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Constraints on the dark photon from parity violation and the W mass
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We present an analysis of the experimental data for parity violating electron scattering and atomic parity
violation, including the effects of a dark photon. We derive the favored region of dark photon parameter
space, which provides a good description of the experimental data from the Qweak Collaboration and the
Jefferson Lab PVDIS Collaboration and simultaneously relieves the tension between the neutron skin
thickness determined in the PREX-II experiment and nuclear-model predictions. In addition, we extract the
parameter region required to explain the latest W-boson mass anomaly. Our results indicate that a heavy
dark photon with mass above the Z-boson mass is favored, while other sources of new physics beyond the
Standard Model in addition to the dark photon would also be expected.
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I. INTRODUCTION

The dark photon as a portal of interactions between dark
matter (DM) and Standard Model (SM) particles is one of
the promising hypotheses for revealing the nature of DM. It
has emerged as a canonical scenario, allowing for simple
and predictive dark matter models. We refer to Ref. [1] for a
review of the current status of theoretical and experimental
studies.

A dark photon can be produced in electron or proton
fixed-target experiments and at e e~ and hadron colliders,
followed by either visible or invisible decays. Numerous
experimental searches have been undertaken [2—6]. The
strongest limits for 1 MeV < 7, < 8 GeV come from the
NA64 [5] experiment and the BABAR experiment [6].
Several planned experiments will explore part of the
remaining allowed parameter space [7-9].

Constraints on the dark photon parameter space have
also been investigated in connection with the muon g — 2
anomaly [10], the electroweak precision observables
(EWPO) [11,12], and the e~ p deep inelastic scattering
(DIS) [13-15], which are independent of the production
mechanism and the decay modes of the dark photon.

Recently, we proposed to search for a signal of the effects
of a dark photon through parity violating electron scattering
(PVES) experiments and explored the sensitivity of the
weak couplings to the dark photon parameters [16].
Although the current PVES data are subject to relatively
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large uncertainties, deviations from SM predictions could
imply signals of potential new physics beyond the Standard
Model (BSM). The low-energy parity violation data were
applied to constrain new physics in the framework of SM
effective field theory [17].

In this work, we extract the favored region of the dark
photon parameter space by fitting the PVES data of the
Qweak Collaboration [18], the PREX-II Collaboration
[19], and the Jefferson Lab PVDIS Collaboration [20],
as well as the most accurate data from atomic parity
violation [21]. We also investigate the implications of this
work in the context of the recent W-boson mass anomaly
[22], which has led to many proposed explanations in terms
of BSM physics [23-75].

II. WEAK COUPLINGS

The dark photon was first proposed as an extra U(1)
gauge boson [76-78], interacting with SM particles
through kinetic mixing with hypercharge [79]

Lo—tp Mg € g (1)
4 2 2cosfy, M

The physical masses of the Z boson and the dark photon A,
are [13,80]
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The couplings of the physical Z and dark photon Ap to
electrons and quarks are given by [13,16,80]

Cy = (cos a — ey sina)Cl + 2ey sin acos*Oy C;

C4 = (cosa — ey sina)Cs (4)
and
C4, = —(sina + ey cos a)CL + 2ey cos acos’dy Cy,

Cq, = —(sina + ey cosa)Cy, (5)

respectively, where « is the Z — A’ mixing angle
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Cy, €%, and C% are the SM couplings of the photon and the
unmixed Z boson:

Cr={ce,cy,cd} ={-1,2/3,-1/3},
C% = {gv’gv’gv}
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By including the y — Z and y — Ap interference contribu-
tions to the PVES asymmetry, the effective weak couplings
at tree level are [16]

2
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where CiEAD) and Ci;AD) are the axial-vector vector and

vector axial-vector combinations of the electron and the
quark couplings, respectively:

CA” =2(¢

ct, =2C4,Ch,. 4 .C

Ap.q®
v (a Ap v a
C2q = ZCZ’eCZ’q, C = 2CAD eCA,; e 9)

Taking into account the radiative corrections [81], the
couplings in Eq. (8) will be shifted:

Cy, = paCt — 0.00678,

lu

Cia = paCle + 0.00078,
Csy = paClice —0.01239,
Csq = paClee +0.00199, (10)

with p, = 1.00064. In our analysis, we take the SM value
sin?@y (u = 0)|gy = 0.23857 + 0.00005 [82].

