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Parity-Violating Electron Scattering

Low Q? offers complementary probes of new physics at multi-TeV scales
EDM, g,-2, weak decays, 3 decay, Ov3p decay, DM, LFV...

Parity-Violating Electron Scattering: Low energy weak neutral current
couplings, precision weak mixing angle (SLAC, Jefferson Lab, Mainz)
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Many new physics models give rise to new neutral current interactions

Heavy Z’s and neutrinos, technicolor, compositeness, extra dimensions, SUSY...
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Weak neutral current charge and sin?0y
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Running of sin?@y
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e Atomic Parity Violation (133Cs - - ' i . .
yvio (1%Cs) * e-e & e-p PV Elastic Scattering PVeS at low energies provides
Theory challenging (atomic) statistics limited, theory robust .
_ a method for searching for
* Neutrino DIS e e-D PV-DIS new neutral currents
Controversial interpretation (QCD) axial-vector quark coupling
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Search for new neutral current contact interactions

Low energy WNC interactions (Q’<<M?) ¢ > ¢ € e
’ - ><g. Gr
e,N e,N

Heavy mediators = contact interactions
e, N e, N

Eichten, Lane and Peskin, PRL50 (1983)

Consider f,f, = f,f; or fif, > i), f}><‘.:}

1212
(97; ) - - .
L — E D A o . mass scale A, coupling g f
fifz - A2, Jvivptvif 225 for each fermion and handedness combination z e

Example: - A precision measurement to test for new possible couplings
€ €

Standard model 70 2 2 2 2 2 2
. ] q Cig = (9rr)" + (95L)° — (92%)" — (911)°  Cee = (9rR)™ — (917)

q ore-e % P

. M e i SM_ e 1

couplings CCi=28i8y Cu=2808) ) Coy = (95R)° — (951)° + (97%) — (91%)7

Conventional “mass limits” for new contact interaction: example: 4% measurement of QuwP = 2Cyy + Cygq

assume coupling with compositeness scale g?=4r . corresponds to a mass limit of 33 TeV

Erler et al., Ann.Rev.Nucl.Part.Sci. 64 (2014)
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Can there be light new physics? L

Dark photon, couples to Dark Sector massive particles but with B )
small E&M couplings to known matter ’

Hypothesis could explain (g-2), discrepancy, 511keV line in
galactic core, Pamela high energy positron excess
But what if the dark Z4° had no couplings at all to the 3 , - - ——

. ?
known generations of matter? 0.242 Maasez = 100 MeV
Mak z = 200 MeV

v-DIS

Beyond kinetic mixing: introduce mass mixing with Z° 0.240 oveak (s ]
1 o~ 0238
MpZ = m2 -2z ) S|
=
mz, « 0.234
Ez — 1) I 5 +
mz
0.232+ Moller T
MESA
I Qweak 3
0.230+ "Anticipated sensitivities" SLAC i

Requires & <~10-3 to have remained hidden at | PR o T

the Z-pole and in meson decay -3 -2 -1 0 1 2 3
Log;y Q [GeV] Phys.Rev. D89 (2014) 9, 095006

—

Complementary to direct heavy photon searches: Davoudiasl, Lee, Marciano
. . . . Phys.Rev.Lett. 109 (2012) 031802
Llfetlme/branChlng raUO/decaY'mOde model ths.Rev. D85 (201(2) 115)019
" : Phys.Rev. D89 (2014) 9, 095006
dependence vs mass mixing assumption Phye.Rev. DO2 (2015) 5. 053005
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Weak Neutral Current Interactions

1950s: discovery of parity violation Pl W
1960s: An Electroweak Model of Leptons (and quarks)
- SU(2), X U(1)y theory predicted the Z boson, introduced sin?0yy,
1973: antineutrino-electron scattering

- First weak neutral current observation at Gargamelle

e Mid-70s: Does the Weak Neutral Current interfere with the Electromagnetic Current?
- Central to establishing SU(2) X U(1)y

SLAC E122 (1978): First measurement of PV in electron scattering
Parity Non-Conservation in Inelastic Electron Scattering, C.Y. Prescott et. al, 1978

e Showed electrons coupled to WNC
e Observed parity violation in WNC interactions
«sin?0y, = 0.224 + 0.020: consistent with neutrino scattering

 Central to establishing SU(2). X U(1)y

a/02 (Gevie) 2
1

Glashow, Weinberg, Salam Nobel
Prize awarded in 1979
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E122 at SLAC (1978)

GUN

GoAs SOURCE}

BEAM MONITORS

CURRENT

ACCEL. ENERGY

POSITION

ANGLE

C.. Prescott, et al. Apy in Deep Inelastic
S AED VgLLER Scattering from liquid

Deuterium Q2~1 GeV?

L i CCMPUTERJ

TO ELECTRONICS =—

TO ELECTRONICS =

UNIVERSITY
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Inclusive measurement
detect scattered electron only
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E122 at SLAC (1978)

* High polarized luminosity

C.. Prescott, et al.

GUN A MONTORS from photoemission from NEA
a ACCEL H LE’SEF;G(;N @2 TARF’ET Porggler_RrEH E— GaA_S cathode
ANGLE S *First developed for E122

*NOW: superlattice cathodes for
~90% polarization, high QE and
lifetime

GaoAs SOURCE ! J
L w COMPUTER

TO ELECTRONICS =—— polarized-source

specialized GaAs

optics AN
e\

% % 100 k\i/

laser

TO ELECTRONICS =—

* Rapid helicity-flip change sign of e polarization
* electro-optic Pockels cell in laser optics

nockels cell

\_ polarized

*NOW: up to 1kHz measurement over helicity reversal M clectrons
N || Accelerator
: : : : : alf-wave plate
Detector Signal |......}ideie e e e e
z s z s 5 >t .. i
Helicity States | 4/ = | = (4 | = g i i | 4 =i =i+ * Helicity-correlated beam asymmetries
X | A ) *NOW: Aq ~ few ppb, Ax ~ 1Tnm
A v Y . *both precision configuration and feedback
A, A, A, e A
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E122 at SLAC (1978)

C.. Prescott, et al.

