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Parity-ViolaQng	Electron	ScaNering	–	The	Basics	

•  Longitudinally	polarized	electrons	on	unpolarized	targets	–		
						e,	p,	d,	4He,	9Be,	12C,	208Pb	
•  Measure	small	parity-violaDng	cross	secDon	asymmetry		
							(~	20	ppb	–	100	ppm)					~	-230	ppb	(part	per	billion)	for	Qweak	

•  	ElasQc	and	deep	inelasDc	kinemaDcs	

•  	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-violaDng	e-p	elasDc	scaPering	to	measure	
proton’s	weak	charge	
	

•  IniDal	organizaDonal	meeDng	2000	
•  Proposal	2001	
•  Design/construcDon	2003	–	2010	
•  Data-taking	2010	–	2012	(~	1	year	total	beam	Dme)	
•  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.	LeN.	111,	141803	(2013)	
•  Apparatus	described	in	NIM	A781,	105	(2015)	
•  Final	analysis	and	unblinding	completed;	final	results	first	released	at		
						21st	ParDcles	&	Nuclei	InternaDonal	Conference	(PANIC)	in	Beijing,	China		
						by	Roger	Carlini	on	September	3,	2017	

Qweak	CollaboraQon:	101	collaborators,	26	graduate	students,	11	
postdocs,	27	insDtuDons	

CEBAF 
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Outline	

•  MoDvaDon	and	formalism	

•  Experiment:	technical	challenges	and	achievements	

•  Analysis:	Key	systemaDc	uncertainDes	and	extracDon	of	
the	proton’s	weak	charge	

•  ImplicaDons	of	the	new	precision	measurement	of	the	
proton’s	weak	charge	
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Standard	Electroweak	Model	and	Beyond	
Standard	EW	Model	=	Renormalizable	Gauge	Theory		
																																								+	Spontaneous	Symmetry	Breaking		
																																									è	believed	to	be	incomplete	

Introduction and Overview Krishna Kumar, December 15, 2016

APV and New Physics
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Electroweak Interactions at scales much lower than the W/Z mass
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The	Hunt	for	New	Physics	
Two	complementary	approaches	to	searching	for	“New	Physics”	
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“Energy	fronDer” -	like	LHC	
	

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

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

→	Measure	indirect	effects	of	new	parDcles	(“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	sensiDve	to	some	types	of	

new	physics	unobservable	at	LHC	



Past	example	of	interplay	between	energy	fronDer	and	precision	fronDer	
	

“Precision	fronDer”	
Precision	electroweak	measurements	(LEP	at	CERN	and	SLD	at	SLAC)	were	sensiDve	to	“virtual	
top	quarks”	in	loops		
	

Prior	to	the	direct	top	quark	discovery,	theorists	predicted	it	would	fall	in	a	range	from		
145	GeV/c2	-	185	GeV/c2	
 

“Energy	fronDer”	
	Top	quark	was	produced	directly	at	Tevatron	at	Fermilab	in	1995	

Direct	producDon	at	energy	fronDer	

Indirect	evidence	at	precision	fronDer	
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Historical	Example:	Top	Quark	



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-violaDng	e-q	and	e-e	four-

fermion	contact	interacDon:	
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Standard	Model	Weak	Neutral	Current	Couplings	

quark	vector:	C1u,	C1d											quark	axial-vector:	C2u,	C2d																			electron:	Cee	

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



Proton’s	weak	charge:	
	
parity-violaDng	elasDc	ep	scaPering		
														e	+	p	→	e	+	p	
•  Results	today:	JLab	Qweak	~	6%	on	Qp

W	

Qe
W	and	Q

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

ie.	6%	on	Qp
W=0.0708	sensiDve	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-violaDng	Møller	scaPering						e	+	e	→	e	+	e	
•  published:	SLAC	E158	~	13%	on	Qe

W	

[ ] ( ) CCQ W1d1u
p

W θ−=+−≡ 2sin4122

“Neutron’s	weak	charge”:	
	
	
	
Atomic	parity	violaDon		
•  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)	



By	running	at	a	small	value	of	Q2	(small	beam	
energy,	small	scaPering	angle)	we	minimize	our	
sensiDvity	to	the	effects	of	the	proton’s	detailed	
spaDal	structure.	
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“Form	factor”	term	due	to	finite	proton	size	–	
hadronic	structure	(~	30%	for	Qweak)	–	
determined	well	by	exisDng	PVES	high	Q2	data	

The	Qweak	experiment	at	JLAB	determines	the	proton’s	weak	charge	by	measuring	the	parity-
violaDng	asymmetry	in	elasDc	scaPering	of	longitudinally	polarized	electrons	on	proton.	