III. PARITY VIOLATING DATA

The PVES data of the Qweak Collaboration, the
PREX-II Collaboration, and the Jefferson Lab PVDIS
Collaboration are summarized in Table I. In our analysis,

we also include the most accurate atomic parity violating
(APV) data.

A. Qweak
The weak charge of the proton, which characterizes the
strength of the proton’s interaction with other particles via
the neutral electroweak force, is defined in terms of the
weak couplings:

0% = =2(2Cy, + Cyy). (11)

The Qweak Collaboration [18] reported the value

TABLE I. The PVES and APV data. The fit results including the dark photon effects are given in the last column.
Experiment 0?(GeV?) Data SM SM + dark photon (fit)
Qweak [18] 0.0248 % = 0.0719 £ 0.0045 0.0708 0.0707
PREX-II [19,83] 0.00616 0, (2%Pb) = —114.4 £ 2.6 -117.9 -117.1
-6 1 - -

PVDIS [20] (><10 ) 1.085 A;’g’( ) = -91.1+3.1+3.0 87.7 87.2

1.901 Ag{?Q) = —-160.8+64+3.1 —158.9 —-157.9
APV [82] 0,,(1%3Cs) = —72.82(42) —73.23 -72.77
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P = 0.0719 % 0.0045, (12)

derived from the measured parity violating asymmetry in
the scattering of polarized electrons on protons at Q* =
0.0248 GeV?, which is —226.5 + 9.3 parts per billion.

B. PREX-II

The PREX-II Collaboration [19] measured the parity
violating asymmetry in the elastic scattering of longitudi-
nally polarized electrons from 2°®Pb with very low momen-
tum transfer Q%> = 0.00616 GeV?>. Using the nuclear weak
charge Q,,(*®Pb) = —117.9, a neutron skin thickness was
extracted:

R,,=R,—R,=0283+0071 fm,  (13)

which is in mild tension with theoretical nuclear-model
predictions [84-87], R,_, = 0.16-0.19 fm, and the first
ab initio estimate, R,_, = 0.14-0.20 fm [83].

Most recently, it was shown that this tension might be
relieved by a small change in the Weinberg angle [83].
Relying on the theoretical prediction of the neutron skin
thickness, R,_, = 0.16 & 0.03 fm, and using it as a prior,
the fitted sin’@y (u = 0) = 0.228 4-0.008 [83] is about
1.26 smaller than the SM prediction. Using the simple
relationship  8Q,, & —4Z5(sin’Ay,), this value implies
smaller nuclear weak charge in magnitude of 2%Pb:

0, (2%Pb) = —114.4 £ 2.6. (14)

The weak charge of a nucleus with Z protons and N
neutrons can be written in terms of the weak couplings as

ZN _ _2<1 - Z:) [(2C1u + C1a)Z + (Cyy + 2C10)N],
(15)

where o, is the fine structure constant.
In our analysis, we will fit Eq. (14) instead of the original
PREX-II data.

C. PVDIS Collaboration

The PVDIS Collaboration [20] measured the parity
violating asymmetry of electron DIS from deuterium target
at two kinematic settings.

The asymmetry at (Q?) = 1.085 GeV?2, (x) = 0.241,
Y, =1.0, and Y3 =044 is

ASP(M) — (91,1 £ 3.1(stat) & 3.0(syst)] x 107°.  (16)

The second DIS setting is (Q%) = 1.901 GeV?, (x) =
0.295, Y, = 1.0, and Y5 = 0.69, with the result

ASPR) = [2160.8 + 6.4(stat) & 3.1(syst)] x 1076, (17)

The sensitivities of these asymmetries to the weak cou-
plings were given by [20]

Ay = (1.156 X 1079)[(2C},, = Cy4) +0.348(2C, — Coy),
AR) = (2,022 x 107)[(2C},, = C1y) 4 0.594(2C, — Cay)],

(18)
respectively, which were calculated using the MSTW2008
leading-order parametrization of parton distribution func-
tions [89].

For this experiment, effects arising because Q? # 0 shift
the weak couplings in Eq. (10) by [81]

2
Clu = Cu= 0.03? = 0.14QGev2 ’
Cla = Cat 0'0;) i 0.14Q;eV2’ (19)
and
QZ
Cay = Coy = 0.0009 s,
Q2
Cag = Cog +0.0007 In Errs. (20)

D. Atomic parity violation data

The very accurate measurement of the parity noncon-
serving (PNC) 65—7s amplitude in cesium [21], Epyc, has
been widely applied in searches for new physics beyond the
SM. In combination with the vector transition polarizability
[90] B, the weak charge of '33Cs was extracted using state-
of-the-art many-body calculations [91], with a result that
was in perfect agreement with the SM prediction. However,
a later analysis including significant corrections to two
nondominating terms yielded [92]

Q,,(1¥Cs) = —72.58(29)

32) (21)

expt ( theo>

which deviates from the SM value by 1.50. Most recently,
it was shown that this discrepancy could be reduced by
incorporating the latest W-boson mass anomaly through a
change in sin’@y, [93].

