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The P2 experiment aims at high-precision measurements of the parity-violating asymmetry in elastic

electron-proton and electron-'2C scatterings with longitudinally polarized electrons. We discuss here the

sensitivity of P2 to leptoquarks, which within the P2 energy range can be described in the language of
Standard Model effective field theory (SMEFT). We give the expected P2 limits on the SMEFT operators
and on the leptoquark parameters, which will test energy scales up to 15 TeV. In many cases those limits

exceed current constraints from LHC and atomic parity violation (APV) experiments. We also demonstrate
that degeneracies of different SMEFT operators can partially be resolved by use of APV experiments and
different targets (protons and '’C) at P2. Moreover, we show that P2 could confirm or resolve potential

tensions between the theoretical and experimental determinations of the weak charge of '33Cs.

DOI: 10.1103/PhysRevD.105.095016

I. INTRODUCTION

Leptoquarks are colored scalar or vector particles that
couple to the quarks and leptons of the Standard Model
(SM), see Ref. [1] for a review. They arise in many theories
beyond the SM, including grand unified theories [2-9],
string and M-theories [10], R-parity-violating supersym-
metry [11] and radiative neutrino mass models [12—16].
They are frequently used candidates to explain the current
anomalies in the muon anomalous magnetic moment and in
semileptonic B-decays [17-65]; see Ref. [66] for a review.
In general, the quantum numbers of leptoquarks are
governed by the quantum numbers of SM particles
involved [67]. As the SM is a chiral theory, hence violates
parity, leptoquarks can be expected to influence measurable
parity violation. More generally, parity-violating inter-
actions at low-energy scales from new physics at large
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mass scales can be described by operators of SM effective
field theory (SMEFT) [68,69].

In this paper we focus on the P2 experiment, which will
measure the parity-asymmetry in elastic electron-proton or
electron-'>C scatterings at the upcoming Mainz Energy-
recovering Superconducting Accelerator (MESA) facility
[70]. The crucial observable is the parity violating cross
section asymmetry (6, — o)/ (o, + o) for the scattering
of longitudinally polarized electrons off the targets. The
expectation is that the SM parity asymmetry can be
measured with 1.4% (0.3%) relative uncertainty for a
proton (!*C) target, which can be used to constrain beyond
SM contributions [70,71]. Our goal in this paper is to use
these expected values to set prospective limits on SMEFT
coefficients and leptoquark masses and couplings to first-
generation SM fermions.

As the momentum exchange relevant for P2 is less than
100 MeV [70] which is very small compared to the allowed
mass of leptoquarks, one can approximate their interactions
in terms of effective SMEFT operators. Hence, we start by
obtaining the prospective limits on relevant SMEFT oper-
ators in Table IIT and Table IV, which can be translated into
constraints on specific models inducing these operators, as
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Expected 95% CL exclusion limits from P2 for scalar leptoquarks assuming one coupling to dominate, compared to existing

bounds from APV [72] and the LHC limits from pair production (PP) [73,74], dilepton [75] and single resonant production (SRP) [76]
channels. The constant ratios myq/g.q from P2, APV and ATLAS-Dilepton correspond to the entries of Table V.

shown in Table V. Subsequently, we use the identification
with SMEFT operators to map out expected bounds on
leptoquark parameters. We confront those leptoquark
bounds with current constraints, most notably from atomic
parity violation (APV) using '33Cs [72] and from lepto-
quark production at the LHC in the pair-production [73,74],
Drell-Yan [75] and single resonant production [76]

channels. As we will show in Figs. 1 and 2, in many cases
the P2 limits will supersede current constraints, if the mass
of the leptoquark exceeds roughly 2 TeV. We also confirm
that certain SMEFT operators lead to an indistinguishable
effect in a given observable. In this case one can partially
resolve this degeneracy by taking advantage of the fact that
different observables use different amounts of up- and
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FIG. 2. Expected 95% CL exclusion limits from P2 for vector leptoquarks assuming one coupling to dominate, compared to existing
bounds from APV [72] and the LHC limits from pair production (PP) [73,74], dilepton [75] and single resonant production (SRP) [76]
channels. The constant ratios n;q/grq from P2, APV and ATLAS-Dilepton correspond to the entries of Table V.

down-quarks in the target material, as illustrated in Fig. 3.
We therefore stress the complementarity of using protons
and '*C at P2, as well as '**Cs in APV to better disentangle
up- and down-quark interactions.

We note that there have been a number of studies on
low-energy parity violating effects of new physics [77-84]

and in particular on the P2 sensitivity to new physics
[71,85]. While Ref. [71] focuses on low-mass gauge
bosons and Ref. [85] considers broadly a variety of
constraints from low-energy observables to collider
searches, this work presents a dedicated study on the
P2 sensitivity to new physics that can be handled via the
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Expected exclusion limits from P2 considering two SMEFT coefficients at a time, compared with existing measurement from

APV [72]. The SM expectation is marked by an asterisk and the best fit to APV is shown as a dark green line. The EFT scale A is set to

1 TeV.

SMEFT, with an application to the leptoquark scenario.
Our main new observation is the importance of using '°C
target to break the degeneracy between up- and down-
quark couplings.