==
EM

NCPV
M
M2A

At	forward	scaPering	angles	and	low	4-momentum	transfer:	

proton’s	weak	charge:		
Qp

weak	=	1	–	4	sin
2θW		at	tree	level	

Parity-ViolaQng	Asymmetry	for	the	Qweak	Experiment	
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 e-  +  p  →  e-  +  p 
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Parity-ViolaQng	Electron	ScaNering	Experiments	–		
A	Brief	History	

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

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%		

Completed	

Future	

SLAC	
Jefferson	Lab	

Mainz	
MIT-Bates	
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Qweak	Technical	Challenges	

StaDsDcs	on				
	

• 	Small	counDng	staDsDcs	error	requires	→	
• 		reliable	high	polarizaDon,	high	current	polarized	source	(record	180	μA	,	89%	
polarized	beam	delivered	rouQnely	for	Qweak)	
• 		high	power	cyrogenic	LH2	target	(Qweak:	world’s	highest	power	(3	kW),	lowest	
density	fluctuaQon	target)	
• 		large	acceptance	spectrometer	and	high	count	rate	detectors/electronics	
	

						while	minimizing	contribuDons	of	random	noise	from									
• 	target	density	fluctuaDons	
• 	electronics	noise	(in	integraDng	mode)		
	

SystemaDcs:	
	

• 	Minimize	helicity-correlated	beam	properDes	(										)	(much	experience	at	Jlab)	
	

• 		Capability	to	isolate	elasDc	scaPering	from	other	background	processes	
													(diluDon	factor												,	background	asymmetry										)	
	

• 	High	precision	electron	beam	polarimetry	(										)	(new	Compton	polarimeter	in	Hall	C)	
	

• 	Precision	Q2	determinaDon		(																		)	
 

 
 

Aep = 
Ameas      Afalse  

Pbeam 
fback Aback  (for	fback <<  1)	

Afalse  

Ameas 

Aback  fback 

Aep ∝	Q2 

Pbeam 



Electroweak Interaction The Q

Weak

Apparatus The Q

Weak

Data First Results Summary

The Q
Weak

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

ProducDon:	~	800	MHz	rates	
must	integrate	PMT	current	
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θ = 4.9 – 10.9o



Qweak	Experimental	Apparatus	
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Qweak Apparatus
Production Mode:
180 mA, Integrating

Tracking Mode:
50 pA, Counting
(Q2 Systematics)

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

Horizontal
Drift Chambers

Vertical
Drift Chambers

Trigger
Scintillators

Quartz Bar Detectors
8-fold symmetry
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time0 100 ns
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. . .
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Tracking	(event)	mode:		low	rate;	
each	event	individually	registered	
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θ = 4.9 – 10.9o



Qweak	Apparatus	During	InstallaQon	
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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 
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Experimental	Technique	to	Isolate/Measure	PV	Signal	
The	enDre	accelerator	complex	is	our	apparatus	

MulQple	ways	of	reversing	electron	
beam	helicity	are	essenQal.	
	

Rapid	pseudo-random	reversal		
(varying	HV	on	Pockels	cell)	–	
960	Hz	–	rejects	LH2	target	density	
fluctuaDons	
	

“Slow	reversals”	
Reverse	electron	beam	helicity		
without	changing	Pockels	cell	HV	
	

•  IHWP	(insertable	half	wave	plate)	
at	~	8	hour	intervals	

						Purely	mechanical	
	

•  “Double	Wien”	spin	manipulator	
at	monthly	intervals	

	

•  g-2	spin	flip		
      Changed	to	2	pass	(from	1	pass)	
						once	during	run	
	
	
	
		
	



How	do	we	take	the	bulk	of	our	data?		PrePy	
simple	actually…	
	
• 	Integrate	the	light	signal	in	the	Cerenkov	
detectors,	sum	them,	and	record	the	value	every	
1	msec	
	
• 	“Normalize”	the	integrated	signal	(S)	to	the	
amount	of	charge	(Q)	in	the	beam		

	
• 	Flip	the	electron	beam	helicity	and	form	the	
asymmetry	from	four	adjacent	data	samples:	

	
• 	Repeat	2	billion	Dmes!	(2200	hours	of	data-
taking)	to	get	desired	staDsDcal	error	

  
Q
SY =

Parity-ViolaQng	Electron	ScaNering	Method	

APV =
Y + −Y −

Y + +Y −
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These requirements led to the development of a new high-voltage
switch for the Pockels cell that could provide spin flipping at 960/s
[21] and construction of a new higher-bias-voltage photogun [25].

