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In search of the holy grail: cracks in the SM

ÅWhy search? SM has limitations:
ïToo many parameters which are not predicted
ïDoes not account for things like gravity, dark 

matter/energy, matter/anti-matter asymmetry, etc.
ïLack of ŀŘŘǘΩƭparticles found so far thru direct 

searchesin the post-Higgs era
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In search of the holy grail: cracks in the SM

ÅWhy search? SM has limitations:
ïToo many parameters which are not predicted
ïDoes not account for things like gravity, dark 

matter/energy, matter/anti-matter asymmetry, etc.
ïLack of ŀŘŘǘΩƭparticles found so far thru direct 

searchesin the post-Higgs era

ÅHow? Use indirect searches utilizing precise 
msrmntsof well-predicted SM observables
ïCompareprecise msrmntswith SM predictions
ïQW(p) a good testing ground: highly suppressed in SM
ÅSM bkgis small Ą easier to see new physics

ïHas potential to reach TeVmass/energy scales beyond 
those directly accessible with high-energy accelerators
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Exploiting Parity-Violation

ÅThe weak interaction is a needle in the EM haystack

ïStrength of EM interaction ~ (4̄ /hQ2)2

ïStrength of weak interaction ~ 4̄GhF /( ςQ
2)

ïRatio weak/EM strength is GFQ
2/(4ˉ ςh) ~ 2 ppm (at our Q2)
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Exploiting Parity-Violation

ÅThe weak interaction is a needle in the EM haystack

ïStrength of EM interaction ~ (4̄ /hQ2)2

ïStrength of weak interaction ~ 4̄GhF /( ςQ
2)

ïRatio weak/EM strength is GFQ
2/(4ˉ ςh) ~ 2 ppm (at our Q2)

ÅHow to isolate weak interaction?

ïEM interaction conserves parity

ïWeak interaction violates parity

ïḈCƭƛǇ Ŝ ōŜŀƳΩǎ ǎǇƛƴ ŘƛǊŜŎǘƛƻƴ мулÁ

ÅwŀǘŜ ƻŦ ŜΩǎ ǎŎŀǘǘŜǊŜŘ ōȅ 9a ƛƴǘΦ ǎǘŀȅǎ ǘƘŜ ǎŀƳŜ

ÅwŀǘŜ ƻŦ ŜΩǎ ǎŎŀǘǘŜǊŜŘ ōȅ ǿŜŀƪ ƛƴǘΦ ǿƛƭƭ ŘƛŦŦŜǊ

Msr the beam spin asymmetry ϳ„ „ „ „ to isolate weak interaction

mirror
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The Weak Charges
Qw(p) is the neutral -weak analog of the protonõs electric charge

The SM makes a firm prediction of ὗ we can test

QEM Weak Vector Charge

u quark 2/3 -2C1u = ἻἱἶⱣ◌ Ⱦ

d quark - 1/3 -ς#ρÄ ἻἱἶⱣ◌ Ⱦ

p ( uud) +1 ἻἱἶⱣ◌ Ȣ

n ( udd) 0 - 1

Qweak is sensitive to the quark 
vector couplings╒ ◊& ╒▀
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The Weak Charges
Qw(p) is the neutral -weak analog of the protonõs electric charge

The SM makes a firm prediction of ὗ we can test

QEM Weak Vector Charge

u quark 2/3 -2C1u = ἻἱἶⱣ◌ Ⱦ

d quark - 1/3 -ς#ρÄ ἻἱἶⱣ◌ Ⱦ

p ( uud) +1 ἻἱἶⱣ◌ Ȣ

n ( udd) 0 - 1

Qweak is sensitive to the quark 
vector couplings╒ ◊& ╒▀

ÅGeneral: Qw(Z,N) = -2{C1u(2Z + N) + C1d(Z + 2N)}

ïEx: Qw(p) = -2(2C1u + C1d)     (this experiment)
ÅUses higher Q2 PVES data to constrain hadroniccorrections (about 20%)