The rest of the paper is organized as follows. In Sec. 11
we lay out the formalism of SMEFT operators and
leptoquarks with focus on parity violation in the first
generation. In Sec. III we map the fundamental quark-
level couplings to nucleon and nucleus couplings, calcu-
late the parity asymmetry and set limits on SMEFT energy
scales and leptoquark masses. Section IV compares
those limits to current ones from APV and LHC. The
advantage of using different targets is illustrated in Sec. V
by taking two effective couplings at a time. Our con-
clusions are presented in Sec. VI. Mapping of the SMEFT
coefficients to the flavor basis is done in Appendix A, and
the parametrization of the form factors is presented in
Appendix B.

II. HIGH-ENERGY ORIGINS OF PARITY
VIOLATION IN ELECTRON-HADRON
SCATTERING

New physics at large mass scales may lead to deviations
from the expected parity violation at scattering experi-
ments. In this section, we describe two frequently inves-
tigated scenarios of new physics. The first is the model-
independent approach of parametrizing new physics as
effective operators in the SMEFT. The second approach is
considering minimal scenarios of leptoquarks as explicit
particle extensions of the SM.

A. Standard Model effective field theory

If one considers new physics at some high mass scale
A > my, a suitable framework to encode different possible
effects at energies well below that scale is given by effective
field theories. For the SM it is convenient to apply SMEFT
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[86]. Besides the SM Lagrangian, this effective theory
consists of a series of nonrenormalizable operators of
higher mass-dimension d > 5, such that we can write

Legr = £SM+ZZﬁCiOEn)v (1)

i n>5

where C; denotes the dimensionless Wilson coefficient
of the operator O; defined, e.g., in Refs. [68,69]. Operators
of dimension 4 + n are suppressed by respective factors of
A7". This expansion is supposed to be applicable at
interaction energies g°> < A%, while new particles associ-
ated with A may only be produced on-shell at much higher
energy scales.

The SMEFT operators of lowest dimension giving rise
to eeuu or eedd interactions relevant at the P2 experiment
are, in the usual terminology [69], the parity-violating
operators' O11)> O143)> Otu> Otas Oges Oy Oeq, and the
parity-conserving operators Ojeqq, Opegui)s and Opegy(3)-
Starting with the parity-violating operators the effective
Lagrangian can be written as

Lpy = % Z Z (er,Pxe)

f=u.dX=L.R
X [CXVf'(]Y”f) + CXAf(J_CY”VSf)]» (2)

where e, u, and d denote electron, up quark, and down
quark mass eigenstates. The chirality projectors are given
by Prr = % (1 F y5). The coefficients Cxyy are related to
the coefficients of SMEFT operators in the mass basis via

1
CLVu = 5 (Clq(l) - Clq(3) + Clu)? (321)
1
Crva = 3 (Cig(y + Cig3) + Cua), (3b)
1
Crauw = 5 (=Ciq1) + Cig3) + Cra), (3¢c)
1
Crag = 3 (=Ciq1y = Cig3) + Cra), (3d)
1
CRVu = E (qu + Ceu>’ (36)
1
Crva = ) (Cge + Cea), (3f)
1
Cray = 5 (_qu + Ceu)’ (3g)

'Other works on the parity-violating operators can be found,
e.g., in Refs. [87,88].

TABLE 1. Leptoquarks along with their quantum numbers
investigated in this work. We use the convention where electric
charge Q = I5 + Y with weak isospin component /5 and hyper-
charge Y; F =3B + L denotes fermion number, with baryon
number B and lepton number L.

F=3B+L Spin SUQ3). SU2), U(l),

S 2 0 3 1 -1/3
5, 2 0 3 1 -4/3
S; 2 0 3 3 -1/3
v, 2 1 3 2 -5/6
V, 2 1 3 2 1/6
R, 0 0 3 2 7/6
R, 0 0 3 2 1/6
U, 0 1 3 1 2/3
U, 0 1 3 1 5/3
Us 0 1 3 3 2/3

1
Craa = ) (=Cye + Cea)s (3h)

where first-generation indices eell are implied. For a
mapping to the flavor basis, see Appendix A. The parity-
conserving scalar and tensor interactions read

Lpc = % > (2PLe)[Csy(FF) + Cop(FrS)]

f=ud
+ (éJMDPLe)[CTfJ_CG”UPLf] + H.C., (4)

with the mass-basis coefficients

1

CSu = CPu - 2Clequ(1)v (Sa)
1

CSd = _CPd = zcledq’ (Sb)

Cru= _Clequ(S)’ (50)

CTd - O (Sd)

We have checked that these definitions are consistent
with previous investigations of parity violation from
SMEFT [88]. Since (pseudo)scalar and tensor interactions
are parity-conserving, the P2 sensitivity of these inter-
actions is poor compared to other probes. For this reason
we focus on the parity-violating vector and axial vector
interactions.

B. Leptoquarks

Leptoquarks are hypothetical scalar or vector particles
which generically contribute to parity-violating inter-
actions. In this work we follow the naming convention
of Ref. [67] and consider all leptoquarks which can give
rise to effective quark-electron interactions. These are
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listed, along with their quantum numbers, in Table I. For
convenience, we write all of them as fundamental repre-
sentations of SU(3)c.