BEAM MONITORS

GUN
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e ENERGY (0, TARGET), ML ——
iAC\,El."" i 2 Rf’E POLARIME TER
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GoAs SOURCE}

L . COMPUTER |=

TO ELECTRONICS =—

TO ELECTRONICS =

e Beam Monitors

*Measure helicity-dependent changes in current and position
*NOW: usually RF antenna or RF resonant cavity
*Precision Q ~ 30 ppm , x ~ 1 micron at 250 Hz

e Fast Analysis
*Feedback to source to control beam asymmetries

UNIVERSITY
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E122 at SLAC (1978)

BEAM MONITORS C.Y. Prescott, et al.
GUN
CURRENT '
¢ i TARGET MBLLER
TSR] posion 2 1T POLARIME TER
ANGLE ~_

| - ~
GoAs SOURCE} | J % -
' /

L « COMPUTER

TO ELECTRONICS =

* High-Power Cryogenic Target
« 30 cm long for high luminosity

*NOW: power >2300 W, stability better than 40 ppm at 250 Hz
FUTURE: 1.5 meters, 4 kKW, stability better than 25 ppm at 1kHz

UNIVERSITY
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E122 at SLAC (1978)

C.Y. Prescott, et al.

BEAM MONITORS

GUN
CURRENT 3
- ENERGY TARGET MPLLER
| AC\,‘EL. il "(gz f’E ) POLARIME TER
ANGLE .

GoAs SOUFICE}J ! J
L . COMPUTER

TO ELECTRONICS =—

TO ELECTRONICS =

* e-beam Polarimetry

* Mgller polarimeter
* NOW: Mott ~1%, Mgller ~1%, Compton ~0.7% (continuous)
FUTURE: all three methods aim for 0.5%

UNIVERSITY
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E122 at SLAC (1978)

C.Y. Prescott, et al.
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 Magnetic Spectrometer * Integrating Detection

- directs scattered flux to background-free region -integrate all signal during helicity window

defines / calibrates kinematic acceptance *measures high rate (>100 kHz) with no deadtime

. *NOW: ~6 GHz
Calorimeter - FUTURE: ~500 GHz

oo >

///// = : copper phototube integrator

electron flux [ : quartz

I
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PVES has become a precision tool

- ) Interplay between probing hadron structure
~ e Pioneering do o .
107 = e Strange Quark Studies \“/Q/’ x and electroweak phySICS
- Standard Model Tests '
C . Neutron Radiie SCR *Beyond Standard Model Searches
107 e eStrange quark form factors
- MainBey Lo eNeutron skin of a heavy nucleus
- , - .
109 _SAMPLEgss@yq  SOLID ¢QCD structure of the nucleon
—~ E MIT-12C%"%%" ®H-HI
Z T A% T ey He
< T , & b For future program:
=107 OTHAL - _
© T E <" PREXLO oo e sub-part per billion statistical
o Py — reach and systematic control
" 3 Qweal® e 0.5% normalization control
S " QMESA-12C
= MOLLER . .
107 = ,;PZ photocathodes, polarimetry, high power cryotargets,
- O nanometer beam stability, precision beam diagnostics,
10—10 IIII[’/I | IIIIII| L 1 IIIIII| L 1 IIIIII| L1 IIIIII| L1 IIIIII| ° ° ° °
108 107 106 10 10-4 100 low noise electronics, radiation hard detectors
PV
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PVES Searches for New Neutral Currents

(SLAC-E122) [ Cs APV
Bates-12C Weak vector

~

charge of
Mainz-Be heavy nuclei
- AN J
4 N\ )
Mgller (ee) scafterlng : Weak charge of the electron DIS from 2H:
y SLAC-E158 1997-2004 Weak Axial-Vector quark charge C»q
e
.- MOLLER PV-DIS-6
h g 2009
Elastic ep scattering : Weak vector charge of the proton
Qweak 2010-2012
¢ EIC
P2@MESA
- p O\ J
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SLAC-E158: Weak charge of the electron ...

Megller (ee) scattering

e" ee- o SM highly suppressed, so even

) 0G,. +new Qw =1 —4sin” Ow a weakly-coupled or heavy new

- e e- physics scenario can stand out
High-power Dipole chicane + quadrupole spectrometer

(1kW) LH, target,

18% radiator 45, 48 GeV, 4-7 mrad scattering angle

r collimator primary & scattered ¢ollimator detectors j

a5 48 Gey . liquid B / beam ep's

High beam * 725" hydrogen [ =~ 1_—Photons I ’______,/'E T
larizati polarized [ __--sl-- "~ -= P 19NN ) — > > 0.7

—p - - - s = = = - el by Bl — .
polarization beam tareel h | | Mollers m
and current arge * A 4 I \"\\EE l
dipoles quadrupoles

L < 60 m

First Measurement of the electron-electron weak interaction

5

§(sin” Oyy) LEP200 E158 Reach

2~ 0.5%

Apy= (13114 £ 10 b
pv= ( ) PP Sin oy Ay ~ 17.7 TeV Sr_LL ~ 17 TeV

UNIVERSITY
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Design for precision beyond E158

r 1 w How do you maximize the azimuthal acceptance of the spectrometer?
Apy < E\, Oy, O o<

i . . Eyg Idea: 50% Azimuth, 100% Acceptance
Figure of Merit proportional to beam power

. o (o)
At 11 GeV, JLab luminosity and stability Odd number of octants: accept CM[60°,120°] so you
kmakes large improvement possible J always get one of the electrons from each event

Figure of merit highest at 0,, = 90°

Toroid spectrometer Radial Fields defocus azimuthally.
Optimum Acceptance [90°,120°] oF’' =585 GeV Full detector ring
- Identical particles 0. = 0.39-1.1° N —

18

IIIII

16 Highly boosted lab e Two resistive torroids

8 o
£ ::: frame vy
%’D 10;‘ _________________ 0.8:—
< g 0.6—
LT P S A

*E | Backward — o.4:—

2— it -

oy . o.z:—

Lab Energy (GeV) [ : N A

15I 1 1 1201 1 1 1251 1 1 I30I 1 1 135
meters

°O
(%))
-
o
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MOLLER at 11 Gev jl_ab improve on E158 by a factor of 5

Aerector O(sin0w) = % 0.00024 (stat.) = 0.00013 (syst.)=—> ~ 0.1%
Matches best collider (Z-pole) measurement!