ïEx: Qw(133Cs) = -2(188C1u + 211C1d)     (APV), ²ƻƻŘ Ŝǘ ŀƭΣ {ŎƛŜƴŎŜ нтрΣ мтрф όΨфтύ
ÅLatest atomic corrections from Dzubaet al, PRL 109, 203003 (2012)

ÅCombining Qw(p) and Qw(133Cs) ĄC1u & C1d , Qw(n)
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Design Principals for the Precision Frontier

ÅMaximize luminosity & acceptance

Å Azimuthal Symmetry : To reduce HCBAs, msrxverse, increase dɋ

ÅOptimize Q 2: higher Q2­ largerA, lower Q2­ larger dů/dɋ, smallerŜȄǘǊŀǇΩƴto 
threshold & hadronic structure contributions

Å Use cutting edge tech ōǳǘ ŘƻƴΩǘ ǊŜƭȅ ǘƻƻ ƳǳŎƘ ƻƴ ǳƴǇǊƻǾŜƴ ǘŜŎƘ!

Å NULL asymmetry msrmnts : to quantify absence of false asymmetries

Å Blind the analysis

Å Ўὃ ϳЎὃ ὔ ȟwhereЎὃ ᶿ„ ȟ„ ȟ„ ȟ† ȟ† (qrt : + ī ī +)

Å Unprecedented precision brings inevitable surprises :

ï For us: HC halo bkgon beam coll., rescatteringbias in Pbpreradiators

Å Redundancy: Ex: 2 polarimeters, many BCMs, BPMs, dummy/bkgtgts, different ways 
ǘƻ ŎƘŀǊŀŎǘŜǊƛȊŜ I/.!ǎΣ ..Σ ŜǘŎΦΣ ǎŜǾŜǊŀƭ ǿŀȅǎ ǘƻ ŦƭƛǇ ƘŜƭƛŎƛǘȅΣ Χ

ÅMultiple run periods : To improve, & compare rsltsunder different conditions

Å Flexibility : Build in ancillary detectors & capabilities to handle unexpected bkgs
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Experimental Technique to Isolate/Measure PV Signal

The entire accelerator complex is our apparatus
Multiple ways of reversing electron 

beam helicity are essential:

ñFast reversalò

1) Rapid pseudo-random reversal 

(varying HV on Pockels cell) 

Å 960 Hz

ωSuperconducting RF accelerator 
ωContinuous e- beam (499 MHz)

ω4 experimental halls
ω12 GeV upgrade complete

Jefferson Lab in Newport News, VA
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Experimental Technique to Isolate/Measure PV Signal

The entire accelerator complex is our apparatus
Multiple ways of reversing electron 

beam helicity are essential:

ñFast reversalò

1) Rapid pseudo-random reversal 

(varying HV on Pockels cell) 

Å 960 Hz

ñSlow reversalsò

1) IHWP (insertable half-wave plate)

Å ~8-hour intervals

2) ñDouble Wienò spin manipulator

Å monthly intervals

3) g-2 spin flip 

Å Ran at 2 pass (instead of 

1 pass) for ~ 6 weeks

ωSuperconducting RF accelerator 
ωContinuous e- beam (499 MHz)

ω4 experimental halls
ω12 GeV upgrade complete

Jefferson Lab in Newport News, VA
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Qweak required ɲtκt Җ м҈

Strategy: use 2 independent polarimeters

ÅUse existing <1% Hall C Møller polarimeter : 
ÅLow beam currents, invasive
ÅKnown analyzing power provided by 

polarized Fe foil in a 3.5 T field.

MøllerPolarimeter

Precision Polarimetry

Achieved 0.61% !
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Strategy: use 2 independent polarimeters

ÅUse new Compton polarimeter (1%/h)
ÅHigh I beam, non-invasive  
ÅKnown analyzing power provided 

by circularly -polarized laser
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Precision Polarimetry

Diamond strip e-det

Achieved 0.61% !