The contributions to the parity-violating SMEFT oper-
ators from integrating out heavy leptoquarks read

1 3 1 3
Clq(l):_Z|S1L|2—Z\S3|2+§|”1L|2+§|”3|2, (6a)
1 » Lo, 1 » 1o
Clq(3):+Z|SIL| —Z|S3‘ +§|’41L\ —§|“3 ., (6b)
1 -
Ceu = _5|S1R|2 + ‘ul 2’ (6C)
I
Coa = ) 5117 + 1] (6d)
1
qu = ) |’”2R|2 - |”2R|2, (6e)
1 _
Cn = 3 1o ? = [52]% (6f)
L5 2
Czd:§|'”2| = |var ], (62)

where we have identified A = mq (the same for all
leptoquarks). The couplings are defined through the inter-
action Lagrangians

Lp—y = (51.§°€™(I°)" + s1rTigeR)S)
+ 51dge St + 5397 () e(1°)5,
+ (v2rGV € + vordry, (1))V5*
+ Byligy, (1) V5 + Hee., (7a)

Lr—g = (rrg’eg + ro ugl*e")RY + (Frdgle®)RY
+ (u12.gy,l + uigdgy,er) Uy
+ gy, erUY + uzg ?yﬂll_j’g + H.c., (7b)

where a, b denote SU(2), indices, ¢* is the Levi-Civita
symbol, and 7= (7,7,,73) are the Pauli matrices.
Generally, we refer to any single mass by m;q and any
single coupling by g q.

Collider searches have ruled out leptoquarks of masses
below about 1.8 TeV, as discussed in Sec. IV B. Therefore,
we can focus on a regime where the full leptoquark
propagators can be approximated using |¢*| < mf:

e
1 RN
G;\;zezc or(q) =17 7 Nl (Sa)
q- —mpg miq

1

Gscalar(q) 5 (Sb)

2 2 =
q- —miq Mmiq

Therefore, for large leptoquark masses P2 is sensitive to the
combination g /nyq.

III. SETTING CONSTRAINTS

A. Mapping fundamental couplings to nucleon
and nucleus couplings

In order to connect the fundamental couplings with
quarks to those with protons or, more generally, with
nuclei, we need to apply the nuclear matrix elements
and introduce form factors. Following the usual convention
explained e.g., in Ref. [89], we write for the vector and
axial-vector currents

(NP FrfIN(p))

_ : _ ictq
— a(p) [F{N<q2>w N ()

Juto. o0

2my
(N(P)Ifr*r fIN(p))

5
=0 |65 (@ + G L o). o
my
where ¢ = p, — k, is the difference of initial and final state
electron momenta, f = u, d, s (note that we include s
quarks) and N = p, n for nucleons. Assuming isospin
symmetry, the form factors related to the vector matrix
element can be related to the electromagnetic Dirac and
Pauli form factors FY and F) as

F“P = F" = OFP 4 P 4 PP, (10a)

F{? = F{" = F! +2F} + F;". (10b)

The form factors FY can be rewritten in terms of the electric
and magnetic Sachs form factors G) and G}; as

G () = Gl (a?)

Filv(qz) = 1— q2/4m12v s (11a)
N 2\ _ ~N{ 2
P = ETET)

The same holds true for the strange form factors F;”
which can be expressed in terms of Sachs form factors G},
and Gj, analogous to Eq. (11). We use the same para-
metrization of the form factors as Ref. [70]. Details are
given in Appendix B. Turning to the axial form factors, we
take [89]

GIN = A, (12a)

al¥ al
G‘LN = —4m2 ( q.% + q.n >’ 12b
P N qz _ mlzr 612 _ mg ( )
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where
1
= ~af, =50}
N _
ag, =0,
aV o =gV — —_gN _1 3
u,n dn s.n 6gAﬂ
with
3 __ AP r
ga = Au - Ad,

gi = Al + AL —247.

Isospin symmetry implies af; . = a}j . and a; , = aj; ,. We
use the values Al = A’ =0.842, Al = Al =-0427,
AY = —0.085 [90] and neglect further dependencies on
momentum transfer.

In the case of nuclei NV instead of a nucleon, we express
the nuclear matrix elements in the same way as in Egs. (9)

with nuclear form factors F/™V (¢?), G/ (¢?), i.e.,
NPV ()

— a(p) [F{ N @+ FLY (@) ﬂ] u(p).  (13a)

2mN
NP fIN (p))
= a6 @ + 6wt (13w
my

For simplicity, in this work we consider the g*> =0
approximation of the form factors and nuclear matrix

elements of nuclei, namely F{ ’N, are obtained from up-
and down-quark form factors in the same way as for the
nucleons in Eq. (10). As we show below, the effect of
axial couplings is strongly suppressed in the parity
asymmetry parameter and nuclear weak charge.
Therefore, in summary, we only use the F; form factors
when considering nuclei '>C and '33Cs, which gives the
dominating contribution.

B. Asymmetry parameter
Concentrating on the electron-nucleus cross section
induced by Lpy in Eq. (2) together with SM physics,
|

8 8
MisP =335 GKK; Y

j=1 k=1 fs’,r.r’:i

To account also for the SM contributions of photon and Z
boson exchange in the calculation we replace in Table II

tw[(K, +m,)O;PLg(Po+m,)Pr 7’ OLy°

TABLE II. Coefficients appearing in the amplitude of chiral
electron-proton scattering Eq. (17).

J K; 9 O;

1 CryuF"™N + Cpy FiN 7uPr i

2 CryuFiN 4 CpygFAN 7uPL ic"q,/2mN
3 CrvaF'™N + CrygFIN 7uPr i

4 CRVqu'N + CRVngN VuPr io" q,/2mN
5 CranGN + CpugGIY ruPL "y’

6 CranGsN + CpagGEY ruPL g [2my
7 CrauGi + CragGiN 7uPr "y

8 CrauGs" + CragGEY 7uPr r’q"/2my

i.e., photon and Z boson exchange, we note that the
amplitudes for left-handed or right-handed incoming elec-
trons can be written as

8

U K
IMERT = ZF

> (@ (k)Ojus(pe)

X ity (kn)Oj'ur(par))- (14)

where K, O ;, and Oj’ are given in Table II for the general
case. In this calculation we equate helicity and chirality of
the incoming electron in order to replace u.(p,) by
Pg/rug(p.) and using trace identities from summing over
s. The correction to the amplitude due to this approxima-
tion should be of order m,/|p,.| ~ 0.5 MeV/155 MeV ~
3 x 1073 and is negligible for our purposes.

