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1 Introduction

Why parity is violated in elementary particle interactions remains one of the biggest mys-
teries in physics. Within the Standard Model (SM) of particle physics, parity-violation is
caused by the weak Z and W± bosons, which couple differently to left- and right-handed
fermions. This chiral charge assignment of the SM fermions leads to various interesting
phenomena and precision tests of the SM [1]. At the same time, given the fact that some
form of beyond the SM (BSM) physics is expected on general grounds, an interesting ques-
tion is whether the new BSM interactions are parity-conserving or parity-violating. Either
way, BSM physics can influence parity-violating observables in reactions in which it partic-
ipates. Thus, parity-violating searches provide an excellent avenue to probe BSM physics;
see ref. [2] for a recent review.

A classic parity-violating observable can be obtained from the scattering of polarized
electrons off unpolarized targets, yielding cross-sections σR and σL for right- and left-
handed electrons, respectively. The parity-violating left-right asymmetry, defined as

APV = σR − σL
σR + σL

, (1.1)

is then a very useful probe of parity-violation; see ref. [3] for a review. The asymme-
try APV has been (will be) measured with high precision in low-energy polarized electron
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scattering processes [4], such as Møller scattering e−e− → e−e− [5, 6] ([7]), as well as
electron-proton [8–12] ([13]), electron-deuteron [14–19], electron-4He [20], electron-9Be [21],
electron-12C [22] ([13]) and electron-208Pb [23] scatterings. In addition, there are pre-
cise measurements of atomic parity violation (APV) using 133Cs [24–27], 205Tl [28, 29],
208Pb [30], 209Bi [31] and 100,102,104,106Yb [32]. Parity-violating asymmetries have also
been measured at the high-energy colliders such as LEP, SLC, Tevatron and LHC [1].
The interplay of these various parity-violating measurements with new physics have been
discussed, e.g. in refs. [33–48].

This paper deals with probing new physics using the measurements of the parity-
asymmetry in elastic electron-proton or electron-12C scatterings in the proposed P2 ex-
periment at the upcoming Mainz Energy-recovering Superconducting Accelerator (MESA)
facility [13]. The goal of P2, with start of data-taking expected in 2024, is to measure
the parity-violating asymmetries for polarized electrons scattering off unpolarized protons
or 12C nuclei using a 155MeV electron beam, where the relative uncertainties ∆APV/APV

are expected to be 1.4% and 0.3% respectively [13]. Such precise measurements at low
momentum transfer provide not only an important test of the SM, but also a sensitive
probe of BSM physics.

One natural scenario of new physics is a (light) Z ′ boson that couples differently to
left- and right-handed SM fermions. The Z ′ boson will mediate new Feynman diagrams
for electron scattering off proton or nucleus (see the bottom two panels in figure 1). We
specifically examine how new physics in the form of a new neutral gauge boson Z ′ can be
constrained in the P2 experiment. Depending on the origin of the parity-violation in the
Z ′ couplings, the U(1)′ models accommodating the Z ′ gauge boson can be classified into
two categories:

• Chiral theories in which left- and right-handed particles have different charge as-
signments under the U(1)′. They give a direct contribution to the parity-violating
asymmetry. Some anomaly-free U(1)′ examples are given in table 2.

• Vector-like or non-chiral theories in which left- and right-handed particles have iden-
tical charge assignments under the U(1)′. They give an indirect contribution to the
parity-violating asymmetry if the Z ′ mixes with the SM Z boson. In this paper,
we will first consider a generic U(1)′ model with either mass mixing sin θ or kinetic
mixing ε in the limit of the new gauge coupling g′ → 0, and then generalize to the
U(1)B and U(1)B−L models (here B and L denote the baryon and lepton number,
respectively), with three benchmark values of g′/ sin θ = 0.01, 1 and 10, and ε = 0.

Our results, shown in figures 2 to 6, demonstrate that the P2 prospects of the U(1)′
models are rather model-dependent. However, even if all existing constraints are taken into
consideration, the P2 experiment can still probe a wide range of Z ′ masses. For the three
chiral models considered in this paper, the P2 experiment can probe gauge couplings down
to g′ ∼ 10−5 when the Z ′ boson is light, as summarized in table 4. When the Z ′ boson
mass mZ′ is large, the P2 experiment probes an effective cutoff scale Λ = mZ′/g′, which
for mZ′ can go up to 79TeV in the e+ p mode, and even up to 90TeV in the e+12C mode
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(setting the g′ to be the perturbative limit of 4π), which is well beyond direct searches
at past and current high-energy colliders. For the non-chiral models, if there is only Z-Z ′
mass mixing, in the limit of g′Q′ → 0, the P2 prospects in the e + p mode have been
precluded by APV measurements, while P2 can probe unexplored mass mixing angles in
the range of 1.1×10−4 < sin θ < 0.15 in e+12C scattering, as shown in figure 3 and table 5.
If there is only kinetic mixing, the Z ′ boson behaves essentially like a dark photon when
it is light, and it is also severely constrained when it is heavy. Such particles are easily
accessible and often searched for. Therefore, the P2 prospects of the kinetic mixing angle ε
have been precluded by existing limits, as presented in figure 4. For illustration, we further
apply our analyses to U(1)B and U(1)B−L models with g′/ sin θ fixed at some benchmark
values. We find that when the gauge coupling g′ is sizable compared to the mass mixing
angle sin θ, the P2 sensitivity to sin θ can be significantly improved. Our study also shows
that whether e+ p or e+12C scattering gives better limits depends largely on the model.

The rest of the paper is organized as follows: in section 2 we discuss general aspects
of the parity-violating asymmetry, before discussing various chiral and non-chiral models
that modify the parity-violating asymmetry in section 3. A sensitivity study is performed
in section 4: with the procedure for obtaining the sensitivities given in section 2, all rel-
evant existing limits are collected in section 4.2, and the P2 sensitivities are obtained in
section 4.3. The conclusions are presented in section 5. More details of the axial-vector
couplings of Z ′ boson to proton and 12C are provided in appendix A.

2 Parity-violating asymmetry in elastic electron scattering

In this section, we derive the parity-violating asymmetry APV defined in eq. (1.1) for elastic
electron-proton or electron-nucleus scattering. In the SM, the leading-order contribution
can be computed by evaluating the first two diagrams in figure 1. Parity-violation enters via
the Z boson contribution and its interference with the parity-conserving photon diagram.

A new neutral gauge boson Z ′ could also contribute to APV either directly or indirectly
via mixing with the SM Z boson, depending on whether the Z ′ couplings to eL and eR
are different or not, respectively. This is illustrated by the diagrams in the bottom two
panels of figure 1. In the mixing case, we need to canonicalize kinetic terms or diagonalize
mass terms so that both Z and Z ′ are mass eigenstates, leading to effective parity-violating
couplings of the Z ′. Besides, in the presence of Z-Z ′ mixing, the Z couplings may also
deviate from the SM values. This is discussed in detail in section 3. In general, we can
consider the following Lagrangian, which contains the neutral current (NC) interactions of
the SM Z boson and the most general interactions of a Z ′ with polarized electrons and a
target nucleus N :

L ⊃ Zµ(geLeLγ
µeL + geReRγ

µeR) + Zµ(gVNγµN + gANγ
µγ5N)

+ Z ′µ(g′eL
eLγ

µeL + g′eR
eRγ

µeR) + Z ′µ(g′VNγµN + g′ANγ
µγ5N). (2.1)

Here Z and Z ′ are mass eigenstates with masses denoted by mZ and mZ′ , geL and geR (g′eL

and g′eR
) are the effective couplings of Z (Z ′) to eL and eR, gV and gA (g′V and g′A) are
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QED (no APV)

eL,R eL,R

N N

γ

L = R

APV from SM

eL,R eL,R

N N

Z

L 6= R

APV from chiral U(1)′

eL,R eL,R

N N

Z ′

L 6= R

APV from non-chiral U(1)′

eL,R eL,R

N N

Z ′

Z

L 6= R

Figure 1. Leading-order processes for APV in the SM (top panels) and in the Z ′ models considered
here (bottom panels). N denotes either a proton or a nucleus (12C in the context of P2).

vector and axial-vector couplings of Z (Z ′) to a nucleus, respectively. The vector couplings
can be obtained by simply adding up the fundamental couplings to quarks in a nucleus
with N neutrons and Z protons as follows:

gV = Z
(
guL + guR + 1

2gdL
+ 1

2gdR

)
+N

(
gdL

+ gdR
+ 1

2guL + 1
2guR

)
, (2.2)

g′V = Z
(
g′uL

+ g′uR
+ 1

2g
′
dL

+ 1
2g
′
dR

)
+N

(
g′dL

+ g′dR
+ 1

2g
′
uL

+ 1
2g
′
uR

)
. (2.3)

Here the couplings to chiral quarks (guL , guR , g′dR
, etc.) are defined in a way similar to

geL and geR in eq. (2.1). In table 1 we list the SM values of these couplings as well as new
physics values which will be derived later in section 3.