Narayan, et al., PRX6, 011013 (2016)
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Strategy: use 2 independent polarimeters

ÅUse new Compton polarimeter (1%/h)
ÅHigh I beam, non-invasive  
ÅKnown analyzing power provided 

by circularly -polarized laser

ÅUse existing <1% Hall C Møller polarimeter : 
ÅLow beam currents, invasive
ÅKnown analyzing power provided by 

polarized Fe foil in a 3.5 T field.

MøllerPolarimeter

Compton Polarimeter

Precision Polarimetry

Diamond strip e-det

Achieved 0.61% !

Narayan, et al., PRX6, 011013 (2016)

Compton (blue circle), Moller (red square)
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Experimental Apparatus

Scattered 
electron 

acceptance

Quartz Cherenkov 
detector bar

Collimators

Qweak Toroidal 
Magnetic 

Spectrometer 
(QTOR)

Parameters:
Ibeam = 180 ˃ A
Luminosity = 1.7 x 1039 cm-2s-1

Ebeam= 1.15 GeV
Beam Pol = 89% ± 0.6%
ʻ Ґ с° - 12°Σ ғʻҔ Ґ тΦф°
<Q2> = 0.025 (GeV/c)2

Integrated Rate ~ 7 GHz
Target = 34.4 cm LH2,

3 kW, 50 ppm LH2
Target

Low current 
tracking chambers

detector bar with Pb
pre-radiator
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Asymmetry Contributions & Uncertainties

Aep =
Araw +  Afalse

Pbeam

fbackAback
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A(raw)

Run 1: A = -223.5 Ñ15.0 (stat) Ñ10.1 (syst) ppb

Run 2: A = -227.2 Ñ 8.3 (stat) Ñ 5.6 (syst) ppb

QW
p

2013

= ī226.5 Ñ9.3 ppb
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To put this -226.5 ± 9.3 ppb in perspective:

Parity Mirror

If parity symmetry were violated for mountains, 
the Matterhorn (4478 m) & its mirror-image would differ by 1 mm, 

& this difference would be msrdto ± 42 ˃ m
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Slow-Helicity-Reversal Stability

Monthly Wien Setting 

Wien Filter: 
L or R

IHWP: 
IN or OUT

A
sy

m
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) 

Statistical 
errors only
(to highlight 

potential 
discrepancies)

Wien (L or R) refers to ~monthly reversals of a 
double-Wien filter in the injector which reverses the 

spin direction (helicity) of the electron beam

IN or OUT refer to the state of the insertablehalf-
wave plate at the electron source, changed ~8h, 

which also reversed the spin direction (helicity) of 
the electron beam
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(to highlight 

potential 
discrepancies)

Null asymmetry from Wiens: ANullҐ ҍмΦу ± 6.5 ppb

Wien (L or R) refers to ~monthly reversals of a 
double-Wien filter in the injector which reverses the 

spin direction (helicity) of the electron beam

IN or OUT refer to the state of the insertablehalf-
wave plate at the electron source, changed ~8h, 

which also reversed the spin direction (helicity) of 
the electron beam
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Extracting QW(p) from Aep
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DeterminingQw(p)

Åὃ ᶿ

Åὃ

ïὋȟ ρ τÓÉÎ— Ὃȟ Ὃȟ Ὃȟ ƛǎ ǘƘŜ ǇǊƻǘƻƴΩǎ ƴŜǳǘǊŀƭ ǿŜŀƪ CC

,  where„ ᴆὩὴx-ǎŜŎ ŦƻǊ ŜΩǎ ƻŦ ƘŜƭƛŎƛǘȅ ρ

tree
level

2

ɔ Z0

ɔ
e p e p

pe

ὗ Strange FFsEM FFs

Axial FF
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DeterminingQw(p)