The differential cross section for initial polarization X is
proportional to the squared matrix element,

dﬁx

~ My, (15)

(t being the Mandelstam variable) and therefore the
asymmetry parameter is simply given by the squared
amplitudes in the form of

do do
A _Tf_T; |MR|2_|ML|2 (16)
N M M

where

Jte[(Kpr+ma) O (P +ma)r* O] (17)

Cxvr N —4raqy 9_2 QXQ{/ CXVf
A? q* 2¢%, q —m% A

(18a)
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Cxar & 9x9h  Cxar
2 752 2 st —a
A 2cy g7 —myz A

(18b)

where the SM charges and couplings are, as usual, g> =
4ra/s%, (with sy =sinfy, being the sine of the weak
mixing angle, and a = e?/4r being the fine-structure
constant), and

2 1
qu 3 Qd——g,
g?’/:%_gs%w QA:%,
f=-gtahe  d=—3
9 = —%H%w 9k = Siy- (19)

The full resulting expression is too lengthy to reproduce
here. It is, however, illustrative to rederive certain limits
from it. To recover the leading-order SM expectation for the
case of a proton, we can set all C coefficients to zero such
that the term of leading order in g>/m2% reads

€ € ’ u d,
AIIS\(?:i(gR_gL)(F?p(q2)9v+F1 p(qz)gl‘j/)fI_Z'
2ck, 4ra(F' P q, 4+ F'qy) m2

(20)

Taking F7(q*)~ Fiy”(0)=2 and F{”(¢*) = Fo¥(0)=1
we obtain the standard result [70]

a0 & (9k—91) (2 +gb) _ _QQ_Z( 4
Ve dra(4/3-1/3) V2 4na W

(21)

where Q2 = —g°. We observe that (weak) axial charges do
not contribute at leading order in the proton case. Evalu-
ating this expression at the central value for the scattering
angle in P2, ¢*> = —(93 MeV)?, and for the expected low-
energy value of the Weinberg angle, s%, = 0.23, results in
ALQ = —4.815 x 107® for the proton. This deviates from
the SM expectation ABc® = —3.994 x 1078 due to radiative
corrections [70]. Instead of accounting for all corrections,
we will consider the relative strength of deviations from
the expected asymmetry due to new physics contributions
ANPthat is, we consider AANP/ADY! as detailed below.
Before doing that, we state the leading-order asymmetry in

1
the case of 1’C. In this case we have, approximately, F}’ Cx

6n, ,+6n,,=18 and F‘f’lzc ~6ng, +6n,, = 18, where
ny y denotes the number of valence quarks f contained in
the nucleon N, such that

g (Gh=d)(18g) +18¢)) _Gr O° ) )

A1L>8: 2 = W
2¢y,  4nal8(2/3-1/3) V24ra

We have examined possible uncertainties on the theo-
retical predictions for Apy and identified that the largest
uncertainty arises from the form factors. The various form
factors used in the calculation are generally ¢ dependent.
The weak interaction contribution relies on the weak charge
form factor

Fy(q%) = F{7(d)) g% + F{P (42 g (23)

(for leptoquark and other new physics, one has different

combinations of F|"” and F‘f”’ ) which differs from the
electric charge form factor

F (%) = FY"(¢*)qu + F{"(4%)qq. (24)

When g2 is not negligibly small, the ¢> dependence of these
form factors corrects the results as

Fy(q 2) F, (0)
Fz(0) F,(¢*)

A simple approach to estimate the correction is to make
use of

Apy = Apy (25 )

R2 6 dFZ/}/(qZ)

2 = Fp(0) dgr o

3

which is the weak/electric charge radius of proton. Using
experimentally determined values R, ~ 0.84 fm and R, =
1.55 fm [91], we obtain F,(q*)/F,(0)~1—0.026 and
F;(q*)/F7(0)~1—-0.089 for ¢>=—(93 MeV)?, and
hence Apy — (1 — 0.063)Apy, which implies that including
the ¢> dependence of form factors leads to a 6.3% smaller
value of Apy in the SM. As for new physics predictions, the
results generally depend on different combinations of
F"?(q%) and F%?(4q%), and hence different form factors.
The uncertainty according to the above analysis is expected
to be at the percent level as well. For 12C the correction is
also at the percent level according to the Helm analytic
approximation for nuclear form factors [92].

C. SMEFT operators

Let us now consider single-operator extensions of the
SM. We have to carefully expand the contributions in terms
of small parameters in order to extract the correct leading
contribution of a given operator. We can broadly classify
the energy scales involved into small scales, m,, m,, E,, q°,
and large scales m; and A. Without new physics, the results
can generally be expanded in inverse powers of m . In the
presence of new physics parametrized by C/A?, we can
make a double expansion in powers m;>" and A=>". The
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leading new-physics contribution, if present, should be of
order A= We find the following leading new-physics
contributions

Crvs 7 Y
ARy (N) m—L ! . (26a)
A? dra g, PN+ g Y
c q° N
AARYI (N o =RV T ! . (26b)
T
C E,q*
AAE (N AL GIN =
v (V) A2 A Aza(2E2 —m2)my
 dulF N+ ) 4 qa(FPY 4 FEY)
(@uFiN +qaF )
(26¢)
E.q"

C
AARAS ~ CRAT 1N
v (V) A2 A Ara(2E2 — m)myy

L FEN B 4 qa(FY + FY)
(@ Fi™ + qaF i )?

