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Goals For This Talk

Set the context for the workshop

Introduce topics to be addressed in more
detail during following talks & discussions

Pose some challenges for the future



Goals For This Talk

«  Set the context for the workshop

 Introduce topics to be addressed in more
detail during following talks & discussions

«  Pose some challenges for the future

Caveat: | will not provide a comprehensive review, and
some results are undoubtedly out of date. Omissions
are not intentional, and | welcome corrections, updates,
and other input!
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Y : T
v " Easic |V ' Inelastic !

O O ] !
Born Coulomb distortions Dispersion corr.

V=20 W,y



Two EW Boson Exchange

. i
| + Voo+ .
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Born Coulomb distortions Dispersion corr.
V=2%W,y

 QED ( yy) in semileptonic interactions is still a puzzle !

* No direct probes of EW boxes ( yZ, yW ) available, but
reliable SM computations needed. Can we trust the
quoted theoretical uncertainties ? Can we reduce them

further ?
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Dispersion Corrections

Two-boson exchange in semileptonic processes: important
for elastic PV eN & eA scattering ('°C) & nuclear p-decay;
beam normal asymmetry, Olympus... provide tests
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Dispersion Corrections

Two-boson exchange in semileptonic processes: important
for elastic PV eN & eA scattering ('>C) & nuclear f-decay;
beam normal asymmetry, Olympus... provide tests

S : :
Vv + v+ Vv
I v  Elastic | Inelastic .
: : i |
Born Coulomb distortions Dispersion corr.
_Zf Abrahamyan et al, PRL T T
i 109 (2012) 192501
_ of V=y Beam normal
g o asymmetry
<C<1of
- JLab Hall A
0.05 0.1 0.150 [GeOVZ] 0.25 0.3 0.35 o Future.. Mainz’ J Lab 10




Two EW Boson Exchange

Born

V=20W,y

v  Elastic | v Inelastic

: . !

Coulomb distortions Dispersion corr.

do A, Ap, ft., aA.. §E) d,

v v v % X X Vv

X X v X X X X
X X X v v v X
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Dispersion Corrections

Two-boson exchange in semileptonic processes: important
for elastic PV eN & eA scattering ('>C) & nuclear f-decay;
beam normal asymmetry provides, Olympus... provide tests

. ! j
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A A
V=20 W,y T T
V=y Beam normal
t
Important for O (0.1%) asymmeny

probes of PV 2C(e,e’) &
superallowed p-decay V=2% W Nucleus-dependent QED &

EW corrections 12



Dispersion Corrections

Proposal: (1) carry out a consistent set of computations for
A, , PV asymmetry, & 6,5 using different methods (2) develop
a program of A, measurements to test computations

| + ) + .
v I v ~ Elastic | v Inelastic

: : i |
Born Coulomb distortions Dispersion corr.

A A
V=20 W,y T T
V=y Beam normal
t
Important for O (0.1%) asymmeny

probes of PV 2C(e,e’) &
superallowed p-decay V=2% W Nucleus-dependent QED &

EW corrections 13



Il. PV Electron Scattering
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Parity-Violation & Weak Charges

Parity-Violating electron scattering

Ny =Ny, GO
o Ny + Ny, 427

0, +F(Q".0)]

Atomic parity-violation

EPV/B=ie Mx 10 a, (Qy/N) /B



Parity-Violation & Weak Charges

Parity-Violating electron scattering

N, -N, G.0
M T F 2
= = | + F(Q",0)
"N+ N, 4\/27105 ©'9)

Atomic parity-violation

EPV/B=ie Mx 103, )/[3



Parity-Violation & Neutral Currents

Parity-Violating electron scattering
A Ny =Ny GO [
PV ~
Ny + Ny, 4\f 2o

/

Assume SM NC correct & use to
probe hadron & nuclear struture
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Parity-Violation & Neutral Currents

Solid Curve by: J. Erler, M. Ramsey-Musolf and P. Langacker
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Weak Mixing in the SM: Uncertainties

da ds*> b
224 92 00 NP2 525 4
S dt « dt T ; > .
. oA () . A
sin20y (1) =~ sin2dy (o)
a’(#o)
_|_ZiNf')’iQiTi|:l _ &(/L)}
S iNfy: 07 a (o)