As for the axial-vector couplings (gA and g′A), albeit not calculable from first principles,
their contributions to APV are suppressed by electron energy over target mass, as we show
in appendix A. If we therefore ignore the contribution of gA and g′A, the amplitude of
e−L,R +N → e−L,R +N reads

iML,R ∝ [u3γ
µPL,Ru1] [u4γµGL,Ru2] , (2.4)
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models SM chiral models non-chiral models

APV caused by NC Q′eL
6= Q′eR

εBµνF ′µν δm2ZµZ ′µ

geL gZ
(
−1

2 + s2
W

)
gSM
eL

gSM
eL

+ 3−2rm−2s2
W

4(1−rm)2 gZs
2
W ε

2 gSM
eL

cos θ

geR gZs
2
W gSM

eR
gSM
eR

+ 2−2rm−s2
W

2(1−rm)2 gZs
2
W ε

2 gSM
eR

cos θ

guL gZ
(

1
2 −

2
3s

2
W

)
gSM
uL

gSM
uL
− 5−2rm−4s2

W
12(1−rm)2 gZs

2
W ε

2 gSM
uL

cos θ

guR gZ
(
−2

3s
2
W

)
gSM
uR

gSM
uR
− 2−2rm−s2

W
3(1−rm)2 gZs

2
W ε

2 gSM
uR

cos θ

gdL
gZ
(
−1

2 + 1
3s

2
W

)
gSM
dL

gSM
dL

+ 1+2rm−2s2
W

12(1−rm)2 gZs
2
W ε

2 gSM
dL

cos θ

gdR
gZ
(

1
3s

2
W

)
gSM
dR

gSM
dR

+ 2−2rm−s2
W

6(1−rm)2 gZs
2
W ε

2 gSM
dR

cos θ

g′eL
0 Q′eL

g′
c2

W−rm/2
1−rm

εgZsW gSM
eL

sin θ

g′eR
0 Q′eR

g′
c2

W−rm

1−rm
εgZsW gSM

eR
sin θ

g′uL
0 Q′uL

g′
rm−4c2

W
6(1−rm) εgZsW gSM

uL
sin θ

g′uR
0 Q′uR

g′
2(rm−c2

W )
3(1−rm) εgZsW gSM

uR
sin θ

g′dL
0 Q′dL

g′
rm+2c2

W
6(1−rm) εgZsW gSM

dL
sin θ

g′dR
0 Q′dR

g′
c2

W−rm

3(1−rm)εgZsW gSM
dR

sin θ

APV (p) eq. (2.10) eq. (3.3) eq. (3.14) eq. (3.13)

APV (12C) eq. (2.11) eq. (3.3) eq. (3.15) eq. (3.13)

Table 1. Analytical expressions for the effective couplings of Z and Z ′ bosons to the SM quarks
and charged leptons in the SM, chiral U(1)′ models (from QfL

6= QfR
) and non-chiral U(1)′ models

(from the kinetic mixing εBµνF ′µν and mass mixing δm2ZµZ ′µ). The last two rows are the corre-
sponding analytic formulae of APV for electron scattering off proton or 12C. The superscript “SM”
indicates SM contributions. Here gZ ≡ e/sW cW , sW ≡ sin θW being the weak mixing angle (and
cW ≡ cos θW ) and we have defined rm ≡ m2

Z′/m2
Z . See the main text for details.

where u3 (u1) and u4 (u2) denote the final (initial) electron and nucleon states, and

GL,R = −e
2

q2 + geL,eRgV
q2 −m2

Z

+
g′eL,eR

g′V
q2 −m2

Z′
(2.5)

contains contributions from the t-channel γ, Z, and Z ′ diagrams, respectively. Applying
the standard trace technology, it is straightforward to obtain

|ML|2

|MR|2
= G2

L

G2
R

, (2.6)
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which, according to eq. (1.1), implies

APV = G2
R −G2

L

G2
R +G2

L

. (2.7)

Now substituting eq. (2.5) in eq. (2.7), we obtain

APV ≈ (geL − geR) gV
4πα

Q2

m2
Z

+

(
g′eL
− g′eR

)
g′V

4πα
1

1 +m2
Z′/Q2 , (2.8)

where Q2 ≡ −q2 > 0 and α ≡ e2/4π is the fine-structure constant. In deriving eq. (2.8),
we have made the following approximations:

Q2

m2
Z

� 1 , and g′eg
′
V

1 +m2
Z′/Q2 � 1 , (2.9)

where g′e ∼ max(g′eL
, g′eR

). The exact expression of APV is lengthy and not very help-
ful. Within a theory containing an additional Z ′ boson, once the six effective couplings
(geL , geR , gV , g′eL

, g′eR
, g′V ) are known, APV can be obtained using eq. (2.8) and confronted

with its existing or future constraints, as exemplified in the following two sections.
We stress that eq. (2.8) is obtained from the most general Lagrangian in eq. (2.1).

In the limit of g′eL
= g′eR

, g′V → 0 or mZ′ → ∞, the BSM contributions are vanishing,
and taking the SM values in table 1 and using eq. (2.2), we can easily reproduce the
leading-order SM expressions of the parity-violating asymmetries APV [13]:

APV
SM(e+ p) ≈ −GFQ

2 (1− 4s2
W

)
4
√

2πα
, (2.10)

APV
SM(e+ 12C) ≈ 3

√
2GFQ2s2

W

πα
, (2.11)

for electron-proton scattering (N = 0 and Z = 1) and electron-12C scattering (N = Z = 6),
respectively. Here GF = πα/(

√
2m2

W s
2
W ) is the Fermi constant.

3 New physics effects

This section deals with obtaining the couplings of an additional Z ′ boson with the SM
fermions in some representative U(1)′ models to study the P2 prospects. We first discuss
three chiral U(1)′ models with explicit parity-violation, and then turn to parity-conserving
U(1)′ models with mass or kinetic Z-Z ′ mixing.

3.1 Chiral U(1)′ models

First let us consider new U(1)′ gauge symmetries under which eL and eR have different
charges. We refer to such models as chiral U(1)′ models. Anomaly cancellation usually
requires the existence of three right-handed neutrinos νR (for simplicity we have neglected
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model (x, y)
U(1)′ charge assignment

(νL, eL) (νR, eR) (uL, dL) (uR, dR)

−3
2(x+ y) −(x+ 2y, 2x+ y) 1

2(x+ y) (x, y)

U(1)′L (−2
3 ,

4
3) −1 (−2, 0) 1

3 (−2
3 ,

4
3)

U(1)′R (1,−1) 0 (1,−1) 0 (1,−1)

U(1)′X (0, 1) −3
2 (−2,−1) 1

2 (0, 1)

Table 2. Quantum numbers of fermions in the three chiral U(1)′ examples considered here.

the generation indices i = 1, 2, 3), and implies the following charge assignments of chiral
fermions [49, 50]:

Q′uR
= x, Q′dR

= y, Q′νR
= −x− 2y,

Q′eR
= −2x− y, Q′QL

= 1
2(x+ y), Q′LL

= −3
2(x+ y) . (3.1)

HereQL = (uL, dL)T and LL = (νL, eL)T are respectively the left-handed quark and lepton
doublets, and Q′f is the U(1)′ charge of the chiral fermion f . The charges x and y can be
arbitrary integers or fractional numbers. However, from the model building perspective,
simple integers or fractions are preferred in order to construct simple (low-dimensional)
gauge-invariant operators. For simplicity, we will assume that the right-handed neutrinos
are heavier than mZ′/2, such that the decay channel Z ′ → νRν̄R is kinematically forbidden
and the νR do not have any effect on the P2 sensitivities.

The simplest example is perhaps the U(1)′R model given in table 2. In this model, all
right-handed fermions are charged under U(1)′R, and none of the left-handed fermions are,
i.e. (x, y) = (1,−1) in eq. (3.1); see e.g. refs. [51–53]. One might also consider the opposite
case where all left-handed fermions are charged and none of the right-handed fermions are.
Unfortunately for such assignment it is impossible to achieve chiral anomaly cancellation.
If, for instance, eR is not charged under the chiral U(1)′, which corresponds to x/y = −1/2
in eq. (3.1), then the only solution is where the other right-handed fermions are charged
for anomaly cancellation. This is the U(1)′L case shown in table 2. In addition to U(1)′R
and U(1)′L, we choose another solution with (x, y) = (0, 1), where right-handed up-quarks
do not couple of Z ′, and refer to it as U(1)′X in table 2. Obviously there are many more
possibilities. Our choice of the three models summarized in table 2 is motivated by the fact
that they are typical for different corners of the parameter space to be explored at P2. For
instance, the U(1)R model will not contribute to the asymmetry in electron-12C scattering
(cf. eq. (3.5) below).

