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e Context: precise tests of SM with electron scattering
® | ong-range effects from 2y-box

® Charge radius and beam normal spin asymmeitry
® | ong-range effects from PV2y-box

® Superconvergence relation in ChPT

e Estimates for the PV2y correction

® Conclusions



Test of SM with running of weak mixing angle

Weak mixing angle: very central role in the EW sector

Y e cosbyw  sinlOw BY
z" i —sin Oy, cosOw WY

Tree level: fixed by boson masses and SU(2)/U(1) couplings

sin2Bw = 1 - Mw2/Mz2 = g'2/(g% + g'3)

Upon renormalization: weak mixing angle is scale-dependent
Sin°Ow -> SiN“Or(Q)

The running is a unique prediction of the SM;
A theory with a different content will predict a different running;
WMA - a good way to test the SM and New Physics



Test of SM with running of weak mixing angle

SM running: confirmed qualitatively (not yet quantitatively)

Existing and planned measurements
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* Neutrino scattering

* LEP and SLC (Z-pole)

* Mgller scattering

* Queak (Under C(hCl'YSiS)

* ATLAS (under analysis)
* MOLLER (planned)

* MESA P2 (planned)

* MESA C12 (proposed)

* DIS SOLID (planned)

* APV with Yb, Dy (planned)
* Future colliders



A theory with a different content will predict different running

Running sin?0,, and Dark Parity Violation
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Weak Charge of the Proton from PVES

@ Elastic e-p scattering
with polarized e beam
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WMA determination with MESA/P2

MESA-LAYOUT KEY:
PS: Photosource (polarized or unpolarized beam)

IN:  5MeV, 45kW beam loading injector . E = 155 MCV, 15OL|A

(normal conducting)
SC: 3 Superconducting cavities in single Cryostat.

Energy gain 33 MeV per pass. 7 SCGTT@FIHQ Clngle 2001100

RC: Beam recirculation (3 times)

HW: Third recirculation option ‘half wave’: ° QZ = 0.0045 Gevz

Energy Recovery Linac (ERL-) Mode

el Boam (EBymode * Polarization (85+0.5)%

PIT: Pseudo Internal target (ERL mode)

PV: Parity violation experiment (EB-mode) o P0|. fl|p few IOOO/SZC

DU: 5 MeV beam dump in ERL-mode
EX: Experimental areas 1 and 2

Il Existing walls: 2-3m thick shielding . 60cm LIQUId H TGF’Q@T

EXPERIMENTAL BEAM PARAMETERS:

1.3 GHz c.w. & AsymmeTr'y A= -29 ppb

EB-mode: 150 pA, 137 MeV polarized beam &
(liquid Hydrogen target L~1039) ° v
ERL-mode: 10mA, 104 MeV unpolarized beam BA/A 15 /O

(Pseudo-Internal Hydrogen Gas target, L~1035)

Beam Achieved Contribution Required

. Quantity at MAMI to 6(Apy) for MESA
Requrem ents to the beam: Energy 0.04 eV < 0.1 Zgb fulfilled
2 Position 3 nm 5 ppb 0.13 nm

1-2 0.0.m. improvement w.r.t. MAMI e 05 o ot

Intensity 14 ppb 4 ppb 0.36 ppb

Timeline: Accelerator commissioning: 2018
Data taking: 2020



Impact of MESA (H and C12) on SM tests

A more general approach
for extensions of the Standard Model:

model independent coupling constants,
effective low-energy 4-fermion interaction

lei Ae @Vf, szi Ve @Af
SM prediction (black star):
PVES le — —If+2Qfsin26W
~ (Cyy,—Cig = —1+25sin* 0y,
Ciu+Ciqg = 2sin” Oy)

Ow(p) = —2(2C1u+Cra)
—0.5 —-04

Mainz P2: AQw(p) = £0.0097 (2.1 %)

MESA C12: AQw(C12) = 18A(C1,+C14) = £0.0086 (0.3%)




Theory uncertainties

8 2
A7 (e, Q)= (h, + BiRh)0°

o B(Q?) - take from somewhere else (PVES, lattice, ...)