El

(26d)

where f = u, d. This also shows that the sensitivity on axial
interactions is lower due to the additional suppression by
q*/(myrE,). One can check numerically for proton and '*C
that these are indeed the leading contributions to the
correction to the asymmetry. However, we will use the
exact expressions for our numerical results. It is not
surprising that no power of m? is required here, because
these four operators are by themselves parity-violating. The
(pseudo)scalar and tensor operators, being parity-conserv-
ing, would require a cross-term with the SM-intrinsic parity
violation expressed through the Z-couplings in order to
contribute to AApy. Therefore the sensitivity of P2 to those
interactions is very weak. This justifies again our separation
into parity-violating interactions in Eq. (2) and parity-
conserving interactions in Eq. (4).

The sensitivity of P2 to new physics can be estimated by
the same method as in Ref. [71]. Namely, we require that
the new physics contribution does not exceed

Adpy {\/3.84 x 14% =2.74% N = p, )

Apy V3.84x03% =0.59% N ='C,

which corresponds to 95% CL. These numbers correspond
to the expected sensitivities of the P2 experiment according
to Ref. [70]. For the normalization in the case of protons,
we use the expected SM value ABe® = —3.994 x 108, For
the normalization in the case of '’C, we use the leading-

order SM result from our own calculation. Moreover, we
1 1
approximate F ‘fZC = F‘f’zC = 18 while neglecting the

TABLE III.  Expected bounds at 95% CL on the scale A/+/C of
the operators in Eq. (3a) from P2 for the case of proton and
carbon targets, assuming a single coupling at a time.

Target C A/VC (TeV) C A/VC (TeV)

P CLVM 131 CLVd 93
Crva 13.1 Crva 9.3
Cras 2.6 Crad 1.8
Crau 2.6 Crad 1.8

12c Crva 8.4 Crva 8.4
Crvu 8.4 Crva 8.4

other form factors. This leads to expected minimal values
for new physics scales A/+/C given in Table IIL. If we use
the replacement rules Eq. (3), we can alternatively project
bounds on SMEFT coefficients in the same way. The
results are collected in Table IV along with existing bounds
from APV and ATLAS dilepton searches discussed
in Sec. IV.

Here we would like to compare our results with a recent
analysis in Ref. [85] which gives P2 bounds in terms of the
operators % C1,qr"qey,yse. The 2¢ widths of C{, and CY,
from Figs. 1-3 in Ref. [85] are 6.46 x 10™* and 1.33 x
1073 respectively. Recasting to our Cyy,, and Cyyy (X = L
or R) Wilson coefficients, they correspond to A//C =
13.7 TeV and 9.6 TeV, which are consistent with the first
two rows in Tab. III. Note that Ref. [85] did not consider
axial-vector operators nor the '’C case.

D. Leptoquarks

As obvious from Egs. (6a)-(6g), the same SMEFT
operator is generated by different leptoquarks. If we assume
one coupling to dominate, we can constrain my o/ g  in the
EFT-like limit of my o > g*. To achieve this, one can take
the expression for the asymmetry in terms of the coef-
ficients in Eq. (3) and then use the matching of leptoquark

TABLE IV. Expected bounds at 95% CL on the scale A/+/C of
SMEFT operators from P2 for the case of proton and carbon
targets, assuming a single coupling at a time. These are compared
to bounds from APV [72] in Sec. IV A and ATLAS dilepton limits
[75] in Sec. IV B.

A/V/C (TeV)
Coupling P2 (p) P2 ("2C) APV (!3Cs) ATLAS dilepton
Ciatt) 114 84 1.1 7.7
Ciuts) 69 .. 26 9.2
C.. 9.4 5.9 3.2 7.5
C., 64 59 34 438
Cye 11.3 8.4 4.6 7.2
Ch 90 59 7.6 6.2
Cu 67 59 8.1 5.0
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TABLE V. Expected bounds on leptoquarks masses at 95% CL
for single couplings g = 1 from P2 compared with existing
bounds from APV [72] and ATLAS dilepton data [75]. Addi-
tional bounds are shown in Figs. 1 and 2.

mio(TeV)

P2 P2 APV ATLAS
Leptoquark  Coupling  (p)  (*C) (133Cs)  dilepton
S| 51z 66 42 22 23
S, S1x 66 42 54 2.6
5, 5, 45 42 57 3.1
S5 55 92 73 40 5.0
V, Vg 113 84 46 8.7
v, Dar 67 59 8.1 6.5
A o 90 59 76 7.8
R2 1533 79 59 33 45
R, Pag 64 42 54 4.1
R, 72 47 42 5.7 2.3
U, iy 64 59 34 4.1
U, "1in 64 59 81 4.6
7, i, 94 59 76 73
Us s 148 103 56 10.8

couplings to SMEFT operators in Eqgs. (6a)-(6g). The
results are shown in Table V as well as Figs. 1-2. Since
for '°C we are neglecting momentum dependence of the
form factors as well as the contributions of leptoquarks to
axial currents [which are suppressed, as discussed below
Eq. (26d)], those numbers represent the leading order with
respect to form factor and momentum-dependent correc-
tions. They are, however, sufficient to compare sensitivities
of different targets to different interactions.

