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Search'for'physics'Beyond'the'Standard'Model

04/28/2018 PVES'2018'

•'Neutrino)masses)and)role)in)the)early)universe))))))))))))0νββ'decay,'θ13','β'decay,…
•'Matter&antimatter*asymmetry*in*the*present*universe****EDM,'DM,'LFV,'0νββ,'θ13
•'Unseen*Forces*of*the*early*Universe*************************************Weak'decays,'PVES,'gμ=2,…

Any LHC'new'physics'signals'likely'need'additional'indirect'measurements'
to'pin'down'their'nature

•'Neutrons:*Lifetime,'P= &'T=Violating'Asymmetries''''''[LANSCE,'Grenoble,'NIST,'SNS...]
•'Muons:*Lifetime,'Michel'parameters,'g=2,'Mu2e''''''''[PSI,'TRIUMF,'FNAL,'J=PARC...]
• PVES:*Low=energy'weak'neutral'current'couplings,'precision'weak'mixing'angle

[SLAC,'Jefferson'Lab,'Mainz]
! Atoms:*atomic'parity'violation''''''''''''''''''''''''''''''''''''''

Idea*& select'observables'that'are:'
1)'zero,'or'significantly'suppressed,'in'Standard'Model
2)''Robust'predictions'within'Standard'Model'

< Received'Wisdom:'Standard'Model'is'incomplete,'and'is'low<energy'
effective'theory'of'more'fundamental'physics'

< Low'energy''(Q2 <<M2):''''''''Precision'Frontier'
complementary'to'Energy'Frontier'measurements'(LHC)
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PVES:&Brief&History

04/28/2018 PVES&2018&

Pioneering((1978)(early(SM(tests(((
SLAC&E122&PVDIS&– Prescott&et#al.####

A&=&?152&ppm&
Bates&12C,&Mainz&Be

Strange(Form(Factors((1998(–2009)
SAMPLE,&HAPPEX,&G0,&A4

A&~ 1&– 50&ppm&

Standard(Model(Tests (2003(? present)
SLAC&E158&Moller:&&A&=&? 131&ppb&JLAB&
Qweak:&&&&A&~&?230&ppb
→&smaller&asymmetries,&
smaller&absolute&&&relative&errors

Future:(Standard(Model,(Neutron(
radius,(hadron(structure(studies:
MOLLER,&P2@MESA,&SOLID,&
12C@MESA,&PREX?II,&CREX&
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Weak%Charge

←

04/28/2018 PVES%2018%

Electroweak%Lagrangian→ Parity=Violating%neutral=current%electron=quark%term:%

← Proton’s%Weak%Charge

Large%θSmall%θ
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Weak%Charge%Triad%in%Neutral%Current%Studies
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PVES:&Parity,violating&electron&scattering

04/28/2018 PVES&2018&

2

Electroweak+interference

Scatter&longitudinally,polarized&electrons&from&unpolarized target&
Originally&proposed&by&Ya.&B.&Zeldovich JETP&36&(1959)
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For$e&p$scattering:

“Form&factor”&term&due&to&finite&proton&size&–
hadronic&structure&(~&30%&for&Qweak)&– determined&
well&by&existing&PVES&high,Q2 data

For&forward&angle&scattering&
at&low&Q2 :&&
APV accesses
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QWeak:'History

04/28/2018 PVES'2018'

QWeak&Experiment:&&&
Hall&C&at&Jefferson&Lab

(Newport'News,'VA,'USA)

• Initial'organizational'meeting:''2000'

• Proposal:'2001'

• Design/construction:'2003'– 2010'

• DataLtaking:'2010'– 2012' (''''

(~ 1 year'total'beam'time)'

• Two main Runs, separated by
6-month down.

•• Last'experiment'in'Hall'C'in'“6'GeV'era”'CEBAF'
•• First'results'on'proton’s'weak'charge'(based'on'first'4%'of'the'dataset)'

published'in'''Phys.&Rev.&Lett.&111,&141803&(2013)&
•• Apparatus'described'in'''NIM A781,&105&(2015)

• Final'unblinded'results'first'released'at' PANIC'2017''(Beijing)''by'Roger'Carlini
September'3,'2017'

• Publication'in'press'in'Nature'''( expected'≈May'10'issue'
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Meeting'PVES'Challenges

04/28/2018 PVES'2018'

7 180'μA'beam'current''''(JLab record)

7 High'power'cryogenic'target

7 Rapid'helicity'reversal'''(960'Hz)

7 Small'scattering'angle:''toroidal'magnet,'large'acceptance

7 GHz'detected'rates:'data7taking'in'integrating'mode

7 Radiation'hard'detectors

7 Low'noise'187bit'ADCs

7 Exquisite'control'of'helicity7correlated'beam'parameters

7 Four'different'kinds'of'helicity'reversal:

Rapid''''(Laser'beam'at'source:'Pockels cell)'

Slow''''''''(insertable λ/2'plate'in'laser'beam)'

Ultra'slow'''(Wien7reversal,'''g72'spin'flip)

7 Two'independent'high7precision'beam'polarimeters

7 High'resolution'Beam'Current'monitors

7 Dedicated'Tracking'system'for'kinematics'determination

!"# ≈ 200 ''( want''≈ 4% precision
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Main%detectors
8.fold%symmetry

Vertical%drift%
chambers%(VDC)

(rotate)

Trigger%
scintillator

Shield%wall

Lintels%

QTOR%

Lead%collar%

Cleanup%
collimators%

Target

Tungsten%
plug Horizontal%drift%

chambers%(HDC)
(rotate)

e- beam

Acceptance%
defining%
collimator%

QTOR%

04/28/2018 PVES+2018+

The+QWeak Apparatus
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7 

Q-Weak Apparatus!

