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A Brief History of Parity-Violating Electron Scattering PVES
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PV

1970s-1980s

Establish weak neutral currents
Validate the electroweak SM and measure sin?6,,
SLAC E122, Mainz-Be, MIT-12C

1990s-2010s

Hadron & nuclear structure
Probe strangeness, neutron skins, and nucleon structure

SAMPLE, HAPPEX, GO, A4, PREX/CREX

2000s

Clean leptonic test
Measure the electron weak charge and
test the running of sin26,,

SLAC E158

2010s-2020s

Precision weak charges
Qyu? and low-Q? observables become
precision SM benchmarks

Qweak, APV, PVDIS

2020s+

Precision frontier for BSM

MOLLER, P2, and SoLID probe new neutral-current
physics complementary to the LHC

MOLLER, P2, SoLID



The Running of the Weak-mixing Angle vs. PVES
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PVES as an Amplifier
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Phenomenology Indication

m 1. SMEFT dim-6 operator 2. Matching to low-energy PVES 3. Sensitivity at low Q2 4. Conventional Cl normalization
New heavy physics at scale A After EWSB, operators shift weak PV asymmetry is proportional to Often quoted in collider convention
induces 4-fermion operators neutral-current couplings the weak charge with strong coupling g2 = 4w
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MOLLER (ee) P2 (ep) Why this is powerful
Parity-violating Mgller scattering Parity-violating e-p elastic scattering 5 o 3
isolates purely leptonic neutral current probes electron—quark neutral current Q PVES picks out weak-EM interference

=> extremely clean theoretically

e < € e @ Small SM weak charges
o Cee ” & Ceq (1 — 4sin® 6y, ~ 0.05)
Vel A2 Ys <t A2 = per-mille sensitivity to AQy,
— 3 P q q

Q Complementary to LEP/LHC:
different chiral structures and
kinematic regime (Q? <« M3)

Measures Q% = 1 — 4sin” Oy + AQY, ] [ Measures Q}, = 1 — 4sin” Oy + AQY,
Goal: 6(Q,) ~ 1.0 x 10~3 Goal: 6(Q%,) ~ 1.3 x 103 MOLLER targets O, (4e operators) |
P2t ts O, t
= A ~7-10 TeV (C ~ 1) = A ~7—10 TeV (C ~ 1) argets Ogq (eeqq operators)
or Acy ~ 30—50 TeV or Ag; ~ 30—50 TeV Together: a precision microscope for

TeV-scale neutral currents



AQw ~ Cv%/A? together with :§Qw ~ 1072

v

probe purely leptonic and semileptonic contact interactions at
scales comparable to, and chiral-complementary with,
LEP/LHC constraints

Precise theoretical prediction of the SM becomes important.!

51—loopALR ~ 40%, (51_100p sin’ Ow ~ 3%. >> 5expsgu



Framework Set-up

PV asymmetry Agp(s,y) = 2oL —don
dor + dog

G.Q* 1—y (93 t
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Asymptotically, we organize the effective weak charge in such a way

n 2
Qi (s,y) =1—455(0) + > (@) 3" buge(s,y) [1-485,(0)]"Lh,  Lo=In Mz, @t =ys

Q>
n=1 k>0

n loop number, k order of Born suppression, | order of L

Systematic way of resumming the large-log ?



NLO EW correction to MOLLER

(0)

Q%/V,el(sa y) = %/V,Born oy T [bL0,0 i bl,UylL s Q%/V,Born (bl,l,O F bl,lylL)} o O(a27 a(Q(Ia/V,Born)z)

Coefficient Diagrams

Angle input
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R —
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7
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7z
b1
¥ z ' #
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Each b1 x,¢ multiplies # [1—48%,(0)]FL*, where L = In(M%/s). Diagrams are representative.

Contributions

Zero-transfer vZ mixing enters §2,(0) through RG evolution
and threshold matching.

+1 from the WW box.
+8/9 from the W anapole and angle-matching remainder.

Born-unsuppressed part of finite-transfer vZ and ~~ vacuum
polarization.

Zero. The explicit electroweak log starts at & = 1.

+1 from the WW box and —1/2 from the ZZ box.