We observe that generically the bounds using the proton
target are stronger than the ones using '°C. This can be
explained by the smaller ALY of the proton, which is
proportional to (1 —4s%,) ~0.08 compared to (4s%,)~
0.92 for '2C. Considering that AApy in Egs. (26a) and
(26b) for up quarks and down quarks differs only by the
factors

FI'r 2 f=u
%dz{ f=u (28a)
. Fy" +qFy” U1 f=d

F/'e 3 =u

! ST g
u,’C d,’C _
9.y T+ qFy 3 f=d

and using the expected sensitivities in Eq. (27), we can
estimate that the constraints on C/A? from p should be
stronger by a factor of approximately

~

0.92-0.3% {%
1

f=u 1.7 f=u
0.08 - 1.4%

108 f=d (29)

compared to '°C. This explains why couplings to down
quarks are constrained to similar magnitude, while cou-
plings to up quarks are better constrained by proton targets.
These factors, however, are not exact, since we did not take
radiative and form factor corrections into account.

IV. OTHER OBSERVABLES

A number of different observables are suitable to
constrain the relevant SMEFT operators or leptoquarks.
Besides electron scattering, APV probes the same cou-
plings. Additionally, we include bounds from the LHC on
leptoquark production, as well as their contribution to
Drell-Yan production of electron pairs. The operators
involving lepton doublets can further be probed by coherent
elastic neutrino-nucleus scattering (CEvNS), since they
lead to analogous interactions of neutrinos with nuclei.
However, currently CEUNS is not competitive with other
constraints in this respect [85]. The current order of
magnitude can be estimated by noting that the best
constraints on neutrino nonstandard interactions (NSI)
from CEvNS are at the order of €, < 0.5 for vector
interactions, while bounds on axial interactions are weaker
[93,94]. Using the mapping between NSI and SMEFT
operators, e.g., in Ref. [95], this can be translated to EFT
scales of

A < (GFE' Vv
VCT\ V2
which are well below the values in Table I'V. Therefore, we

focus on the constraints which are most competitive with
P2, namely those from APV and the LHC.

-1/2
) ~0.5 TeV, (30)

A. Atomic parity violation

Asin Ref. [71], we use the most precise measurement of
APV which concerns the 65, — 7S ;, nuclear transition in
133Cs. Following Ref. [70], we define the proton weak
charge Qw(p) as the limit of the asymmetry at zero-
momentum transfer, normalized such that the asymmetry
formula (recall that Q%> = —¢?)

o_ _Gr Q"
Py V2 4na

Gr q2
Ow(p) :\/_EEQW(P) (31)

holds, for which one can find from Eq. (21) that at leading-
order the weak charge reads

Qw(p) =1 —4sjy. (32)
Generalizing to nuclei, we simplify Eq. (20) to the form

LO _ ﬁQ_z Ow(N)
PV \/24710[ F'f’Nqu + Fcli./\/qd

(33)
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with

OwN) = 2(FMN + Fngv
~ZN)(1 = 4s3,) = N(N), (34)

where Z and N denote the nuclear charge and number of
neutrons, see also Ref. [96], such that

Ow('C) »

QOw('¥Cs) ~

—24s%,, (35a)

—23 —220s%, ~ —73.6 (35b)
consistent with Eq. (22). For '33Cs, which has the currently
best-measured asymmetry, we have used Z-; =55 and
Ncg = 78. The SM prediction including radiative correc-
tions and the measured values are given by [72]

OSM(133Cs) = —73.23(1), (36a)

05 (13Cs) = =73.71(35). (36b)

These two numbers are consistent within 2¢. We will use
them nevertheless to illustrate how P2 could confirm or
resolve the mild tension [72] between theory and experi-
ment. From Eqs. (26a)—(26d) we can see how the measured
value would be changed from the SM prediction through
additional contributions to interactions at quark level at
leading order. Note that therefore P2 data can be used to
further investigate this deviation. We do so in Sec. V,
finding that P2 should be able to rule out the necessary
quark-level couplings at 95% CL. We can write, for generic

modifications AQ)F of the weak charge,

Apy = A%\M + AARY
g OW'N) +AQY (V)
f4”a FiN g, + F{"q,

. (37)

with

\/_ dra

AQNF(N) = AA§5<GF . (FiNg, +F‘11’qu)>-

In the limit g> — 0 we conclude that, in the EFT picture,

\/_1

u,133Cs
AQNP(133C ) A (Fl g(CLVu - CRVu)

“Cs<

+ F1’ Crva = Crva))- (38)

The momentum transfer in APV experiments is not exactly
vanishing, but instead of the order of the inverse nuclear
radius Q ~ 1/ry ~30 MeV according to Refs. [97,98].
Other references set the momentum transfer at Q ~
2.4 MeV which we will adapt here when considering

leptoquark propagators [82]. However, even with such
nonvanishing Q the axial couplings will be poorly probed,
since they contribute to AQ}F only with a suppression
factor of Q/myr ~ 1073, To recast the bounds on Qy into
95% CL bounds on new physics, we will hence require that
OM(13Cs) + AQRFP(1*3Cs) does not deviate from Qy,F by
more than /3.84 standard deviations, neglecting the error
of the SM prediction.