Conceptually, the system is rather simple [26]. Circularly polarized
laser light is incident on a photocathode, producing electrons that are
accelerated in an electrostatic field. The helicity of the photons is
transferred to the electrons. A schematic of the polarized source in the
context of the accelerator and experimental hall is shown in Fig. 4.

2.1. Helicity signal

A helicity board located in the injector service building in an
electrically isolated VME20 crate generated five fiber signals: Helicity,
nHelicity, Delayed Helicity, Quartet, and Helicity Gate as illustrated in
Fig. 4. The Helicity Gates were producedwith a frequency of 960.015 Hz,
and thus a period of 1041.65 μs. The Helicity signal was used to switch
the Pockels cell high voltage. The nHelicity signal (complementary to
the Helicity signal) was used to control the helicity magnets. This way
the helicity board always drew the same current regardless of the
helicity state and further protected against any electrical pickup. In
addition, great care was taken within the injector to isolate the reversal
signal from cables and ground paths that run throughout the accel-
erator/endstation complex, as even a weak coupling can result in a
significant and varying false asymmetry.

The Delayed Helicity signal was sent to the DAQ and was
delayed by eight Helicity Gates, i.e., it reported the state of the
electron beam helicity eight Helicity Gates in the past. This
technique provides strong protection from electrical pickup that
might occur if real-time decoding was used.

The helicity patterns were generated in quartets of four Helicity
Gates, where the first and fourth gates had the same helicity, and
the second and third had the opposite helicity as the first gate. The
helicity of the first gate in each quartet was determined using a
30-bit pseudo-random algorithm. The Quartet signal was true at
the beginning of each new pattern, and was also sent to the DAQ.

The Helicity Gate signal sent to the DAQ was defined by the
70 μs period “TSettle” during which the Pockels cell high voltage
would change. The remaining 971.65 μs indicated a period of stable
helicity “TStable.” The helicity board generated the TSettle signal in the
Helicity Gate train 1.0 μs before all other signals. The relative timing
of the helicity signals is depicted schematically in Fig. 5.

2.2. Laser and Pockels cell

The laser light was provided by a gain-switched RF21 pulsed
diode operating at 1560 nm, amplified in a fiber amplifier, and

then frequency-doubled to 780 nm in a lithium niobate crystal.
Three lasers operating at a repetition rate of 499 MHz were used
to individually supply beam to each of the three experimental
halls at JLab. The beams were combined [26] using a polarizing
beam-splitter for the high-current halls and a partially transmis-
sive mirror for the low-intensity hall. A consequence of this
arrangement was that the Qweak Hall C beam had opposite
polarization to the others.

The linearly polarized laser beams passed through a Pockels
cell (an optical element with birefringence dependent on applied
voltage) with its fast axis at 451. At ! 2:5 kV, the Pockels cell
functioned as a quarter-wave plate and the laser light emerged
with circular polarization. Reversing the voltage reversed the
birefringence of the crystal and therefore the helicity of the
laser beams.

A potentially serious source of systematic error can arise from
changes in the beam properties, such as position, angle, and energy
that are correlated with the polarization of the beam. Sources of
HCBA22 are dealt with by minimizing the effects as much as possible,
and by measuring the beam parameters in the experimental hall and
correcting the measured asymmetry for them (Section 3.5).

HCBAs in this experiment were minimized [27] by carefully
aligning the optical elements, particularly the Pockels cell. The HC
position differences, measured at the first BPM23 that the electron
beam encountered after leaving the photocathode, were the smallest
yet measured at JLab ðr20 nmÞ. Illumination of the photocathode
using laser beams with a Gaussian spatial profile leads to preferential
QE24 degradation at the center of the laser spot location. After many
hours of use, a “QE hole” forms at the photocathode, and the spatial
distribution of the electron beam changes accordingly, with more
beam produced at the edges of the laser spot, where QE remains
high. This gradual evolution of the electron beam spatial distribution
causes an increase in measured position differences. The develop-
ment of a typical QE hole is illustrated in Fig. 6.

The IHWP25 was the last optical element before the Pockels cell,
and its function was to reverse the polarization of the beam
without changing the trajectory through the Pockels cell. It was
alternately inserted and removed approximately every 8 h. This
slow helicity reversal was used to cancel HCBAs related to lensing
or steering by the Pockels cell crystal, by forming the difference of
asymmetries measured with the IHWP in and out.