Computing APV for chiral U(1)′ models is now straightforward. In the absence of Z-Z ′
mixing, the Z couplings are not modified and the Z ′ couplings in eq. (2.1) are given by

g′f = g′Q′f , (3.2)

– 7 –
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where g′ is the fundamental gauge coupling of U(1)′. Using eq. (2.8), we obtain

∆APV ≡ APV −APV
SM ≈

g′2Q′NQ
′
LR

4πα
1

1 +m2
Z′/Q2 , (3.3)

where Q′LR ≡ Q′eL
−Q′eR

, and Q′N is either the weak charge Q′p of the proton or the weak
charge Q′12C of 12C, with

Q′p ≡ Q′uL
+Q′uR

+ 1
2
(
Q′dL

+Q′dR

)
, (3.4)

Q′12C ≡ 9
(
Q′uL

+Q′uR
+Q′dL

+Q′dR

)
. (3.5)

From table 2, we note that in the U(1)′R model, Q′12C vanishes, which implies that electron-
12C scattering has no sensitivity to Z ′ in this model.

Here we comment on the potential effect of incoherence in e+ 12C scattering and the
validity of summing up the charges in eq. (3.5). In the P2 experiment, Q ≈ 93 MeV is
comparable to the inverse of the 12C nucleus radius and there is a considerable amount of
loss of coherence, which is usually taken into account by including a form factor depending
on the nucleon distributions. Due to the small difference between neutron and proton
distributions, two types of form factors are often considered, namely weak and charge
form factors, denoted respectively by FW (Q2) and FCh(Q2). The form factor FCh(Q2)
depends on the proton distribution in the nucleus, while FW (Q2) is determined mainly by
the neutron distribution, as the coupling of Z to neutrons is significantly larger than the
coupling of Z to protons. In presence of the couplings of Z ′ to protons and neutrons, the
cross sections σL,R depend on the combination of FW (Q2) − FCh(Q2). Using the Helm
analytic approximation for form factors [54], we find that the two form factors FW,Ch(Q2)
are both around 0.75 with percent-level uncertainties for 12C at Q ≈ 93MeV. This implies
that with the approximation of FW (Q2) ' FCh(Q2) the effect of incoherence cancels out
for APV, which justifies eq. (3.5). It should be noted that this justification does not
depend on the details of U(1)′ models and applies also to all the non-chiral U(1)′ models
discussed below.

3.2 Non-chiral U(1)′ models and mixing-induced couplings

There are plenty of non-chiral U(1)′ models with parity-conserving charge assignments.
For instance, the U(1)B−L model [55–57], which assigns all leptons (both left- and right-
handed) a charge of −1 and all quarks a charge of 1

3 , is among the most extensively studied
models in the literature. Although the non-chiral charge assignments do not cause any
additional source of asymmetry in polarized electron scattering, constraints on non-chiral
U(1)′ models are possible in the presence of Z-Z ′ mixing, as illustrated by the lower right
diagram in figure 1.

Let us consider that the Z-Z ′ mixing arises from the following terms:

L ⊃ − ε2B
µνF ′µν + δm2ẐµẐ ′µ , (3.6)

where Bµν and F ′µν are the field strength tensors of hypercharge U(1)Y and U(1)′, respec-
tively. The second term is a mass-mixing term which exists if the symmetry breaking of

– 8 –
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U(1)′ is not decoupled from the electroweak symmetry breaking. We define a mass mixing
parameter θ by

tan θ ≡ δm2

m2
Z′ −m2

Z

, (3.7)

where m2
Z is the Z boson mass. Note that in the presence of eq. (3.6), the kinetic terms

are not canonical and the mass matrix is not diagonal. One needs to perform necessary
transformations and redefine Z and Z ′ as the physical mass eigenstates. To avoid potential
confusion, we have denoted the original states as Ẑ and Ẑ ′ in eq. (3.6). Following the
notation in ref. [58], the couplings in the physical basis can be written as

L ⊃ Zµ [JµNC cosβ − JµX sin β] + Z ′µ [JµNC sin β + JµX cosβ] , (3.8)

where the effective Z-Z ′ mixing angle is

tan β ≈ tan θ + εsW
rm − 1 +O(θ2, ε2) , (3.9)

where we have defined the mass ratio

rm ≡
m2
Z′

m2
Z

. (3.10)

Eq. (3.9) incorporates contributions from the mass mixing θ and the kinetic mixing ε. The
SM NC JµNC and the Z ′-induced neutral current JµX in eq. (3.9) are defined respectively as

JµNC =
∑
f

gSM
f fγµf , (3.11)

JµX =
∑
f

fγµf√
1− ε2

[
g′Q′f − gZεsWYf

]
, (3.12)

with gSM
f the SM gauge couplings for the chiral fermions f collected in the second column

of table 1. In eq. (3.12), gZ ≡ g/cW =
√

4πα/sW cW is a SM coupling, and Yf is the SM
U(1)Y charge for the fermions.

From eqs. (3.8)–(3.12) it is straightforward to derive the effective couplings of Z and
Z ′ to fermions; these are summarized in table 1. Note that for Z couplings we have
expanded the results to order ε2 because the Z diagram with one vertex modified by ε2

and the Z ′ diagram with two vertices proportional to ε have comparable contributions to
the parity-violating asymmetry.

Now using the effective couplings and eq. (2.8), we can compute the mixing-induced
contribution to the parity-violating asymmetry, ∆APV ≡ APV −APV

SM, for non-chiral U(1)′
models. The result, in the presence of only mass-mixing, is

∆APV

APV
SM

= sin2 θ

(
m2
Z

m2
Z′ +Q2 − 1

)
. (3.13)

For only kinetic mixing, the result is
∆APV

APV
SM

(e+ p) = m2
Z′(1− rm)

(
1− 4s2

W

)
+Q2 (4rms2

W + 2rm − 3
)

(1− rm)2 (1− 4s2
W

) (
m2
Z′ +Q2) s2

W ε
2 , (3.14)

∆APV

APV
SM

(e+ 12C) = m2
Z′s2

W (1− rm) +Q2 (1− rm − rms2
W

)
(1− rm)2 (m2

Z′ +Q2) ε2 , (3.15)

for electron-proton and electron-12C scattering, respectively.
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When both mass and kinetic mixing are present, one can add their contributions
linearly as long as both ε and θ are perturbatively small. In the above results, we have
neglected the contribution of the fundamental gauge coupling g′ in eq. (3.12). Although
for non-chiral U(1)′ models this part does not account for parity violation, sizable values
of g′ do affect the P2 sensitivity by changing the effective couplings to nucleons if g′ is
comparable to θ or ε. This effect can be readily included by adding a correction of g′Q′f
to the mixing-induced couplings as long as both are perturbatively small. In this case, the
P2 sensitivity to ε and θ becomes model-dependent. We select two non-chiral U(1)′ models
when the model-dependent details are required, U(1)B−L as aforementioned, and U(1)B
which gauges the baryon number only [59]. For these models with sizable g′ and θ, the
new physics contributions can be formulated as

∆APV

APV
SM

= sin2 θ

[
m2
Z(1 +R)
m2
Z′ +Q2 − 1

]
, (3.16)

where R takes the following expressions for the U(1)B model:

Re+p[U(1)B] = 12g′
gZ sin θ(1− 4s2

W ) , (3.17)

Re+12C[U(1)B] = − 6g′
gZ sin θs2

W

. (3.18)

For U(1)B−L, we simply need to multiply the R factors in eqs. (3.17) and (3.18) by a factor
of −1/3, i.e.

R[U(1)B−L] = −1
3R[U(1)B] . (3.19)

4 P2 sensitivity study

In this section, we derive the P2 sensitivity for the U(1) models discussed in the previ-
ous section.