The results are included in Figs. 1-2. It is interesting to
note that we can identify two cases: Some leptoquarks
increase Qy while others decrease it. Now since the SM
expectation is already above the measured value, there is
less room for new physics increasing Qy and more room
for new physics decreasing Qy. Therefore, the general
pattern is that P2 is expected to improve bounds on
couplings decreasing Qy while bounds on couplings
increasing Qy will likely remain better tested by APV.

B. Collider searches

Effective interactions between two quarks and two
electrons as parametrized by the SMEFT operators of
Eq. (A2) and as induced, for instance, by heavy leptoquarks
according to the matching in Egs. (6a)—(6g) can be tested at
the LHC by searching for deviations from the SM in the
Drell-Yan (DY) process pp — eTe”. In the case of
leptoquarks, this is mediated by a #-channel exchange of
a leptoquark annihilating a quark-antiquark pair and
producing an electron-positron pair. The latest results from
the ATLAS experiment [75]2 are given in terms of limits on
the contribution of new physics to the cross section in the
signal region for the cases of constructive and destructive
interference. To quantify constraints implied by these
limits, we simulate the expected new-physics contributions
to the cross section in the signal regions of invariant masses
of the dilepton system [2200, 6000] GeV (constructive
interference) and [2770, 6000] GeV (destructive interfer-
ence) using MADGRAPH5 [100]. As further cuts we apply
pr > 30 GeV and || < 2.47 on the final state leptons, to
approximate the ATLAS specifications. We use the same
parton distribution function as specified in the ATLAS
analysis, namely NNPDF23LO with the LHAPDF identifier
247000. To create UFO model files, we use FEYNRULES
[101,102] to extend the included SM model file by
leptoquarks, or, to simulate SMEFT operators, by a heavy
neutral vector boson with the appropriate couplings to
match the considered Wilson coefficients.

The resulting lower bounds on the new-physics scale A
from SMEFT operators with unit Wilson coefficients
consistent with the ATLAS search are given in Table IV.
Similarly, the limits on leptoquark masses calculated for
single unit Yukawa couplings are given in Table V and

*The corresponding CMS limits [99] are weaker, so we only
consider the ATLAS results.
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shown in Figs. 1 and 2. We find that all couplings are
currently constrained by the constructive interference
bounds. As a consistency check of our results, we can
compare the limit on the NP scale A with ATLAS results.
Since they assume equal couplings to up and down quarks,
we can directly compare the operator O,, which corre-
sponds to the scenario 1, = 1 referring to the effective
Lagrangian in Eq. (1) of Ref. [75]. This operator is also
induced by the r,p leptoquark coupling. Therefore we can
map both our EFT limit and our leptoquark limit to
constraints on the scale Aptpag used in Ref. [75] in the
following way:

4r _ |”2R|2

2 =52
AATLAS 2’7"R2

= AaTLAs = V 8ﬂmR2 =22.6 TeV, (39a)
dr - Cye
A%TLAS A2
A
= AATLAS >V iy, = 25.5 TeV. (39b)

/Coe

Comparing to the ATLAS result of Aptpag > 24.7 TeV
we conclude that our method produces reasonable results.
These results are also comparable to those obtained
in Ref. [85].

The presence of leptoquarks can also be tested at proton
colliders through pair production or single resonant pro-
duction (SRP). While pair production through gluon fusion
dominates for small Yukawa couplings g; o < 0.1-1 since
its cross section is determined by the strong gauge
coupling, SRP can be relevant for larger couplings [76].
In Figs. 1 and 2 we show bounds from SRP calculated in
Ref. [76]. Turning to pair production, in our cases for single
leptoquark couplings to electrons and first-generation
quarks, the resulting signal from the subsequent decays
of the leptoquark pair is given by an e* — e~ -pair and two
jets. Assuming the lifetime of leptoquarks is short enough,
this search yields a lower bound on the leptoquark mass. In
Ref. [73] the search is done for scalar leptoquarks giving a
lower limit on the mass of about 1.8 TeV at 95% CL for
leptoquarks coupling to singlets. Following the prescription
of Ref. [74], we rescale these limits by scaling the pair
production cross sections of different leptoquarks depend-
ing on their coupling types and comparing them to the
exclusion curve of Ref. [73]. The resulting bounds are
included in Figs. 1 and 2.

V. POTENTIAL TO RESOLVE DEGENERACIES
USING MULTIPLE TARGETS

In Fig. 3, we show for two SMEFT coefficients at a time
how the different measurements constrain the combination
of parameters and break degeneracies single measurements

suffer from. While the seven parity-violating Wilson
coefficients appearing in Eq. (3) can be combined in 21
different ways, we only show some of the combinations,
since many are basically equivalent. This is because the
effective contribution to the asymmetry parameter for
protons and nuclei is mainly controlled by the two effective
up quark and down quark coupling coefficients

CPVu = CLVu - CRVu

1
= E (Clq(l) - Clq(3) - qu —Coy + Clu)’ (40&)

Cpva = Crva = Crva
1

=— C, C),
5 ed + Cia)

(Clq(l) + Clq(3) - qu - (40b)
as one can see by adding up AALY (N) and AARYY (V) in
Eqgs. (26a)—(26b) for up and down quarks, respectively.
From this we can group coefficients into smaller sets which
have a nondistinguishable effect. Namely,

() Ciyq1) and Cy, have the same effect (equal contri-
bution to up and down couplings) with oppo-
site sign.

(i) C,, and C,;, have the same effect (contribution only
to up couplings) with opposite sign.