Åὃ ᶿ

Åὃ

ïὋȟ ρ τÓÉÎ— Ὃȟ Ὃȟ Ὃȟ ƛǎ ǘƘŜ ǇǊƻǘƻƴΩǎ ƴŜǳǘǊŀƭ ǿŜŀƪ CC

Å ϳ2ÅÃÁÓÔȡὃ ὃ ᴼ ὗ ὗὄὗȟ— ȟwhereὃ

ïSo in a plot of ϳὃ ὃÖÓὗȡ

Å╠◌
▬

is the intercept (anchored by precise datum near Q2=0)

Åὄὗȟ— is the slope(determined from higher Q2 PVES data)

,  where„ ᴆὩὴx-ǎŜŎ ŦƻǊ ŜΩǎ ƻŦ ƘŜƭƛŎƛǘȅ ρ

tree
level

This Experiment

2

ɔ Z0

ɔ
e p e p

pe

ὗ Strange FFsEM FFs

Axial FF

hadronic structure (FFs)
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AEM,Strange,Axial(Q
2Σʻύ

hadronic structure (FFs) minimal at 
Qweakkinematics

The Qweakdatum is here

Ὃȟ is calculated, ~25%of Aep at Qweakkinematics

Ὃȟ

FF
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AEM,Strange,Axial(Q
2Σʻύ

hadronic structure (FFs) minimal at 
Qweakkinematics

The Qweakdatum is here

Ὃȟ is calculated, ~25%of Aep at Qweakkinematics

Ὃȟ is fit, and ~1%of Aep at Qweakkinematics

Ὃȟ

Ὃȟ

09/11/2018 Greg Smith - SPIN2018 32



AEM,Strange,Axial(Q
2Σʻύ

hadronic structure (FFs) minimal at 
Qweakkinematics

The Qweakdatum is here

Ὃȟ is calculated, ~25%of Aep at Qweakkinematics

Ὃȟ is fit, and ~1%of Aep at Qweakkinematics

Ὃ is fit, & ~2%of Aep at Qweakkinematics
Ὃȟ

Ὃȟ

Ὃ
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Å5 free parameters ala Young, et al. PRL 99, 122003 (2007):

Å Employs all PVES data up to Q2 = 0.63 (GeV/c)2

ÅOn p, d, & 4He targets, forward and back-angle data

Å SAMPLE, HAPPEX, G0, PVA4 & this expt. (Qweak):

Å Uses constraints on isoscalaraxial FF 
Å Zhu, et al., PRD 62, 033008 (2000)

Å All ep data corrected for E & Q2 dependence of
Å Hall et al., PRD88, 013011 (2013) & Gorchteinet al., PRC84, 015502 (2011)

Å Effects of varying Q2, ɗ, & s˂tudied, found to be small

Global PVES Fit Details

'

ɔZ RC

Note: QWόǇύ Ґ ҍнόн/1u+C1d)

Tgt # pts

p 27

d 6

4He 2

2̝/˄ 1.2
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Extracting the Weak Charge from the Asymmetry

Aep =- 226.5± 7.3(stat) ± 5.8(syst) ppbat Q2 = 0.0249 (GeV / c)2

Global fit of world PVES data up to Q2 =  0.63 GeV2 ǘƻ ŜȄǘǊŀŎǘ ǇǊƻǘƻƴΩǎ ǿŜŀƪ ŎƘŀǊƎŜΥ 

34 entries in PVES 
database  

(e-p, e-d, e-4He)    

╠╦
▬

(this result):

0.0719 ± 0.0045

╠╦
▬

(SM):

0.0708 ± 0.0003
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This global fit is our primary result for ὗ . 