The faster Pockels cell high-voltage switch [21] developed for
the Qweak experiment was constructed using high-voltage optical
diodes [22] that “reverse conduct” when light is applied. The
diodes were fast enough to switch the ! 2:5 kV required within
about 60 μs, by shining light from LEDs26 on them. This had the
additional advantage of providing electrical isolation to prevent
leakage of the helicity signal into the electronics. The voltage was
ramped up in stages over the transition to minimize induced
oscillations, or “ringing.” The new switch had much lower
capacitance than previous MOSFET27 switches [23] and virtually
eliminated issues that previously resulted from voltage droop. In
order to ensure that the transition was complete, 70 μs were
allowed to elapse before data-taking was resumed. This repre-
sented a 6.72% dead time from helicity reversal at 960/s. Simple
schematic diagrams illustrating the difference between the new
and old switching schemes are provided in Fig. 7.

Strained-superlattice photocathodes exhibit “QE anisotropy,”
which is the terminology that describes photoelectron yield that
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Fig. 3. Measured asymmetry (blinded) of helicity quartets (see text) accumulated
over several days. The smooth curve is a Gaussian fit, with an RMS width of 230 ppm.

20 VERSAModule Eurocard.
21 Radio frequency.

22 Helicity-correlated beam asymmetry.
23 Beam position monitor.
24 Quantum efficiency.
25 Insertable half wave plate.
26 Light emitting diode.
27 Metal oxide semiconductor field-effect transistor.

T. Allison et al. / Nuclear Instruments and Methods in Physics Research A 781 (2015) 105–133 109

σ=230 ppm 
per quartet 
(= 4 msec) 

Quartet 
Asymmetry 
Distribution 

LH2	staDsDcal	width	(per	quartet):	
•	CounDng	staDsDcs:															200	ppm	
•	Main	detector	resoluDon:					92	ppm	
•	Target	noise/boiling:														55	ppm	
•	BCM	ResoluDon:																					43	ppm	
•	Electronic	noise:																							3	ppm	
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Polarized	source	
Qweak:	Polarized	source	rouQnely	delivered	180	μA	at	~	89%	polarizaQon	for	
several	months	

24 Hours 

B
ea

m
 C

ur
re

nt
 

C
ha

rg
e 

fr
om

 p
ho

to
gu

n 

Record	beam	delivery	during	24	hours	of	Qweak	(2012)	

New	“inverted”	gun	
-	130	kV	extracDon:	increase	cathode	lifeDme,	
decrease	space	charge	blowup	for	high	current	

Mississippi State U. D. Dutta EINN 2015     Nov 2-7, 2015 /3519

The JLab parity quality beam had  ~nm  and ~ nrad  helicity 
correlated variation in position and angle.

JLab polarized source: rapid reversal and high polarization

• New “inverted” gun 
• 130 kV extraction: increase 
cathode lifetime, decrease space 
charge blowup for high current, 
• New vertical Wien and solenoid 
to allow a second slow flip.

Helicity flip at 960 Hz

IHWP
Helicity changed by changing 
Pockels Cell voltage.

“inverted” gun

Expt. strategy:   maximize counts and minimize systematics courtesy M. Dalton
Officially	SLSP-5247-1	
but	known	as	the		
“Qweak	photocathode”		
-	a	great	performer!		
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Beam	ProperQes	

varies with the orientation of the incident linearly polarized light.
The QE of typical strained-superlattice photocathodes can vary by
! 4%, depending on the orientation of incident linearly polarized
light. Although great lengths were taken to provide 100% circularly
polarized light, in practice perfect circular polarization was not
achieved. Furthermore the residual linear polarization component
varied across the beam spot, giving rise to higher-moment effects
such as helicity-correlated position differences. To address this
issue, the RHWP28 was used to rotate the residual linear polariza-
tion and provide equal QE for the two helicity states. In practice a
small residual sensitivity to asymmetric linear polarization was
allowed, so that asymmetric shifts in the Pockels cell voltages
could be used to counteract effects from downstream elements. A
different orientation of the RHWP was required when the IHWP
was inserted. More details on the optimization of the polarized
source can be found in [24].

The final element that the laser beam encountered before the
vacuum window and the photocathode was a lens which served
both to determine the size of the laser spot on the photocathode
and, by virtue of a remote motion mechanism, to move the
position of the spot on the photocathode. The effect of the vacuum
window birefringence on the laser polarization was minimized by
rotating the photocathode.