Finite terms from the vZ boxes, Z anapole and virtual QED,

including two-photon exchange.
Neutral-current normalization to muon-decay G/,.

Born-suppressed part of finite-transfer vacuum polarization.

—3/2 from the vZ boxes.
—1/3 from the Z-loop anapole.

%/V,Born == 4‘§%/V(O)

L = In(M3/s)

Marciano, Sirlin 80’;
Czarnecki and Marciano,
96’; Denner and Pozzorini,
98; Petriello, 03; J.Erler,
A.Kurylov,
M.J.Ramsey-Musolf 03’;
Kolomensky et al, 05’;
Zykunov et al, 05;
Zykunov, 09’; Aleksejevs et
al 10°,11’,12’, S.
Kollatzsch, D.Moreno, D.
Radic, A.Signer 25 (LEFT
+ LL Res)



Framework Set-up (LEFT) see

Energy scale
Loop integration A Matching + RG running
b
Increasingly challenging due to e Lsm(pi) .
a wide range of scales A 1= f Li(A) = Fi(p;(A))
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f\_(logM—z >>1} v NLO || ae M?
Q 740\ . N2LO || a2¢2 o? = lOg ?
log— ~ 14 = o : :
@ 2y @ u
Large logarithms % W MeV T
k I -3
Separate the scales systematically I X W ><g . Xg t % + O(A™)

Low-energy effective field theory (LEFT)


https://indico.psi.ch/event/18251/contributions/62127/attachments/33464/67938/EW-input.pdf

Framework Set-up (LEFT)

PV asy$metry Awr(s,y) = 5

EFT Lagrangian .. — Lqep + Laop + Y, Ci 0i(¢, q)

dO‘L—dO'R

v

OV:iLL _ AV:RR
Observable Arp = — Sy(]- - y) ee, 1111 ee, 1111 P
(1-y+y?)? 2max
+ Cu Cu
. C[ — (5‘1) Cg
Resummation ! Ui (w5, Mz) !
full coupled LEFT evolution My

\.’ SM fixed-order input

Five-flavour hadronic prescription = |us > m,; in this implementation




Effective Weak charge vs. LEFT

Qw (s, y) separates the SB-function of the v — Z mixing effects from the EW large log L. Easy to
incorporate hadronic effects when Q% < m;.
Resumming the manifestly gauge-invariant Lg at each order is challenging.

LEFT organize the L, log(m?}/Mj) systematically.
How to reach pus < my?
Physical meaning of the sin 0y, ?

I O S H R



EW Radiative Correction Categorization for MOLLER

1-loop

2-loop

1 closed-fermion loop

{ it

0 closed-fermion loop
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Du, Freitas. et al

. 0 2: i 2 A
20 = (“2) Yo, [1- asto))* o

Chen, Freitas, Kwak, Czarnecki 26
Erler 26
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https://arxiv.org/pdf/1912.08220
https://arxiv.org/pdf/2610.12287
https://arxiv.org/pdf/2610.12287
https://arxiv.org/pdf/2610.40247

Bosonic NNLO corrections to the weak charge

AQS® (s.4) allyy [b“’) (y) +b5) L + [1 — 48%,(0)] b3) , L2 ] Lo=Inlz
$Y = = Yy — 4S8 = n —=-,
Wbos\EHetd | d k<1 - 2,0,0 2,0,17Q w 2:1:24Q | » Q Q2
- . 2
Coefficient Representative diagram Contribution . ExpanS|on by regions. Use me <
- — Q* < M,,,* to evaluate the integrals
b2.0,0(y) A% Two-loop 7-Z mixing analytically.
Fini/te It Hard self-energy contribution . i
Fie. 1(a) 4 IR cancellation. Keep m_ (collinear)
(0) —t and m, (soft). The regulator logs
1 1 7 . .
b2,0,1 L % Wirydeublebos =~ cancel in the virtual asymmetry.
Single log L, 1 ! Photonic correction to the W1/ amplitude .. .
' Fig. 1() 4y, prescription. Use NDR with
(0) diagram-dependent projections and
b1 E . S YSEIORRIORY subtractions.
Double log L% Carries the Born factor 1 — 454,(0)
’ Fig. 1(h) 4 Cross-checks. Compare
Diagrams from Chen et al., arXiv:2610.12287, Fig. 1. Coefficients are obtained from the renormalized sum |ndependent Ca|CU|at|OnS and Verlfy