4.1 Method

The P2 experiment will measure polarized electron scattering with an electron beam of
155MeV [60]. The momentum transfer Q2 in this process can be determined by

Q2 ≈ 4EiEf sin(θf/2) , (4.1)

where θf is the scattering angle of the outgoing electron with respect to the incoming one,
and Ef ≈ Ei ≈ 155MeV are the final/initial electron energies. The angular acceptance of
the detector is

θf ∈
[
θf −

1
2δθf , θf + 1

2δθf
]
, with θf = 35◦, δθf = 20◦ . (4.2)

In our analysis we take Q2 ≈ (93 MeV)2 evaluated from the central value θf . For e + p

scattering, the expected value of APV is 39.94× 10−9 and the P2 experiment will be able
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to measure it with an uncertainty of ∆APV = 0.56× 10−9, which corresponds to a relative
uncertainty of

∆APV

APV ≈ 1.4% , (e+ p scattering). (4.3)

This would imply a relative uncertainty of 0.14% for s2
W . For e + 12C scattering, the

achievable uncertainty is

∆APV

APV ≈ 0.3% , (e+12 C scattering). (4.4)

Since APV(12C) is proportional to s2
W rather than 1− 4s2

W , the relative uncertainty for s2
W

is also 0.3%.
With the experimental setup described above and the new physics contributions for-

mulated in eqs. (3.3) and (3.13) to (3.15), it is straightforward to study the sensitivity of
P2 to Z ′ models. By requiring that the new physics contributions do not exceed

∆APV

APV =


√

2.71× 1.4% = 2.30% (for e+ p scattering) ,
√

2.71× 0.3% = 0.49% (for e+12C scattering) ,
(4.5)

where the factor
√

2.71 converts 1σ to 90% confidence level (C.L.), we obtain the P2
sensitivity curves in figures 2 to 6 for the variety of U(1)′ models under study.

As for the value of the weak mixing angle θW used in our numerical calculations, it is
precisely measured at the electroweak scale from Z pole observables, the W boson mass
and a variety of NC processes. In the global fitting of high-energy data, it is determined
to be s2

W = 0.23122 ± 0.00003 [1], which can be run down via the SM renormalization
group equations to lower energies [61, 62] and compared to the direct measurements of the
weak mixing angle at that low-energy scales [63]. In the numerical calculations, we have
fixed the value of s2

W to its expected central low-q2 value of 0.230± 0.00003. As shown in
eq. (2.10), in the SM the parity-violating asymmetry APV

SM in electron-proton scattering is
proportional to the factor of (1− 4s2

W ), therefore the uncertainty of APV
SM due to the error

bars ∆s2
W of s2

W goes like

∆APV
SM(e+ p) ∝ −4∆s2

W

1− 4s2
W

. (4.6)

For scattering with 12C, the SM APV depends linearly on the weak mixing angle, i.e.

∆APV
SM(e+12C) ∝ ∆s2

W

s2
W

. (4.7)

In the case of Z-Z ′ mixing, the new physics contributions to APV are also subject to the
weak mixing angle uncertainties, as implied in eqs. (3.9) to (3.12). They enter the result
in the form of ε∆s2

W or sin θ∆s2
W . In light of the small experimental uncertainties of s2

W ,
we neglect this higher-order effect in this paper.

Since the measurable APV is a single number, there is an unavoidable degeneracy
between new physics and a variation of s2

W . This could, however, be resolved by performing
the P2 measurements not only of the total asymmetry but of the angular distribution of the
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cross-sections over the whole range of scattering angle θf (see eq. (4.2)). In this way one
could perform measurements at different Q2, see eq. (4.1), which could for appropriate Z ′
masses break the degeneracy of the Weinberg angle with new physics contributions to the
asymmetry. Of course, measuring at two Q2 with the same amount of available beam-time
will cost precision. In case interesting departures from the expectation are found during
the run-time of the experiment, a trade-off between precision and new physics sensitivity
could be a possibility. We note that a measurement at large scattering angle is foreseen by
P2, in order to measure corrections from the proton structure to the measurement [13].

4.2 Current experimental limits

Before discussing our sensitivity results for P2, we briefly review the existing bounds
on Z ′ in each of the U(1)′ models considered in section 3, following the compilations
in, e.g. refs. [64–69]. Since the P2 experiment is based on electron-nucleon scattering,
bounds on electron and quark couplings should be taken into account. In addition, for
specific models, bounds on neutrino or muon couplings can also be used to constrain g′, ε,
and θ. In addition, gauge invariance links electron scattering to neutrino scattering.

Atomic parity violation. Precise low-energy measurements of APV have been
performed using atomic 133Cs [24–27], 205Tl [28, 29], 208Pb [30], 209Bi [31] and
100,102,104,106Yb [32], and the most precise ones are the 6S1/2 − 7S1/2 nuclear transi-
tion in 133Cs. To lowest order, the nuclear weak charge measured in APV is given by
QW = −NCs + ZCs(1 − 4s2

W ), with ZCs = 55 and NCs = 78 being the proton and neu-
tron numbers in 133Cs respectively. Combining calculation of the nuclear spin-independent
parity-violating electric dipole transition amplitude and the most accurate experimental
measurements [33, 48, 70, 71], we have the following SM predictions and experimental
values of QW (133Cs):

QSM
W (133Cs) = −73.23(1) , Qexp

W (133Cs) = −73.71(35) , (4.8)

which corresponds to an accuracy of 0.47% (0.77%) at the 1σ (90%) C.L., and can be used
to set limits on any new physics contributions to APV [2, 40, 72, 73]. In presence of the Z ′
boson, the 6S1/2 − 7S1/2 nuclear transition can be viewed as an electron-nucleus scattering
in the Cesium atom, and the calculation methods for proton and 12C can be applied directly
to the case of 133Cs, for instance eqs. (3.3), (3.13) and (3.16). For concreteness, we set
the energy scale of 133Cs experiments to be Q = 30MeV [73], and the resultant limits are
shown in figures 2 to 6 as the pink curves.

Beam dumps. Beam dump experiments such as E137 [74], E141 [75], E774 [76] and
Orsay [77] have searched for particles that could be produced in electron scattering off nuclei
in fixed targets and their subsequent decay to visible final states. In these experiments,
the production process is electron bremsstrahlung and the detection relies on Z ′ → e+e−

decay. Therefore the searches are sensitive to the electron coupling of a low-mass Z ′ in
the range of 1 to 100MeV. We use the package DARKCAST [65] to recast and combine the
bounds from these experiments.
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There was recently a search of eN → eNX at NA64, with the X boson decaying
invisibly [78]. The null result at this experiment (which is not yet incorporated in DARKCAST)
sets an upper bound on the effective coupling of X to electron, which can go up to the
order of 10−5 for a MeV-scale X boson mass and up to 10−2 if X is at the GeV-scale,
depending on the Lorentz structure of the couplings. When the NA64 limits in ref. [78]
are cast onto the chiral and non-chiral U(1)′ models in this paper, the corresponding limits
are expected to be the same order as that of the electron g− 2 limits or up to one order of
magnitude better (cf. figure 4 in ref. [78]), and are thus not shown in figures 2 to 6.

Collider searches. New Z ′ gauge bosons could be probed at colliders in several different
ways. For low-mass Z ′ at e+e− colliders, the mono-γ channel e+e− → γZ ′, followed by
decays Z ′ → e+e− or µ+µ− or into invisible states, is usually considered as the most restric-
tive one. Searches in these channels have been performed at BaBar [79, 80], NA48/2 [81],
KLOE [82] and LEP [83]. At hadron colliders, the Drell-Yan process pp → Z ′ → µ+µ−

or dijet, searched for by LHCb [84], ATLAS [85, 86], and CMS [87, 88], produces the
leading constraints on heavy Z ′ above the Z pole. Besides, the LEP data can also be
used to constrain four-lepton effective operators generated by heavy Z ′ [89]. We adopt
the ATLAS/CMS dijet limit from figure 3 in ref. [90]. Other collider bounds are obtained
using the DARKCAST package [65]. The LEP bounds in figures 2 and 6 (absent in figures 3
to 5 due to insignificance) are derived by fitting four-lepton effective operators to precision
measurements of e+e− → `+`− at LEP [89].1

Neutrino scattering. Elastic neutrino scattering data collected by CHARM II [92, 93],
LSND [94], Borexino [95], TEXONO [96] and COHERENT [97] are sensitive to a low-mass
Z ′ as it could mediate a t-channel process in ν + e− or ν +N scattering enhanced by the
low mass and low momentum transfer. According to studies in refs. [58, 73, 98, 99], we
select two of the most restrictive sets of data, CHARM II and TEXONO, and perform an
independent data fitting2 for the various models considered in this work. The neutrino
scattering bounds apply to most of the models except for U(1)R and U(1)B, in which left-
handed neutrinos νL are not charged under the new U(1). However, in the presence of
kinetic/mass mixing, these models could still be constrained by neutrino scattering.