7 

Quartz Cerenkov Bars 

Toroidal Magnet 
Spectrometer 

Collimators 
Vertical Drift Chambers 

Trigger Scintillator 

Horizontal  
Drift Chambers 

LH2 Target 

Electron beam 

The+QWeak Apparatus+– during+installation
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• Main%detectors
Toroidal%magnet%focuses%elastic%electrons%onto%each%bar
– 8%fused6silica%Cerenkov%bars:%200%cm%x%18%cm%x%1.25%cm%
– Rad6hard,%low%luminescence
– 900%MHz%e6 per%detector
– Azimuthal%symmetry%maximizes%rates%&%reduces%systematic%uncertainties
– 2%cm%lead%pre6radiators:%%%%a)%reduce%soft%backgrounds%discovered%in%commissioning%%%%%%%%%%%%%%%%%%%

b)%boost%signal%size%%(but%cost%to%energy%resolution)

Main%Detectors

Simulation%of%scattering%rate%MD%face

Close%up%of%one%detector%in#situ

Measured

04/28/2018 PVES%2018% 11
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Quartet Asymmetry

35#cm,#2.5#kW#liquid#hydrogen#target#(world’s#highest#power#cryotarget)#
Designed#using#Computational#Fluid#Dynamics
• Temperature#~20#K
• Pressure:#220#kPa
• Beam:##150#– 180#μA
• 4%#X0

Hydrogen#Target

σ =#228#ppm

Target#boiling#might#have#
been#problematic!

04/28/2018 PVES#2018#

Rapid#helicity\reversal:#960#Hz###
common\mode#rejection#of#boiling#noise

Achieved###~50#ppm noise###(<#225#ppm counting#statistics)#
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Møller polarimeter
– Precise,0but0invasive
– Thin,0polarized0Fe0target
– Brute0force0polarization
– Limited0to0low0current

Compton0polarimeter
– Installed0for0QBweak
– Runs0continuously0at0high0currents
– Statistical0precision:01%0per0hour
– Electron0Detector:0Diamond0strips

Detect0both recoil0electron0and0photon.

04/28/2018 PVES020180

Beam0Polarimetry

0.6%0precision0
achieved0in0Run02

Phys.0Rev.0X06,001101300000
(2016)0

Phys.0Lett.0B0766,03390
(2017)0
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Helicity(Correlated.Beam.Parameter.Sensitivities

04/28/2018 PVES.2018.

Natural:.Linear.regression.
of.natural.beam.motion
Driven:.Drive.sinusoidal.

beam.oscillations.with.large.
amplitude

Need.to.determine.the.sensitivities:.

Run 1:  Abeam =18.5± 4.1ppb Run 2: Abeam = 0.0±1.1ppb
14



Target'Windows

04/28/2018 PVES'2018'

Background'from'detected'electrons'that'scattered'from'thin'Aluminum'entrance'and'

exit'windows:

1. Measure'≈1500'ppb'asymmetry'from'thick'dummy'target''(identical'Al'alloy).''

2. Precisely'measure'the''(2.52'± 0.06)%'“dilution”'from'windows.

• Net'correction'is'≈20%'of'hydrogen'signal:''''1.2%'uncertainty'on'result'''

Statistical'error:'5.0%

Systematic'error:'0.7%

Aluminum'ParityRViolating'Asymmetry

Three'slow'reversal'types:

IN/OUT:'reversal'of'laser'
helicity''(IWHP)

L/R:'reversal'of'electron'beam'

via'Wien'filter

g*2,flip:'reversal'
of'electron'via'spin'precession'

in'accelerator

 Data Set
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To#determine#!",#we#go#to#“tracking”#mode:
• Currents#~#50#pA
• Use#Vertical#+#Horizontal#Drift#Chambers
• Reconstruct#individual#scattering#events

Correct#for#radiative effects#in#target#with#Geant 4#simulations,#
benchmarked#with#gasJtarget#&#solid#target#studies

#$% = − ()!"
4+, 2 !./ + 1 2, !" !"

Simulation#blue
Data#red

04/28/2018 PVES#2018#

Kinematics#(Q2)#determination

Simulation
Data

16

Q2 =  0.0249 (GeV/c)2

q = 0.80 fm-1



Secondary*Scattering

04/28/2018 PVES*2018*

• Spin*precession*of*scattered*e: in*magnet:*some*transverse*polarization**PT

• PT# analyzed*by*scattering*in*Pb pre:radiators**→ transverse*asymmetry*in*
detectors:***opposite*sign*in*the*two*PMTs*(*" & $ )*in*each*detector
Adiff =##%& − %( Parity*Signal*=**)* + ),- ∴ Effect*cancels*to*first*order

• Analyzing*power*in*Pb:*
1. Beam:normal*single*spin*asymmetry**(high*energy):*2/ exchange
2. Mott*scattering*(low*energy*in*shower)*→ dominant*effect

Adiff is*of*same*scale*(hundreds*of*ppb)*as APV

17



Secondary*Scattering

04/28/2018 PVES*2018*

• This*transverse*asymmetry*couples*
with*position*&*angle*dependence*of*
optical*response*of*detectors.*

• Any*nonDcancellation*between*R and*L
PMTs:*detector*imperfections*&*nonD
symmetric*flux*distributions.

• Optical*properties*and*flux*
distributions*measured*with*tracking*
system.