~

2
8ij _ _ A
Lejes = Z —2AJZ €;i7,.€i€7" e; > \/’g%{R — 7] = 7.5 TeV

ij=L,R

best contact interaction reach for leptons at low OR high energy
To do better for a 4-lepton contact interaction would require:

Giga-Z factory, linear collider, neutrino factory or muon collider

Upstream
28m oroid Liquid
Hydrogen
Target

Apy =35.6 ppb
o(Apv) = 0.73 parts per billion
o(0w) =x 2.1 % (stat) = 1.0 % (syst)

Electron
Beam

UNIVERSITY
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MOLLER Status

Broad range of technical challenges

@ Full Azimuthal coverage with to ~5° lab angle
- Magnet construction and engineering
- collimation
- backgrounds
- calibration procedures
@1.5 m LH; target
- up to 5 kW power
- Boiling / density fluctuations <25ppm
ePolarized Source
- Flip at 2 kHz, 10 ps deadtime
- beam position stable (<1nm) with reversal

- Improved slow reversal to cancel beam asymmetries

@Robust 0.4% beam polarimetry

- Compton

- Iron foil and atomic hydrogen target Moller
e Detector development

- resolution, rad hard

- Ancillary (background and tracking)

UNIVERSITY

I\/IRGINIA Kent Paschke

Collaboration:

~100 scientists, ~ 30 institutions, expertise from
Qweak, E158, HAPPEX, PREX, A4, GO

Outlook:
e 25MS MIE funding required

e Strong endorsement from recent DOE Science Review

e 2-3 years construction
e 3-4 years running

SPIN 2016 - Urbana/Champaign
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Proton Weak Charge: Qweak at JLab 0.0

Elastic ep scattering Secondary | Shielding
9 Collimator Inelastics
GF Q P 2 ) .
APV — _W [ %/:_'_ Q (9 Q )] // Elastic ep
o s Precision Ring of Integrating
Collimator ((j)utarttz Cherenkov
eteclors
P =2C +C,, *x1-4sin’ 1,
| | *> e-Beam
Q2: 0.025 GeV? ¥ 230 ppm 1ppm precision| 35 cm Liquid .
Beam Energy: 1.16 GeV 12 at 240 Hz in 4 minutes Hydrogen Target Toraidal Magnet
0 Acceptance: 5.8°-11.6° 2,
Polarization: 89% 310
Current: 180 pA 102
Detected Rate: 6 GHz 10
-:).003 _0.60'2”' 0I001 B (I) - O(I)01 - (I)-I(I)OZ | 6.603

Quartet Asymmetry
At small angle and low Q?, form-factor and other contributions are small

proton structure F contributes ~30% to asymmetry, ~2% to o(Qy°)/ QuP

“Run 0” results (about 1/25 of data set): PRL 111, 141803 (2013)
Apv =-279 * 35 (stat) * 31 (syst) ppb

UNIVERSITY
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Qweak - Global Fit of PVES data

spin-1/2 target: electric and magnetic form-factors GrQ?

i Apy = ——=—[Q} + Q*F(0.Q"
GE = (1 - 45in? Ow)GE oy — Gl as — Gl PV = e (G QOF(0,Q7))

Global fit, first results on QuP
* All nuclear PVES data (hydrogen, deuterium, helium).

5 parameters (C1u, C14, isovector axial FF, ps, Us)
* [llustration shown here at forward angle.

Strange quark program probed over a range of low Q2

— e, A4 (Mainz)

o) ¢ This E;‘pe"mem 'Data Rota'ted to the‘Forward-/;ngle Limit‘
m HAPPEX
Il 0.4} sampLe >
<] A PVA4 | =
S ® GO e
9} 2 SM (prediction) o -
% 0.3 {
&)
GO (JLab) SAMPLE (Bates) .02 p
C Q= 0.064 £ 0.012
I P (o) — 0+
Hadronic corrections for QWeak gﬁo'l Qu (SM) = 0.0710 £ 0.0007
constrained in fit of all PVES data over <°o 0
targets, E, 6, @° 00 01 02 03 04 05 06

0°[GeV/c]’

UNIVERSITY
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Qweak Fit Result

0.18 : - -
Combined with 133Cs .
atomic PNC result N P
0.17¢ . iffossop Data corrected to forward angle
© 0.4}% sampLe using fit results
cltla A PVA4

016} Standard e ® Go
- Model A 03l 2 SM (prediction)
O a 1
S ’
t o1s = | ol 1)
O 13acs® Combined oz | |

- result C“y Simulated final result

| < Vlp using anticipated final
¥ - d .
aasl © . = i | uncertainties |
Qw = —0.975 = 0.010 00 01 02 03 04 05 06
Qn, (SM) = —0.9890 = 0.0007 0*[GeV]*
0.12
-0.70 -065 -0.60 -055 -050 -0.45 -0.40
C1u - C1d

UNIVERSITY
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P2 at MESA / Mainz

GrQ? . 5 5 MESA: based on ERL but will also support a high-current extracted beam
N QY +Q*F(6,Q7)]
‘ + 25 MeV

Qweak: proton structure I contributes ~30% to o | P e, s e h
asymmetry, ~2% to 5(Q°)/ Qu° '

Negligible for significantly lower Q?