Lepton anomalous magnetic moment. The muon and electron anomalous magnetic
moments are sensitive to generic neutral bosons coupled to them. The Z ′ contribution to
a` ≡ (g − 2)/2 can be evaluated by [100]:

∆a` = 1
8π2 (g′`εZ′)2

∫ 1

0

2x2(1− x)
(1− x)

(
1− xε2Z′

)
+ xε2Z′

dx , (4.9)

where εZ′ ≡ m`/mZ′ and ` = µ or e. The muon g−2 has a long-standing 3.7σ discrepancy
between the experimental and the calculated SM values [101], i.e.

∆aµ ≡ aexp
µ − aSM

µ = (27.9± 7.6)× 10−10 . (4.10)
1The LEP limits on flavored Z′ bosons can be found e.g. in ref. [91].
2Code is available from https://github.com/xunjiexu/Dark_Z.
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The electron g−2 had earlier seen a 2.4σ discrepancy in the opposite direction [102], based
on the comparison between the SM prediction [103] and a measurement of the fine-structure
constant using Cesium [104]:

∆aCs
e ≡ aexp (Cs)

e − aSM
e = (−8.7± 3.6)× 10−13 . (4.11)

However, a recent measurement of the fine-structure constant using Rubidium [105] has
pushed the discrepancy to a mere 1.6σ in the same direction as (g − 2)µ:

∆aRb
e ≡ aexp (Rb)

e − aSM
e = (4.8± 3.0)× 10−13 . (4.12)

Although this weakens the possibility of any new physics contribution to ∆ae, the Cs and
Rb measurements of α now disagree by more than 5σ, which makes this whole issue quite
murky. Here we take conservative bounds from (g − 2)µ and (g − 2)e by requiring that
∆a` does not exceed the experimental best-fit values given by eqs. (4.10) and (4.11) by 5σ.
These bounds are presented in figures 2 to 6 as green curves. Note that a Z ′ that couples
to electrons and muons with the same strength, as the case for the models studied here,
can not explain the muon g − 2 discrepancy [106].

Electroweak precision tests. Electroweak precision tests can also constrain Z ′ param-
eters. In figure 4 we present a constraint on ε taken from ref. [107]. In principle, similar
constraints are present for all the Z ′ models, but need to be evaluated model-by-model,
which is beyond the scope of our paper.

Loop-level meson and Z decay limits. The Z ′ boson in the U(1)′ model could induce
1-loop level flavor-changing neutral current (FCNC) meson decays such as B → K + Z ′

and K → π+Z ′. The corresponding partial decay widths are not only directly relevant to
the mass mZ′ , gauge coupling g′ (and also sin θ), but also depend subtly on the charges of
the SM fermions under the U(1)′. For the U(1)B−L case, all the SM mass and interaction
terms are invariant under the U(1)B−L gauge symmetry, and the widths Γ(K → πZ ′)
and Γ(B → KZ ′) can be found e.g. in refs. [40, 108], which go to zero in the mZ′ → 0
limit, as expected from angular momentum conservation. As for the other U(1)′ and
Z − Z ′ mixing models, the SM fermion couplings are explicitly chiral and so the fermion
mass terms are not invariant under the U(1)′ gauge transformations. This leads to loop-
level FCNC decays enhanced by the ratio M2/m2

Z′ for a very light Z ′, with M being the
corresponding energy scale (typically the electroweak scale) for these decays [109–111].
Similarly, one can also have the 1-loop level decay Υ→ γZ ′ which is enhanced by m2

b/m
2
Z′

when Z ′ is light [112–114]. Thus the searches of Υ → γ + inv. [115] and Υ → γ + X

with X → µ+µ− [116] can be used to set limits on these U(1)′ models. If kinematically
allowed, there is also the loop-level exotic Z decay Z → γZ ′. The searches of single photon
from Z decay [117, 118] and Z → γ`+`− [119–121] at the LEP can be used to constrain
the Z ′ bosons. However, these FCNC decay constraints become important only for sub-
MeV scale Z ′ bosons, and are not relevant for our P2 sensitivity analysis. Moreover, the
M2/m′2Z -enhanced bounds cannot be arbitrarily strong in the mZ′ → 0 limit and one has
to take the full momentum dependence into account in loop calculations.
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Astrophysical and cosmological limits. A sufficiently light Z ′ can also be constrained
by astrophysical limits such as from supernova 1987A [122, 123] and cosmological limits
such as from the big bang nucleosynthesis (BBN) [124, 125]. However, these limits mostly
lie outside the window of parameter space considered in figures 2 to 6. The BBN limits are
significant only for Z ′ masses below 10MeV, and the supernova limits apply additionally
only for small couplings, see e.g. ref. [126]. Moreover, the BBN bound depends on the
branching ratio of Z ′ → νν and Z ′ → e−e+. Thus these astrophysical and cosmological
limits are not relevant to the P2 prospects, and thus are not shown in figures 2 to 6.

4.3 P2 sensitivities

In this subsection, we derive the P2 sensitivities for the models considered in section 3 and
compare them with the current experimental constraints discussed above.

4.3.1 Chiral models

The P2 sensitivities for the three chiral U(1)′ models given in table 2 are shown in figure 2,
where the e + p sensitivities are shown as solid black lines, while the e+12C sensitivities
are in dashed black lines. All existing relevant limits discussed in section 4.2 are presented
in figure 2 as the shaded regions. Here we have assumed that there is no mass or kinetic
Z−Z ′ mixing. It is clear from figure 2 that the limits for the three chiral U(1)′ models are
rather similar: at low masses mZ′ . 100GeV, the strongest limits are mainly from APV
measurements (see below), beam-dump experiments, and from BaBar, NA48/2 and KLOE
and LHCb data. For the models U(1)′L and U(1)′X the limits from ν+ e scattering are also
important, while for U(1)′R the Z ′ boson does not couple directly to neutrinos (see table 2),
and as a result these are no neutrino scattering limits for the U(1)′R model. Suppressed by
the charged lepton masses (see eq. (4.9)), the electron and muon g− 2 limits are relatively
weaker for these chiral models (and also for all other models in this paper). When Z ′ is
heavier than the electroweak scale, the coupling g′ is constrained by the direct searches of
Z ′ in the LHC dijet data and the limits from the LEP e+e− → `+`− data.

Comparing the solid and dashed black lines in the upper panel of figure 2, we see that
the e+12C sensitivity for the U(1)′L model is more stringent than that from e+p scattering
by a factor of 1.4. This is mainly due to the enhancement of the effective coupling of Z ′
to the 12C nucleus with respect to the proton. In particular, following eqs. (3.4) and (3.5),
we have

Q′p = 1
2 , Q′12C = 12 for U(1)′L . (4.13)

Taking into account the two different factors for ∆APV/APV
SM in eq. (4.5), and the SM

predictions of APV
SM for proton and 12C in eqs. (2.10) and (2.11), one gets the enhancement

factor of 1.4. Similarly, as a result of

Q′p = 5
4 , Q′12C = 18 for U(1)′X , (4.14)

the e+ p and e+12C sensitivities for the U(1)′X model are almost the same, as can be seen
in the bottom panel of figure 2. For the U(1)′R model, due to the accidental cancellation of

Q′uL
+Q′uR

+Q′dL
+Q′dR

= 0 , (4.15)

we find that Q′12C = 0, and there is no e+12C sensitivity for the U(1)′R model.
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Figure 2. Sensitivities of the P2 experiment in e + p (solid black) and e+12C (dashed black)
scatterings to the gauge coupling g′ in three chiral U(1)′ models given in table 2. For simplicity we
have assumed here that there is no mass or kinetic Z-Z ′ mixing. The shaded regions are excluded
by APV measurements [24–27], beam-dump experiments [74–77], electron and muon g− 2 [1, 102],
BaBar [79, 80], NA48/2 [81], KLOE [82], LHCb [84], LEP e+e− → `+`− data [89] and the ATLAS
and CMS dijet data [90]. Note that, due to the cancellation of quantum numbers in eq. (3.5), the
P2 prospect in the e+12C channel is absent for the U(1)′R model (middle panel). See sections 4.2
and 4.3 for more details.
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models
mZ′ → 0 mZ′ →∞