• Quantified*small*nonDcancellation*
with*detailed*GEANT*4*simulation.

18
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Asymmetry:+Dominant+Systematic+Uncertainties
Fractions+of+total+systematic+error

19



04/28/2018 PVES+2018+

All+Corrections+to+Asymmetry

20

f1:+++Al++++f2:++beamline
f3:++neutrals++++f4 :++inelastics
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Asymmetry:+Dominant+Corrections
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Run+1
Run+2

Run$1:$A$=$)223.5$± 15.0$(stat)$± 10.1$(syst)$ppb
Run$2:$A$=$)227.2$± 8.3$(stat)$± 5.6$(syst)$ppb
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Behavior+of+Asymmetry+under+Slow+Reversals

Three+slow+
reversal+types:

IN/OUT:+reversal+
of+laser+helicity

(IWHP)

L/R:+reversal+of+
electron+beam+
via+Wien+filter

g*2,flip:+reversal+
of+electron+via+spin+
precession+in+
accelerator

The+data+behaved+as+expected+under+all+three+types+of+slow+helicity+reversal.

Combining+the+data+without+sign+corrections+gives
NULL,average,=,*1.75,± 6.51,ppb

N consistent+with+zero,++as+expected
22
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Blinded+Analysis
Run+1+and+2+each had+their+own+independent++“blinding+factor”

(additive+offset+in+range+± 60+ppb)+++++++to+avoid+analysis+bias.

Blinding+range

Run+1+
blinded

Run+2+
blinded

23
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Un.Blinded+Results

Run+1+
blinded

Run+2+
blinded Run+1+

unblinded
Run+2
unblinded

Marvelous+agreement+between+the+two+Runs
(several+systematic+corrections+rather+different+in+the+two+Runs)

14

Period Asymmetry (ppb) Stat. Unc. (ppb) Syst. Unc. (ppb) Tot. Uncertainty (ppb)
Run 1 -223.5 15.0 10.1 18.0
Run 2 -227.2 8.3 5.6 10.0
Run 1 and 2 combined
with correlations -226.5 7.3 5.8 9.3

Quantity Run 1 Run 1 Run 2 Run 2
error (ppb) fractional error (ppb) fractional

BCM Normalization: ABCM 5.1 25% 2.3 17%
Beamline Background: ABB 5.1 25% 1.2 5%
Beam Asymmetries: Abeam 4.7 22% 1.2 5%
Rescattering bias: Abias 3.4 11% 3.4 37%
Beam Polarization: P 2.2 5% 1.2 4%
Target windows: A

b1 1.9 4% 1.9 12%
Kinematics: R

Q

2 1.2 2% 1.3 5%
Total of others 2.5 6% 2.2 15%
Combined in quadrature 10.1 5.6

TABLE II. Top: Corrected asymmetries A
ep

for both data sets, and the combined value, with their
statistical, systematic and total uncertainties, in ppb. Bottom: Fractional quadrature contributions
((�

i

/�
tot

)2 to the systematic uncertainty on A
ep

for Run 1 and 2. Only error sources with fractional
contribution � 5% in one of the Runs are shown.

24
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Extracting+Weak+Charge+from+Asymmetry+Result

Aep = −226.5± 7.3(stat)± 5.8(syst) ppb at Q2 = 0.0249 (GeV / c)2

Global+fit+of+world+PVES+data+up+to+Q
2

=++0.63+GeV
2

to+extract+proton’s+weak+charge:+

The standard model (SM) of electroweak physics is
thought to be an effective low-energy theory of a more
fundamental underlying structure. The weak charge of the
proton Qp

W is the neutral current analog to the proton’s
electric charge. It is both precisely predicted and sup-
pressed in the SM and thus a good candidate for an indirect
search [1–5] for new parity-violating (PV) physics between
electrons and light quarks. In particular, the measurement
of Qp

W ¼ "2ð2C1u þ C1dÞ determines [2,6] the axial elec-
tron, vector quark weak coupling constants C1i ¼ 2geAg

i
V .

This information is complementary to that obtained in
atomic parity violation (APV) experiments [7–9], in par-
ticular, on 133Cs where QWð133CsÞ ¼ 55Qp

W þ 78Qn
W ,

which is proportional to a different combination,
C1u þ 1:12C1d.

The uncertainty of the asymmetry reported here is less
than that of previous parity-violating electron scattering
(PVES) experiments [10–21] directed at obtaining had-
ronic axial and strange form-factor information [22]. The
theoretical interpretability of the Qweak measurement is
very clean as it relies primarily on those previous PVES
data instead of theoretical calculations to account for
residual hadronic structure effects, which are significantly
suppressed at the kinematics of this experiment.

The asymmetry Aep measures the cross section (!)
difference between elastic scattering of longitudinally po-
larized electrons with positive and negative helicity from
unpolarized protons:

Aep ¼ !þ " !"
!þ þ !"

