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We proposed that parity-violating electron scattering (PVES) offers a powerful tool to probe the
hypothetical dark photon. We calculated the dark photon contributions to PVES asymmetries
in both elastic and deep-inelastic scattering (DIS). These contributions are characterised by the
corrections to the standard model couplings Ci,, Coy, and C3,. At low scales, the corrections
to Ci4 and C34 could be as large as 5% were a dark photon to exist. In DIS at very high 02,
of relevance to HERA or the EIC, the dark photon could induce substantial corrections to Cyg,
suggesting as large as 10% uncertainties in the extraction of valence parton distribution functions.
We also extracted the favoured regions of the dark photon parameter space by fitting the parity
violation data and the CDF W boson mass, which prefer a heavy dark photon with mass above the

Z-boson mass.
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1. Introduction

In searching for new physics beyond the Standard Model (SM), extensions in the gauge sector
of the electroweak theory have received increasingly interest. Extra U(1) gauge fields could be
introduced, either through kinetic mixing in the dark photon model [1-4] or anomaly-free U(1)’
charges in the Z’ models [5, 6]. These models are also appealing as portals connecting to the dark
matter sector. In this contribution, we will focus on the dark photon hypothesis.

The dark photon has been searched for in fixed target experiments [7], and at the electron [8, 9]
and hadron colliders [10, 11]. So far, there has been no direct evidence for its existence. Rather
stringent constraints have been placed on the kinetic mixing parameter, leading to an upper limit
of € < 1073 for dark photon masses below 200 GeV. However, these limits could be significantly
relaxed in light of the potential couplings of the dark boson to dark matter particles [12].

Theoretical constraints on the dark photon parameters have also been derived from the mea-
surements of g — 2 for the muon [13, 14], e — p deep inelastic scattering [15-17], electroweak
precision observables [18—20], and rare decays of kaon and B mesons [21-23]. In particular, a
recent global QCD analysis of electron-nucleon deep inelastic scattering and related high-energy
data within the JAM framework found a significant reduction in the y by including the dark photon.
This provides the first hint of the existence of the dark photon, although indirectly [17]. In contrast,
no improvement in the y? was found if instead we included the U(1)z_z Z’ boson in such a global
fit analysis [24].

In this contribution, we report a new proposal for dark photon searches through parity-violating
electron scattering (PVES) experiments [25, 26]. In Section 2, we show the PVES asymmetries in
both elastic and deep-inelastic scatterings. The dark photon formalism is given in Section 3. We
present the sensitivity of the beam asymmetries to the dark photon parameters in Section 4, and the
favoured dark photon parameters from fits to parity violation data and the CDF W boson mass in
Section 5. Our concluding remarks are given in Section 6.

2. Parity-violating electron scattering

In the scattering of longitudinally polarised electrons on an unpolarised target, the parity-
violation effect is characterised by the asymmetry between left- and right-handed electrons,

ey

where og 1 = dzch, 1/dQdE’ are the double differential cross sections of right-handed (R) and
left-handed (L) electrons, respectively.
For elastic scattering, the asymmetry can be expressed in terms of the weak form factor Fy
and the charge form factor F¢ [27],
Al = GFQZlQJ(VVS/Z)| Fw(0?) @)
N avaraz  Fe(Q?)

where G = 1.1663787 x 107GeV 2 is the Fermi constant. Q](VW% is the weak charge of the target

nucleus with N neutrons and Z protons, which reads at tree level

Q;VVYZ) =-2 (2Clu + Cld)Z + (Clu + 2Cld)N . (3)
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In the case of deep inelastic scattering (DIS), especially from a deuteron target, the PVES
asymmetry and the lepton charge asymmetry provide direct connection to the fundamental weak
couplings [28]

ep—er 3GFQ2
Ay = ————|(2C1u — C1a) + RyY (2Cy, — C2g) |
10\/§naem
A4S _3GrQ% Ry(2C3, = C3a) @

where Cy4, Co4 and C3,, are the products of weak couplings to the electron and quarks. In the SM,

Chy =28480. Coy =28v8%. Cay' = -28484%. (5)

where the tree-level couplings are
1 1 4 1 2
{gf,,g@,gf,} = {_5 +25sin® Ow , 373 sin® Ow , =3 + 3 sin? Ow},
I 1 1
{_E,E’_E}’ (6)

with Oy the Weinberg angle. Possible corrections to the asymmetries in Eq. (4) arising from charge

{85. 8% 8%}

symmetry violation, strange and charm quark distributions are discussed in Ref. [29].
PVES offers direct and precise measurements on Cy4, Co4 and C34. Any deviations from their
SM predictions would imply signals of new physics.