Young, Carlini, Thomas, Roche, PRL 2007;
Androic et al. [Qweak Coll.], PRL 2013
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@ Rationale: go to the lowest Q% - asymmetry directly
measures the weak charge

How is this picture modified by the radiative corrections?



1-loop radiative corrections to Z-exchange

EREE |

y—2Z mixing

12(E) +0(Q7)

Marciano & Sirlin; Erler, Kurylov, Ramsey-Musolf; MG & Horowitz

In presence of 1-loop RC's the Z-exchange amplitude is
not modified essentially as function of Q2 (at low Q?);
yZ-box shifts the apparent value of the weak charge.



1-loop radiative corrections to y-exchange

eull feuen PEiE

Soft photon emission Two-photon exchange

2y-exchange: inclusive of f-shell hadronic states, arbitrary kinematics

d* Ui d Vi .
iy = / (2;)]4 qzqu[(;:_ q)2 — m?2] s :fdﬂf "4 (N'|T[J" () J" (0)]| V)

Two current correlator: can't calculate from first principles in QCD

Elastic box: IR divergent, UV finite, WEY ~ (N'|JY|N)Y{(N|J*|N)
calculable with known form factors

a long history in the literature:
” Mo, Tsai; Maximon, Tjon; Feshbach, McKinley: Blunden, Melnitchouk,
O—O

Tjon; Kobushkin, Borysiuk; Tomalak, Vanderhaeghen; ...

Elastic box correction drc? is subtracted at the observables level



Inelastic 2y-exchange

Cannot calculate in arbitrary kinematics!

In forward kmemaT.lcs: . | W™ ~ 2Mw oo (w) g + ...
optical theorem + dispersion relation

31. . U
2ImT27 _ 64/ d k'l g,uu ImW

(2m)32E) (¢f + i€)(q3 + ic)

Collinear log enhancement
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1 d
Sum rule for the coeff. Coy Coy(E) = / Mot (w) f(w, E)

472 ox

generates a long-range potential (shorter than Coulomb);
modifies the low-Q? asymptotics!



Numerical impact for charge radius extraction

On=—ddte — QZRZ%/S + (a/7)Q*Ca(E) In(4E% /Q%) +

AI@MAMI: R, = 0.879(8) fm

e e Y GG
o 3 (1£252) = ~6.61(12) GeV
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PRad@JLab: higher E, lower Q?, R, below 1%

O‘R—l R2 5 —2
= —P(1+2-2)= _6.61 \Y
2 30 RRP ) = —6.61(9) Ge
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Log Q° dependence affects the extraction of the radius:
But the log term is exactly calculable!



2y-exchange correction to the weak charge

2y-box ~ 1-3% of the charge radius; does it matter for the QPw?
42

Qb B I Q@V%QQCQW(E) In o part of the B(Q?) term!

What if the 2y-box contributed to the PV amplitude?

"Long-range parity-nonconserving interactions”, Flambaum 1992
"PV-odd van der Waals forces”, Khriplovich, Zhizhimov, 1982

Dangerous for the
weak charge definition




Two questions to ask:

1. are these collinear log calculations reliable?
2. is this catastrophic scenario for the weak charge
realized?



How well do we understand these collinear logarithms?

Beam normal spin asymmetry:
collinear logs are measurable and dominate

Mismatch between time-reversed states
is due to imaginary part of the amplitude
(in absence of CP- and CPT-violation)




Elastic e-p scattering in presence
of two-photon exchange

T ) T sk

Bn in forward kinematics

k1 a(k)y (k1 + me)vuu(k)
I T === 4 - € H I |97 2 2 % t
gl =% /2E1(27r)3 0 mW* (W=, Q7,Q3,1)

Forward spin-independent Compton tensor - from Optical Theorem

WH =21 | —gh’ F77 Fy




Bn features a large collinear log - In(Q?/m.?)