Apy = —

Source
100 keV -

M pseudo internal
= target MAGIX

external target
P2

e rate up 80x, Q%> down 5x: same FOM on Apv and 2x FOM on Qw”
* reduced sensitivity to radiative corrections and proton structure

' injector "MAMBO"

= steering magnets % clectron source "STEAM"

l bending magnets

Solenoid Spectrometer

i Ebeam = 155 MEV, 25'450
* Q%2 =0.0048 GeV?
« 60 cm target, 150 uA, 10 hours

cryomodules

D.Simon

e Apy =-29 ppb to 1.5% (0.44ppb)
e §(sin20w) = 0.00031 (0.13%)

e Development underway
e Installation starts in 2018
e Commissioning 2019

20001 e- from Mgller scattering

el ol v ) eyl o fEms ¢ U b pea s s |
-1000 -500 O 500 1000 1500 2000 2500 3000 3500
z/mm

J ) (D. Rodriguez)
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An isoscalar target like 2H can access the axial-vector quark couplings C,

Deep Inelastic Scattering

Aiso — O-i —7
o' +o" )
SGFQ """"""""""""""""""""""""""""""""""""""""""""" X =Xp.
~ — 20 — C Y 20 _ C | Bjorken
(wal()\/_ ) [1“1d+ ( ________ o 2d> | y=1-E'/E
(. 25 wger Ny ==y

At high x, sea quark contributions cancel | Rs(z) = (o) fol))(a:) L0 | T e Rfl
out, A.D becomes!ndependent .of.x& w, R - (%) + do() Large o 1 R(z,Q%) =o' /0" ~ 0

with well-defined SM prediction v ~ Uz)+ D(z) ' y

Hadronic effects may also be important
e sea quarks

¢ Charge symmetry violation

C?;/I nggV C,i = ZngA Y, * Higher Twist

UNIVERSITY
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PVDIS-6 in Hall A

‘ e Hall A HRS spectrometers
0% polarization, 6 GeV beam n

ting DAQ - pion rejection, | C.'=2g'g, Ch=2g'g! ,
c segmentation

Wang et al., Nature 506, no. 7486, 67 (2014);
1 GeV2 Apv=-91.1 3.1 (stat) £ 4.3 (syst) ppm

) GeV? Apy=-160.8 £ 6.4 (stat) £ 3.1 (syst) ppm

5 F
- Qweak “ e PVDIS-6
4 fit 0.1 -
lea . - OF
| 3 __ L(\)l -
- E122 L-010
2 - O aoF
B « -02 Standard
| | s ( 03} Model
15 10 5 0 5 10 15 - o4l
VDC B -
s\ A([2C1u_C1d ]Q2=O) [TCV] 0 | % _0.5_1 R B R BRI B
| B -09 -0.8 -0.7 -0.6 05 -04
E— | | I 1 I | I | |
: : : : -1 2C,,—Cia
first experimental confirmation of non-zero -15 -125 -10 -0.75 -05
axial-vector quark WNC coupling 2C1w—Cid Phys.Rev. C91 (2015) 4, 045506
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SOLID

Strategy for high precision: controlling hadronic contributions

requires precise kinematics and broad range
Variations over x, Q2 can discriminate

Calorimeter .

QCD effects and new physics

L
N C
Magn Yoke and Coils i (,..._.\
10— e |
61 .63
- New &5 ‘
f i u Physics @3 o7
& 65 - f
Other PV measurements: T '(:e\l harge
e nuclear tensor fields S T > Symmetry
) 51— e Violation
e high-x proton d/u |
: i $61 Higher
Spectrometer will also support a Y \ J Twist
H _le 1 1 1 1 1 1
@ad program of TMD studies == 0 e oI

¢ high luminosity, large acceptance

XBj

e repurpose the CLEO solenoid e some regions 10’s of kHz/mm?
©20°-35% E'~1.5-5GeV ép/p~2% eGEM tracking

¢ Cerenkov + segmented calorimeter

RSITY
U IYI{EGISNIA Kent Paschke

SPIN 2016 - Urbana/Champaign

Requires 0.4% e- polarimetry
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PV-DIS at EIC

EIC can access interesting Q2 region with PV-DIS - no past or planned measurements

0.244
ASSU m pt] ons. . Qweak(first)
e Dedicated deuterium run 0242
e This measure will average over - E158 o

2H polarization

¢ 200 days of beam time 0238
e Int. Lumi. ~267 fb'(incl. eff.)

APV(C)) \

PVDIS

sin® 8,, (Q°)
o
ho
]
&

!

s EIC 10 GeV x 100 GeV
s EIC 10 GeV x 250 GeV
s EIC 15 GeV x 100 GeV
s EIC 15 GeV x 250 GeV
s EIC 20 GeV x 250 GeV

0.234
pa— LEP
0.232 .
APV(Ra’) Moller P2 Qweak SOLID {
=4 0.23— ¢  § J SLAC
|, 250 GevIc |mulat|ons from YUX|ang Zhao, SBU
‘ 0228 1 1 1 1 l 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

w III|IIIIIII|III|III||III|III|III

Simulated using “Day-1 EIC detector”

Log Q [GeV]

2

described in ePHENIX LOI *Differential luminosity precision ~5x10%

UNIVERSITY

TRGINIA Kent Paschke SPIN 2016 - Urbana/Champaign
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*Polarimetry ~0.5% for highest energy, luminosity




Electroweak Structure Functions

e ——>> <« >— !H,2H,’He

polarized electron, unpolarized hadron

GrQ? [QAFYZ P iC) F;»YZ}
2 2ma 7 FY 2 F

unpolarized electron, polarized hadron

Apy =

GrQ? g’YZ g’YZ
YT 9 ara v F/ 94/ W) Fy

relative error of F1gz

proton
7 scu+d+s
F)7 o 2uy + d,
g7 x Au+ Ad+ As
977 x 2Au, + Ad,

relative error of F3gz

Assuming integrated B L+ TTox 00, unfolaed | B
luminosity ~500 fb-" g L 15 x 100 unolbtl] Bt
E " a 15 x 250, unfolded : ; .
% ik i gm— i e
“Non-small x” o: : i
z s o = R
.feW % on Ff/ 102 ok ek PRI P PERiEE j 11
0 'VZ 1071 IR SO ST S NI 4 F RO 5
ool 10k i
10" Xy 10° 10? 107 Xy