Erler & R-M

Full SU(2), x U(1)y, RGE

Relate running of sin?6,,
to running of o

1. Run a & sin?6,, to u ~m,

2. Bound s-quark contribution to

a(m,) -- relative to u and d
contributions -- using heavy
quark and SU(3); limits

Uncertainties: sin?6,,(0)
+/-3x 10° : Ao ®)(m,)
+/-5x 10°: Aa P (m,)
+/- 3 x 10°: OZI
+/- 1.5 x 104 : sin?6,, (M,)




Radiative Correction Uncertainties

_ 2 Erler, Kurylov
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Radiative Correction Uncertainties

_ 2 Erler, Kurylov
Ny =Ny GO +F(Q2,E)] SRM

N, +N,, 4270 \

E-Independent e 4 p e 4 p
14 V4
"YW\ Y
Ve
VYW AR
w 14
e P e P

Sa AN o
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——5Q, ~0.7%

Order a?




Radiative Correction Uncertainties

Ny =Ny, 0’
Apy = N, + N, 4\/11%&[

E-dependent: E = 1.165 GeV e 1 p
y4
YW
Ref. 1] |Ref. [15]  |Ref. [17]  |This work = [l
(3+3)1073|(4.711)1073|(5.7 £ 0.9)10~2| (5.4 + 2.0)10~3 o p

[11] Gorchtein & Horowitz
[15] Sibirtsev et al

[17] Rislow & Carlson

** Gorchtein, Horowitz, R-M

1102.3910 [nucl-th]



Radiative Correction Uncertainties

Ny =Ny, 0’
Apy = N, + N, 4\/11%&[

E-dependent: E = 1.165 GeV e 1 p
VA
YW\
Ref. [11] |Ref. [15  |Ref. [17]  |This work = [l
(3+3)102|(4.7F51)1073{ (5.7 £ 0.9)102| (5.4 £ 2.0)10~ o p
[11] Gorchtein & Horowitz Equivalent to ~ 2.8%

uncertainty in Q
[15] Sibirtsev et al v

[17] Rislow & Carlson Includes estimate of

**  Gorchtein, Horowitz, R-M *—_ model uncertainty
1102.3910 [nucl-th]



Radiative Correction Uncertainties

Electroweak Radiative Corrections

Q,) Standard Model (Q2 = 0) [2016] 0.0708 +0.0003
pr Experiment Final Uncertainty [2017] +0.0045

( }\)1*' =14+ Ap+ A [(l — 4 sin? Ow (0)) + A,.IJ +0ww +Uzz + U4z

¢ Calculations of Two Boson Exchange
effects on Q£ at our Kinematics:

Correction to QPy,.« Uncertainty
A sin 6,, (M) +0.0006
Zy box (6.4% = 0.6%) 0.00459 +0.00044
A sin 6y, (Q)p.aronic +0.0003
WWw, ZZ box - pQCD +0.0001

Recent theory calculations applied to entire data set of
PV measurements as appropriate in global analysis.

Our AA, precise enough that corrections to higher Q?
points make little difference in extrapolation to zero Q2.

Energy Dependence yZ correction:

Hall, N.L., Blunden, P.G., Melnitchouk, W., Thomas, A.W.,
Young, R.D. Quark-hadron duality constraints on yZ box
corrections to parity-violating elastic scattering. Phys. Letft.
B 753, 221-226 (2016).

Charge symmetry 0

Total

Axial Vector yZ correction:
Peter Blunden, P.G., Melnitchouk, W., Thomas, A.W. New

Formulation of yZ Box Corrections to the Weak Charge of
Erler et al" PRD 68(2003)016006. the Proton. Phys. Rev. Lett. 107, 081801 (2011).

Q2 Dependence yZ:

Gorchtein, M., Horowitz, C.J., Ramsey-Musolf, M.J. Model
dependence of the yZ dispersion correction to the parity-
violating asymmetry in elastic ep scattering. Phys. Rev. C
84, 015502 (2011).