Now explore the sensitivity of this result to 
variations in the experimental and theoretical 

input used to determine it:
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Consistency Lattice strange FFs are 
in slight tension with 

the fitted strange FFs at 
higher Q2
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Multi-TeVMass Reach ȿ
(for coupling strength g)
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Sensitivity to New Physics at TeVScales

Å Let the quark flavor dependence of new physics be completely arbitrary: 
ï Ala (Young, et al. PRL99, 122003 (2007))

ïὬ ÃÏÓ—ȟὬ ÓÉÎ—ȟ— ÔÁÎ ϳὔ ὔ = flavor mixing angle

Å Let q represent the quark flavors u, d and ὅ is the vector quark coupling

Å Parameterize new physics scenarios in a general way with a new contact 

interaction in the Lagrangian characterized by mass scale ȿ& coupling g: 

ïGeneral Case: ὒ ὒ ὒ ӶὩ‎‎ὩВ ὅ Ὤ ή‎ή

ÉȢÅȢὅ ȟὅ ὅ ȟὅ ÒÃÏÓ— ÓÉÎ—

ï But this is just the polar form of a circle in C1q space! 

Åwith center at ὅ ȟὅ and 

Åradius ὶ
This is a model-independent result

For SL PV 4 point contact interations
What do these circles look like?

Χ
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Å Parameterize new physics scenarios in a general way with a new contact 

interaction in the Lagrangian characterized by mass scale ȿ& coupling g: 

ïGeneral Case: ὒ ὒ ὒ ӶὩ‎‎ὩВ ὅ Ὤ ή‎ή

ÉȢÅȢὅ ȟὅ ὅ ȟὅ ÒÃÏÓ— ÓÉÎ—

ï But this is just the polar form of a circle in C1q space! 

Åwith center at ὅ ȟὅ and 

Åradius ὶ
This is a model-independent result

For SL PV 4 point contact interactions
What do these circles look like?

Χ
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Å The Q W results 
on the proton 
(this expt .) and 
on cesium (APV) 
provide 
independent 
constraints 
(bands) on the 
vector quark 
couplings C1q. 

Å Together the H 
& Cs constraints 
form an 
improved 
(elliptical) 
constraint.

ȿ/g = 3.5 TeV

ȿ/g = 7.4 TeV

Qweak band 

@ ɗh(proton)

ȿ/g = 8 TeV

ȿ/g = 5 TeV

ȿ/g = 3 TeV

Qw(Z,N) = -2{C1u(2Z + N) + C1d(Z + 2N)}ȿ /g Circles in C1q Space
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ÅProtonȡ— ÔÁÎ ϳρς ςφȢφЈ

ïThen ὺ
Ȣ Ў

χȢτ4Å6 ϳΏ Ὣ

ψȢτ4Å6 ϳΏ Ὣ
at 95% CL

where:

o ὺ Ὃ ς
ϳ

= 246 GeV = EW (Fermi) scale = vacuum 

expectation value of the Higgs field, and 

o Ὃ = Fermi coupling constant = 1.166 x 10-5 GeV-2

Sensitivity to New Physics Coupling to the Proton
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Specific Mass Reach Examples

ïCƻǊ ǘƘŜ άŜȄǘǊŜƳŜέ ŎƻƴǘŀŎǘ ƛƴǘŜǊŀŎǘƛƻƴ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǘƻ Ŝ ǉ 
compositeness, g2 = 4́ Ÿ ȿ+= 26.3 TeV (Eichten et al.,PRL50, 811 (1983))

ïAt the other extreme, the coupling usually assumed for 
leptoquarksis g2 = 4́ ŬŸ ȿ+ = 2.3 TeV.

We rule out new PV SL physics below these mass scales Ǭ, 
using the coupling strength ògó assumed for that new physics

ep

g2=4̄ Ąh g=0.3

LQõs: heavy (think Pb) 
color -triplet bosons 

postulated in SM 
extensions like technicolor 
& GUTs. Carry both lepton 
& baryon #s. Could be part 

of why there are 3 
generations of quarks & 

leptons.
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ÅNot directly predicted by SM, but by other msrmnts
of SM quantities. EW theory predicts ȂW is a f(Q).

w̒

The weak mixing angle
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Exptôsdiffer in sensitivity to 

classes of new physics. 

