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Parity-Violating	Electron	Scattering	–	The	Basics	

•  Longitudinally	polarized	electrons	on	unpolarized	targets	–		
						e,	p,	d,	4He,	9Be,	12C,	208Pb	
•  Measure	small	parity-violating	cross	section	asymmetry		
							(~	20	ppb	–	100	ppm)						
•  	Elastic	and	deep	inelastic	kinematics	

•  	Neutral	weak	current	–	Standard	Model	test	and	select	hadronic	physics	topics	
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Parity-Violating Electron Scattering

 Scattering amplitudes will have both EM and weak contributions.

 Measure the parity-violating asymmetry:
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Qweak	Experiment	at	Jefferson	Lab	

Qweak	Experiment:	parity-violating	e-p	elastic	scattering	to	measure	
proton’s	weak	charge	
	

•  Initial	organizational	meeting	2000	
•  Proposal	2001	
•  Design/construction	2003	–	2010	
•  Data-taking	2010	–	2012	(~	1	year	total	beam	time)	
•  Last	experiment	in	Hall	C	in	“6	GeV	era”	
•  First	results	on	proton’s	weak	charge	(based	on	4%	of	the	dataset)	published	in	

Phys.	Rev.	Lett.	111,	141803	(2013)	
•  Apparatus	described	in	NIM	A781,	105	(2015)	
•  Final	results	from	the	full	Qweak	dataset		
						published	last	month:	Nature	557,	207	-	211	(2018)	

Qweak	Collaboration:	101	collaborators,	26	graduate	students,	11	
postdocs,	27	institutions	

CEBAF 
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The	Hunt	for	New	Physics	
Two	complementary	approaches	to	searching	for	“New	Physics”	
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“Energy	frontier” -	like	LHC	
	

→	Make	new	particles	(“X”)	directly	in	
high	energy	collisions	

“Precision	frontier” –	weak	charge,	g-2(μ),	etc.	
	

→	Measure	indirect	effects	of	new	particles	(“X”)	
made	virtually	in	low	energy	processes	

In	LHC	era,	precision	measurements	of	value:	
•  If	LHC	sees	“new	physics”,	precision	measurements	can	help	select	among	models	
•  If	LHC	sees	no	“new	physics”,	precision	measurements	are	sensitive	to	some	types	of	

new	physics	unobservable	at	LHC	
VT	CNP	Research	Day	



C1u	,C1d	,	Cee	:	“Weak	Charges”:	neutral	current	analog	to	the	electric	charges	
	

The	Standard	Model	prescribes	the	couplings	of	the	fundamental	fermions	to	the	Z	boson:	

For	low	energy	electroweak	tests	(Q2	<<	M2
Z),	restrict	to	parity-violating	e-q	and	e-e	four-

fermion	contact	interaction:	
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Standard	Model	Weak	Neutral	Current	Couplings	

quark	vector:	C1u,	C1d											quark	axial-vector:	C2u,	C2d																			electron:	Cee	
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Proton’s	weak	charge:	
	
parity-violating	elastic	ep	scattering		
														e	+	p	→	e	+	p	
•  published:	JLab	Qweak	~	6%	on	Qp

W	

Qe
W	and	Q

p
W	are	suppressed	in	Standard	Model	→	increased	sensitivity	to	new	physics.	

ie.	6%	on	Qp
W=0.0708	sensitive	to	new	neutral	current	amplitudes	as	weak	as	~	4x10-3	GF	

	
	
	

C1u	,C1d	,	Cee	:	“Weak	Charges”:	neutral	current	analog	to	the	electric	charges	
	

Z 

N e 
 ) CQ Wee

e
W θ−−=−≡ 2sin41(2Electron’s	weak	charge:	

parity-violating	Møller	scattering						e	+	e	→	e	+	e	
•  published:	SLAC	E158	~	13%	on	Qe

W	

[ ] ( ) CCQ W1d1u
p

W θ−=+−≡ 2sin4122

“Neutron’s	weak	charge”:	
	