3. Dark photon formalism

The dark photon is usually introduced as an extra U(1) gauge boson [1-3], interacting with
SM particles through kinetic mixing with hypercharge [4]

1 1
L D ——F F"™ +_-mj Al A" +

ZFh : F, B, (7)

2cos Oy *V
where F},,, is the dark photon strength tensor and € is the mixing parameter. We use A" and Z to
denote the unmixed versions of the dark photon and the SM neutral weak boson, respectively.

By diagonalising the mass-squared matrix, one can define the physical Z and Ap with
masses [15]

m2

mZZ’AD = TZ[I+E‘2)V+p24_rsign(l—pz)\/(1+e‘%v+p2)2_4pz]’ (8)

where a is the Z — A’ mixing angle,

1
tane = e 1 - €, — p* —sign(1 - pz)\/4e;‘;v +(1—€,—p»)?|, ©
with
€ tan OBy
Ew = )
V1 — €2/cos? Oy
p = marfmy (10)

\1 — €2/cos? Oy '
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The lowest order SM couplings of the Z boson to leptons and quarks, C} = {gy,&y» gf,} and
s = {g% gi“,gi}, will be shifted to [15, 25]

C), = (cosa —ewsin a)Cé + 2w sina cos> Oy CY,

C; = (cosa—ewsina)Cy, an

where C) = {C5, C}, nyl} ={-1,2/3,-1/3}. Likewise, the couplings of the physical dark photon
Ap to SM fermions are given by

CXD = —(sina + ew cos a)C% + 2w cos @ cos’ Oy CY,

Cy, = —(sina+ewcosa)Cy. (12)

Due to its nonzero axial-vector couplings, the dark photon will also contribute to the parity-violating
electron scatterings.

4. PVES sensitivity to dark photon

The double differential cross section with the dark photon contributions can be expressed
as [25]

d*o 4ra’s 2
- Fy + F
wi = gr (PE A A
| %5 (CY = ACE V2 FY + fi(e, )EYZ = ey(1 = 2)FY?]
sin® 20y, 02 + M% Zee Zee 1 270 273

1 2
) © 2 (Chpe
sin” 20w Q2+MAD D>

flC4 F + F y Ap
B aD,e) [xyZ iy v h (X, Y) 27AD /lxy(l - —)F37 ]) ,
(13)

where fi(x,y) =1 -y —xyM/2E and A = +1(—1) represents positive (negative) initial electron
helicity. The cross sections for positron scattering can be obtained with C7 , and C§  being

s D€
replaced by —C% , and —CXD .» respectively [30].

The numerator in Eq. (1) receives contributions from y — Z and vy — Ap interference terms,
since the purely electromagnetic cross section does not contribute to the asymmetry. By calculating
the relevant PVES asymmetries and the lepton charge asymmetry, we found that the total effect of
the physical Z and Ap exchanges is given by the effective couplings [25]

Q2+M2
VA V4 SM
Clq = C1q+Q2+TC]q C (1+R1q)
Ap
Q2+ 2
N T
A
Q2 2
Cy, = C% +—Zc = C3)'(1+Ryy) (14)

3q QZ"'MEXD 3q

where Cg and C;;‘D have the same form as Eq. (5), with g4 and gy being replaced by the corre-
sponding physical couplings in Egs. (11-12). Ry4, Ry, and Rj3, characterise the corrections to the
SM couplings, arising from the effects of a dark photon.



X. G. Wang

Dark photon in parity-violating electron scatterings

These correction factors depend on the dark parameters, (€, 74, ), and the momentum transfer
Q2. We consider the region of interest (ROI) corresponding to € < 0.2 in heavy mass region, which
has not been fully excluded by the existing constraints.