1 mey/Q? Y BRela
B = ey & In G- A / dwwo’% (w)

'H, E=3.026 GeV, 8 =6° ©2C, E = 1.063 GeV, 8 = 5°

Good quality data on selected
nuclei - HAPPEX & PREX
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‘He, E=2.75 GeV, 6 =6°

Excellent description for light
nuclei and very forward angles
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Fails for lead -

8 (deg) 0 (deg)

two ph’ros Is not enough Abrahamyan et al. [HAPPEX and PREx], 2012

Dispersion correction

Collinear logs are under control at forward angles for light nuclei



To summarize:
forward collinear logs are a well-established feature;
measured and confirmed for B,
(where two-photon exchange dominates over h.o. effects);
modify the low-Q?¢ asymptotics of observables;

Need to be assessed more accurately for PVES!

Calculate the coefficient C2,"V(E) in the forward regime



PV 2y dispersive contribution to forward PVES

d4k‘ ) W.LW[YZ
ImT%V e / : 27T5(k2 m?) : S5
(2m)% q1q2

Lepton tensor Ch = (k) Aiynu(k)

Iy Ty b gﬂyaﬁpaqﬁ S
Proton spin-independent case =~ W_ " = F
2(pq)
Introduce the box correction as e pysul

Real part from (near)forward DR

PV PV /
Re (E,t) _P/E/Q E2 e (B,

thr



Real part from a dispersion integral

Pvip o2y = % [ W [ [ EEe] @ i
Re 34 (E’Q)_WM w2F3 (w) {QEIH oI 4E21111 — In 02
B
+ terms constant in Q2
Identify the sought for coefficient:
1 oodw W el () st B2
BYVe ol |
02,7 (E)—— EF;/’Y((U) |:ﬁlﬂ E—w i 4E21n 1—F:| ]
ETI'
; PV 7 AW oy
Does not vanish for E=0?2?2? (5, (0) = aar | et @)
B
Compare to the PC case: C24(0) =0

Formal definition of the Qw to remove [,z(E) - not viable??

i Aro/2
,1—loop . PV 2
Q];V - E,ggn—ﬁ GFQQ Aeajp(Ea Q )




General properties of the PV Compton amplitude

Low-energy expansion + high energy behavior ->
superconvergence relation (SCR)

Lukaszuk, arXiv: nucl-th/0207038; d_wF’Y’Y (w) =0
Kurek, Lukaszuk, arXiv: hep-ph/0402297 B
B
Check of the SCR in ChPT?
1
PV pion-nucleon coupling 008 = h—\/%N[F x 7]° N

hy = (TIERIR0) 1053 De Vries et al, arXiv:1501.01832

Heavy Baryon ChPT calculation of PV Compton amplitude
Cohen et al, arXiv: nucl-th/0009031

Result used by Kurek to check SCR: failed!



SCR important for the definition of QwP - recheck in ChPT!

Similar to the GDH sum rule proof to order O(gmn®)
Holstein, Vanderhaeghen, Pascalutsa, arXiv: hep-ph/0507-16

Inelastic scattering of polarized photon on
polarized proton w. helicities parallel (antiparallel)

4 3/2 /2
3 / 1,9 W) = 03 (W)

Anomalous m.m.

by
Scales as gmnn*
: g N o 3/2 1/2
Holds in relativistic ChPT, / 5,0 (W) — op” (W) s
but not in heavy-baryon ChPT! J ;- e




Prove SCR for PV Compton to order O(gmnn




: :
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Terms O(k®) - too many derivatives, SCR diverges;
not surprising: at tree level O(g>mn h'y) incomplete

SCR - check numerically
up to terms linear in a.m.m.

Change variables == E;/w

1
/al:z;‘FfY'y Y o —
0



Superconvergence relation for F3':

checked for the first time in relativistic field theory;

must be used as a basis for any reasonable estimate
of the PV2y correction to the weak charge

SCR ensures that the log tferm vanishes at E=0

o)== | SR W)

The definition of the weak charge is still viable

Aran/2
ALV (E, Q%)

p, 1—loop 1;
@, = — lim
ya E,Q2—0 Gp()?