Other determinations led to slightly different results
[94-96]. The latest Particle Data Group (PDG) value is [82]

Qw(13Cs)ppg = —72.82(42). (22)
In our analysis, we fit Eq. (22) in the dark photon

framework through Eq. (15), while retaining the SM value
of sin” @y .
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IV. RESULTS

We perform a y? fit to the parity violating (PV) data in
Table 1. For each value of M, i the best values of ¢ are
shown in Fig. 1 with y2 , = 2.179, compared with the
value y2 . = 3.517 without the dark photon. The results
favor the region with M, > My, where the dark photon
corrections to C, and C,, at low Q? are negative [16]. The
region with M, below the Z-boson mass is disfavored.
The corresponding fit results are given in the last column in
Table 1. Our analysis also provides a possible resolution to
relieve the tension between the PREX-II and nuclear-model
predictions without changes in the weak mixing angle.

In Fig. 1, we also show the existing exclusion limits from
decay-agnostic processes. The EWPO determination [12]
tends to place strong constraints on the dark photon
parameters, while the upper limits on ¢ from the e p
DIS process [13,14] are relatively weaker, especially in the
heavy mass region of the dark photon.

However, one of the physical inputs in EWPO analysis is
the mass of the W boson. Recently, the Collider Detector at
Fermilab (CDF) reported the most accurate measurement of
the W-boson mass [22]:

my = 80.4335 £ 0.0094 GeV, (23)

which constitutes a 7¢ deviation from the SM prediction.
The current EWPO constraint [12] could be weakened by
taking this anomaly into account. Quantitative analysis
requires a global fit to all available electroweak observables.

The relation between the W-boson mass my, and the
Z-boson mass mz is [97]

— PV it CMS

ol ——— My fit
------- EWPO limit

--- DIS-l 1§
—-— DIS2

6x10' 10 2x10°
ma,(GeV)

FIG. 1. The best values of e obtained by fitting the parity
violating data (red solid line) and the W-boson mass (green dashed
line), together with 68% CL (dark band) and 95% CL (light band)
uncertainties. The region in gray is not accessible because of the
“eigenmass repulsion’ associated with the Z mass. The EWPO and
DIS-1 limits are taken from Refs. [12,13], respectively. The DIS-2
constraint is taken from Ref. [14] (95% CL) by extending the
parameter region up to M, = 200 GeV. We also show the
95% CL exclusion limits from the CMS Collaboration [4].

+ l _ ﬂaem

————[1 + Ar(my, mz, my, m,, )]},
4 \/EGFm%

(24)

where Gr = 1.1663787 x 107 GeV~2 is the Fermi con-
stant and

Ar = AF® 4 Aplaas) 4 Aplaad) 4 Ar(az) + Arl(fs)

ferm

+ AFGram) 4 Ap(GEmi), (25)

Using my =125.14GeV and m, = 172.89 GeV, we derive
Ar =0.03677. Then Eq. (23) implies mz = 91.2326 &=
0.0076 GeV.

In Fig. 1, we also show the region of dark photon
parameters (green band) which are required to shift m; to
the physical value m, = 91.1875 +0.0021 GeV through
Eq. (2). Similar results were obtained by calculating the
oblique parameters S, 7, and U in the dark photon
framework [64,65].

Both the PV fit and the W-boson anomaly favor a heavy
dark photon with mass above m. In that region, these two
constraints are compatible within the estimated uncertainties,
while they are in serious tension with the most stringent
constraints from the CMS Collaboration [4] for m,  in the
range 110-200 GeV. The region of parameter space with
mz < my, < 110 GeV, whichis unconstrained by the CMS
limits, as the Z boson dominates ytpu~ production there,
seems to be the most promising region to simultaneously
describe the parity violating data and the W-boson mass.