: (1)

Expressed in terms of Sachs electromagnetic (EM) form
factors [23] G"

E, G
"
M, weak neutral form factors GZ

E, G
Z
M,

and the neutral-weak axial form factor GZ
A, the tree level

asymmetry has the form [1,24]

Aep ¼
!"GFQ

2

4#$
ffiffiffi
2

p
#
&

!
"G"

EG
Z
E þ %G"

MG
Z
M " ð1" 4sin2&WÞ"0G"

MG
Z
A

"ðG"
EÞ2 þ %ðG"

MÞ2
#
; (2)

where

"¼ 1

1þ 2ð1þ %Þtan2 &
2

; "0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
%ð1þ %Þð1" "2Þ

q
; (3)

are kinematic quantities,GF the Fermi constant, sin2&W the
weak mixing angle, "Q2 is the four-momentum transfer
squared, % ¼ Q2=4M2, where M is the proton mass, and &
is the laboratory electron scattering angle. Equation (2) can
be recast as [5]

Aep=A0 ¼ Qp
W þQ2BðQ2; &Þ; A0 ¼

!"GFQ
2

4#$
ffiffiffi
2

p
#
: (4)

The dominant energy-dependent radiative correction [25]
to Eq. (4) that contributes to PVES in the forward limit is

the "-Z box diagram arising from the axial-vector coupling
at the electron vertex, hV

"ZðE;Q2Þ. This correction is

applied directly to data used in the Qp
W extraction prior to

the fitting procedure (described below). Then Qp
W is the

intercept of Aep=A0 vs Q
2 in Eq. (4). The term Q2BðQ2;&Þ

which contains only the nucleon structure defined in terms
of EM, strange, and weak form factors, is determined
experimentally from existing PVES data at higher Q2

and is suppressed at low Q2. The Q2 of the measurement
reported here is 4 times smaller than any previously
reported ~ep PV experiment, which ensures a reliable
extrapolation to Q2 ¼ 0 using Eq. (4).
The "-Z box diagram hV

"ZðE;Q2Þ has been evaluated

using dispersion relations in [26–31]. Interest in refining
these calculations and improving their precision remains
high in the theory community. Recently, Hall et al. [32]
made use of parton distribution functions to constrain the
model dependence of the "-Z interference structure func-
tions. Combined with important confirmation from recent
Jefferson Lab (JLab) PV ~ed scattering data [33], these
constrained structure functions result in the most precise
calculation of hV

"Z to date. Their computed value of the

contribution to the asymmetry at the Qweak experiment’s
kinematics is equivalent to a shift in the proton’s weak
charge of 0:005 60' 0:000 36, or 7:8' 0:5% of the SM
value 0:0710' 0:0007 for Qp

W [34]. While the resulting
shift in the asymmetry compared to the Qp

W term is sig-
nificant, the additional 0.5% error contribution from this
correction is small with respect to our measurement uncer-
tainty. Charge symmetry violations are expected [35–38] to
be ( 1% at reasonably small Q2, and any remnant effects
are further suppressed by absorption into the experimen-
tally constrained BðQ2;&Þ. Other theoretical uncertainties
are negligible with respect to experimental errors [4,32].
The Qweak experiment [39] was performed with a

custom apparatus (see Fig. 1) in JLab’s Hall C. The
acceptance-averaged energy of the 145 'A, 89% longitu-
dinally polarized electron beam was 1:155' 0:003 GeV at
the target center. The effective scattering angle of the
experiment was 7.9) with an acceptance width of
*' 3). The azimuthal angle ( covered 49% of 2#,
resulting in a solid angle of 43 msr. The acceptance-
averaged Q2 was 0:0250' 0:0006 ðGeV=cÞ2, determined
by simulation.
The electron beam was longitudinally polarized and

reversed at a rate of 960 Hz in a pseudorandom sequence
of ‘‘helicity quartets’’ (þ""þ) or ("þþ"). The
quartet pattern minimized noise due to slow linear drifts,
while the rapid helicity reversal limited noise due to fluc-
tuations in the target density and in beam properties.
A half-wave plate in the laser optics of the polarized source
[40,41] was inserted or removed about every 8 hours to
reverse the beam polarity with respect to the rapid-reversal
control signals. The beam current was measured using
radio-frequency resonant cavities. Five beam position

PRL 111, 141803 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

4 OCTOBER 2013

141803-2

34+entries+in+PVES+++

(eOp,+eOd,+eO
4

He)++++

database++

Standard+Model:

Experiment:
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Summary of Results Determined from Qweak Aep

Quantity Value Error Method
_______________________________________________________________________________________________________________

		! 	#$ 	 0.0719 0.0045
sin2qW 0.2382 0.0011 
rs 0.19 0.11
µs -0.18 0.15
GA

Z(T=1) -0.67 0.33
_______________________________________________________________________________________________________________

		! 	#$ 	 0.0718 0.0045
		! 	#0 	 -0.9808 0.0063
C1u -0.1874 0.0022
C1d 0.3389 0.0025
C1 correlation = -0.9317

_______________________________________________________________________________________________________________

		! 	#$ 	 0.0684 0.0039
sin2qW 0.2392 0.0009 

_______________________________________________________________________________________________________________

		! 	#$ 	 0.0706 0.0047

Qweak A ep
+

PVES data base
+

APV 133 Cs

Qweak A ep
+

PVES data base

Qweak A ep
+

EMFF’s & theory axial
+

LQCD (strange)

Qweak A ep
+

PVES data base
+

LQCD (strange)

Including 
133Cs APV result 

allows 
extraction of 
neutron weak 

charge
& 

separation of 
C1u , C1d quark 

coupling 
constants

Summary+of+Results+from+QWeak
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Summary of Results Determined from Qweak Aep

Quantity Value Error Method
_______________________________________________________________________________________________________________
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sin2qW 0.2382 0.0011 
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µs -0.18 0.15
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Z(T=1) -0.67 0.33
_______________________________________________________________________________________________________________

		! 	#$ 	 0.0718 0.0045
		! 	#0 	 -0.9808 0.0063
C1u -0.1874 0.0022
C1d 0.3389 0.0025
C1 correlation = -0.9317