R. Carlini, PANIC 2017 Beijing



Radiative Correction Uncertainties

Electroweak Radiative Corrections
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Radiative Correction Uncertainties

A Ny =N, G0’ [ ]
N, + N, " 4\2a

E-dependent: E = 1.165 GeV \
e 4 p
Ref. [11]  |Ref. [15] Ref. [17] This work Z
W,
(3£3)1073|(4.715:1)1072|(5.7 £ 0.9)1072 | (5.4 £ 2.0)103
4
Lower energy measurement . p

E =180 MeV, Q? =0

[1.32 +/- 0.056 (mod avg) +/- 0.27 (bkg)

/ .Dls. y .:-:-- ‘115' ) ..;. L ,215, ] +0.11-0_08 (res)]x 10 -3

Elab (GeV)

1
| QWEAK (E = 1.165 GsV)
1




Radiative Correction Uncertainties

Ny =Ny, 0’
Apy = N, + N, 4\/F7mx[

Dominant E-dependence e

i pP
Z

w [ A W

Rell,z,(v) = & > v ~ImOl, 7, (V')
e T J,. vV?—v?
2 [ Vd/ Y
. /

Rell,z, (v) = - /y T Im(Cl, 7z, (V') .- D

s w2 Qo dQ? 2 $(Q%,., — Q%) .
_ e e YZ mazx Y
bz () = Cemd /u s—M22 )y 1+2 lpl oW -

Mz

Two Issues:

[1] Existence of sufficient SF data in relevant kinematic region
[2] Isospin rotating F* — F'#



Radiative Correction Uncertainties

A Ny =N, G0’ [ ]
N, + N, " 4\2a

E-dependent: E = 1.165 GeV \
e a p
Z
Ref. [11]  |Ref. [15] Ref. [17] This work W
(3+3)1073{(4.7+2-1)1073{ (5.7 £ 0.9)103 | (5.4 + 2.0)10~3
14
Additional measurements o p
' 69\5}7 | 9,0\3 B
I S o | . . .
o = o Dominant contributions;
é GVDM | scarce data
811 VDM Measure Ay, in extrapolation
LB region: direct probe of F/?
E [ =




EW Radiative Corrections to Moller

A. Czarnecki & W.J. Marciano PRD(1996)

« Ag (e€)= a (1-4sin?0,)  sin?0,,(M,)ys= 0.23124(6) or
running + 3.01(25); .gronic 70
sin?0,,(Q=0) = 0.23820(60)
+ WWbox (+3.6%) yZbox...(-5.5%) partial cancellation
+ other small 1 loop corrections = -40(3)% reduction!
E158 AAg /Ag =£12.5% vs Running unc. £6%?

Erler & Ramsey-Musolf = factor of 8.6 error reduction!
+3.01(25)% =»+2.99(3)% Theory *0.6% vs Moller exp *2.4%
Asin?6,,R¢~+0.00007! Pristine
Potentially another factor of 2 reduction via lattice

W. Marciano




Beam Normal Asymmetry

® Increasingly important for many precision
measurements.

® Can isolate some radiative corrections with only
polarized electrons (no need for positrons).

® PREX, CREX provide unique data sets on high Z
targets. Comparing these to low Z data allows
“Rosenbluth like” separations of different coulomb
distortion, dispersion ... contributions vs Z.

Instead of long / transverse vs angle, have coulomb
distortion / dispersion contributions vs Z.

® Analyzing high Z and low Z data together can
provide important additional insight even if only
interested in low Z experiments.

30
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Beam Normal Asymmetry

.' | i !

AV AR Y Y, 20 + | Y, Z°

| | Elastic | | Inelastic |
Born Coulomb distortions Dispersion corr.

® Coulomb distortions are coherent, order Za.
Important for PREX (Pb has Z=82).

® Dispersion corrections order & (not Z). Important

for QWEAK because correction is order o/Q,, — 10%
relative to small Born term (Qu). --- M. Gorshteyn

® Both Coulomb distortion and dispersion cor. can be
important for Transverse Beam Asymmetry A, for 26Pb,.
Note Born term gives zero by time reversal symmetry.

31
C. Horowitz



C. Horowitz

Beam Normal Asymmetry

® |eft / Right cross section asymmetry for
electrons with transverse polarization.

® Potential systematic error for PV from small
trans components of beam polarization.

® A, vanishes in Born approx (time reversal) -->
Sensitive probe of 2 or more photon effects. Can
measure radiative corrections directly!

e Full dispersion calculations include all excited
states but only for 2 photon exchange.

32



A_for a Range of Nuclei

An [Ppm]

Theory,
experiment
agree for H,
4He, 12C,
but
disagree
completely
for 208Pp.
This is likely
do to
Coulomb
distortions

» Measure A, for both “°Ca, *®Ca during CREX to
study dependence of coulomb distortions on Z and

dispersion contributions on N.