	
	
Atomic	parity	violation		
•  published:	133Cs	~	0.6%	on	QA

W	

QW
A (Z,N) ≡ −2 C1u (2Z +N)+C1d (Z + 2N)[ ]

≈ Z 1− 4sin2θW( )-N(1) ≈ -N
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“Weak	Charges”	in	Low	Energy	Neutral	Current	Tests	

	

Most	precise	low	energy	
measurements	define	a	weak	charge	
“triad”	(M.	Ramsey-Musolf)	
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Parity-Violating	Electron	Scattering	Experiments	–		
A	Brief	History	

Pioneering	(1978)	early	SM	test	
SLAC	E122	PVDIS	–	Prescott	et	al.	
A	=	-152	ppm	
	

Bates:	12C,	Mainz:	9Be	
	
	
	

Strange	Form	Factors		
(1998	–	2009)	
SAMPLE,	G0,	A4,	HAPPEX	
A	~	1	–	50	ppm	
	

Standard	Model	Tests	
(2003	–	present)	
SLAC	E158	Moller:	A	=	-	131	ppb	
JLAB	Qweak:	A	~	-230	ppb,	ΔA	=	9	ppb,	
ΔA/A	=	4%						MOLLER	-33	ppb,	ΔA	=0.8	ppb,		

Completed	

Future	

SLAC	
Jefferson	Lab	

Mainz	
MIT-Bates	
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Electroweak Interaction The QWeak Apparatus The QWeak Data First Results Summary

The QWeak Experiment

Event versus current mode

• Event mode
• each event individually registered
• event selection or rejection possible

time0 100 ns

µA

• Current or integrating mode
• high event rates possible (event every nanosecond!)
• no suppression of background events possible

time0 100 ns

µA

. . .
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Qweak	Experimental	Apparatus	

P.M. King;  Qweak;  APFB2014 8

Qweak Apparatus
Production Mode:
180 mA, Integrating

e- beam

E = 1.16 GeV
I = 180 mA
P = 88% Acceptance-defining

Pb collimator

35 cm LH
2
 target

Toroidal 
Spectrometer

High-density concrete
shielding wall

Quartz Bar Detectors
8-fold symmetry

Production:	~	800	MHz	rates	
must	integrate	PMT	current	
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θ = 4.9 – 10.9o
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Qweak	Apparatus	During	Installation	
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Q-Weak Apparatus!
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Quartz Cerenkov Bars 

Toroidal Magnet 
Spectrometer 

Collimators 
Vertical Drift Chambers 

Trigger Scintillator 

Horizontal  
Drift Chambers 

LH2 Target 

Electron beam 
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From	Measured	Asymmetry	to	Physics	Asymmetry	

12

Beam Parameter Run 1 ��i Run 2 ��i Typical @A/@�i

X �3.5± 0.1 nm �2.3± 0.1 nm �2 ppb/nm
X 0 �0.30± 0.01 nrad �0.07± 0.01 nrad 50 ppb/nrad
Y �7.5± 0.1 nm 0.8± 0.1 nm < 0.2 ppb/nm
Y 0 �0.07± 0.01 nrad �0.04± 0.01 nrad < 3 ppb/nrad
Energy �1.69± 0.01 ppb �0.12± 0.01 ppb �6 ppb/ppb

TABLE I. Helicity-correlated beam parameter di↵erences for Run 1 and 2 and typical detector sensi-
tivities for the five measured beam parameters.