_______________________________________________________________________________________________________________

		! 	#$ 	 0.0684 0.0039
sin2qW 0.2392 0.0009 

_______________________________________________________________________________________________________________

		! 	#$ 	 0.0706 0.0047

Qweak A ep
+

PVES data base
+

APV 133 Cs

Qweak A ep
+

PVES data base

Qweak A ep
+

EMFF’s & theory axial
+

LQCD (strange)

Qweak A ep
+

PVES data base
+

LQCD (strange)

Addition of 
Lattice QCD 

constraint on 
strange 

quarks further 
improves 

precision of
! 	#$ & sin2qW

Summary+of+Results+from+QWeak
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Summary of Results Determined from Qweak Aep
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+
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+

LQCD (strange)

Addition of 
Lattice QCD 
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strange 

quarks further 
improves 
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! 	#$ & sin2qW

High-precision calculation of the strange nucleon
electromagnetic form factors
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We report a direct lattice QCD calculation of the strange nucleon electromagnetic form factors Gs
E and

Gs
M in the kinematic range 0 ≤ Q2 ≲ 1.2 GeV2. For the first time, bothGs

E andGs
M are shown to be nonzero

with high significance. This work uses closer to physical lattice parameters than previous calculations, and
achieves an unprecedented statistical precision by implementing a recently proposed variance reduction
technique called hierarchical probing. We perform model-independent fits of the form factor shapes using
the z-expansion and determine the strange electric and magnetic radii and magnetic moment. We compare
our results to parity-violating electron-proton scattering data and to other theoretical studies.

DOI: 10.1103/PhysRevD.92.031501 PACS numbers: 12.38.Gc, 13.40.Em, 13.40.Gp

The nucleon electromagnetic form factors describe how
electric charge and current are distributed inside protons
and neutrons, and are therefore among the most important
observables characterizing these building blocks of
ordinary matter. Because nucleons contain only up and
down valence quarks, these two quark flavors dominate the
electromagnetic form factors. Isolating the small contribu-
tions from the other quark flavors is a significant challenge
for both experiment and theory, but is of fundamental
importance for our understanding of the structure of
protons and neutrons, and of the nonperturbative dynamics
of QCD. After the up and down quarks, strange quarks are
expected to give the next-largest contribution to the
electromagnetic form factors. The cross section of elastic
electron-proton scattering used to extract the form factors is
dominated by photon exchange, which probes the sum of
all quark-flavor contributions weighted according to
their electric charges. However, by analyzing the small
parity-violating effects arising from interference with
Z-boson exchange, the strange-quark contribution to the
electromagnetic form factors can be isolated [1,2]. The
available experimental results, which focus on momentum
transfersQ2 in the vicinity of 0.2 GeV2, are consistent with
zero but constrain the relative contribution of the strange
quarks to be within a few percent [3–15].

Ab initio calculations of the nucleon electromagnetic
form factors Gq

E and Gq
M of an individual quark flavor q

(see, e.g., Ref. [16] for the definitions) are possible using
lattice QCD. The form factors can be extracted from
Euclidean three-point functions of the form

X

z;y

e−ip
0·ðz−yÞe−ip·ðy−xÞhNβðzÞV

μ
qðyÞN̄αðxÞi; ð1Þ

whereN is an interpolating field with the quantum numbers
of the nucleon, Vμ

q ¼ q̄γμq is the vector current for quark
flavor q, and p, p0 are the spatial momenta of the initial and
final states. In the three-point function (1), performing the
path integral over the quark fields leaves a path integral
over the gauge fields, which contains the product of the
fermion determinants and the nonperturbative quark propa-
gator contractions illustrated in Fig. 1. The connected
contraction arises only for q ¼ u; d and is numerically
large, while the disconnected contraction is present for all
quark flavors (and is the origin of the strange-quark
contribution to the electromagnetic form factors). The
disconnected quark loop in Fig. 1 has the form

Tμ
q ¼ −

X

y

eiðp
0−pÞ·yTr½γμD−1

q ðy; yÞ%; ð2Þ

where Dq is the lattice Dirac operator, and the trace is over
color and spin indices. The numerical computation of the
propagator D−1

q ðy; yÞ for all spatial lattice points y using
*green@kph.uni‑mainz.de
†smeinel@email.arizona.edu
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(4) Uncertainties due to discretization effects are esti-
mated by comparing against the form factors com-
puted using the unimproved current.

The outer error bands in Fig. 3 show the sum of these
uncertainties in quadrature. We neglect finite-volume
effects since they are highly suppressed by e−mπL,
with mπL ¼ 5.9. Our resulting strange radii ðr2E;MÞs ≡
−6dGs

E;M=dQ
2jQ2¼0 and strange magnetic moment μs ≡

Gs
Mð0ÞμlatN at pion mass 317 MeV are the following:

ðr2EÞs ¼ −0.0054ð9Þð6Þð11Þð2Þ fm2;

ðr2MÞs ¼ −0.0147ð61Þð28Þð34Þð5Þ fm2;