V. CONCLUSION

We have investigated the possibility of a simultaneous fit
to the experimental data involving parity violating electron
scattering and atomic parity violation within the framework
of physics beyond the Standard Model arising from a dark
photon. We extracted the favored region of dark photon
parameter space, which is required to reach a good
description of these PVES and APV data. It also provides
a possible resolution to relieve the tension of neutron skin
thickness between PREX-II determination and nuclear-
model predictions. We also explored the region of dark
photon parameters required to explain the latest W-boson
mass anomaly from the CDF Collaboration.

Both the fits to parity violating data and the W-boson
mass favor a heavy dark photon with mass above the
Z-boson mass. These two constraints are compatible within
the estimated uncertainties. With a dark photon as the only
new physics beyond the Standard Model, the favored
parameter space from the parity violation data and the
W mass appear incompatible with the constraints from the
CMS Collaboration for a dark photon mass between 110
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and 200 GeV. On the other hand, there remains an
important region of dark photon mass between the
Z-boson mass and 110 GeV, where there is no other
constraint in tension with the dark photon explanation.
We expect that the proposed PVES measurements at
SoLID [98], P2 [99], and MOLLER [100] should provide
more stringent constraints on the dark photon parameters.

ACKNOWLEDGMENTS

We thank Xiaochao Zheng, Jens Erler, and Ross Young
for helpful discussions. This work was supported by the
University of Adelaide and the Australian Research
Council through the Centre of Excellence for Dark
Matter Particle Physics (CE200100008).

[1] M. Fabbrichesi, E. Gabrielli, and G. Lanfranchi, The
Physics of the Dark Photon (Springer, Cham, 2021).

[2] H. Merkel, P. Achenbach, C. Ayerbe Gayoso, T. Beranek,
J. Bericic, J. C. Bernauer, R. Bohm, D. Bosnar, L. Correa,
L. Debenjak et al., Phys. Rev. Lett. 112, 221802 (2014).

[3] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 124,
041801 (2020).

[4] A.M. Sirunyan et al. (CMS Collaboration), Phys. Rev.
Lett. 124, 131802 (2020).

[5] D. Banerjee, V. E. Burtsev, A. G. Chumakov, D. Cooke, P.
Crivelli, E. Depero, A. V. Dermeneyv, S. V. Donskov, R. R.
Dusaev, T. Enik et al, Phys. Rev. Lett. 123, 121801
(2019).

[6] J.P. Lees et al. (BABAR Collaboration), Phys. Rev. Lett.
119, 131804 (2017).

[7] S. Abrahamyan et al. (APEX Collaboration), Phys. Rev.
Lett. 107, 191804 (2011).

[8] M. Battaglieri, S. Boyarinov, S. Bueltmann, V. Burkert, A.
Celentano, G. Charles, W. Cooper, C. Cuevas, N. Dashyan,
R. DeVita et al., Nucl. Instrum. Methods Phys. Res., Sect.
A 777, 91 (2015).

[9] T. Beranek, H. Merkel, and M. Vanderhaeghen, Phys. Rev.
D 88, 015032 (2013).

[10] M. Pospelov, Phys. Rev. D 80, 095002 (2009).

[11] A.Hook, E. Izaguirre, and J. G. Wacker, Adv. High Energy
Phys. 2011, 859762 (2011).

[12] D. Curtin, R. Essig, S. Gori, and J. Shelton, J. High Energy
Phys. 02 (2015) 157.

[13] G.D. Kribs, D. McKeen, and N. Raj, Phys. Rev. Lett. 126,
011801 (2021).

[14] A.W. Thomas, X.G. Wang, and A.G. Williams, Phys.
Rev. D 105, L.031901 (2022).

[15] B. Yan, Phys. Lett. B 833, 137384 (2022).

[16] A.W. Thomas, X.G. Wang, and A.G. Williams, Phys.
Rev. Lett. 129, 011807 (2022).

[17] A. Crivellin, M. Hoferichter, M. Kirk, C. A. Manzari, and
L. Schnell, J. High Energy Phys. 10 (2021) 221.

[18] D. Androi¢ et al. (Qweak Collaboration), Nature (London)
557, 207 (2018).

[19] D. Adhikari et al. (PREX Collaboration), Phys. Rev. Lett.
126, 172502 (2021).

[20] D. Wang et al. (PVDIS Collaboration), Nature (London)
506, 67 (2014).

[21] C.S. Wood, S. C. Bennett, D. Cho, B. P. Masterson, J. L.
Roberts, C.E. Tanner, and C.E. Wieman, Science 275,
1759 (1997).

[22] T. Aaltonen et al. (CDF Collaboration), Science 376, 170
(2022).