UV and IR finiteness.
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Workflow of the Calculation

01
Diagram
generation

Two-loop bosonic
Mgller diagrams

A
€ P — - e
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l.vM
¥
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FeynArts

02

Algebraic
simplification

VY Y = (2 — d)y*

[ Jn l/,.\ P, 0']

Jr(g,ul/JpU o J/[[)JI/(T
+ g/l(rglxp)

FeynCalc

03

Expansion
by regions

Scale hierarchy

m2, s, |t|, |u| < M2

Hard—hard
q1,q2 ~ My

Hard—soft

q~ My, g~ /It]
V=WJ27

Beneke and Smirnov
In-house code

04

Integral
reduction

Integration by parts

g vt
d d o
/Ikd{m“ Dm_o

2
D;,=/¢; — m2

Z (‘,‘((l,j. (1)[,’ =0

i

Reduce to a smaller
integral basis

FIRE, etc.

05

Master
integrals

A=Y (9]

Two-loop vacuum bubbles

Products of one-loop
topologies

14



Renormalization scheme

Mixed on-shell and MS prescriptions

On shell My, My, my and e fixed by «(0).

MS  The weak mixing angle 3% ().

W mass
The bare electroweak mass terms give
M 12&13 - 9%

Mzp g8+ 95

- 2
=1- SW',B'

With on-shell M, and the MS angle,
Mu = MA 511 (Mﬂ

Expanding the bare relation to one loop gives

IMii; = ( Sty >5MZOS M3 85y

The low-energy prediction uses 57,(0) in the mass relation.

From the Z pole to the Thomson limit

Start with 8%,(M) in the full Standard Model.

RG evolution and threshold matching .9
Siv(Mz) > Sw(0)

Use 3%,(0) as the input for the fixed-order prediction.
A A2 A2 a2
5121’<MZ) — Sy (0) + [SW(MZ> - SW(0>]~

Compute the bracket order by order from the running and thresh-
old matching. Substitute this expression into A;r and truncate at
the same order.

20



Why S17(0) @ Lower Scale

O Resum In(m}/Mj) systematically. Including
higher order perturbative QCD (via RGE and

matching) Erler. Ferro-Herrandez

d Incorporate the non-perturbative light-quark
effects and their uncertainties (via flavor
separation) Erler. Ramsey-Musolf

| Finite-Q2contribution is very small (~107-6).

m%/m

16


https://arxiv.org/pdf/1712.09146
https://arxiv.org/pdf/hep-ph/0409169

Preliminary Results

d sw(0)-scheme converges

7 g —eo— §(My) input
i —O-  §20)input | much faster.
70 ]
: g ' I Q@ Two-loop bosonic
“I ol T 17 correction minimize the
KL e S " 1] uncertainty down to 4.9%
2 °F //T\ S to the precision goal
s e o1 (~0.1% to the
A T o e | measurement)
PP S = S———— —{— ~0 ]

c

—= L MOLLER projected © 1100
s 101 L precision
Q :

| -

N i Before "ﬁi&’i“é 00380
g 10° E factor 7.0 reduction
mg : After this W/

caleulation | 7 o0 ¢ \IOLLER goal
107! P | . N |
LO NLO NNLO; NNLOy4 107! 10°
Cumulative perturbative prediction uncertainty in 10°Qy;,
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Comparison Between Two Results

e,(2
AQ) (s,y)

retained, k<1 s

a(0)\* 1,0 0 A 0
= () [o3000 + 81 + 1 - a3 0] 80,3

2
Z

Q2

Bosonic NNLO contributions to 10°AQ%,

y =04 = Common 8},(0) scheme and L, basis = Through first order in 1 — 45,,(0)

Term Chen et al. Czarnecki

Comparison

bago - Finite —0.038 —0.042
boo1 - Single log —0.270 —0.270
bo12 - Suppressed double log +0.172 +0.086
bo11 - Suppressed single log Omitted, est. 0.048* +0.059
ba1o - Suppressed finite Omitted, est. 0.012* +0.003

Small offset. My dependence matches a
structure in the one-loop G/,
normalization.