Numerical estimates: Input parameters

Origin: effective PV 4-quark operators 5 o ><

h: = (1.14+1.0)107° De Vries et al, arXiv:1501.01832
PV 1NN coupling
hiri— 3.0 DDH, 1979

PV YNA couplingda L1V = [dX ALy p + dA A ygn] F*P

s
A
Early claim: may be 10-100 x h';  Zhu et al, arXiv:0106216

Not quite supported by exp. |dx| = (0.31+0.91)10°°
Androic et al [GO], arXiv:1112.1720
Quweak has taken data that may further constrain da

2 4M g (0)dX

A contribution alone does not obey SCR




Supplement by a high energy Regge-like background
Fiipw) = CA(A) (w/A)” ©w — A)

With A =1 GeV and A < 1 (SCR integral converges)
Fix HE contribution by imposing SCR

3 dw
| 55 (L) + Al =0

Normalization depends on A

2 4MgMdZA
A) = —41/ — v
U BAX(M+MA)( A)

Explore -1/2 < i\ < 1/2



Results for the kinematics of relevant experiments

0%, 4E?
GF 02,7 (E) lIl @

Object of interest B0 (B, Q% =

The SM expectation: Qy = 0.0713(8)

Assume simple A-scaling for nuclear weak charge:
Qw (1P Cs) ~ 113Q% Qw (1'°Cs) = —72.58(29) czp(32) s

Observable Contribution MESA /P2 MOLLER

w —(2.0£2.0)-107° |—(5.5£5.5)-107°
A+HE (A=0.5) | —(0.6742.0)-107* |—(1.3 £ 3.8 104

) -
A4+HE A=0) | —(04+£1.2)-107% [—(1.1£3.3)-107%|—
) -

A+HE (A= -0.5)|—(0.32£0.93) - 107*|—(1.1 £ 3.3) - 10~*
—(3.34£3.3)-107°
—(8£24)-1073
—(5£15)-1073

—(4£12)-1073

6Qyy < 0:3%° 005 < 0.68%



Anapole moment Lpy = ieagd, F* Nv,vsN

Axial charge seen by charged leptons is not ga!

AG(Q%) 1 GY(Q) a0 Go(Q”) !

Attn: elastic contribution not enhanced by collinear log:
no anapole moment for real photons




Update the axial box: simply use Ga®P instead of ga

el QQ\G/G?(O) [ 2 % 2 b+ Eq % e
5(@%/) B 3 ME /dQ GM(Q )Ga(Q)(ln E—EQ|—|—2ME1I1 1_E—2>

0

Some caveats here!

Blunden et al. included running of
sin0w -> gv® = 0.045;

they used ga = -1.27;

We use:
full one loop result -> gv¢ = 0.07,

and include RC in Ga®P = -1.04(43)
More natural from DR side

Central value almost idenftical;
Now can estimate an uncertainty!




Correction to Qw in the kinematics of relevant exps.:
Irrelevant for Qweak and MOLLER: < 0.1%

Assuming simple scaling with atomic number A:
also a minor effect for cesium

5(Quy ©%)H(E = 0) &~ 1336(Q%, ) (E = 0) = (9.3 + 4.0)102

Marginally relevant for MESA/P2 (0.3%)
5(Q% )" (B = 155 Me= (5 =210

Also not a problem: the uncertainty of Ga
has to be reduced anyways to interpret the P2!



Summary

¢ 2y-exchange induces a long-rang interaction that modifies the
extraction of charge radius and weak charge from electron scattering

e Formal definition of Qw(p) protected by a superconvergence relation;
® The superconvergence relation proved in relativistic ChPT;

©(0.5% uncertainties due to da - Q-Weak data may further reduce it!

e High energy part needed to obey SCR - unknown; Very mild sensitivity
for Q-Weak, may matter for MOLLER e-p if A > 1/2

e Sensitivity to anapole moment: non-negligible for MESA, but the
uncertainty of Ga will be reduced w. MESA by a factor of 4

e Further hadronic PV couplings may be also included

¢ Atomic PV: hadronic 2y-box purely short-range, small; nuclear
resonances may change this behavior - more work needed
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SCIENTIFIC PROGRAMS

Probing Physics Beyond the SM with Precision
Ansgar Denner u wiirzburg, Stefan Dittmaier u Freiburg,
Tilman Plehn Heidelberg U