Amsr =Araw + AT + AL + ABCM + ABB + Abeam + Abias (10)

Correct	raw	asymmetry	for	measured	false	asymmetry	effects	to	get	measured	asymmetry		

Correct	measured	asymmetry	for	polarization,	backgrounds,	acceptance,	etc.		to	get		
ep	physics	asymmetry	

4

The predicted Abias values for each detector are shown in302

Extended Figure 3d. The resulting averaged correction303

and its systematic uncertainty are Abias = 4.3± 3.0 ppb.304

305

Determination of Aep:306

The measured asymmetry Amsr was then corrected for307

incomplete beam polarization, the e↵ects of various back-308

ground processes, electromagnetic radiative corrections,309

and the finite acceptance of the detector, to form the310

fully-corrected electron-proton asymmetry Aep, using311

Aep = Rtot

Amsr/P �
P

i=1,3,4 fiAi

1�
P4

i=1 fi
(7)

where Rtot = RRCRDetRAccRQ2 . The components of312

Eq. 7 are discussed below.313

314

a) RRC : The electromagnetic radiative correction fac-315

tor RRC = 1.010±0.005 accounts for the e↵ect of internal316

and external bremmstrahlung of the incident electron,317

which can depolarize the electron and modify the mo-318

mentum transfer Q2 at the scattering vertex. RRC was319

determined using a GEANT 3 simulation by comparing320

results with and without bremsstrahlung enabled in the321

simulation.322

b) RDet: The Cerenkov detector analog response (i.e.323

the summed optical signal detected by the two photo-324

multiplier tubes attached at each end of each detector)325

varied as a function of the arrival location on the detec-326

tor of the scattered electron. The magnetic optics of the327

spectrometer also caused a correlation between the elec-328

tron arrival location and the Q2, and therefore with the329

asymmetry. The correlation between the detector ana-330

log response and the Q2 of each track was determined331

using the tracking system vertical drift chambers, and332

the resulting correction to the measured asymmetry was333

RDet = 0.9895± 0.0021.334

RAcc: Due to the finite acceptance of the spectrometer,335

and the e↵ect of radiative energy losses, Amsr represents336

an average over a range of Q2. Since the asymmetry337

varies strongly with Q2 we use simulation to correct the338

averaged asymmetry <A(Q2)> to the asymmetry that339

would arise from point scattering at the central <Q2>,340

A(<Q2>) using341

RAcc = A(<Q2>)/<A(Q2)> = 0.977± 0.002 (8)