Simulations from Yuxiang Zhao, SBU

IVERSITY
Q YI{ZGI?\HA Kent Paschke

SPIN 2016 - Urbana/Champaign

_‘E F A ep10x100 GeV, unfolded ‘E
e 0 A ep 10x250 GeV, unfolded e 7
B0 - 8102k
9 E 4 ep 15x100 GeV, unfolded e E
S F A ep 15x250 GeV, unfolded 3 F
[ r - it . ;B g g (] r
= L o PEEET 3 HE > L
= =
[0} (0]
o 10 < 10E
=k Y 3
1 1E
o= 107k
10? H 102
10 10" 1 102
X

deuteron

FY7 ocu+d+2s
F77 o uy + dy
977 o« Au+ Ad + As
927 o Au, + Ad,

relative error of G1gz

relative error of G5gz
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Precision Mixing Angle at Low Q?

Z resonance measurements:
no interference term

0.235 0.235
Ay 0.23071 £ 0.00053
0.234 0.234
E158 A(P) 0.23131 + 0.00041
0.233 (e, 0.233
P2 ] A(SLD) —A— 0.23070 + 0.00026
(projected) T
= 0.232 . 0.232 AOP ——  0.23193 £ 0.00029
O 13,
t 1 I 1
[) 0.23 0.231 0.232
2" 0.231 MOLLER 0.231 sin?6,,,(M.)
c i YAV
= (projected)
(7))
0.23 0.23
0.229 APV | 40029 Future projections, similar time scale:
MOLLER: ~ 0.00028
0.228 0.228 Mainz P2: ~ 0.00032
0.227 0.997 Final Tevatron: ~ 0.00046
1 10 100 1000
M, [GeV] LHC 14 TeV, 300 fb' : ~ 0.00036

Note: systematics-dominated
(pdf uncertainties)
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New Physics Complementarity

0242, . : - _ Lep tOphObiC Z’
0240 . Queak (first) 5 ee scatterlng. . e q
; Lepton Number Violation
g 7 ~ A > 5 TeV :
& 0236 | pvcs _— Doubly- 7 7
a 0234 Charged
F ] 3. Scalars q
0232 avter - Mollryy | soum : Significant reach beyond LEP-200 e q
0230} "Anticipated sensitivities" SLAC j SOLID can improve sensitivity:
-3 -2 -1 Logwg[GeV] 1 2 3 mass reaqh | 100-200 GeV range
(assumptlons on isospin Buckley and Ramsey-Musolf
Allowed region: R-Parity-conserving structure, strong coupling) ~ "eet B 0 el

0.06
\

0.04

R-Parity-violating Supersymmetry

Supersymmetry

E158 ~17 TeV
PV-DIS-6 ~8 TeV

s

N

3 0% el Qweak ~33TeV

o] ! '.a'.i'.,_.'.*':.-_

< o MOLLER  ~39 TeV

[#)]

o _ P2 ~49 TeV
f:)ﬁ:}f’;’%g?ﬂz 0921 Includes Future constraints: SOLID 29 TeV

1305 LHC ~
gzmsz.Mliil;lf ;Z;’SS”: ~0.041" constraints MOLLER & P2 y
ys. Rep. 456 (2008) 004 002 o0 Q02 0.04 Erler et al,, .
6 ((9a)susy’ (Fav)sm Ann.Rev.Nucl.Part.Sci. 64 (2014)
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Summary

Fundamental symmetries at the intensity frontier is an important
complement to energy frontier studies

@ Future results to from Qweak, P2, SOLID, MOLLER

@ Technical progress has enabled unprecedented precision

e@search for new interactions from 100 MeV, to 10s of TeV

@ Increasing precision on weak charges, with resolution on weak mixing angle
at energy low scales comparable to Z-pole measurements

@ EIC will open window to novel spin-dependent and spin-independent
structure functions,

e@and to precision weak mixing angle in an interesting Q? range

Large scale, flagship experiments for electron beam facilities
Interplay between nuclear and hadronic topics and fundamental symmetries

A rich experimental program is envisioned over the next 10 years
at Jefferson Lab and Mainz MESA facility

UNIVERSITY
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New structure functions
---y-Z interference structure functions

pol. electron & unpol. nucleon: unpol. electron & pol. nucleon:
7 7 2 )/Z vZ
Ab = GFQ [ F) — + g Y- P) ] AL — GFQ [gVT T gfﬁ Y— gly ]
o \/_na Y2Y, F) 2\577& Fl Y, Fl
FY = ) e, @)@+ 87 = ) e, (8v)g (Aqs + Agp)
f f

vZ | _ Y —-
Fy- = 2 Z eq,(84)q, (G5 — q¢) 8 = Z eq;(84)q;(Aqs — Afy)
f f



New structure functions
---y-Z interference structure functions

pol. electron & unpol. nucleon:

A m — — + >
e 2V2na 84 F’ gV2Y+ F

1 1
p, vZ 1 - = _ _
F''™ = §(u+u+d+d+s+s+c+c)
Fn,yZ - 1 _ 7 - -
. X §(u+u+d+d+s+s+c+c)
/ 2 1
Fg')'z = g(uv+C—5)+§(dv+S—§)
n, v 2 . 1 _
F"7%4 = —(dv+s—s)+§(uv+c—c)

3 3

unpol. electron & pol. nucleon:

7/
GrQ* _, g5

AL = [&v— *8 ]
V +~y AY %
2\57?0( Fl + Fl
FARRIIES é(Au+Aa+Ad+Ad_+As+As‘+Ac+AE)
PR %(Au+Aﬁ+Ad+Ad_+As+As‘+Ac+AE)
, VZ 1 1 _
&7 = F(Buy +Ac— A% + Z(Ady + As ~ A3)
n, yZ 1 _ 1 _
g = g(Adv+As—As)+ E(Auv+Ac—Ac)



SA/A for e-D collisions

o A/A for e-D collisions

107"

A

A eD 10X250 GeV
A eD 15X100 GeV
A
A

RN

eD 15X250 GeV
eD 20X250 GeV

l

107 LGl AR Ll

eD 10x1°0 Gev \, ....... . ..... .\A,,., .......... .,,..~\, ................ \ ......

iz Polarimetry ~1% at the beginning

and then 0.5% for higher energy
and higher luminosity

' Alex’s R&D proposal :

target at 1%

§5- Experience:

Parity experiments drive the
precision frontier of electron
polarimetry: SLAC, PREX/CREX,

1 10 102 10°

Q*  MOLLER, SoLID

35



o™

sin® 8, (Q°

World data of sin?6,, including EIC projections

e 200 days of dedicated run

e Can reach similar precision
/ to SoLID measurement

* Interesting Q? region never
been measured or planned

0.244
0242 :_ Qweak(first)
- v-DIS
0.24—
= e E|C 10 GeV x 100 GeV
B EIC 10 GeV x 250 GeV
0.238 == s EIC 15 GeV x 100 GeV
- APV(C) e E|C 15 GeV x 250 GeV
0.236 — EIC 20 GeV x 250 GeV
_ PVDIS
0.234—
- LEP
0232 + 1
L ARR Moller P2 @Weak SoLID ot
023— ¢ i l { SLAC
B | | 1 | I | 1 | | I 1 | | | I | 1 | | I 1 | | | I | 1 | 1
02283 2 2 3

0
Log10 Q [GeV]



Tracking Calibration

Q2 distribution (simulation & data)

2 : "
<A(Q )> Is measured Tg,o.me:— Entries?_219232
, oot e
A( <Q > ) IS reported 50.014;_ Entriesqz_§37525
o012 Mean  0.02394
T = RMS  0.007471
€ oo
. . . . z .
Simulation (using survey, field map) 0.008F-
estimates the Q2 distribution. 0,006
: e s - . 0.004—
Spatial distributions are verified against -
tracking distributions ko o
00 0.01 0.06 0.07 0.08
Q2 [GeV/c?)
Hit distribution in quartz bar
_. -325 ook Position dependent
§ 330 Lo, !ight-col_lection in
15 Do . integrating detector
_%; '335 _e 800: -
2 -340 © 60% .
> 400 — R
-345 :E \\\
100 -80 -60 -40 20 0 20 40 60 80 100 “E | | | i

o
ol
S
a
o

X position (cm T )
P (cm) Position in detector (cm)
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Polarimetry

Goal: dP/P ~ 1%

Moller: ee scattering off polarized iron foil
* saturated iron

« experience with ~1% precision in Hall C

» modified spectrometer for 1 GeV

* invasive, low current only

Compton: ey scattering with polarized green laser light
* new polarimeter

* low Ebeam: lOw analyzing power, low scattering energies

» diamond microstrip detector

 per mille control of laser polarization inside cavity

Electron Detector

Scattered Electrons

Fabry-Perot Optical Cavity

, P - ~ M Phot
Dipole pfloRuRaRataat /t: Dipole \W\M@

Backscattered

Laser Table Photons

Polarization (%)

92

90

88

86

84

g2 Lo

Comparison of independent
polarimeters

3 ‘o Meller o Compton ]
d CHE ]
i A, & ; ]
I e
.23000l — I24000I — .25000l

Run number

Important milestone for high
precision polarimetry needed

for future program

Physical Review X6 (2016) no.1, 011013
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Qweak - Blinded Asymmetries (Run 2)

Measured asymmetry,Statistical uncertainty only.
Not scale corrected (Pream, backgrounds, etc.)

Physics Asymmetry = (IHWP,, - IHWR, )

E - Raw = -161.8 +7.6
o 0 3 m (2/ NDF = 1.40, Prob = 0.043)
S2-1000 0 Wild g A0 R0, B LM sl gl | Qg | resrossos=-1s0027e
: 0 : I8 1 — | l S 1 4 I .‘? " | § . 2 _ _
u__J E 200 | || il I N !' :I ” IR ! L :I i | 1 “ (X2/ NDF = 1.19, Prob = 0.18)
. ' Beamli
o 300 ﬂ hd H Bﬁg?gfnected =-1645+7.6
< _400 - A 1é0 A A A A 2100 N N N " 2150 N N N N 3100 A (X2/NDF= 1.08, Prob = 0.33)
Data Set #
NULL Asymmetry = (IHWP, + IHWF, ) /2
3 200 E Raw=4.7+7.7
o - m (2/ NDF = 1.84, Prob = 0.001)
o = |
~ 100 | m ﬂ ’ | | “ || | hl H .
- Nl .. ik | gl RRRYEYL | Peoressed=79=77
© 0 F ’| v ,| L T 1 (%/ NDF = 1.38, Prob = 0.048)
- | [ '
E -100 :_ m | ‘ I " H “ H Beamline
- - Bkgd Corrected =-1.4+7.7
&’ -200 160 260 2;50 360 (X2/ NDF = 1.29, Prob = 0.097)
Data Set #
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Polarization sensitive detector

Scattered electrons arrive at detector with I
i ifi i 1 1 18 cm
significant radial polarization component

Quartz
Air-Gap
Lead

QTor \ \

Target
[ ]
1 +
x, . s
/ 3 \
o . g2 459
Apparent polarization analyzing effect, so that PMTs N _
on opposite ends of each detector bar see opposite I1 Main Detector Bare 5I
sign asymmetry shifts - +

Apyrpp = A- — Ay xﬁ - y\

At first order, this cancels, since we measure an average of the two PMTs

Apy = (A- + Ay)/2

UNIVERSITY
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Polarization sensitive detector