e+ p e+12C e+ p e+12C

U(1)′L g′ < 1.7× 10−5 g′ < 1.2× 10−5 mZ′
g′ > 5.9TeV mZ′

g′ > 8.3TeV

U(1)′R g′ < 1.7× 10−5 − mZ′
g′ > 5.6TeV −

U(1)′X g′ < 1.5× 10−5 g′ < 1.5× 10−5 mZ′
g′ > 7.7TeV mZ′

g′ > 7.7TeV

U(1)′ (sin θ) sin θ < 1.7× 10−4 sin θ < 7.3× 10−5 sin θ < 0.13 sin θ < 0.07

U(1)′ (ε) ε < 0.05 ε < 0.07 mZ′
ε > 350GeV mZ′

ε > 600GeV

U(1)B (0.01) sin θ < 9× 10−5 sin θ < 9× 10−5 sin θ < 0.13 sin θ < 0.07

U(1)B (1) sin θ < 1.1× 10−5 sin θ < 1.2× 10−5 sin θ < 0.13 sin θ < 0.07

U(1)B (10) sin θ < 3.7× 10−6 sin θ < 4.1× 10−6 sin θ < 0.13 sin θ < 0.07

U(1)B−L (0.01) sin θ < 2.9× 10−4 sin θ < 6.9× 10−5 sin θ < 0.13 sin θ < 0.07

U(1)B−L (1) sin θ < 2× 10−5 sin θ < 2× 10−5 sin θ < 0.13 sin θ < 0.07

U(1)B−L (10) sin θ < 6× 10−6 sin θ < 6.5× 10−6 sin θ < 0.13 sin θ < 0.07

Table 3. P2 sensitivities for the chiral and non-chiral models shown in figures 2 to 6 in the limits of
mZ′ → 0 and mZ′ →∞. “U(1) (sin θ, ε)” refers to the generic U(1)′ model with only mass mixing
sin θ or kinetic mixing ε. The numbers in the parentheses for the U(1)B and U(1)B−L models are
the values of g′/ sin θ. Note that for the U(1)′R model there is no sensitivity in the e+12C scattering
mode due to an accidental cancellation (cf. eq. (4.15)).

For masses mZ′ . 100MeV, the P2 sensitivities are almost independent of the Z ′ mass,
which correspond to the plateau in the three panels of figure 2. This is also true for the
other models considered here (see figures 3 to 6). In the high mZ′ limit, i.e. mZ′ →∞, we
can safely neglect the momentum transfer Q2, and the P2 experiment can probe an effective
ultraviolet (UV) cutoff scale of Λ = mZ′/g′ at the few-TeV scale. All the P2 sensitivities
in the limits of mZ′ → 0 and mZ′ →∞ for the three chiral models are collected in table 3.

The low-energy nuclear transition in 133Cs is essentially equivalent to electron-nucleus
scattering, thus for all our cases the properties of the APV limits are very similar to those
for the P2 prospects. Comparing the 133Cs atom in the most precise APV measurement
with 12C in P2, the differences lie mainly in the following factors: the nuclear weak charges,
the effective couplings of Z ′ to nuclei and the energy scale Q. Taking the U(1)′L model as
an explicit example, the coupling of Z ′ to 133Cs is

Q′133Cs = 1
2
(
266Q′uL

+ 266Q′uR
+ 211Q′dL

+ 211Q′dR

)
= 263

2 . (4.16)

Following eq. (3.3), the resulting parity violation for the atom X with respect to the SM
value is proportional to

∆APV(X)
APV

SM
∝ Q−2 Q′X

QW (X)
Q2

Q2 +m2
Z′
. (4.17)
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models mode mZ′ ranges g′ ranges

U(1)′L
e+ p − −

e+12C
[100MeV, 200MeV]

[70GeV, 600GeV]

[5TeV, 90TeV]

[2.0× 10−5, 3.3× 10−5]

[0.01, 0.09]

[0.70, 4π]

U(1)′R e+ p

[20MeV, 200MeV]

[70GeV, 600GeV]

[5TeV, 70TeV]

[1.7× 10−5, 4.0× 10−5]

[0.012, 0.1]

[0.9, 4π]

U(1)′X
e+ p

[93MeV, 430MeV]

[70GeV, 700GeV]

[5TeV, 79TeV]

[2.0× 10−5, 7.5× 10−5]

[0.01, 0.11]

[0.8, 4π]

e+12C
[93MeV, 430MeV]

[70GeV, 700GeV]

[5TeV, 79TeV]

[2.0× 10−5, 7.5× 10−5]

[0.01, 0.11]

[0.8, 4π]

Table 4. Ranges of mZ′ and g′ where P2 will be able to improve current limits for chiral U(1)′
models. This table is a summary of figure 2. The columns of U(1)′L in the e + p mode are void
because P2 does not have sensitivity beyond existing APV limits.

In the limit of mZ′ � Q, we can neglect the last factor in the equation above, and compare
the APV sensitivities in 133Cs and the P2 prospects using 12C:

∆APV(133Cs)/APV
SM(133Cs)

∆APV(12C)/APV
SM(12C)

(mZ′ � Q) =
(
QP2
QAPV

)2 Q′133Cs/QW (133Cs)
Q′12C/QW (12C)

'
(93 MeV

30 MeV

)2 (−1.78
−2.17

)
. (4.18)

Taking into account the difference of the APV accuracy (0.77%) and the P2 precision in
12C (0.49%), eq. (4.18) implies that for the U(1)′ model at low energies mZ′ � Q, the APV
limit on g′ is more stringent than the P2 prospect using 12C by a factor of

(0.49%
0.77%

)1/2 (93 MeV
30 MeV

)(−1.78
−2.17

)1/2
' 2.24 . (4.19)

In the limit of mZ′ � Q, the last factor in eq. (4.17) can be simplified to Q2/mZ′ and
any momentum dependence cancels. In this case the comparison of APV and P2 with the
target 12C is determined only by the coupling factors Q′N and QW , i.e.

∆APV(133Cs)/APV
SM(133Cs)

∆APV(12C)/APV
SM(12C)

(mZ′ � Q) =
Q′133Cs/QW (133Cs)
Q′12C/QW (12C) '

(−1.78
−2.17

)
, (4.20)
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and the APV limit on g′ is weaker than the P2 prospect with 12C by a factor of(0.49%
0.77%

)1/2 (−1.78
−2.17

)1/2
' 0.73 , (4.21)

as shown in the upper panel of figure 2. In a similar way, one can compare the APV limits
with the P2 sensitivities for the proton target for the U(1)′ models. It turns out that for
the U(1)′L model the APV constraint is almost the same as that for the P2 prospect with
the proton target in the limit of large mZ′ . For the U(1)′R model, the APV limit is slightly
weaker than the P2 sensitivity with protons for all values of mZ′ . For the U(1)′X model
the APV limits exclude the P2 prospects at the low mass range of mZ′ , and are slightly
weaker than the P2 sensitivities for both proton and 12C when the Z ′ mass is large.

The P2 sensitivities in the lower mass range have also been precluded partially by the
beam-dump experiments, NA62, Na48/2 and KLOE experiments, and in the high mass
range partially by the LHC dijet data. However, even if all these constraints are taken into
consideration, there is still some parameter space in the mZ′-g′ plane that can be probed at
the P2 experiment, which is collected in table 4. Note that the P2 prospects for the U(1)′L
model in the proton mode have been precluded by the APV limits. Depending on the U(1)′
model, Z ′ boson masses can be probed down to roughly 20MeV, and the coupling g′ can be
probed down to the order of 10−5. In the high Z ′ mass end, if the gauge coupling is fixed
at the perturbative limit of 4π, the P2 experiment can reach Z ′ masses up to 70TeV and
79TeV for the chiral U(1)′R and U(1)′X models respectively in e + p scattering, and up to
90TeV and 79TeV for the U(1)′L and U(1)′X models in e+12C mode. The P2 sensitivities
of heavy Z ′ bosons are largely complementary to the direct searches at the LHC and future
higher energy colliders.