February 26 - March 9, 2018

Bridging the Standard Model to New Physics

with the Parity Violation Program at MESA

Jens Erler unam, Mikhail Gorshteyn, Hubert Spiesberger JGu
April 23-May 4, 2018

Modern Techniques for CFT and AdS
Bartlomiej Czech 1As Princeton, Michal P. Heller
MPI for Gravitational Physics, Alessandro Vichi EPFL
May 22-30, 2018

The Dawn of Gravitational Wave Science

Luis Lehner Perimeter Inst., Rafael A. Porto ICTP-SAIFR,
Riccardo Sturani up Natal, Salvatore Vitale mit
June 4-15, 2018

The Future of BSM Physics

Gian Giudice cern, Giulia Ricciardi u Naples Federico 11,
Tobias Hurth, Joachim Kopp, Matthias Neubert JGu
June 4-15, 2018, Capri, Italy

ACTIVITIES 2018

Probing Baryogenesis via LHC

and Gravitational Wave Signatures
Germano Nardini u Bern, Carlos E.M. Wagner

U Chicago/Argonne Nat. Lab., Pedro Schwaller JGu
June 18-29, 2018

From Amplitudes to Phenomenology
Fabrizio Caola IPPP Durham,

Bernhard Mistlberger, Giulia Zanderighi cern
August 13-24, 2018

String Theory, Geometry and String Model Building
Philip Candelas, Xenia de la Ossa, Andre Lukas u oxford,
Daniel Waldram imperial College London,

Gabriele Honecker, Duco van Straten JGu

September 10-21, 2018

www.mitp.uni-mainz.de

TOPICAL WORKSHOPS

The Evaluation of the Leading Hadronic Contribution
to the Muon Anomalous Magnetic Moment

Carlo Carloni Calame INFN Pavia, Massimo Passera INFN Padua,
Luca Trentadue U Parma, Graziano Venanzoni INFN Pisa
February 19-23, 2018

Applied Newton-Cartan Geometry

Eric Bergshoeff u Groningen, Niels Obers NBI Copenhagen,
Dam Thanh Son u chicago

March 12-16, 2018

Challenges in Semileptonic B Decays

Paolo Gambino u Turin, Andreas Kronfeld Fermilab,

Marcello Rotondo INFN-LNF Frascati, Christoph Schwanda 6AwW Vienna
April 9-13, 2018

Tensions in the LCDM Paradigm

Cora Dvorkin Harvard, Silvia Galli 1AP Paris,
Fabio locco 1cTp-sAIFR, Federico Marinacci mit
May 14-18, 2018

The Proton Radius Puzzle and Beyond
Richard Hill u Kentucky/ Fermilab, Gil Paz Wayne State U, Randolf Pohl JGu
July 23-27, 2018

Scattering Amplitudes and Resonance Properties

from Lattice QCD

Maxwell T. Hansen cern, Sasa Prelovsek U Ljubljana/U Regensburg,
Steve Sharpe u washington, Georg von Hippel, Hartmut Wittig JGu
August 27-31, 2018

Quantum Fields — From Fundamental Concepts to
Phenomenological Questions

Astrid Eichhorn Heidelberg U, Roberto Percacci SISSA Trieste,
Frank Saueressig u Nijmegen

September 26-28, 2018

MITP SUMMER SCHOOL 2018

Johannes Henn, Matthias Neubert, Stefan Weinzierl, Felix Yu JGu
July 2018

https://www.mitp.uni-mainz.de/index.php
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April 23 - May 4 2018: Scientific program
“Bridging the Standard Model to New Physics
with Parity Violating program at MESA”

Organizers: Jens Erler, Hubert Spiesberger, MG

Topics:

Weak mixing angle at low energy with MESA
Neutron beta decay with TRIGA

Parity violation in atoms

Precision low-energy tests in a global context

Keynote speakers:

Bill Marciano, Paul Langacker, Michael Ramsey-Musolf, John Hardy,
Vincenzo Cirigliano, Krishna Kumar, Chuck Horowitz, Adrzej Czarnecki,
David Armstrong, Paul Souder, Frank Maas, Dima Budker, Werner Heil
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