c) RQ2 : The central <Q2> for the experiment was342

determined from a GEANT4 simulation that was bench-343

marked with measurements from the tracking system.344

The central <Q2> was not identical between Run 1 and345

2, due to minor di↵erences in the beam energy, target346

location and spectrometer magnetic field), with Run 1347

having a higher <Q2>. The global fit of Aep vs. Q2 (see348

main paper) was used to determine the sensitivity of the349

asymmetry to small changes in <Q2>. Run 2 was cho-350

sen as the reference for <Q2>, and the Run 1 asymmetry351

was scaled from its measured <Q2>, using RQ2 = 0.9928352

(for Run 2, RQ2 = 1 by definition). The determination353

of the central <Q2> has a 0.45% relative uncertainty,354

dominated by the uncertainty on the collimator, target355

and main detector locations, and the beam energy deter-356

mination. To ease the global fitting, we decided to quote357

the <Q2> as exact and used the sensitivity @Aep/@Q2 to358

determine an e↵ective error contribution to the asymme-359

try. This error on RQ2 was 0.0055 for both run periods.360

d) P : To achieve the goal of a reliable determination361

of the beam polarization (P ) at < 1% accuracy, two362

di↵erent techniques with precisely calculated analyzing363

powers were employed for redundancy. An existing364

Møller polarimeter in experimental Hall C [11] was used365

invasively 2-3 times per week. It measured the parity366

conserving cross-section asymmetry in the scattering of367

polarized beam electrons from polarized electrons in an368

iron target foil at low (typically . 2µA) beam currents.369

A newly installed, non-invasive Compton polarime-370

ter [12] monitored the beam polarization continuously371

at the full production beam current of 180 µA. This372

device measured the parity-conserving asymmetry in373

the scattering of circularly polarized laser photons from374

the electron beam. For each run period, the averaged375

beam-polarization corrected asymmetry was computed376

in two ways - by correcting each ⇠6 minute period of377

data for its beam polarization and by using an overall378

average beam polarization. The two methods gave the379

same result to a small fraction of the quoted uncertainty,380

so for simplicity the results using the overall average381

beam polarization are quoted here. The overall average382

beam polarizations for the two running periods were:383

PRun1 = (87.66 ± 1.05)% and PRun2 = (88.71 ± 0.55)%,384

where the uncertainties are predominantly systematic.385

For Run 1, the uncertainty was larger for two reasons:386

the Compton polarimeter was still being commissioned,387

so it was not used for this determination, and the Møller388

uncertainty was larger than usual due to the need to cor-389

rect for the e↵ects of an intermittent short circuit in one390

of the quadrupole magnets of the polarimeter. For Run391

2, both polarimeters were fully functional and agreed392

well with each other as shown in Extended Figure 4. A393

dedicated direct comparison of the Møller and Compton394

polarimeters under identical beam conditions at low395

beam current was also performed, showing agreement to396

the < 1% level [13] was also performed.397

398

e) Physics Backgrounds:399

1) Target Windows: Electrons scattered from the alu-400

minum 7075 alloy entrance and exit windows of the hy-401

drogen target caused the dominant experimental back-402

ground (f1A1). The parity-violating asymmetry from403

Al is nearly an order of magnitude larger than that for404

the proton, so even the small fraction of the experimen-405

tal yield arising from the windows required a significant406

correction to the measured asymmetry. The asymmetry407

from the aluminum was determined in dedicated data-408

taking with an aluminum target, made from the same409

block of material as the target windows, but with a thick-410

ness (⇠ 125 µm) to match the radiation length of the hy-411
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1) Target Windows: Electrons scattered from the alu-400

minum 7075 alloy entrance and exit windows of the hy-401

drogen target caused the dominant experimental back-402

ground (f1A1). The parity-violating asymmetry from403

Al is nearly an order of magnitude larger than that for404

the proton, so even the small fraction of the experimen-405

tal yield arising from the windows required a significant406
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from the aluminum was determined in dedicated data-408

taking with an aluminum target, made from the same409
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Run	1	and	2	were	statistics	limited	

Dominant	systematic	errors	were	both	expected	and	
unexpected	(as	can	happen	when	pushing	the	
boundaries	in	precision):	
	

Expected	and	planned	for:	
•  Beam	Asymmetries	Abeam	
•  Aluminum	target	windows	A1	
	

Unexpected	but	symmetry	and	auxiliary	background	
detectors	made	them	manageable	
•  Beamline	background	asymmetries	ABB	

•  Rescattering	bias	Abias		

Araw =
Y + −Y −

Y + +Y −
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Blinded	analysis	
Run	1	and	2	each	had	its	own	independent	“blinding	factor”	(additive	
offset	in	range	±60	ppb)	to	avoid	analysis	bias.	

Run	1		
blinded	

Run	2		
blinded	

Blinding	range	

5/10/2019	 VT	CNP	Research	Day	
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Un-Blinded	Analysis	
Excellent	agreement	between	the	two	runs	
(several	systematic	corrections	rather	different	between	the	two	runs)	

Run	1		
blinded	

Run	2		
blinded	 Run	1		

unblinded	
Run	2	
unblinded	

5/10/2019	

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: Ab1 1.9 4% 1.9 12%
Kinematics: RQ2 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 Aep 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 Aep for Run 1 and 2. Only error sources with fractional
contribution � 5% in one of the Runs are shown.
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Un-Blinded	Analysis	
Excellent	agreement	between	the	two	runs	
(several	systematic	corrections	rather	different	between	the	two	runs)	

Run	1		
blinded	

Run	2		
blinded	 Run	1		

unblinded	
Run	2	
unblinded	

5/10/2019	

It	didn’t	happen	if	you	don’t	tweet	about	it!	
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Extraction	of	Qweak	From	e-p	Asymmetry	
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	Q2	=		0.63	GeV2	is	done	to	extract	the	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
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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+Q2 =++0.63+GeV2 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
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where
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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
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Running	of	the	Weak	Mixing	Angle	sin2θW			
Qweak	completes	the	low	Q2	“weak	charge	triad”	by	adding	a	precision	

measurement	of	the	proton’s	weak	charge.	