C. Horowitz
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Coulomb Distortions for PREX

e We sum elastic intermediate

states to all orders in Z& by 208Ph at 850 MeV
solving Dirac equ.for e moving in = sppm —

coulombV and weak axial A B
potentials. T P e

- -

P

&

Ax Grpw(r) =10eV  V(r) ~ 25MeV

- - -
- -
-

® Right handed e seesV+A, left
handed V-A

Apy = [do/dﬂ|v+A — da/dQ|v_A]/2d0’/dQ

20

e Coulomb distortions reduce A,
by ~30%, but they are accurately
calculated. Q? shared between
“hard” weak, and soft
interactions so weak amplitude

GrQ? reduced. --- With E.D. Cooper

A — GrQ? Fw(Q?)
P 2ray/2 Fen(Q?)

34
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lll. CC Weak Interactions
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Weak Decays: New Interactions

Decay Correlations: Scalar SUSY Corrections to
& Tensor Currents CKM Unitarity
0.0015 T T T T
0.008¢ 00012 Present
0.006- 0.0009
S 0.0006
0004 = 0.0003
JS) ! g 5 0
o 0002} LHC @ 1470, 300 ! S B
I~ S -0.0003
0.000 X -0.0006 |
O
-0.0009 -
~0.002f o000l | Future MSSM
—-0004F IHC@14TeV,10/ 0.0015 — ; ' ! ' — —
) N ) ) 100 200 300 400 500 600 700 800 900 1000
~o0%0 o e 0000 AL000 Lightest chargino mass
Re (er) LHC Run Ii ’
Bhattacharya et al ‘12 Bauman et al “12

Neutron & Nuclear B-decay: 0" — 0*, Nab, °He...

Goal: ¢~ 0(10%) 36




Weak decays p-decay
) n—>pe v,
% =V, |(1+Ar, =Ar,) | AZN)—>AZ-1N+1)e' v,
F + 0 +
ntomoe,
/

SM theory |nput Pion beta decay

V,,= 0.9740:0.0005 V, 4= 0.9745:0.0016 V,s= 0.9743+0.0056

Pre 2006

Exp

Pre 2006

<I
Q
S
Uncertainty x 10°
Il v e e ot 2
rIIII T T T L} L} L}
3
g

Marciano & Sirlin 2006 Wiy



Weak decays

Gy
Gy

Vud

(1+ Ar, - Ar, |

/

f-decay

n—>pev,
A(ZN)—= A(Z-1.N+1)e v,

" —-aet

Ve

SM theory input

Ve \ p =
W
VW i}
VYW
Y
. o M, =
Recent Marciano & Sirlin Y

I Post 2006

Nuclear 0*—=~0"

V,,= 0.9740+0.0005

\,,= 0.9745:0.0016

Pion beta decay

V,s= 0.9743+0.0056

expP0St 2006




0" — 0" Dispersion Corrections: dyg

| Q-value
[ Half-life
10 | Branching ratio

H 8a

[]6c - 8Ns

Parts in 10*

140 26mA| 34C| 38mK 42Sc 46V
Parent nucleus

0 10C

*Mn*Co

br : scalar currents

Input for V ; & CKM
unitarity test

Towner & Hardy, PRC 91 (2015) 2, 025501
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0" — 0" Dispersion Corrections: dyg

-k
=y

'y
N
T

S

br : scalar currents

sy
o
T

I Q-value § &g i
[ Half-life [ 8, { Bs
| Branching ratio .

Parts in 10*
e

1 L L. l l l n. l L Input for V,; & CKM

10C 140 26mA 34C| 38mK 42Sc 46V SOMn54Co un'tar’ty teSt

Parent nucleus

Towner & Hardy, PRC 91 (2015) 2, 025501
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0" — 0" Decay: dys

€ 1%
W
Nuc. N One-body Two-body:
GS —+ GS
or
Nuc.* ? Full nuclear Greens fn:
B - excited intermediate states

41
J. Engel



0" — 0" Decay: Oy

W
Nuc.

Nuc.*

One-body Two-body:

\N GS - GS

Towner 1992; T&H compilations

Full nuclear Greens fn:
excited intermediate states

J. Engel
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0" — 0" Decay: Oy

W
Nuc.