[23] Y.Z. Fan, T. P. Tang, Y. L. S. Tsai, and L. Wu, Phys. Rev.
Lett. 129, 091802 (2022).

[24] C.R. Zhu, M. Y. Cui, Z. Q. Xia, Z. H. Yu, X. Huang, Q.
Yuan, and Y. Z. Fan, arXiv:2204.03767.

[25] P. Athron, A. Fowlie, C. T. Lu, L. Wu, Y. Wu, and B. Zhu,
arXiv:2204.03996.

[26] A. Strumia, J. High Energy Phys. 08 (2022) 248.

[27] J. de Blas, M. Pierini, L. Reina, and L. Silvestrini,
arXiv:2204.04204.

[28] K. Sakurai, F. Takahashi, and W. Yin, Phys. Lett. B 833,
137324 (2022).

[29] Y. Cheng, X. G. He, Z. L. Huang, and M. W. Li, Phys. Lett.
B 831, 137218 (2022).

[30] P. Asadi, C. Cesarotti, K. Fraser, S. Homiller, and A.
Parikh, arXiv:2204.05283.

[31] L. Di Luzio, R. Grober, and P. Paradisi, Phys. Lett. B 832,
137250 (2022).

[32] J. Gu, Z. Liu, T. Ma, and J. Shu, arXiv:2204.05296.

[33] K. Cheung, W.Y. Keung, and P. Y. Tseng, Phys. Rev. D
106, 015029 (2022).

[34] M. Endo and S. Mishima, arXiv:2204.05965.

[35] K. 1. Nagao, T. Nomura, and H. Okada, arXiv:2204.07411.

[36] L. M. Carpenter, T. Murphy, and M. J. Smylie, Phys. Rev.
D 106, 055005 (2022).

[37] M. Du, Z. Liu, and P. Nath, arXiv:2204.09024.

[38] S. Baek, arXiv:2204.09585.

[39] J. Heeck, Phys. Rev. D 106, 015004 (2022).

[40] J.M. Yang and Y. Zhang, Sci. Bull. 67, 1430 (2022).

[41] X.K. Du, Z. Li, F. Wang, and Y.K. Zhang, arXiv:
2204.04286.

[42] T.P. Tang, M. Abdughani, L. Feng, Y. L. S. Tsai, and Y. Z.
Fan, arXiv:2204.04356.

[43] P. Athron, M. Bach, D.H.J. Jacob, W. Kotlarski, D.
Stockinger, and A. Voigt, arXiv:2204.05285.

[44] P. Mondal, Phys. Lett. B 833, 137357 (2022).

[45] T. K. Chen, C. W. Chiang, and K. Yagyu, arXiv:2204.12898.

[46] C.T. Lu, L. Wu, Y. Wu, and B. Zhu, Phys. Rev. D 106,
035034 (2022).

[47] H. Song, W. Su, and M. Zhang, arXiv:2204.05085.

[48] H. Bahl, J. Braathen, and G. Weiglein, Phys. Lett. B 833,
137295 (2022).

[49] K. S. Babu, S. Jana, and P. K. Vishnu, arXiv:2204.05303.

[50] Y. Heo, D. W. Jung, and J.S. Lee, Phys. Lett. B 833,
137274 (2022).