Note:	interference	effects	of	heavy	new	physics	(ie.	Z’,	leptoquarks)	is	suppressed	at	Z	
resonance	so	LEP/SLC	mass	limits	~<TeV,	while	low	energy	observables	probe	few	TeV	scale	
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Running$of$the$Weak$Mixing$angle$sin2$θW

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.$RamseyL
Musolf,$P.$Langacker
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New Physics Ruled Out 
@95% CL Below Mass Scale of Λ/g

Limits	on	Semi-Leptonic	PV	Physics	Beyond	the	SM	
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Limits$on$SemiLLeptonic PV$Physics$beyond$the$SM

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

APV:$atomic$parity$violation$$133Cs$$$$C.S.$Wood$et$al.$Science$275,$1759$($1997);$Dzuba et$al.$PRL$109,$203003$(2012)$$
Yellow$box:$SM$values

R = 2g2

GFΛ
2

SM is red square

θh independent limit: Λ
g
> 3.5 TeV @95% CL  

6/14/2018	 SSP	2018	Symmetries	Symposium	 26	

Sensitivity	to	New	Physics	at	TeV	Scales	

Parameterize	these	scenarios	in	a	general	way	with	a	new	contact	
interaction	term	in	the	Lagrangian:	

g=coupling strength 
Λ=mass scale 

Testing the Standard Model by Precision Measurement of the Weak Charges of Quarks

R. D. Young,1,2 R. D. Carlini,1,3 A. W. Thomas,1,3 and J. Roche1,4

1Jefferson Lab, 12000 Jefferson Ave., Newport News, Virginia 23606, USA
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In a global analysis of the latest parity-violating electron scattering measurements on nuclear targets,
we demonstrate a significant improvement in the experimental knowledge of the weak neutral-current
lepton-quark interactions at low energy. The precision of this new result, combined with earlier atomic
parity-violation measurements, places tight constraints on the size of possible contributions from physics
beyond the standard model. Consequently, this result improves the lower-bound on the scale of relevant
new physics to !1 TeV.

DOI: 10.1103/PhysRevLett.99.122003 PACS numbers: 13.60."r, 12.15.Mm, 24.80.+y

The standard model has been enormously successful at
predicting the outcomes of experiments in nuclear and
particle physics. The search for new physical phenomena
and a fundamental description of nature which goes be-
yond the standard model is driven by two complementary
experimental strategies. The first is to build increasingly
energetic colliders, such as the Large Hadron Collider
(LHC) at CERN, which aim to excite matter into a new
form. The second, more subtle approach is to perform
precision measurements at moderate energies [1– 3], where
an observed discrepancy with the standard model will
reveal the signature of these new forms of matter [4].
Here we show that the latest measurements of the parity-
violating electroweak force [5– 12] constrain the possibil-
ity of relevant physics beyond the standard model to the
TeV energy scale and beyond. While the current data sets a
much improved bound on the scale of new physics, the
nature of such low-energy tests is that future results will
play a complementary role in determining the structure of
potential new interactions in the LHC era.

After three decades of experimental tests, the only in-
dication of a flaw in the standard model lies in the recent
discovery of neutrino oscillations [13]. That discovery has
renewed interest in identifying other places where physics
beyond the standard model might be found. In this work we
report the results of a search for indirect signatures of new
physics through precise measurements at low energy. This
is possible because, within the electroweak theory, one can
rigorously derive a low-energy effective interaction be-
tween the electron and the quarks. Any deviation from
the predictions of that effective force is then an unambig-
uous signal of physics beyond the standard model. We
show that recent, state-of-the-art measurements of parity-
violating electron scattering (PVES) on nuclear targets [5–
12] yield a dramatic improvement in the accuracy with
which we probe the weak neutral-current sector of the
standard model at low energy.