Exact agreement

Main discrepancy (factor of two)

* Unsigned estimates from grouping the amplitude-class uncertainties in Chen et al., Table 1.

Lg=In—=%,

Suppressed double-log are
off by factor of 2, ( missing
diagrams? RG exponential
expansion of the two-loop
coefficients?)

1
e_a[‘:l—aL+5a2L2+---

18



(a) matched-input bosonic correction

T T T
® arXiv:2610.40247 1 arXiv:2610.12287

-0312
F=1/4 el
—0.308

—0.164

e —1
—0.134+0.054

2=0.23861

-0.35 -0.30 -0.25 -0.20 -0.15 -0.10 -0.05
10°505%,

)

L? term

at 2= 1/4

(1-453) terms

net difference in
5% scheme

origin of the difference

+0.030+0.054

I S |
F A 4 1

tomponent sum: +0.028 (rounding)

—-0.06 -0.03 0.00 0.03 0.06 0.09
103 A[505 2]
(2610.12287 —2610.40247)

We have two independent NNLO
calculation to the Mgller scattering
at low-energy, which suffice the
theoretical input for MOLLER
experiment.

A small discrepancy ( ) is
under investigation. Overall
agreement has been achieved.

A thorough error estimation, with
data-driven( ) method to
the light-quark contributions is
expected in our new paper.

Working towards NNLO e-p PVES.
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Back-ups



A naive estimate

the Large Logs (LL) @ PVES @ NNLO Eﬁ

00030 MOLL‘ER e/P e/P e/P e/P
P2
(8
00025 __.. 6Qcyp (MOLLER) AQQ,WW(l) _ A
""" 47 §2
0.0020 -
= 0.0015- p,WW _ I: < o (MW)>]
'g_‘ ------------------------------------------------------------- AQW 47.?32 2+5 1 s T
SN laininininisininisinia i’ ok iniaiisiiisiieie delsisisisiiaiaisisik ittt
0.0005 ;
Wy o My e ww
o0 | AQy '~ CW log Q? AQyy
0 1 2 3 i 5
C

The photonic-EW corrections is more severe in e-p scattering
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Uncertainties from Missing EW Calculations

2610.12287’s error estimation scheme (L = In(Q?/m%)):

e

e
3 1
7 iv iz N_(§+§) 2L b iz ~0151x 1073 [0.174 x 10737]

e €

(o &
3 1\ « = 1y
7 W N_(§+§) —L %g ~ —0.328 x 1073 [-0.270 x 107?]
e — e
e
two-loop remainder ~ —6.9% %va ~ —0.092 x 1073 [~0.038 x 1077]
€

This is a demonstration using two-loop: the numbers following = is
the estimate; [the numbers in brackets] are actual calculations. Kwak .26
In other words, these are not parts of the remaining uncertainty.



https://indico.jlab.org/event/1097/contributions/19644/attachments/14644/23740/Kwak.pdf

Uncertainty from Missing EW Calculations

Estimates for the largest remaining contributions (PRELIMINARY):

e e S S
7 7 3 a
~1.5%1075 sy ~ 2% 1075
Y 7 A
e e 3 3
7§787§2 ~1070

VVVVVVV VY
AAAAAAAAAAAAAA,

e e
8
C;) ><% ~ 1.5x10~*
e e

Adding all uncertainties in quadrature gives ~ 1.9 x 104,
This is probably conservative; refinement coming soon. -

VNV VNN

Kwak,26



https://indico.jlab.org/event/1097/contributions/19644/attachments/14644/23740/Kwak.pdf

Master Prescription: M=) / [dPe1dP 6] C540, (€1, &2, {p}; D) [TP™ (62, {p}; ¥5)] pss

Csub  — rsub + CCT

i,ren i,reg i,reg

Subtraction Prescription:

Ma= (Y T- DWW T+ 1-%)

(D)
sub

M — Mg D=4 121(}[Millx)l'x)(T + M
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