0.11 i :
. 0; 0'001: bs.o MeV
Mott scattering has asymmetry 2z © = S : somey
at low energy, so shower I 3 A N /N — somy
'g . o — 5.0MeV :: § - ==' Acceptance
through radiator can become £ oo |— somey A\ o2 °F )
. . g E - = Acceptance \\EE E C \
polarization-dependent 5 04 | ooost
o5 W - \\\
T e T —-0.001 : - e A Y P -
0 20 40 60 80 100 120 140 160 18( 0 10 20 30 40 50
Scattering Angle, 6 (degree) Scattering Angle, 6 (degree)
F :
% 1400;— » = }
% 600;_ / | . . . .
N | *Imperfect cancellation depends on imperfections in the
E bar light collection and alignment

e MC simulation is being used to investigate how precisely
we know this cancellation

% 200~ |
g " Last significant systematic uncertainty before
2 - — result is complete
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Weak Vector Form Factors at low 2

Superconductin ‘ Particle
oils \‘.'

I ‘ Detectors

HAPPEX (JLab) g w SAMPLE (Bates) A4 (Mainz)
: L p _ 2pup Lap YOS
WNC elastic form-factors have been well studied in Ggp = gGE — §GE — §G’E :
search of intrinsic nucleonic strangeness 9 1 1 :
P _ u,p d,p s
Gy = 3G — 360 — 3G |
o =015 * . S :
(O) u ¢ HAPPEX-lI A, uncertainty
= - = GO (FORWARD) Global Fit - ,
+ 010 ® HAPPEX-H — 3% of (G +1 G}) Probing over a range of low-Q?,
2" T v MAWTAG(cifierent | strange effects are small (<3%)
0.05— and consistent with zero.
e e
N Whatever the cause - proton
-0.05— structure effects in Apy must go
- tozeroatQ?=0
_0.10_ 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I

g o Kent Paschke SPIN 2016 - Urbana/Champaign September 29, 2016



Electroweak Corrections

e(k) e(k)
p -2 ) /
QW— [ch—l—Ae] {1—4SID HW(O)+A€] "—DWW‘FDZZ‘FDWZ
Y V4
new (energy dependent) 'yZ box corrections must be considered
p(p) P(p)

Gorchtein & Horowitz, PRL 102, 091806 (2009) 0.00261'0-.0026
Rislow & Carlson, PRD 83, 113007 (2011) 0.0057+0.0009 Significant theoretical work,
Gorchtein, Horowitz, Ramsey-Musolf, PRC 84, 015502 (2011) 0.0054+0.0020 Converging on precise calculation
Hall, Blunden, Melnitchouk, Thomas, Young, arXiv:1504.0397 0.0054+0.0004

0.008 — Total =--1I

-1 — TII vZ - box is E & Q? dependent
0.006 -
;D‘;l __________________ - ] . . .
2 0.004! ] ~7% correction at Qweak kinematics,
but now well estimated
0.002F / L
R Similar corrections are required for all
0.00Q e I n T . ,
00 05 1.0 15 20 25 3.0 data in the fit
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First Results

Qweak had ~ 1 calendar year of beam split into 3 running periods
Each period had its own “blinding factor” for unbiased analysis

* Run 0: January — February 2011 (commissioning data)
* Run 1: February — May 2011

* Run 2: November 2011 — May 2012

“Run 0” results (about 1/25 of data set) were published in PRL in Oct. 2013

Apv =-279 (35)(31) ppm

5 _ ) Significant corrections:
Q% =0.0250 + 0.0006 (GeV/c) « Aluminum background (3% fraction, but 10x

the asymmetry.)

. . . 0.3 . .
L A ) R S S S » Transverse polarization
* G0
1 : [ } { " HAPPEX These (and other ancillary measurements) are
5 Qweak % } i vl themselves valuable physics results
3 (4% of data, } * * Q-weak
S5t [ |
g .3 days@100%)
= pewer ]
E |
Est | Required significant work to improve
2 | k
6 1 !
| [
7 F ! I
! ‘ All systematic errors reduced in final data set
-8

Q? [(GeV/c)?
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Transverse Asymmetry

Beam-Normal Asymmetry in elastic electron scattering

Electron beam polarized transverse to beam direction 'm dc! =o! S s
ATE ? ) ( )OcSe.(keXk'e)
O +0 do
1 Y Y Y
é % o Effect suppressed by
© “elastic” “inelastic” AT o« —== °Q
inelastic
’\/E e Lorentz boost

Interference between one- and
two-photon exchange

* Inelastic intermediate states
enhance this asymmetry 2

* measured for several nuclei
* ~4ppm for Qweak

» Potential systematic error if poorly
cancelled 10

- Well bounded by polarimetry, 120
check on geometric averaging 14

 Measured also by Qweak, on i S I A S |

hydrogen and Aluminum : : 7" 6® o3 0%
Yo Q[GeV] PRL 109 (2012) 192501

A, [ppm]
[o+]
IIII]II ]III]III]TII]III]ITIIIII T

o
o
o
a
©
—
o
—
)
(=)
o

UNIVERSITY

IVIRGINIA Kent Paschke SPIN 2016 - Urbana/Champaign September 29, 2016



Strange Vector Form Factors Are Small

SAMPLE (Bates) A4 (Mainz) |

Ladp —1~G3 Probing over a range of low-
E 3 2 . @, effects are small (<3%)
1 . and consistent with zero.