4.3.2 Non-chiral models

For the generic non-chiral U(1)′ model with Z-Z ′ mass mixing, the P2 sensitivities and
corresponding existing limits are shown in figure 3 for the simplest case of g′Q′ = 0. This
corresponds to the cases of negligibly small couplings (g′/ sin θ � 1) or no SM fermions car-
rying U(1)′ charges (known as the secluded Z ′ model). The limits from LEP e+e− → `+`−

data are very weak and thus are not shown in figure 3. The P2 sensitivity for this model is
given in eq. (3.13). As in figure 2, for mZ′ . 100MeV, the P2 sensitivities are almost in-
dependent of mZ′ . In the mass range 100 MeV . mZ′ . mZ , the factor in the parentheses
of eq. (3.13) can be simplified to be

m2
Z

m2
Z′ +Q2 − 1 ' m2

Z

m2
Z′
. (4.22)

Therefore, in this mass range P2 excludes an effective cutoff scale Λ = mZ′/ sin θ, which is
560GeV and 1.1TeV for the e + p and e+12C scattering, respectively. The P2 sensitivity
vanishes when the Z ′ mass is close to mZ . When mZ′ > mZ , the factor in eq. (4.22)
changes its sign, and approaches the value −1 in the limit of mZ′ � mZ . As a result, the
P2 sensitivities are constant in the heavy Z ′ limits, which are respectively sin θ < 0.13 and
0.07 for e+ p and e+12C scattering.
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Figure 3. Sensitivity of the P2 experiment to the generic U(1)′ model with only mass mixing sin θ
and in the limit of g′Q′ = 0. The notation is the same as in figure 2.
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Figure 4. Sensitivity of the P2 experiment to the generic U(1)′ model with only kinetic mixing ε
and in the limit of g′Q′ = 0. The notation is the same as in figure 2.
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models mode mZ′ ranges sin θ or ε ranges

U(1)′ (sin θ)
e+ p − −

e+12C
[110MeV, 200MeV]

(> 70GeV)
[1.1× 10−4, 1.9× 10−4]

[0.07, 0.15]

U(1)′ (ε)
e+ p − −

e+12C − −

U(1)B (0.01)
e+ p

[120MeV, 200MeV]
[70GeV, 100GeV]

[1.4× 10−4, 2.3× 10−4]
[0.08, 0.20]

e+12C
[120MeV, 200MeV]

(> 70GeV)
[1.4× 10−4, 2.3× 10−4]

[0.07, 0.13]

U(1)B (1)
e+ p

[70MeV, 10GeV]
[70GeV, 500GeV]

[1.2× 10−5, 1.2× 10−3]
[8× 10−3, 0.06]

e+12C
[83MeV, 10GeV]
[70GeV, 650GeV]

(> 2.3TeV)

[1.4× 10−5, 1.3× 10−3]
[9× 10−3, 0.055]

[0.067, 0.07]

U(1)B (10)
e+ p [70MeV, 305GeV] [4.0× 10−6, 0.012]

e+12C
[83MeV, 305GeV]

(> 5TeV)
[4.2× 10−6, 0.012]

[0.067, 0.07]

U(1)B−L (0.01)
e+ p [90GeV, 110GeV] [0.17, 0.19]

e+12C
[110MeV, 560MeV]

(> 70GeV)
[1× 10−4, 5.0× 10−4]

[0.07, 0.2]

U(1)B−L (1)
e+ p

[80MeV, 600MeV]
[70GeV, 620GeV]

[2.4× 10−5, 1.2× 10−4]
[0.013, 0.1]

e+12C
[80MeV, 600MeV]
[70GeV, 260GeV]

(> 400GeV)

[2.4× 10−5, 1.2× 10−4]
[0.013, 0.18]

U(1)B−L (10)
e+ p

[70MeV, 200MeV]
[70GeV, 420GeV]

[7.0× 10−6, 1.4× 10−5]
[4.3× 10−3, 0.028]

e+12C
[83MeV, 600MeV]
[70GeV, 420GeV]

[9.0× 10−6, 1.5× 10−5]
[4.5× 10−3, 0.032]

Table 5. Similar to table 4 except for non-chiral U(1)′ models, summarized from figures 3 to 6.
The columns of U(1)′ (sin θ) in the e + p mode and U(1)′ (ε) for all models are void because P2
does not have better sensitivities than the existing limits.
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Similar to the chiral models, the APV limits in the generic U(1)′ model have the same
features as those for the P2 prospects. In the limit of mZ′ � Q, eq. (3.13) implies that the
new physics contributions to APV is mostly determined by the energy scale Q, i.e.

∆APV(133Cs)/APV
SM(133Cs)

∆APV(12C)/APV
SM(12C)

(mZ′ � Q) =
(93 MeV

30 MeV

)2
, (4.23)

and the resulting APV limit is stronger than the P2 prospect in e+12C scattering by a
factor of (0.49%

0.77%

)1/2 (93 MeV
30 MeV

)
' 2.47 . (4.24)

In the limit of mZ′ � Q, comparison of the APV limits and the P2 prospects will be
only dictated by the accuracies, i.e. the APV limit is weaker than the P2 sensitivity for
e+12C by a factor of

√
0.49%/0.77% ' 0.80. As shown in figure 3, the APV constraints

have excluded P2 sensitivities for e+ p scattering. The limit from ν + e scattering has the
same feature in the high Z ′ mass range, and can go to masses beyond the ones from direct
LHC searches, as shown in figure 3. However, the P2 experiment can exceed the neutrino
scattering limits. The resultant P2 ranges of mZ′ and sin θ are collected in table 5.

The P2 sensitivities for the most generic U(1)′ model with a kinetic mixing of Z ′
with the SM Z boson and with g′Q′ = 0, as well as the corresponding existing limits, are
presented in figure 4. As shown in this figure, the P2 sensitivities for this case are not as
competitive as others. This is because Z ′ with a sizable kinetic mixing is more photon-
like when mZ′ decreases. In particular, based on the couplings in table 1, in the limit of
mZ′ → 0,

g′eL
− g′eR

∝ m2
Z′

m2
Z

→ 0 . (4.25)

In fact, all the g′f couplings are proportional to the electric charge of f in this limit, which
implies that Z ′ would not mediate parity-violating processes. In this case, ε is mainly
constrained by the modification of Z couplings. As a result of the enhancement of ∆APV

due to the (1 − rm) factor in the denominator of eqs. (3.14) and (3.15), there are dips at
the Z mass. However, the P2 sensitivities at the high Z ′ mass range are still precluded by
the electroweak precision data.

The P2 sensitivities for the U(1)B model with Z-Z ′ mass mixing and three values of
g′/ sin θ = 0.01, 1 and 10 are shown respectively in the upper, middle and lower panels of
figure 5. The master formula for ∆APV is given in eq. (3.16). For the three benchmark
values, the R ratio is respectively 1.96, 196 and 1960 for e+ p scattering, and −0.34, −34
and −340 for e+12C scattering. Generally speaking, when the Z ′ mass is small such that
m2
Z & m2

Z′ + Q2, the P2 sensitivities of sin θ can be significantly improved by a factor of√
1 +R. For sufficiently large mZ′ , i.e.

mZ′ =
√

1 +RmZ , (4.26)

the two terms in eq. (3.16) cancel each other for all three values of g′ in e + p scattering,
which turns out to happen respectively at

mZ′ = 1.72mZ [157 GeV] , 14.1mZ′ [1.28 TeV] , 44.3mZ′ [4.03 TeV] , (4.27)
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Figure 5. Sensitivity of the P2 experiment to the chiral U(1)B model with mass mixing sin θ and
the three values of g′/ sin θ = 0.01 (upper), 1 (middle) and 10 (lower). The notations are the same
as in figure 2.
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as indicated by the solid black peaks in figure 5. For the case of g′/ sin θ = 0.01 in e+12C
scattering, the cancellation happens at

mZ′ = 0.81mZ [74 GeV] , (4.28)

as shown by the peak of the dashed black line in the upper panel of figure 5. For the two
cases of g′/ sin θ = 1 and 10 in e+12C scattering, the factor R is below −1 and there is
no cancellation between the two terms in eq. (3.16). Therefore there are no peaks for the
dashed curves in the middle and lower panels of figure 5. In the limit ofmZ′ �

√
1 +RmZ ,

the first term in the bracket of eq. (3.16) can be neglected, and the P2 sensitivity to sin θ
approaches a constant value, which is the same as in figure 3. For the case of g′/ sin θ = 0.01,
the current limits on the mass mixing angle sin θ in the upper panel of figure 5 are almost
the same as in figure 3, while the limits for the cases of g/ sin θ = 1 and 10 with larger
gauge couplings tend to be more stringent, as presented in the middle and lower panels of
figure 5. In light of all the limits, the ranges of mZ′ and sin θ that can be probed at P2 for
the U(1)B model are collected in table 5.