Needed: state of
art calc’s & tests
w/ A,

124

One-body

Two-body:
GS — GS

Towner 1992; T&H compilations

~

Full nuclear Greens fn:
excited intermediate states

J

J. Engel
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Dispersion Corrections: pp Reaction

?(®B) o (14 8S11) 2™ (1 + 0S33) 7" *3(1 + 5S34)%
X(l + 5817)1.0(1 + 5Se7)_1'0(1 + 05, 14)_0'02q

» et
) B 0 (B) = —— exp[-2mn(E)]
p W—» p

~

+ +...
44 14 W Y
1% > N p > 1N
D =p|p = =p|

J

Project: pionless EFT computation an






Diamagnetic Systems: P- & T-Odd Moments

Schiff Screening
...... _ e nuc
/’4 b :P\'\
:"4— + N
: Eext ‘\I
4 Pr +C. C.
a0 S
Atomic effect from
nuclear finite size: (€) e nuc
Schiff moment
Schiff moment, MQM, ...
EDMs of diamagnetic

atoms ( %°Hg )



Diamagnetic Systems

Nuclear Moments

pT AT PT #7

C, |E ® x O
TMJoxxE

TE,|* 0O E =

47



Diamagnetic Systems

Nuclear Moments

pr 1 P #7

™,

TE,

E &

O

x

x

©)

4
x

E

O

E

x

EDM, Schiff...

MQM....

Anapole...

48



Diamagnetic Systems

Nuclear Moments
pT 1 P F7
cC,|E % % |O EDM, Schiff...
™, O % =% |E MQM....
TE,| ¥ |O |E % Anapole...

Nuclear
Enhancements

49



Diamagnetic Systems: Schiff Moments

Schiff Screening

P o i,

Atomic effect from
nuclear finite size:
Schiff moment

EDMs of diamagnetic
atoms ( %°Hg )

e nuc
AVAVAVA

P + C. C.
(c) e nuc

Schiff moment, MQM, ...

Nuclear Schiff Moment
S~ / d’x x* ¥ p(x)FY

(Ry/ R,)? suppression

50



Nuclear Schiff Moment

Nuclear Enhancements
e nuc N -
WL e WY | e
S\
(c) e nuc N N
Schiff moment, MQM, ... Nuclear polarization:

mixing of opposite parity
states by H'VPV ~ 1/ AE

EDMs of diamagnetic atoms ( °°Hg )

51



Nuclear Schiff Moment

Nuclear Enhancements:
Octupole Deformation

N N
1 \VAVA
+) = — e ' + C. C.
)= (10 18)) P
SSSSSS
Calculated ??°Ra density Opposite parlty states
mixed by H™VFPV N N
Nuclear polarization:
“Nuclear amplifier” mixing of opposite parity

states by H'VPV ~ 1/ AE

EDMs of diamagnetic atoms ( ??°Ra ) Thanks: J. Engel
anks. J. £nge
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Schiff Screening & Corrections

Schiff Screening

P o i,

Atomic effect from
nuclear finite size:
Schiff moment

EDMs of diamagnetic
atoms ( %°Hg )

e nuc

C AVAVAVA

e nuc
Screened EDM
pT AT PF 7

AVAVAVA

(c)

e nuc

e nuc

'{/T + C.

Schiff moment, MQM, ...

c,|E % x |[oO

TMJOxxE

T, | % [0 ||E |=

EDM, Schiff...
MQM....

TE)y OTE,, ?

S. Inoue, MRM
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Dispersion Corrections

Two-boson exchange in semileptonic processes: important
for elastic PV eN & eA scattering ('>C) & nuclear f-decay;
beam normal asymmetry, Olympus... provide tests

T T T
| + | + :
v I v ~ Elastic | v / Inelastic
: i : ; !
Born Coulomb distortions Dispersion corr.
V=20 W,y | |
pT 17 PX #7 V =y Diamagnetic EDM

C,|E ® % |O EDM, Schiff...

™[O % % |E MQM....

TE,| % | O ||E |%» TE,., TE,., ? o




V. Workshop Questions

What is the path forward for improving our
understanding of yy exchange in semileptonic
processes?

How reliable are the present contributions of Zy and
WYy boxes for nucleons and nuclei ?

What additional theoretical developments/
computations are needed?

Is there a program of experimental measurements that
could be used to refine theoretical predictions ?
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