SAMPLE with
G, (calculation

0.15

0.1
. & ) \\\‘\\\‘\\\‘\\\7 0-15
2~0.22-
0.05 0'15: . Q 1 0.1
s g ]
GE 0 005 - 0.05
-0.0 G o 1 Gro
0,05 =
g -0.05
-0. 01 E
At Q2~0.1 GeV?, - —68.3% o
_0.15-| G* < few percent of GP E R e :
L TTdEEE ] 021" 08060402 0 02 04 06 08 1 01§45 "o
-1.5 -1 -0.5 0 g 0.5 1 1.5 Gwm®
GM

Whether strange quarks, charge symmetry breaking, axial contributions - proton
structure effects in Apy must go to zero at Q=0
UNIVERSITY
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The Axial Term and the Anapole Moment

A pn _ T=1\,(3)
Axial form-factors G,P, G," G, = 73(1+ K, )GA

T=0 8
++/3R.™'GY + As
- Determined at Q?=0 from neutron and hyperon Z 777777
decay parameters (isospin and SU(3) symmetries) A
- Q2 dependence often assumed to be dipole form, fit N \§ Y
to v DIS and it electroproduction P
- Includes also As, fit from v-DIS data (with significant “box”
uncertainties)
. Y/\QZ
Anapole Moment Correction: ~
Multiquark weak interaction in Ra(™1), Ra(T=0) D
Zhu, Puglia, Holstein, Ramsey-Musolf, Phys. Rev. D 62, 033008 “miXing”
‘Model dependent calculation, with large uncertainty (*30% on axial FF) A
-Dominates Uncertainty in Axial Term VoV
Difficult to achieve tight experimental constraint v P
Reduced in importance for forward-angle measurements | “quark pair’

UNIVERSITY
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Elastic electron scattering

Q?: (4-momentum)? of

- E’
Heavy, spin-0 the virtual photon o LB sin? pomt like target
nucleus e Q7 = S =
2 _P
Improved resolution with increasing
e momentum transfer - hc
Y @~
. . . N\ T Neglecting relativistic recoil, the
Differential cross-section JN | Ne. & / ’
(a) form-factor F(q) is the Fourier
T 208Ph 1 Transform of charge density
dO- 422 042 E2 o't + SACLAY 76 1 '
— o2 | * STANFORD 69 -~ FExperiment
. 7 - Mean Field Theory

s Mott B Q* i

fiad | .‘\",. o 208ppy t
As Q increases, nuclear size | ; *'| e A\
E o ' ‘ \ N\
becomes important correction |** ”7' '848383?5
o S *~ ' '
o S AN b
o _ (99 pgp ¢ iE | .
- 6| [s7lococczs AN '
dQ dQ Mott 0,,r \ |
' ]:L : é - 3l q(fm)_l 0 2 4 6 8 10
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Weak Charge Distribution of Heavy Nuclei

Nuclear theory predicts a neutron “skin”
0.1 s
on heavy nuclei

—————

:?"\ 0.06

g

P

@

g 004

Q ——— E+M charge
—— Weak charge

0O ammmes Proton
------- Neutron
0
0 2 4

6 8 h 10
r(fm)

Neutron distribution is not accessible to
the charge-sensitive photon.

knowledge of rn highly model dependent

Symmetry energy of nuclear matter
the energy cost of N » 7

r, calibrates the Equation of State of
neutron rich matter

Kent Paschke

SPIN 2016 - Urbana/Champaign

proton neutron
Electric charge 1 0
Weak charge ~0.08 1
for spin-0 nucleus
Y 70\ Ay
< BT 2
e R Fw
PV ~~
47’(’&\/5 Fch

PVES provides a clean probe of the
neutron distribution

PREX: Apy to 3% from 2°8pPb
->r,to0 0.06 fm

CREX: Apy to 2.5% from 43Ca

September 29, 2016
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Weak Charge Distribution and Symmetry Energy

. 03T 1T T T g T
The single measurement of F, translates o A
to a measurement of r, (via mean-field ol
nuclear models) 0.3 ]
0.3 L R
i @® Skyrme ] 025 |
B covariant meson ~
0.29 | A covariant point coupling _ e.é
I . o021 g
|
0281~ |
<2 1 0.15 -
=" 027} . °
I : N Sk
01 @ @ Skyrme _
0.26 - AN B relativistic meson
' é@ A relativistic point coupling |
N | | | | | | | | | | | | | | | | | | |
e 00926 28 30 32 34 36 38 40 42 4
' 56 565 57 575 58
> o8 symmetry energy a, (MeV)
r in  Pb (fm)

Kent Paschke

rn in 298Pb provides input to models to pin
density dependence of symmetry energy

see also M. Miorelli, Poster
SPIN 2016 - Urbana/Champaign September 29, 2016




r, and Nuclear Structure

208p|y;
e uniform nuclear matter e Important calibration point for FRIB studies
e terrestrial laboratory to test * p(n) corrections to atomic PV

n-star structure 208ph r, crucial information for

48Ca: neutron star E.o.S.

* finite size effects.
e Within reach of microscopic
calculations

Nuclear Landscape

M,

Mass (

0.0

7 8 9 10 11 12 13 14 15
Radius (km)

* Mass/radius ratio, compare to observation

* cooling mechanisms (URCA or not)

Fundamental test of nuclear

structure models
UNRERSTTY Kent Paschke SriiN 2u16 - Urbana/Champaign September 29, 2016 51




eutron Skin at JLab
Q2~0.01GeV2 _» Apy~0.6 ppm
PREX-I (2012): 5° scattering angle Rate ~1.5 GHz

Arv = 0.657 + 0.060(stat) = 0.014(sys) ppm
n - rp= 0.33+0.16-0.18 fm

* 0.5 mm 2°8pb foil, 70 pA
» 59 scattering
5 * P~ 90% +/- 1%

Inelastic

103 Elastic

Very clean separation of
elastic events by HRS optics

Quartz

102 6 =170.9 ppm b

no PID needed; detector
sees only elastic events

10
log integration of everythi
that hits the detector

1 I 1
-400

Target

[, =

800

[T T N | P IR R
-600

T200 0 200
A [ppm]

2018: PREX (3% Apy, rn to 0.06 fm), CREX (2.5% Apv, I to 0.02 fm)

1 I 1 1 1 I 1
400 600

ok
o

—
T
F—

-8
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