z)/A]133Cs
[(N − Z)/A]208Pb

' 0.8

∆Rpoint
np (208Pb) = 0.283± 0.071 fm

⇓
∆Rpoint

np (133Cs) = 0.22± 0.05 fm
⇓

Rn(
133Cs) = 5.03± 0.05 fm

⇓

Q
133Cs,exp
W = −72.94± 0.43
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Q
133Cs,exp
W = −72.94± 0.43

Q
133Cs,SM
W = −2

[
Z133Cs

(
gep

AV (sin
2 θW ) + 0.00005

)
)

+ N133Cs (gen
AV + 0.00006)

] (
1− α

2π

)
Z133Cs = 55 gep

AV (sin
2 θW ) = −0.0357 ≈ −1

2 + 2 sin2 θW

N133Cs = 78 gen
AV = 0.495 ≈ 1

2

Q
133Cs,SM
W = −73.23± 0.01 [PDG 2020]

Q
133Cs,Zd
W = −2 ρd

[
Z133Cs

(
gep

AV (κd sin
2 θW ) + 0.00005

)
)

+ N133Cs (gen
AV + 0.00006)

] (
1− α

2π

)
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90% CL limits
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I χ2
i =

[
X exp

i − X th
i (ε, δ,mZd )

]2
σ2

i

X exp
i = aexp

µ , aexp
e , Qp,exp

W , Q
133Cs,exp
W

X th
i = aZd

µ , aZd
e , Qp,Zd

W , Q
133Cs,Zd
W

I Q2(Qweak) = (157 MeV)2

Q2(APV) ≈ (2.4 MeV)2

I Qweak and APV constraints
depend strongly on δ

I For δ > 10−2 the Zd explanation
of aexp

µ is disfavored by APV and
more strongly by Qweak + APV
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Future prospects

��-� ��-� � � ��

��-�

��-�

��-�

m�� [���]

ε

μ (proj
.)

e

MOLLER proj.
P2 proj.

δ=10-4
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APV+Qweak

I MOLLER@JLab: Measurement Of a
Lepton Lepton Electroweak Reaction
[arXiv:1411.4088]

Precise measurement (≈ ±3× 10−4)
of sin2 θW at Q2 ≈ (70 MeV)2 with
parity-violating asymmetry in
polarized electron-electron (Møller)
scattering (Qe

W )

I P2@MESA (Mainz): [arXiv:1802.04759]

Precise measurement (≈ ±3× 10−4)
of sin2 θW at Q2 ≈ (70 MeV)2 with
parity-violating asymmetry in
polarized electron-proton scattering
(Qp

W )
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Dark Photon Constraints

Constraints on visible A′ decays from electron beam dumps, proton beam
dumps, e+e− colliders, pp collisions, meson decays, and electron on fixed

target experiments.
[Graham, Hearty, Williams, arXiv:2104.10280, adapted from Ilten, Soreq, Williams, Xue, arXiv:1801.04847]

C. Giunti − g-2 and weak charges implications on dark Zd models − (g-2) Days 2021 − 4 June 2021 − 22/25

https://arxiv.org/abs/2104.10280
https://arxiv.org/abs/1801.04847


 [GeV]A'm
3−10 2−10 1−10 1

ε

7−10

6−10

5−10

4−10

3−10

2−10

BaBar (2017)

NA62 (2019)

e(g-2)

E949

NA64 (2019)

 (favored) σ 5 ± 
µ (g-2)

atomic sp
ectra

Constraints on invisible A′ decays

[Fabbrichesi, Gabrielli, Lanfranchi, arXiv:2005.01515]

Production

Decay
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(g − 2)µ What Ifs
Standard FNAL+BNL – WP20 FNAL+BNL – BMW20
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FNAL−WP20

∆aWP20
µ = 251± 59 (4.2σ)

∆aBMW20
µ = 107± 69 (1.6σ)

∆aFNAL-WP20
µ = 230± 69 (3.3σ)

[WP20, arXiv:2006.04822]
[FNAL Muon g-2, arXiv:2104.03281]

[BMW20, Borsanyi et al, arXiv:2002.12347]
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Conclusions
I A light Dark Zd is an attractive Vector Portal to the Dark Sector.

I Zd couples with the EM current Jµ
EM and the weak NC Jµ

NC

I 3 parameters: ε (kinetic mixing), δ (mass mixing), and mZd

I Zd effects are observable in low-Q2 processes

I Zd can explain positive lepton g − 2 anomalies

I We considered the low-energy NC constraints from
I Qweak measurement of proton weak charge Qp

W at Q2 = (157 MeV)2

I APV measurement of the 133Cs weak charge Q 133Cs
W at Q2 = (157 MeV)2

I We found a preferred region at

mZd = 47+61
−16 MeV, ε = 2.3+1.1

−0.4 × 10−3, δ < 2× 10−3

I Dark-photon-like constraints from other experiments need further study.
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I Present: combined fit of Qweak,
APV, ae , and aµ experimental
results:

mZd = 47+61
−16 MeV

ε = 2.3+1.1
−0.4 × 10−3

δ < 2× 10−3

I Future: combined fit of Qweak,
APV, and ae experimental results,
the projections for P2 and
MOLLER, and future aµ expected
sensitivity:

mZd = 44+63
−12 MeV

ε = 2.2+1.0
−0.3 × 10−3

δ < 4× 10−4
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Scenario 3: Heavy Neutral Leptons (Z’→ N
1
 N

2
 AND Z’→ N

3
 N

2
)

Revised constraints on semi-visible DP

+

Pair of dark fermions + 1 sterile neutrino:

1) Approximate L ↔ R symmetry suppresses 

diagonal couplings

2) Compatible with light neutrino masses

3) Possible solution to other anomalies 

(e.g. MiniBooNe)

AA, M.Hostert, S.Pascoli 

arXiv: 2007.11813

Possibility of opening up large regions 

of (g-2) parameter space!

Note: subject to NA64 analysis 

efficiencies

7

[Asli M. Abdullahi @ Invisibles21 Workshop]
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Dark Photon at Belle II 
What? 

• Dark sector mediator which couples to SM photon 

How? 

• Belle II looks into     


• Final state: Single  + Missing Energy


• ; Easy to find  mass


• Newly designed trigger allows sensitivity down to 
0.5 GeV of single photon  

e+e− → γISR A′ ; A′ → χχ
γ

m2
A′ 

= 4E*beam(E*beam − E*γISR
) A′ 

Invisibles 2021, Miho Wakai2
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Based on M. Graham, C. Hearty, M. Williams, Annu. Rev. 
Nucl. Part. Sci. 2021. 71:37

[Miho Wakai @ Invisibles21 Workshop]
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Physics goals

• Dark photons: 𝑒"𝑒) → 𝛾𝐴!

– Final states: 
• Visible A′ → 𝑒"𝑒#

• Invisible A′ → 𝜒𝜒

2/6/2021 Elizabeth Long – Invisibles21 Workshop - June 2021 7

[Elizabeth Long @ Invisibles21 Workshop]
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