056017-5


https://doi.org/10.1103/PhysRevLett.112.221802
https://doi.org/10.1103/PhysRevLett.124.041801
https://doi.org/10.1103/PhysRevLett.124.041801
https://doi.org/10.1103/PhysRevLett.124.131802
https://doi.org/10.1103/PhysRevLett.124.131802
https://doi.org/10.1103/PhysRevLett.123.121801
https://doi.org/10.1103/PhysRevLett.123.121801
https://doi.org/10.1103/PhysRevLett.119.131804
https://doi.org/10.1103/PhysRevLett.119.131804
https://doi.org/10.1103/PhysRevLett.107.191804
https://doi.org/10.1103/PhysRevLett.107.191804
https://doi.org/10.1016/j.nima.2014.12.017
https://doi.org/10.1016/j.nima.2014.12.017
https://doi.org/10.1103/PhysRevD.88.015032
https://doi.org/10.1103/PhysRevD.88.015032
https://doi.org/10.1103/PhysRevD.80.095002
https://doi.org/10.1155/2011/859762
https://doi.org/10.1155/2011/859762
https://doi.org/10.1007/JHEP02(2015)157
https://doi.org/10.1007/JHEP02(2015)157
https://doi.org/10.1103/PhysRevLett.126.011801
https://doi.org/10.1103/PhysRevLett.126.011801
https://doi.org/10.1103/PhysRevD.105.L031901
https://doi.org/10.1103/PhysRevD.105.L031901
https://doi.org/10.1016/j.physletb.2022.137384
https://doi.org/10.1103/PhysRevLett.129.011807
https://doi.org/10.1103/PhysRevLett.129.011807
https://doi.org/10.1007/JHEP10(2021)221
https://doi.org/10.1038/s41586-018-0096-0
https://doi.org/10.1038/s41586-018-0096-0
https://doi.org/10.1103/PhysRevLett.126.172502
https://doi.org/10.1103/PhysRevLett.126.172502
https://doi.org/10.1038/nature12964
https://doi.org/10.1038/nature12964
https://doi.org/10.1126/science.275.5307.1759
https://doi.org/10.1126/science.275.5307.1759
https://doi.org/10.1126/science.abk1781
https://doi.org/10.1126/science.abk1781
https://doi.org/10.1103/PhysRevLett.129.091802
https://doi.org/10.1103/PhysRevLett.129.091802
https://arXiv.org/abs/2204.03767
https://arXiv.org/abs/2204.03996
https://doi.org/10.1007/JHEP08(2022)248
https://arXiv.org/abs/2204.04204
https://doi.org/10.1016/j.physletb.2022.137324
https://doi.org/10.1016/j.physletb.2022.137324
https://doi.org/10.1016/j.physletb.2022.137218
https://doi.org/10.1016/j.physletb.2022.137218
https://arXiv.org/abs/2204.05283
https://doi.org/10.1016/j.physletb.2022.137250
https://doi.org/10.1016/j.physletb.2022.137250
https://arXiv.org/abs/2204.05296
https://doi.org/10.1103/PhysRevD.106.015029
https://doi.org/10.1103/PhysRevD.106.015029
https://arXiv.org/abs/2204.05965
https://arXiv.org/abs/2204.07411
https://doi.org/10.1103/PhysRevD.106.055005
https://doi.org/10.1103/PhysRevD.106.055005
https://arXiv.org/abs/2204.09024
https://arXiv.org/abs/2204.09585
https://doi.org/10.1103/PhysRevD.106.015004
https://doi.org/10.1016/j.scib.2022.06.007
https://arXiv.org/abs/2204.04286
https://arXiv.org/abs/2204.04286
https://arXiv.org/abs/2204.04356
https://arXiv.org/abs/2204.05285
https://doi.org/10.1016/j.physletb.2022.137357
https://arXiv.org/abs/2204.12898
https://doi.org/10.1103/PhysRevD.106.035034
https://doi.org/10.1103/PhysRevD.106.035034
https://arXiv.org/abs/2204.05085
https://doi.org/10.1016/j.physletb.2022.137295
https://doi.org/10.1016/j.physletb.2022.137295
https://arXiv.org/abs/2204.05303
https://doi.org/10.1016/j.physletb.2022.137274
https://doi.org/10.1016/j.physletb.2022.137274

A.W. THOMAS and X. G. WANG

PHYS. REV. D 106, 056017 (2022)

[51] Y. H. Ahn, S. K. Kang, and R. Ramos, arXiv:2204.06485.

[52] X.F. Han, F. Wang, L. Wang, J. M. Yang, and Y. Zhang,
Chin. Phys. C 46, 103105 (2022).

[53] G. Arcadi and A. Djouadi, arXiv:2204.08406.

[54] K. Ghorbani and P. Ghorbani, arXiv:2204.09001.

[55] H. Abouabid, A. Arhrib, R. Benbrik, M. Krab, and
M. Ouchemhou, arXiv:2204.12018.

[56] G. Cacciapaglia and F. Sannino, Phys. Lett. B 832, 137232
(2022).

[57] T. Biekotter, S. Heinemeyer, and G. Weiglein, arXiv:
2204.05975.

[58] M. Blennow, P. Coloma, E. Ferniandez-Martinez, and
M. Gonzélez-Lépez, arXiv:2204.04559.

[59] J. Fan, L. Li, T. Liu, and K. F. Lyu, arXiv:2204.04805.

[60] E. Bagnaschi, J. Ellis, M. Madigan, K. Mimasu, V. Sanz,
and T. You, J. High Energy Phys. 08 (2022) 308.

[61] A. Paul and M. Valli, Phys. Rev. D 106, 013008 (2022).