Qweak sensitive to scalar 

lepto-quarks, E158 is not.

Solid Curve (PDG2016): J. Erler, M. Ramsey-Musolf, PRD72, 073003 (2005)

Qweak

Decreasing

Qweak

increasing

Running of the Weak Mixing Angle sin2
W̒

Weak 
Charge 

Precision
sin2ɗW

precision

APV: 
133Cs

0.59% 0.81%

Qweak p 6.3% 0.46%

Accidental suppression of 

QW(p) in SM makes it 

unusually sensitive to s2tw. 

Example:

τÓÉÎ— π ρ
ὗ π

” Ў
Ў
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ñDark photonò ïpossible portal for new force to communicate with SM?

Implications for ñDark Parity Violationò

Å New source of low-energy PV through 

mass mixing between Z0 and Zd

Å Sensitivity is at low Q, not Z-pole

Å Complementary to direct searches for heavy dark photons

ï observable even if direct decay modes are ñinvisibleò

Å New Qweak point rules out some of the allowed region

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

Qw
p + LQCD

Qw
p

SLAC E158

Qw
p + LQCD

Qw
p

SLAC E158

mdarkZ = 150 MeV

mdarkZ = 100 MeV

mdarkZ = 300 MeV

mdarkZ = 500 MeV

QW
p (2013) QW

p (2013)

QW
p (2017)

QW
p (2017)

E158
E158

APV 133Cs APV 133Cs
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Future PVES 9ȄǇǘΩǎ
ÅQweakĄP2 @ MESA/Mainz: ▄▬ᴼ▄▬═▄▬Ǫ╠╦

▬

ïWeak vector quark charges, æsin2ɗW to ± 0.00033

ï ȿ/g to 13.8 TeV. Installs 2021? arXiv: 1802.04759.

ïAepϤ ҍпл ± 0.56 ppb (1.4%) (requires 0.25ppb (syst)!) 
Q2=0.0045 GeV2. 155 MeV. 60 cm LH2 (3+ kW). 150 ɛA.

ÅE158ĄMOLLER @ JLab: ▄▄O ▄▄═▄▄Ǫ╠╦
▄

ïWeak charge of electron, æsin2ɗW to ± 0.00028

ïɽ/g to 7.5 TeV. Installs 2023? arXiv:1411.4088.

ïAep ~ ҍоо ± 0.84 ppb (2.4%) (requires 0.4ppb syst!) 

ïɗ=0.3°-1°. 11 GeV. 1.5 m LH2 (5 kW). 65 ɛA.

ÅPVDISĄ SOLID @ JLab: ▄ÄDIS

ïWeak axial quark charges, æsin2ɗW to ± 0.00057

ïɽ/g to 6.2 TeV. Installs 2028? arXiv:1409.7741.

ÅAPV(Cs) Ą APV(Fr, Ra)? ╠╦
═
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Summary: Qweak exptςprecision msrmnt of  PV asymmetry 
in elastic e-p scattering Ÿ ǇǊƻǘƻƴΩǎ ǿŜŀƪ ŎƘŀǊƎŜ

Implications:

ÅMsrd╠╦
▬

in good agreement with SM

̇Robust result to changes in method used to obtain it

ÅSensitive msr of sin2ɗW at low Q

ÅMass reach for new neutral-current semi-
leptonic PV physics ruled out at 95% CL for:
̇ȿ/g < 7.4 TeV, (< 3.5 TeV for arbitrary flavor ratios)

ÅWill play a role in future analyses of bounds (or 
discoveries) of a variety of new BSM physics

ÅBuilds scientific & technical foundation for next 
generation of measurements

A = ī226.5 ± 9.3 ppb 

╠╦
▬

(this result) 0.0719 ± 0.0045

╠╦
▬

(SM) 0.0708 ± 0.0003
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Done



SM Tests: Past & Future Precision Low Energy Parity Violation Measurements
L/gnew physics @ 95% CL using formalism of 