μs ¼ −0.0184ð45Þð12Þð32Þð1ÞμlatN ; ð6Þ

where the four uncertainties are given in the same order as
listed above, and μlatN is the nuclear magneton using the
lattice nucleon mass, 1067(8) MeV.We find that the leading
sources of uncertainty are statistics, as expected for dis-
connected diagrams, and excited-state effects, which have
been found to be important for many nucleon observables
(see, e.g., [16,30–33]). Our estimate of discretization
effects is negligible by comparison, which is consistent
with calculations of other nucleon observables that used
multiple lattice spacings to probe the continuum limit (see,
e.g., [30,32–39]).
Although a controlled extrapolation to the physical

point would require several lattice ensembles with varying
quark masses, an estimate can be made by combining
strange-quark data with the equivalent obtained from the
disconnected light-quark form factors. By itself, the latter
can be understood in the framework of partially quenched
QCD [40,41] by introducing a third light-quark flavor
(which couples to the current in the quark-disconnected
loop) and a bosonic ghost quark (which cancels all other
loops). The dependence of the strange radii and magnetic
moment on quark masses has been studied in SU(3)
heavy-baryon chiral perturbation theory (ChPT) [42–44],
and its partially quenched generalization [45–47]. At
leading one-loop order, these observables depend only
on the mass mloop of a pseudoscalar meson composed of a
nucleon valence quark and a quark from the vector
current. For strange-quark and disconnected light-quark
observables, mloop is mK and mπ , respectively, and we
can interpolate to the physical kaon mass. However,
using typical values of the meson decay constant and
meson-baryon couplings from phenomenology predicts a
much stronger dependence on mloop than we observe,
suggesting that the quark masses are too large for ChPT at
this order. Therefore, we resort to a simple linear
interpolation in m2

loop. We also adjust to the physical
nuclear magneton, and obtain the following estimates at
the physical point:

ðr2EÞs ¼ −0.0067ð10Þð17Þð15Þ fm2;

ðr2MÞs ¼ −0.018ð6Þð5Þð5Þ fm2;

μs ¼ −0.022ð4Þð4Þð6ÞμN; ð7Þ

where the first two uncertainties are statistical and sys-
tematic (as estimated above). The third error is the differ-
ence between the value at the physical point and our lattice
ensemble (using the physical nuclear magneton), and
serves as an estimate of the uncertainty due to extrapolation
to the physical point. As a cross-check, we also performed
extrapolations including only our strange-quark data
at mπ ¼ 317 MeV and the strange-quark data at mπ ¼
600 MeV from Ref. [18]. The results are consistent with
Eq. (7) within the given extrapolation uncertainties.
The experiments run at forward scattering angles were

sensitive to a particular linear combination of form factors,
Gs

E þ ηGs
M, which we show in Fig. 4. Our results and the

experimental data are both broadly consistent with zero,
although the lattice data have much smaller uncertainties.
This suggests that it will be quite challenging for future
experiments to obtain a clear nonzero strange-quark signal
at forward angles.
Figure 5 shows a comparison with some other determi-

nations of the strange magnetic moment. The value from
experiment has the largest uncertainty and is consistent with
the other shown results. This work is in agreement with the
other values within 2σ, except for two of the dispersion-
theory scenarios [48], and has the smallest uncertainty.
The techniques used in this work have proven effective

in dealing with the longstanding problem of noise in
disconnected contributions to matrix elements. Although

FIG. 4 (color online). Linear combination of form factors,
Gs

E þ ηGs
M, probed by forward-angle parity-violating elastic ep

scattering experiments [6–8,10–12,14,15]. The coefficient η
depends on the scattering angle and Q2; for the lattice data we
use the approximation η ¼ AQ2, A ¼ 0.94 GeV−2 [11]. In the
low Q2 region we also show the linear dependence on Q2

resulting from the estimated charge radius and magnetic moment
at the physical point.
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Summary of Results Determined from Qweak Aep

Quantity Value Error Method
_______________________________________________________________________________________________________________

		! 	#$ 	 0.0719 0.0045
sin2qW 0.2382 0.0011 
rs 0.19 0.11
µs -0.18 0.15
GA

Z(T=1) -0.67 0.33
_______________________________________________________________________________________________________________

		! 	#$ 	 0.0718 0.0045
		! 	#0 	 -0.9808 0.0063
C1u -0.1874 0.0022
C1d 0.3389 0.0025
C1 correlation = -0.9317

_______________________________________________________________________________________________________________

		! 	#$ 	 0.0684 0.0039
sin2qW 0.2392 0.0009 

_______________________________________________________________________________________________________________

		! 	#$ 	 0.0706 0.0047

Qweak A ep
+

PVES data base
+

APV 133 Cs

Qweak A ep
+

PVES data base

Qweak A ep
+

EMFF’s & theory axial
+

LQCD (strange)

Qweak A ep
+

PVES data base
+

LQCD (strange)

Precision of Aep
dominates 

determination 
of ! 	#$

Alternate
“Standalone” 
technique to 
extract ! 	#$
does NOT 
depend on 
other PV 

measurements

Summary+of+Results+from+QWeak
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Electroweak+Radiative+Corrections
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Electroweak+Radiative+Corrections
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Gamma-Z Box Error:
AJM-II: Hall et al. (2016)

Value Error
V 0.0054 0.0004

AV %0.0007 0.0002
Q factor 0.978 0.012
 (A+V)Q 0.00460 0.00044

Qw(p) SM 0.07080 0.00030
Qw(p) 0.0719 0.0045

γZCalculations+of+the+□V
γZ @+E=1.16+GeV

• Early'calculations'primarily'
dispersion'theory'type'
• Data'can'firm'up'error'

estimates!'
• Qweak:'inelastic'asymmetry'

data'taken'at'W'~'2.3'GeV,''
Q2 ='0.09'GeV2'

• Later'calculations'dataGdriven

04/28/2018 PVES+2018+

• Central'values'
similar,'but'
uncertainties'vary.

• Theory'community'
can’t'agree'which'
result'we'should'use.

• But'we'can'see'what'
the'impact'is'on'our'
global'fit.