[62] R. Balkin, E. Madge, T. Menzo, G. Perez, Y. Soreq, and
J. Zupan, J. High Energy Phys. 05 (2022) 133.

[63] K. Y. Zhang and W.Z. Feng, arXiv:2204.08067.

[64] Y.P. Zeng, C. Cai, Y.H. Su, and H.H. Zhang, arXiv:
2204.09487.

[65] Y. Cheng, X.G. He, F. Huang, J. Sun, and Z.P. Xing,
arXiv:2204.10156.

[66] C. Cai, D. Qiu, Y.L. Tang, Z.H. Yu, and H. H. Zhang,
arXiv:2204.11570.

[67] J. Cao, L. Meng, L. Shang, S. Wang, and B. Yang,
arXiv:2204.09477.

[68] D. Borah, S. Mahapatra, D. Nanda, and N. Sahu, Phys.
Lett. B 833, 137297 (2022).

[69] D. Borah, S. Mahapatra, and N. Sahu, Phys. Lett. B 831,
137196 (2022).

[70] J.J. Heckman, Phys. Lett. B 833, 137387 (2022).

[71] Q. Zhou and X.F. Han, arXiv:2204.13027.

[72] G.W. Yuan, L. Zu, L. Feng, Y.F. Cai, and Y.Z. Fan,
arXiv:2204.04183.

[73] X. Liu, S.Y. Guo, B. Zhu, and Y. Li, Sci. Bull. 67, 1437
(2022).

[74] S. Kanemura and K. Yagyu, Phys. Lett. B 831, 137217
(2022).

[75] O. Popov and R. Srivastava, arXiv:2204.08568.

[76] P. Fayet, Phys. Lett. 95B, 285 (1980).

[77] P. Fayet, Nucl. Phys. B187, 184 (1981).

[78] B. Holdom, Phys. Lett. 166B, 196 (1986).

[79] L. B. Okun, Sov. Phys. JETP 56, 502 (1982), https:/
inspirehep.net/literature/177918.

[80] S. Gopalakrishna, S. Jung, and J. D. Wells, Phys. Rev. D
78, 055002 (2008).

[81] J. Erler and S. Su, Prog. Part. Nucl. Phys. 71, 119 (2013).

[82] P. A. Zyla et al. (Particle Data Group), Prog. Theor. Exp.
Phys. 2020, 083C01 (2020).

[83] M. A. Corona, M. Cadeddu, N. Cargioli, P. Finelli, and
M. Vorabbi, Phys. Rev. C 105, 055503 (2022).

[84] J. Piekarewicz, B. K. Agrawal, G. Colo, W. Nazarewicz,
N. Paar, P. G. Reinhard, X. Roca-Maza, and D. Vretenar,
Phys. Rev. C 85, 041302 (2012).

[85] K.M.L. Martinez, A.W. Thomas, J.R. Stone, and
P. A. M. Guichon, Phys. Rev. C 100, 024333 (2019).

[86] X. Roca-Maza, X. Viias, M. Centelles, B. K. Agrawal,
G. Colo’, N. Paar, J. Piekarewicz, and D. Vretenar, Phys.
Rev. C 92, 064304 (2015).

[87] J. Piekarewicz, Phys. Rev. C 104, 024329 (2021).

[88] B. Hu, W. Jiang, T. Miyagi, Z. Sun, A. Ekstrom,
C. Forssén, G. Hagen, J.D. Holt, T. Papenbrock, and
S.R. Stroberg et al., arXiv:2112.01125.

[89] A.D. Martin, W. J. Stirling, R. S. Thorne, and G. Watt, Eur.
Phys. J. C 63, 189 (2009).

[90] S.C. Bennett and C. E. Wieman, Phys. Rev. Lett. 82, 2484
(1999); 82, 4153(E) (1999); 83, 889(E) (1999).

[91] S.G. Porsev, K. Beloy, and A. Derevianko, Phys. Rev.
Lett. 102, 181601 (2009).

[92] V.A. Dzuba, J.C. Berengut, V.V. Flambaum, and
B. Roberts, Phys. Rev. Lett. 109, 203003 (2012).

[93] H.B.T. Tan and A. Derevianko, arXiv:2204.11991.

[94] M. Cadeddu, N. Cargioli, F. Dordei, C. Giunti, and
E. Picciau, Phys. Rev. D 104, LO11701 (2021).

[95] B. K. Sahoo, B. P. Das, and H. Spiesberger, Phys. Rev. D
103, L111303 (2021).