Erler, et.al.- arXiv:1401.6199v1 [hep-ph] 23 Jan 2014

Experiment % Precision Dsin 2qw
L /g [TeV] 

(mass reach)

Status

SLAC-E122 8.3 0.011 1.5 published

SLAC-E122 110 0.44 0.25 published

APV (205Tl) 3.2 0.011 3.8 published

APV (133Cs) 0.58 0.0019 9.1 published

SLAC-E158 14 0.0013 4.8 published

Jlab-Hall A 4.1 0.0051 2.2 published

Jlab-Hall A 61 0.051 0.82 published

JLab -Qweak (p) 6.2 0.0011 7.4 2017

JLab-SoLID 0.6 0.00057 6.2 conceptual

JLab-MOLLER 2.3 0.00026 11.0 seeking funding

Mainz-P2 2.0 0.00036 13.8 funded (>2020)

APV (225Ra+) 0.5 0.0018 9.6

APV (213Ra+ / 225Ra+) 0.1 0.0037 4.5

PVES (12C) 0.3 0.0007 14
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Ancillary Measurements

Qweakmade several ancillary measurements to determine and 
constrain background processes and corrections ς

many will result in physics publications

P.M. King;  Qweak;  APFB2014 21

Ancillary Measurements

ï PV asymmetry:

ǒ elastic 27Al

ǒ N ­ D 

(E = 1.16 GeV, 0.877 GeV) 

ǒ Near W = 2.5 GeV 

(related to gZ box)

ǒ Pion photoproduction 
(E = 3.3 GeV)

Many addit ional measurements under analysis:

ï PC Transverse asymmetry:

ǒ elastic ep

ǒ elastic 27Al, Carbon

ǒ N ­ D 

ǒ Mßller

ǒ Near W = 2.5 GeV

ǒ Pion photoproduction 
(E = 3.3 GeV)
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Main Uncertainties in the Asymmetry Measurement
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All Corrections to the Asymmetry

f1:   Al    f2:  beamline
f3:  neutrals    f4 :  inelastics
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Effect of the Proton Radius Puzzle

ÅThe puzzle: 
ïep global analysis: r p = 0.875 ± 0.010 fm

ÅZhan, et al., Phys. Lett. B 705 , 59 (2011)

ïŀp Lamb shift: r p = 0.8409 ± 0.0004 fm
ÅAntognini , et al., Science 339 , 417 (2013)

ÅBut as Q 2 
Ą 0, GE = Z{1 ðQ2 <r2> /6 + é}

ïSo GE(ep) = 0.9178, and GE(ŀp) = 0.9241 
ÅSo æGE = 0.7%

ïAt our Q 2, GE contributes 26 ppb
ÅSo æA ~ (0.7%)(26 ppb) ~ 0.2 ppb out of 226 ppb msrd
ÅĄæQw(p) = æAhad/A 0 = 0.00008 (~2% of our error bar)

A tiny effect.
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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

ɔZCalculations of the ɴV
ǿZ @ E=1.16 GeV

Å Early calculations primarily 

dispersion theory type 
Å Data can firm up error 

estimates! 

Å Qweak: inelastic asymmetry 

data taken at W ~ 2.3 GeV,  

Q2 = 0.09 GeV2 

Å Later calculations data-driven

Å Central values 

similar, but 

uncertainties vary.

Å Theory community 

canôt agree which 

result we should use.

Å 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 quark-hadron duality + data

Indefensible!
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Detector Optical Imperfections : Abias Systematic

Saw a large, consistent asymmetry  

Adiff = (AR - AL) ~ 290 ppb in the L & R

PMTs of each detector bar. 

Qweak parity signal =  (AR + AL)/2, so 

R-L effect cancels to first order.

Effect: Transverse P picked up via g-2 

precession thru magnet ñanalyzedò by 

Pb pre-radiator just in front of bars Ą

L/R asymmetry across each bar.