(iii) C,4 and C,; have the same effect (contribution only
to down couplings) with opposite sign.

(iv) Cjy3) forms its own group (contribution to up and
down couplings with same magnitude but oppo-
site sign).

Therefore, we plot only one example of each of these
groups in comparison in Fig. 3. We find that the com-
parison of nuclei with protons is particularly good at
resolving degeneracies between Cy,(3) and other operators.

However, the comparison between p and 'C can also be
expected to distinguish well between up quark and down
quark interactions, as seen in the plot of C,, against C,,.
Moreover, if the SM expectation marked by an asterisk
turns out to be correct [see the discussion after Eq. (36a)],
we can see that the current best fit of APV, shown as dark
green lines, can be expected to be ruled out by combining
proton and '°C measurements of P2.

VI. CONCLUSION

In our study of the potential of the P2 experiment to test
parity-violating new physics induced by SMEFT operators
or leptoquarks, we found that P2 can be expected to be
competitive with existing collider searches for such new
physics and in many cases to have a better sensitivity to
leptoquarks with masses above around 2 TeV. For all single
operator scenarios and most single leptoquark scenarios,
bounds from APV experiments with '3*Cs can be exceeded
by P2. We stress, however, that the complementarity of
using different targets, for instance protons and '’C at P2, as
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well as 133Cs in APV will allow to better disentangle up and
down quark interactions as illustrated in Fig. 3. Moreover, a
potential tension between theoretical and experimentally
determined weak charges of '*3Cs could be either con-
firmed or resolved at 95% CL by P2 data.
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APPENDIX A: MAPPING OF SMEFT
COEFFICIENTS TO THE FLAVOR BASIS

If one starts with the SMEFT operators Oy, O,q

Olu’ Old? Oqe’ Oeu’ Oed? Oledq’ Olequ and Olequ in th('}
flavor basis, after making the basis change

u/La = (VT)aﬁ’uLﬂ’ dLa de e/La = €ras

u;@a = URa> d;?a = dRa’ e;?a = €Ra> (Al)

with V being the CKM matrix between primed flavor basis
and unprimed mass basis, one finds

- Clq(3))(é}’,4PL€)(ﬁ7”PL”) + C(2y,Pre)(iiy* Pru) + (Cryr) + 614(3))(57,4PL€)(5_1}’”PL¢Z)

+ Cia(@y,Pre)(dy" Prd) + C,.(ey,Pre)(iuy* Pru) + C,,(ey,Pre)(ity* Pru) + C,.(ey,Pre)(dy* Py d)

+ Ced(éYuPRe)(aY”PRd) — Clequ(1)(ePge)(itPgu) — Clequii )(éPLe)(ﬁPLM)
+ Cloaq(ePre)(dPpd) + C,edq(ePLe)(c_lPRd) = Ciequz) (20, Pre) (1o Pru)=Cj, (20, Pre)(iic" Pru)}.  (A2)
|
The Wilson coefficients in Eq. (A2) are related to  For the parity-conserving operators, we have
the Wilson coefficients C J(’/ 7 defined for flavor eigenstates
by the following identities for the parity-violating Clequ(t) = V;yc’l‘;eﬁ( 1)
operators: /eZy :
le"i“( 3) — V”J’Celuq(3)
C[ da — Cleell. (AS)
= eeyd e % eeyd edq ledq
Ciy1) = Vi VisCraitys Cia3) = Vi VisCrosys
Cun = c;f;i;, Cun = Cigh
Cp, =Cett,  Ciyg=CigM, APPENDIX B: PARAMETRIZATION OF THE
C. — Creell Coq = Clcll FORM FACTORS
Cpo= Ciﬁf, I (A3) In this section, we follow the notation of Ref. [70]. The

The notation of mass-basis coefficients is the same
as it appears in Eq. (3a). Only two -coefficients,
Ciy1y and Cyy3) remain to be clarified. If we assume
only first generation flavor couplings, we can set
Ciy) |Vud|2C’“11 and Cj,5) |Vud|2C’”11 Equating
the Lagrangian of Eq (A2) with the sum of Eq. (2) plus
Eq. (4), we identify

Clq ‘Vud| (C/eell Cvgze('?l))l)’

_ eell _ veell
= (Cigh) = Ciata))-

Cigry =

Cig1) + Ciq(3) (Ad)

electromagnetic Sachs form factors of the proton can be
parametrized by a model multiplying a dipole and a
polynomial,

2 -2 38
q
Gh=(1-—9 P, (BI
B ( 0.71 GeV2> ( ;K > a)

; ¢\ N »
Gl ="P(1- > 1= «7¢%), (Blb)
un ' 0.71 GeV -

where pup = 2.792847356uy denotes the proton’s magnetic
moment and uy = (eh)/(2m,) denotes the nuclear mag-
neton. The fit coefficients k; are given in Tables 17 and 18
of Ref. [70]. For the neutron form factors we use
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E.n 2 -2
KT q
GhL =—1 1- , B2a
k 1+K‘§’n’[( 0.71 GeV2> (B2a)
9 .
G, = ZK,M»"q%, (B2b)
i=0

where 7 = —g*/4m3, and the coefficients being given in
Tables 19 and 20 of Ref. [70]. For the strangeness form
factors we use

E.s 2 -2
KT q
Gy =—! 1- , (B3a
Er4ubee < 0.71 GeV2> (B3a)
Gy =y =" g2, (B3b)

with the coefficients taken from Tables 21 and 22
of Ref. [70].
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