Gorchtein (2011)
Rislow/Carlson (2011)

AJM-I: Hall et al (2013)

Gorchtein et al (2015)
AJM-II: Hall et al (2016)

Weighted Avg of 2,4,5
Weighted Average

Uses+models+for+dispersion+corrections

Uses+quarkEhadron+duality+++data

Indefensible!
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Parity'Violation,in,DIS,region,from,Qweak
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Running+of+the+Weak+Mixing+angle+sin2+θ
W

Note:+interference+effects+of+heavy+new+physics+(i.e.$Z’,+leptoquarks)+suppressed+at+Z+
resonance+→ LEP/SLC+mass+limits+≤ TeV,+while+low+energy+observables+probe+few+TeV scale

Solid+Curve:+

J.+Erler,+M.+RamseyT

Musolf,+P.+Langacker
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Sensitivity+to+New+Physics+at+TeV scale+

Parameterize+generically+by+adding+contact+term+to+Lagrangian:+

Standard+Model+term

New+Physics+term

35



April&25&2018 Prisma&Colloquium

Limits&on&Semi9Leptonic PV&Physics&beyond&the&SM

New&Physics&Ruled&Out&
@95%&CL&Below&Mass&Scale&of&Λ/g

APV:&atomic&parity&violation&&133Cs&&&&C.S.&Wood&et&al.&Science&275,&1759&(&1997);&Dzuba et&al.&PRL&109,&203003&(2012)&&
Red&box:&SM&values
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Summary of non-SUSY searches

!80". The strongest constraint comes from the proton life-
time, which generally forbids the B violating #! terms unless
all other (L violating$ terms in WRPV vanish. Consequently,
we restrict our attention to # i jk! !0 and, for simplicity, we
also set % i"!0. When inserted into the amplitudes of Fig. 5,
the remaining interactions in Eq. &32$ generate corrections in
terms of the quantities ' i jk( f̃ ) and ' i jk" ( f̃ ), where, for ex-
ample,

'12k& ẽR
k $!

!#12k!2

4!2GFMẽR
k
2 , &33$

with ẽR
k being the exchanged slepton, and where the ' i jk" ( f̃ )

are defined similarly by replacing # i jk→# i jk" . One obtains
tree level contributions to QW(p) such as those shown in
Fig. 5. Similar corrections affect other EW observables, such
as QW(e), QW(Cs), and GV . Specifically !3",

'QW&p $/QW&p $(" 2
1"4sin2)W

# !"2#x'12k& ẽR
k $

#2'11k" & d̃R
k $"'1 j1" & q̃L

j $" , &34$

'QW&e $/QW&e $("" 4
1"4sin2)W

##x'12k& ẽR
k $,

&35$

where #x! ŝ2ĉ2/(1"2 ŝ2)(0.33. In contrast to MSSM loop
effects, QW(p) and QW(e) display complementary sensitivi-
ties to RPV effects. To illustrate, we consider a multi-
parameter fit to precision data, allowing '12k , '11k" , '1 j1" ,
and '21k" to be non-zero. The results imply that the possible
shifts in QW(p) and QW(e) have opposite relative signs over
nearly all the presently allowed parameter space. We find
that shifts of the order 'QW(p)/QW(p)*10% are allowed
at the 95% C.L. Thus, a comparison of QW(p) and QW(e)
could help distinguish between the versions of SUSY with
and without RPV.
The effects of #"+0 are similar to those generated by

scalar LQs. While RPV SUSY provides a natural context
in which to discuss the latter, vector LQs arise naturally
in various GUT models !81,82". Assuming
SU(3)C$SU(2)L$U(1)Y invariance one obtains the La-
grangian !83"

L!h2
Lū!R2

L#h2
Rq̄i,2eR2

R# h̃2d̄!R̃2
L#g1

Lq̄ci,2!S1
L

#g1
RūceS1

R# g̃1d̄ceS̃1
R#g3q̄ci,2,!!S3#h1

Lq̄-%!U1%
L

#h1
Rd̄-%eU1%

R # h̃1ū-%eŨ1%
R #h3q̄-%,!!U3%

#g2
Ld̄c-%!V2%

L #g2
Rq̄c-%eV2%

R # g̃2ūc-%!Ṽ2%
L #H.c.,

&36$

where q and l and the left-handed quark and lepton doublets
and u, d, and e are the right-handed singlets. Since we are
interested in the implications for QW(p), we only consider
first generation LQs. The first two rows in Eq. &36$ involve
scalar LQs, while the others involve vector types. The LQs in
the first and third rows have fermion number F!3B#L
!0, while the others have F!"2. The indices refer to their
isospin representation.
A recent global analysis of scalar LQ constraints from EW

data is given in Ref. !84". Here, we extend this analysis to
include vector LQ interactions. We also update it by includ-
ing the new QW(Cs) in Eq. &3$, hadronic production cross
sections at LEP 2 up to 207 GeV !70", and the analysis of
nuclear . decay given in Ref. !85". We only consider one LQ

TABLE I. Possible impact of LQ interactions on QW(p). The left-hand side shows scalar and the right-
hand side vector LQ species. The columns denote consistency which gives the fractions of the distribution of
operator coefficients having the same sign as implied by the LQ model. The final columns give the fractional
shifts in QW(p) allowed by the data. In more statistical terms, consistency is the result of a hypothesis test,
while the shifts in QW(p) reflect parameter estimations that are irrespective of the outcome of the hypothesis
test.