The U(1)B−L model with Z-Z ′ mass mixing is quite similar to the U(1)B model, and
the corresponding P2 sensitivities and current limits are presented in figure 6, with the
three benchmark values of g′/ sin θ = 0.01, 1 and 10 respectively in the upper, middle and
lower panels. The key difference between the U(1)B and U(1)B−L models is the R factor
relation in eq. (3.19). As a result, for e + p scattering in the U(1)B−L model, we have a
disappearing P2 sensitivity only at

mZ′ = 0.57mZ [51 GeV] (4.29)

for g′/ sin θ = 0.01, while for larger g′ = 1 and 10 the factor R is below −1 and there is no
peak. Regarding e+12C scattering, P2 looses sensitivity at the following Z ′ masses:

mZ′ = 1.06mZ [96 GeV] , 3.57mZ′ [325 GeV] , 10.9mZ′ [990 GeV] (4.30)

for the three values of g′/ sin θ = 0.01, 1 and 10, respectively. The P2 sensitivities of mZ′

and sin θ are also summarized in table 5.
For the U(1)B and U(1)B−L models, the couplings of the Z ′ boson to proton and 12C

receive contributions from the direct coupling and the Z-Z ′ mixing, which are proportional
to g′ and sin θ, respectively. When the gauge coupling g′ is sufficiently large, the couplings
of Z ′ to proton and 12C will be dominated by the direct coupling g′, which is different from
the pure Z-Z ′ mass mixing case in figure 3. On the other hand, for sufficiently large g′
and light Z ′, the new physics contribution to the asymmetry will be proportional to the
R factor, i.e. ∆APV ∝ R in eq. (3.16). Taking into account the different factors for proton
and 12C in eq. (4.5), for the cases of g′/ sin θ = 0.01, 1 and 10 for U(1)B and the cases of
g′/ sin θ = 1 and 10 for U(1)B−L, the P2 sensitivities for low mZ′ are accidentally roughly
the same for proton and 12C, as shown in figures 5 and 6.

5 Conclusion

With longitudinally polarized electron scattering off proton and 12C, the P2 experiment
can perform a measurement of the parity-violating asymmetry APV at the unprecedented
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Figure 6. Similar to figure 5 but for the U(1)B−L model.
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precision of below per cent level, which would result in a precision of 3.3 × 10−4 for the
weak mixing angle sW at sub-GeV scales. Such high-precision measurements have excellent
sensitivities to potential BSM physics, as we have illustrated in this paper, taking as a case
study arguably the most straightforward scenario: new Z ′ bosons. We assumed chiral and
non-chiral U(1)′ models, for the latter case assuming kinetic or mass Z-Z ′ mixing. For
the chiral case, where the Z ′ couplings to left- and right-handed fermions are different, we
adopt three U(1)′ models, i.e. the U(1)′L, U(1)′R and U(1)′X models given in table 2. For
the non-chiral models, we first consider a generic U(1)′ model with either mass (sin θ) or
kinetic (ε) mixing of Z ′ with the Z boson and setting g′ to zero, and then generalize to
the U(1)B and U(1)B−L models with three different benchmark values of g′/ sin θ = 0.01,
1 and 10.

For all chiral and non-chiral models, the leading-order new physics contributions are
dominated by the interference terms of the BSM diagrams with the SM terms, i.e. terms
proportional to the gauge couplings g′2, the mass mixing angle sin2 θ or the kinetic mixing
parameter ε2. The P2 sensitivities for these U(1)′ models, as well as the current limits, are
presented in figures 2 to 6. Let us summarize our main results from these figures:

• It is a general feature that when the Z ′ mass is smaller than the energy scale
Q ' 93MeV of the P2 experiment, i.e. mZ′ . Q, the P2 sensitivities will be in-
dependent of the Z ′ mass, as shown in the second and third columns of table 3.
However, the P2 prospects in the low Z ′ mass range are mostly precluded by the
beam-dump experiments, and some are also limited by APV measurements, neutrino
scattering data, electron and muon g − 2, and electroweak precision data.

• In the large Z ′ mass limit, for the chiral U(1)′ models and the kinetic mixing case
of non-chiral models, the P2 sensitivities are proportional to g′/mZ′ or ε/mZ′ . In
other words, the P2 experiment can probe effectively a UV cutoff scale Λ = mZ′/g′

or Λ = mZ′/ε. For the chiral models, the P2 experiment has sensitivities to a Z ′

mass up to 79TeV in the proton mode and up to 90TeV in 12C mode, assuming
the perturbative gauge coupling limit of g′ = 4π, as shown in table 4. For the case
of mass mixing sin θ in non-chiral models, when the Z ′ boson is very heavy, say
mZ′ &

√
1 +RmZ , the first term in the bracket of eq. (3.13) or (3.16) will be highly

suppressed, and the P2 prospects for sin θ will be independent of the Z ′ mass, which
is very different from the cases above. The P2 sensitivities in the limit of heavy Z ′
bosons are collected in the fourth and fifth columns of table 3.

One can see that for most of the cases in this paper, i.e. the three chiral models,
generic U(1)′ with mass mixing (sin θ), the U(1)B model, and the U(1)B−L model
with g′/ sin θ = 0.01 and 1, the P2 experiment can probe a high UV scale Λ or a mass
mixing angle sin θ that is currently not constrained and even goes beyond the direct
search limits from LHC, in particular for e+12C scattering for most of the models.
It is promising that a superheavy Z ′ boson can be directly searched for at future
100TeV colliders [127, 128], which is largely complementary to the prospects at the
high-precision P2 experiment. The P2 prospects for a heavy Z ′ boson in the kinetic
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mixing U(1)′ model is precluded by electroweak precision data, while the U(1)B−L
model with a large gauge coupling g′/ sin θ is excluded by neutrino scattering data
for a heavy Z ′ boson.

• One may wonder whether the P2 experiment running with a 12C target could have
significantly improved sensitivity to new physics compared to that with a proton
target. From figures 2 to 6, we can see that this is rather model-dependent, subject
to the quantum numbers of SM fermions under the U(1)′ gauge group for the chi-
ral U(1)′ model, and depending on the gauge coupling g′ for the non-chiral models.
For the U(1)′R model, there is no sensitivity with the 12C target, which is due to an
accidental cancellation of the quantum numbers in eq. (3.5). For the U(1)′L model,
the 12C target can improve the sensitivity from the proton target by a factor of 1.4,
whereas for the U(1)′X model the prospects at proton and 12C targets are roughly
the same. For non-chiral models, the 12C target does exhibit better sensitivity when
g′ is small; see figures 3, 5 and 6. In the limit of g′ = 0, as shown in figures 3, this
improvement can reach a factor of 2.
In any case, the comparison of electron-proton and electron-12C scatterings can obvi-
ously help in distinguishing models. Comparing further with the parity asymmetry in
polarized electron-electron (Møller) scattering provides further handle on identifying
the underlying physics [7].

• The nuclear 6S1/2 − 7S1/2 transition in 133Cs provides stringent limits on the chi-
ral and non-chiral models which are comparable to the P2 prospects. Depending
on model details, the P2 experiment can achieve better sensitivities than the APV
measurements, in particular if the Z ′ boson is relatively heavy.

Taking into account all relevant existing constraints, we find that P2 can probe a broad
range of mZ′ in the U(1)′ models considered in this paper, which are collected in table 4
for chiral models and table 5 for non-chiral models.

One should note that the specific U(1)′ models considered here are only for illustration
purposes, and the analysis in this paper can be easily generalized to other U(1)′ models, by
taking different choices of the quantum numbers x and y in eq. (3.1), or to flavor-sensitive
scenarios such as the Lµ − Lτ model.
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A The contribution of the axial-vector coupling

In this appendix we show that the effect of gA (and g′A) is suppressed by a factor of
Ee/mN (which in P2 is about 0.16 for electron-proton scattering, and 0.013 for electron-
12C scattering) compared to the leading-order contribution to APV from gV (and g′V ). To
evaluate the contributions of gA and g′A, we first write down the full amplitude:

iML,R ∝
[
u3γ

µPL,Ru1
][
u4γµu2

]−e2

q2

+
[
u3γ

µPL,RgL,Ru1
] [
u4γµ

(
gV + gAγ

5
)
u2
] 1
q2 −m2

Z

+
[
u3γ

µPL,Rg
′
L,Ru1

] [
u4γµ

(
g′V + g′Aγ

5
)
u2
] 1
q2 −m2

Z′
. (A.1)

Hence eq. (2.4) is modified to

iML,R ∝
[
u3γ

µPL,Ru1
] [
u4γµ(GL,R +GAγ

5)u2
]
, (A.2)

where
GA = gL,RgA

q2 −m2
Z

+
g′L,Rg

′
A

q2 −m2
Z′
. (A.3)

Applying the standard trace technology, we obtain:

|ML,R|2 ∝ G2
L,R

(
2− 2y − 4r2y − r2

1 + 4r2
2y

2
)
− 8GL,RGA (1− r2y) r2y

+G2
A

(
2 + 2y − 4r2y + r2

1 + 4r2
2y

2
)
, (A.4)

where r1 ≡ me/Ee ≈ 3 × 10−3, r2 ≡ Ee/mN ≈ 0.16 (for e + p scattering) or 0.013 (for
e + 12C scattering), and y ≡ −q2/4E2

e ≈ 0.09. The second term in eq. (A.4) proportional
to GA implies that the axial-vector contribution is suppressed by r2y. The third term
proportional to G2

A, though not suppressed, cancels in |MR|2 − |ML|2.
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