For our purposes, the relevant piece of the weak force
which characterizes the virtual exchange of a Z0 boson
between an electron and an up or down quark can be
parameterized by the constants, C1u#d$, which are defined
through the effective four-point interaction by [14]

 L eq
NC % "

GF!!!
2
p !e!"!5e

X
q
C1q !q!"q: (1)

These effective couplings are known to high precision
within the standard model, from precision measurements
at the Z pole [15] and evolution to the relevant low-energy
scale [16,17]. There are also parity-violating contributions
arising from the lepton vector-current coupling to the quark
axial-vector current, with couplings, C2q, defined in a simi-
lar manner. Although the PVES asymmetries are also de-
pendent on the C2q’s, they cannot be extracted from these
measurements without input from nonperturbative QCD.

As summarized by the Particle Data Group (PDG) [14],
existing data, particularly the determination of atomic
parity violation in cesium [1], primarily constrains the
sum of the up and down quark ‘‘charges’’, C1u & C1d.
The analysis of the new high-precision PVES data pre-
sented here now permits us to extract an independent
experimental constraint on the difference, C1u " C1d.
Combining this constraint with previous experimental re-
sults leads to a significant improvement in the allowed
range of values for C1u and C1d. This constraint is deter-
mined within the experimental uncertainties of the electro-
weak structure of the proton. The new range of values
allowed for these fundamental constants is consistent
with the predictions of the standard model and severely
constrains relevant new physics—to a mass scale beyond
!1– 5 TeV.

Much of the current experimental interest in precision
PVES measurements on nuclear targets has been focussed
on revealing the strange-quark content of the nucleon.

PRL 99, 122003 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
21 SEPTEMBER 2007
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Arbitrary	quark	flavor	dependence	of	new	physics:	

Possible	New	Physics	at	multi-TeV	scales:	

Standard	Model	term	

New	Physics	term	

MX = Λ 

g 
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Future:	MOLLER	Experiment	at	11	GeV	JLab	
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MOLLER&at&11GeV&JLab

28 m

liquid 
hydrogen
target

upstream
toroid

hybrid
toroid

detector
systems

electron
beamδ(QeW) = ± 2.1 % (stat.) ± 1.0 % (syst.) 

δ(APV) = 0.73 parts per billion

APV = 35.6 ppb

60 μA 90% polarized

An ultra-precise measurement of the weak mixing angle using Møller scattering

LH2 5+10&mrad
11&GeV&Beam

Parity-violating		Møller	scattering	

eeee ʹ+ʹ→+
!

•  Precision	goal	–	2.4%	on	electron’s	weak	charge		
										-	factor	of	5	improvement	over	E158	
•  0.1%	precision	on	sin2θW	at	low	Q2	–	

comparable	to	best	collider	determinations	

 ) CQ Wee
e
W θ−−=−≡ 2sin41(2

Status:	
•  120	collaborators,	30	institutions		
•  $30-35M	MIE	Proposal	
•  Achieved	DOE	“CD0”	status	
•  Moving	towards	“CD1”	status	
•  Hoped	for	data-taking	in	2024	

4th Generation PVES Experiment at Jlab 

10 

•  sub-part per billion statistical 
reach and systematic control 

•  sub-1% normalization control 

Variety of Physics Topics:
continuous interplay between 

hadron physics and electroweak physics

State of the Art

Steady improvements in accelerator 
and detector technology 

MOLLER: improve QW(e) by a factor of 5 

JLab Measurements 

Only e-e measurement: 
SLAC E158 

SLAC
Mainz

MIT-Bates
JLab
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Physics	Potential	of	Precision	Electron	Weak	Charge	
Measurement	from	MOLLER		