[96] B. M. Roberts and J.S. M. Ginges, Phys. Rev. D 105,
018301 (2022).

[97] M. Awramik, M. Czakon, A. Freitas, and G. Weiglein,
Phys. Rev. D 69, 053006 (2004).

[98] J. P. Chen et al. (SoLID Collaboration), arXiv:1409.7741.

[99] D. Becker, R. Bucoveanu, C. Grzesik, K. Imai, R. Kempf,
K. Imai, M. Molitor, A. Tyukin, M. Zimmermann,
D. Armstrong et al., Eur. Phys. J. A 54, 208 (2018).

[100] J. Benesch et al. (MOLLER Collaboration), arXiv:
1411.4088.

056017-6


https://arXiv.org/abs/2204.06485
https://doi.org/10.1088/1674-1137/ac7c63
https://arXiv.org/abs/2204.08406
https://arXiv.org/abs/2204.09001
https://arXiv.org/abs/2204.12018
https://doi.org/10.1016/j.physletb.2022.137232
https://doi.org/10.1016/j.physletb.2022.137232
https://arXiv.org/abs/2204.05975
https://arXiv.org/abs/2204.05975
https://arXiv.org/abs/2204.04559
https://arXiv.org/abs/2204.04805
https://doi.org/10.1007/JHEP08(2022)308
https://doi.org/10.1103/PhysRevD.106.013008
https://doi.org/10.1007/JHEP05(2022)133
https://arXiv.org/abs/2204.08067
https://arXiv.org/abs/2204.09487
https://arXiv.org/abs/2204.09487
https://arXiv.org/abs/2204.10156
https://arXiv.org/abs/2204.11570
https://arXiv.org/abs/2204.09477
https://doi.org/10.1016/j.physletb.2022.137297
https://doi.org/10.1016/j.physletb.2022.137297
https://doi.org/10.1016/j.physletb.2022.137196
https://doi.org/10.1016/j.physletb.2022.137196
https://doi.org/10.1016/j.physletb.2022.137387
https://arXiv.org/abs/2204.13027
https://arXiv.org/abs/2204.04183
https://doi.org/10.1016/j.scib.2022.06.011
https://doi.org/10.1016/j.scib.2022.06.011
https://doi.org/10.1016/j.physletb.2022.137217
https://doi.org/10.1016/j.physletb.2022.137217
https://arXiv.org/abs/2204.08568
https://doi.org/10.1016/0370-2693(80)90488-8
https://doi.org/10.1016/0550-3213(81)90122-X
https://doi.org/10.1016/0370-2693(86)91377-8
https://inspirehep.net/literature/177918
https://inspirehep.net/literature/177918
https://inspirehep.net/literature/177918
https://doi.org/10.1103/PhysRevD.78.055002
https://doi.org/10.1103/PhysRevD.78.055002
https://doi.org/10.1016/j.ppnp.2013.03.004
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1103/PhysRevC.105.055503
https://doi.org/10.1103/PhysRevC.85.041302
https://doi.org/10.1103/PhysRevC.100.024333
https://doi.org/10.1103/PhysRevC.92.064304
https://doi.org/10.1103/PhysRevC.92.064304
https://doi.org/10.1103/PhysRevC.104.024329
https://arXiv.org/abs/2112.01125
https://doi.org/10.1140/epjc/s10052-009-1072-5
https://doi.org/10.1140/epjc/s10052-009-1072-5
https://doi.org/10.1103/PhysRevLett.82.2484
https://doi.org/10.1103/PhysRevLett.82.2484
https://doi.org/10.1103/PhysRevLett.82.4153
https://doi.org/10.1103/PhysRevLett.83.889
https://doi.org/10.1103/PhysRevLett.102.181601
https://doi.org/10.1103/PhysRevLett.102.181601
https://doi.org/10.1103/PhysRevLett.109.203003
https://arXiv.org/abs/2204.11991
https://doi.org/10.1103/PhysRevD.104.L011701
https://doi.org/10.1103/PhysRevD.103.L111303
https://doi.org/10.1103/PhysRevD.103.L111303
https://doi.org/10.1103/PhysRevD.105.018301
https://doi.org/10.1103/PhysRevD.105.018301
https://doi.org/10.1103/PhysRevD.69.053006
https://arXiv.org/abs/1409.7741
https://doi.org/10.1140/epja/i2018-12611-6
https://arXiv.org/abs/1411.4088
https://arXiv.org/abs/1411.4088