Minor broken symmetries of as-built 

apparatus lead to a 4 Ñ3 ppb 

rescattering bias correction Abias.

Two approaches taken to model this 

agreed to within 1 ppb:

1) Phenomenological method:  

used msrd (or simulated) flux on 

each bar, & light seen by each 

PMT, scaled to msrd Adiff.

2) GEANT4: modeled Mott MS 

through the Pb, the flux on & 

optical properties of each bar.
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y	=	1.028E-05x2	-	3.339E-17x	+	1.039E+00	
Rч	=	9.998E-01	
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Macroscopic model

Åʵȅ(y)= An(y) * scale (ʵȅ~ 300 ppb*2m = 600 nm)

Åadjust scale`till PMTDD(calc) = PMTDD(msrd) = A(L) ςA(R)

Å̀ ±(L) =  ʅPMTLeft(y) Flux± (y -/+ ʵȅ(y))

Å̀ ±(R) = ʅPMTRight(y)Flux± (y -/+ ʵȅ(y))

ÅA(L) = (̀+(L) ς̀ ҍ(L)) / (̀ +(L) + ̀ҍ(L)) 

ÅA(R) = (̀+(R) ς̀ ҍ(R)) / (̀ +(R) + ̀ҍ(R)) 

ÅPMTDD = A(L) ςA(R)

ÅAbias= (A(L) + A(R)) / 2 
Åthis is what hides in our Aep

±̀(L/R) from 
measured 

PMTL/R(y) & 
Flux±(y) in 

tracking runs

Form 
asymmetries 
at each end 
of the bars

Form the 
quantities 
of interest

The Macroscopic model uses measured input 
for the light, the flux, & the PMTDD. 

An(y) comes from PMTDD model, or from 
wags, but is scaled by the msrd PMTDD.09/11/2018 Greg Smith - SPIN2018 65



Summary of Results Determined from Qweak Aep

Quantity Value Error Method
_______________________________________________________________________________________________________________

╠╦
▬

0.0719 0.0045

sin 2qW(Q=0.025) 0.2382 0.0011 

rs 0.20 0.11

ms -0.19 0.14

GA
Z(T=1) -0.64 0.30

_______________________________________________________________________________________________________________

╠╦
▬

0.0718 0.0044

C1u -0.1874 0.0022

C1d 0.3389 0.0025

╠╦
▪ -0.9808 0.0063

C1 correlation = -0.9318
_______________________________________________________________________________________________________________

╠╦
▬

0.0685 0.0038

sin 2qW(Q=0.025)  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
+

EMFFôs & theory axial FF
+

LQCD (strange)

Qweak A ep
+

PVES data base
+

LQCD (strange)

Precision of Aep

dominates 

determination 

of ╠╦
▬

does NOT 

depend on 

other PV 

measurements

EMFFs: Arrington & Sick, PRC 76, 035201 (2007)
Axial FF: Liu McKeown& Ramsey-Musolf, PRC 76, 025202 (2007) 

Including 
133Cs APV 

improves C1u , 

C1d , & QW(n) 

extraction

LQCD constraint 

on G╔
▼& G╜

▼

improves ╠╦
▬

&

sin 2qW precision
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ComparingGE,M
s with PVES fit & LQCD

GE
s

GM
s

GE
s = ́ sQ

2GD

GM
s = ˃ sGD

PVES fit has ~ same shape, but different magnitude (x10)

Global PVES Fit Green et al., PRD92, 031501 (2015) 

Lattice Results
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Tension between PVES data & LQCD

ÅImportant to investigate 
impact of LQCD on our 
result

ïLQCD results continue to 
improve: Green et al. (used 
here) reached a pion mass 
of 317 MeV. Since then, 
the KY group reached the 
physical pion mass for the 
1st time!

Gs
E,M

KY Grp: Sufian, et al., PRL118, 042001 (2017)
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