LQ Consistency 'QW(p)/QW(p) LQ Consistency 'QW(p)/QW(p)

S1
L 0.57 9% U1%

L 0.26 "8%
S1
R 0.01 "6% U1%

R 0.56 6%
S̃1
R 0.44 "6% Ũ1%

R 0.99 25%
S3 0.76 10% U3% 0.31 "4%
R2
L 0.44 "13% V2%

L 0.87 9%
R2
R 0.89 15% V2%

R 0.11 "7%
R̃2
L 0.13 "4% Ṽ2%

L 0.56 14%

FIG. 5. Representative examples of tree level SUSY corections
in the case of RPV. Shown are &a$ a contribution to % decay which
affects QW(p) through a modification of GF and sin2)W , and &b$
squark exchange.

WEAK CHARGE OF THE PROTON AND NEW PHYSICS PHYSICAL REVIEW D 68, 016006 &2003$

016006-9

• Impact+on+Q
W
(p)+of+leptoquarks studied+by+Erler,+Kurylov,+RamseyHMusolf,+

Phys.+Rev.+D+68,+016006+(2003)
• Analysis+dated+(2003),+but+suggestive;+included+HERA,+LEP,+and+APV+data+++

(missing+more+recent+HERA+data:+see+Aaron,+et+al.+Phys.++Lett.+B+705,+52+(2011).)

Scalar+Leptoquarks Vector+Leptoquarks

• LHC+limits+currently+at+~+1+TeV

• Low+energy+precision+data+

continues+to+play+important+role+

in+recent+analyses+including+LHC+

data:+see++Phys.+Rep.+641,+1+(2016)

New+Qweak data+(6.2%+1σ+error)+has+sensitivity+to+distinguish+among+LQ+types+at+95%+CL

PDG+2017+

Example:++Implications+for+Leptoquarks
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SM+tests+with+Precision+Low8Energy+Parity+Violation

Published

Planned
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New+Physics+at+Lower+Energy+Scales?

39

QWeak result+also+sensitive+to+possible+new+physics+with+mass+

scales+well+below+energy+frontier,+which+may+be+“hidden”+or+

hard+to+access+at+colliders+++++(long+as+it+is+parityMviolating).

[see+Bill+Marciano’s+talk+from+yesterday]



“Dark Z” – possible portal for new force to communicate with SM?

Qw
p + LQCD

Qw
p

SLAC E158

Qw
p + LQCD

Qw
p

SLAC E158

mdark Z ! 300 MeV
mdark Z ! 500 MeV!∆ ! 2mZd"mZ is used#!Ε bound given by BaBar#

APV!Cs#

Qweak !first#E158

SLAC

LEP

Ν%DIS

Qweak!Anticipated sensitivity#
%3 %2 %1 0 1 2 3

0.230

0.232

0.234

0.236

0.238

0.240

0.242

Log10 Q $GeV%

si
n2
Θ W

ef
f

mdarkZ =(150(MeV
mdarkZ =(100(MeV

mdarkZ =(300(MeV
mdarkZ =(500(MeV

QWp (2013) QWp (2013)

QWp (2017)
QWp (2017)

E158 E158

APV 133Cs APV 133Cs

04/28/2018 PVES%2018%

• New(source(of(low9energy(PV(through(
mass(mixing(between(Z0 and(Zd

• Sensitivity(is(at(low(Q,(not(Z9pole
• Complementary(to(direct(searches(for(heavy(dark(photons

– observable(even(if(direct(decay(modes(are(“invisible”

• New$Qweak point$rules$out$some$of$the$allowed$region

(Davoudiasl,+Lee,+Marciano,+Phys.+Rev.+D89,+095006+(2014),+&+Marciano+(private+communication)

Example:+Implications+for+“Dark+Parity+Violation”+
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A"suite"of"Auxiliary"Measurements

04/28/2018 PVES"2018"

Many"ancillary"measurements"done"to"quantify"various"systematic"effects:"

Qweak has"data"(under"analysis)"on"a"variety"of"observables"of"interest"for"

hadronic"physics:

Beam"normal"singleKspin"asymmetry*"(BNSSA)"for"elastic"scattering"on"proton

BNSSA"for"elastic"scattering"on"12C,"27Al""

PV"asymmetry"in"the"! → ∆ region.

BNSAA"in"the""! → ∆ region.

BNSSA"near"W="2.5"GeV"

BNSSA""in"pion"photoproduction

PV"asymmetry"in"inelastic"region"near"W=2.5"GeV"(related"to"$%box"diagrams)"

PV"asymmetry"for"elastic""from"27Al""""""""""""[see"W."Deconinck’s talk"on"May"3]

PV"asymmetry"in"pion"photoproduction"

*:"aka vector"analyzing"power""aka transverse"asymmetry;"

generated"by"imaginary"part"of"twoKphoton"exchange"amplitude"
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Summary

Precision+measurement+of+proton’s+weak+charge:

Excellent+agreement+with+Standard+Model+prediction++=++0.0708+

Constrains++generic+new+parityHviolating+“Beyond+the+Standard+Model”+physics

at+TeV scale:+++++Λ/g+>+3.6+TeV (arbitrary+u/d+ratio+of+couplings)

Result+robust+against+extraction+technique

Completes+“Weak+Charge+triad”:++(e,$n,$p)$

Result++inHpress+in++Nature

Important+addition+to+global+electroweak+fits+to+constrain+many+new+physics+scenarios

Thanks!
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Extra+Slides
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Qweak fit

Figure.adapted.from.D..Balaguer.Rios.et#al.#(PVA4)

Global.fit.including.Qweak is.in.good.agreement.with.theory
[.S.L..Zhu,.S.J..Puglia,.B.R..Holstein,.M.J..Ramsey1Musolf,..Phys..Rev..D.62,.033008.(2000).].