At very low scale Q% = 0.0045 GeV? which is relevant for elastic scattering in the upcoming
P2 experiment [31], the corrections Ry, are shown in Fig. 1. These could be as large as 5% when

the dark photon parameters approch to the “eigenmass repulsion” region. The corrections to the up
and down quark couplings are roughly flavour independent and so cannot be simply represented by

a change in the Weinberg angle [25].
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Figure 1: Ry, and R4 at Q% = 0.0045 GeV?. The gap is the “eigenmass repulsion” region in which the dark

photon parameters are not accessible.
At much higher momentum scale, Q> = 10> GeV?, accessible at HERA and EIC, the dark

photon effects will lead to large corrections to the couplings C, as shown in Fig. 2, while the
corrections Ry, are relatively small. R;, tend to be negative and as large as 10%, suggesting large

uncertainties in the extraction of valence parton distributions from high-Q? data.
Finally, Fig. 3 shows the corrections to the couplings C3, at an average scale of 0? = 5 GeV?

relevant for the planned SoLID experiment at JLab [32], which is expected to provide the first
measurement of C34 in the future. We found that C3, would deviate from their SM predictions as

large as 5%, were a dark photon to exist.
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Figure 2: R,, and R, at Q2 = 10° GeV?2.

5. Favoured dark photon parameters
The currently available experimental data of PVES and atomic parity violation (APV) are

summarised in Tab. 1. The discrepancy between experiments and the SM predictions is characterised

by X[ZO w = 3-917. We then perform a x? fit by including the dark photon [26]. The best values
of € are shown in Fig. 4 (red solid curve) for each value of m,4,, above mz, corresponding to an
improved tho w1 = 2-179. In the region of ma,, < mz, the inclusion of the dark photon will always

worsen the y? with respect to the SM value.
The dark photon model can also be applied to explain the W boson mass anomaly measured by
the Collider Detector at Fermilab (CDF) [33]. The relation between the W-boson mass, my/, and

5)

the Z-boson mass m is [34],
1 1 nQ,
2

mW:mZ{§+ Z—\/EG—L[I‘FA’”(mW,mZ,mHamh )]},

4

where Ar = 0.03677 by taking my = 125.14 GeV and m; = 172.89 GeV. Then the CDF result
mwy = 80.4335 + 0.0094 GeV implies m5 = 91.2326 + 0.0076 GeV. The dark photon parameters

2
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Figure 3: Rz, and R34 at 0% = 5 GeV>.

given by the green dashed curve in Fig. 4 are determined by shifting m to the physical value
mz = 91.1875 GeV according to Eq. (8), which also favour my4,, > mz.

Experiment 02 (GeV?) data SM SM + dark photon
Qweak [35] 0.0248 0F =0.0719 + 0.0045 0.0708 0.0707
PREX-II [36, 37] 0.00616 0w(*%®Pb) = -114.4+26 —-117.9 —-117.1
PVDIS [38] (x107%)  1.085 AN = 91.1+3.1£3.0 877 ~87.2
1901 AN® = _160.8+6.4+3.1 -158.9 ~157.9
APV [39] 0w (133Cs) = -72.82(42) -73.23 -72.77

Table 1: The experimental data and the SM predictions of PVES and the atomic parity violation. The last
column shows the fit results including the dark photon effects.
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Figure 4: Favoured dark photon parameters from parity-violation data and the CDF W boson mass, together
with 68% CL (dark band) and 95% CL (light band) uncertainties [26]. The EWPO limit is taken from
Ref. [19]. The DIS-1 and DIS-2 are taken from Ref. [15] and Ref. [16], respectively. We also show the 95%
CL exclusion constraints from the CMS Collaboration [11].

6. Conclusion

We proposed a new tool for the dark photon searches through parity-violating electron scat-
terings. We explored the sensitivity of PVES asymmetry to the dark photon parameters. The dark
photon effects are characterised by corrections to the SM couplings, which could be as large as 10%
for Cy, at large Q2, and 5% for Cy, and C3, at low scales.

We also derived the dark photon parameters by fitting the parity-violation data and the CDF
W-boson mass, favouring a heavy dark photon with mass above the Z-boson mass. The inclusion
of a dark photon could improve the agreement between theory and a number of parity violation
experiments.

The upcoming PVES experiments at P2 [31], SoLID [32], EIC [40], and MOLLER [41] are
expected to provide more stringent constraints on the dark photon parameters. As one of the
promising dark portal hypotheses, it is also essential to explore its implications in connection with
dark matter particles.
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