High	precision	measurement	
of	suppressed	SM	observable	
												sensitive	to	new	neutral	current	amplitudes	as	weak	as		~	10-3	GF	
Most	sensitive	probe	of	new	flavor	and	CP-conserving	neutral	current	
interactions	over	next	decade	
			-	new	TeV	scale	dynamics	(Z’,	supersymmetry,	doubly	charged	scalars,…)	
				-	weakly	coupled	MeV	–	GeV	scale	mediators	(dark	photons,	…)	

	
	

 δ(QW
e ) /QW

e ~ ± 2.4%

QW
e = − 1− 4sin2θW( ) ~ −.046

The	MOLLER	experiment	provides:	
•  Excellent	sensitivity	to	Beyond	Standard	Model	(BSM)	physics	

•  High	precision	benchmark	point	within	the	
Standard	Model	

	
			~	0.1%	precision,	comparable	to	sensitivity	of				
			best	collider	determinations	

δ(sin2θW ) ~ ± 0.00024(stat.) ± 0.00013 (syst.)   

Other	measurements		
on	same	timescale	

δ(sin2θW)	

Mainz	MESA	P2	 ~	±0.00034	
Final	Tevatron	 ~	±0.00041	
LHC	14	TeV,	300	fb-1	 ~	±0.00036	
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•  If	LHC	sees	ANY	anomaly	in	Runs	2	or	3	(~2022)	
–  The	unique	discovery	space	provided	by	MOLLER	will	become	a	
pressing	need,	like	other	sensitive	probes	(eg.	g-2	anomaly)	

•  If	LHC	observes	no	anomaly	in	next	decade,	MOLLER	sensitive	
to	discovery	scenarios	beyond	LHC	signatures	
–  Hidden	weak	scale	scenarios	(eg.	compressed	supersymmetry)	
–  Lepton	number	violating	amplitudes	
–  Light	dark	matter	mediators	
–  …	
	

Most	sensitive	discovery	reach	over	the	next	decade	for	CP-/
flavor-	conserving	or	lepton	number	violating	scattering	
amplitudes	

	 5/10/2019	 17	

MOLLER	Complementarity	to	LHC		
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•  VT	contributions:	luminosity	monitors,	drift	chambers,	halo	monitors,	simulations,	analysis	
•  Undergraduates:	Kevin	Finelli,	Jim	Dowd,	Elizabeth	Bonnell,	Jackson	Walters,	John	Echols,		

Jon	Hoffman,	Jonathan	Baker,	Bevin	Huang,	Kyle	Stewart,	Alex	Nikrant,	Alejandro	Sosa,	
Carlos	Segovia-Bustamante,	Danny	Vowell,	Cheyenne	Neff,	Chris	Wollbrink	

•  Graduates:	Juliette	Mammei,	John	Leacock,	Wade	Duvall,	Anna	Lee	
•  Postdoc:	Riad	Suleiman	
•  Senior	staff:	Norman	Morgan	
 

Virginia	Tech	Contributions	and	Personnel	
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Summary	
•  Parity-violating	electron	scattering	provides	stringent	low	energy	tests	of	

the	Standard	Model	
	

•  	Qweak	Experiment:	Parity-violating	elastic	e-p	scattering	
																		-	Final	result:		Nature	557,	207	–	211	(2018)						
																		-	precision	determination	of	proton’s	weak	charge	
	
																		-	Constrains	generic	new	parity-violating	“Beyond	the	Standard		

	 	 	Model	Physics”	at	TeV	scale:		ruled	out	at	Λ/g	<	3.5	TeV	at	95%	CL		
	

•  MOLLER	Experiment:	Parity-violating	elastic	e-e	scattering	
																					-	new	initiative	being	developed	for	Jlab	
																				-	anticipated	0.1%	precision	on	weak	mixing	angle	
																				-	sensitive	down	to	10-3	GF	;	mass	scales	to	Λ/g	~	7.5	TeV	
																					-	best	discovery	reach	for	flavor	and	CP	conserving									
																							process	over	next	decade	

QW
p (PVES) = 0.0719 ± 0.0045 QW

p (SM) = 0.0708± 0.0003
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