2.3. Photocathode and gun

The photocathode was a p-doped strained-superlattice GaAs/
GaAsP wafer which allows spin-selective promotion of electrons to
the conduction band by photons with energies slightly larger than
the semiconductor band gap. The surface of the photocathode was
activated with Cesium and NF3 to reduce the work function and

Fig. 5. Timing diagram of the helicity signals from the polarized source. See text for
details. The scale of the horizontal axis is exaggerated to show details of the signal timing.
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Fig. 6. QE profile scans before (left) and after (right) a four-week period of high
current running. In the latter figure, the “dot” shows the electrostatic center and
the “X” shows the spot from where 180 μA beam was delivered to the experiment.
The active area was ! 5 mm in diameter and the laser spot size was 1 mm in
diameter.
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Fig. 4. A schematic of the polarized injector components (see text) used for the Qweak experiment.

28 Rotatable half wave plate.

T. Allison et al. / Nuclear Instruments and Methods in Physics Research A 781 (2015) 105–133110

MinimizaDon	of	helicity-correlated	beam	
parameters	is	important	to	reduce	false	
asymmetries	
	
Intensity:	acDve	feedback	(~60	sec.	scale)	on	
Pockels	cell	high	voltage	(~	10	ppb)	
	
PosiQon:		
•  Careful	alignment	of	Pockels	cell	and	rotaDng	

half	wave	plate	(RHWP)	in	source	essenDal	
(smallest	posiDon	differences	a|er	
photocathode	yet	seen	at	Jlab)	

•  Did	not	(generally)	benefit	from	“kinemaDc	
damping”		

•  AcDve	feedback	with	“helicity-corrector”	
magnets	in	5	MeV	region	during	Run	2	

Results:	
•  Injector:	~	50	nm	
•  Hall:	~	100	nm	
•  Reversals:	~	10	nm	
•  Feedback:	~1-2	nm	
	

x, x '∝ p / p0

Helicity	magnets	turned	on	
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Strategy:	use	2	independent	polarimeters	
•  Use existing <1% Hall C Møller polarimeter: 

•  Low beam currents, invasive
•  Known analyzing power provided by 

polarized “saturated” Fe foil in a 3.5 T field.

•  Compton (photon & electron) polarimeter (1%/h)
•  Continuous, non-invasive  
•  Known analyzing power provided by 

circularly-polarized laser

	Møller	Polarimeter		

	Compton	Polarimeter		

Precision	Beam	Polarimetry	

~	0.6%	precision	achieved	during	Run	2	

Run 2 Compton (blue circle) and Moller (red square) measurements versus data run # 

PublicaDons:	
•  Phys.	Rev	X	6,	

011013	(2016)	–	
Compton	with	
diamond	detectors	

•  Phys.	LeP.	B	766,	339	
(2017)	–	Moller/
Compton	comparison	
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Liquid	Hydrogen	Target	
•  World’s	highest	power	(~	3	kW)	and	lowest	noise	

cryotarget	
	

•  Used	computaDonal	fluid	dynamics	(CFD)		
	

•  Designed	to	minimize	contribuDon	to	random	
					noise	from	target	density	fluctuaDons	–	“boiling”	
	

Achieved!	~50	ppm	<	230	ppm	counQng	staQsQcs	noise	

Mississippi State U. D. Dutta EINN 2015     Nov 2-7, 2015 /3515

The Q-weak liquid hydrogen target is the world’s highest power 
and lowest noise cryotarget.

 IBeam = 180 uA 
 L = 35 cm (4% X0) 

 Pbeam = 2.2 kW 
 Aspot = 4x4 mm2  

 V = 57 liters 
 T = 20.00 K 
 P ~ 220 kPa

Centrifugal pump 
(17 l/s, 7.6 kPa)

3 kW Heater

3 kW HX utilizing 
4K & 14K He coolant

35 cm cell (beam 
interaction 

volume)
Solid Tgts

beam

 15

 Changes in density between + and – helicity samples are a source of noise.   
 The main source is bubble/vapor layer formation on the Al windows. 

Reversing helicity every 1 msec was critical to make  
the fluctuations appear negligible.  

  

Pump speed = 28.5 Hz  
(normal running conditions) 

Pump speed = 12 Hz  
(during stress test)

Main 
Detector  

Yield 
 (V/µA)

Time (sec)

Expt. strategy:   maximize counts and minimize noise
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Qweak	Main	Cerenkov	Detector	and	Spectrometer	
Quartz		
Bars	

Azimuthal	symmetry	maximizes	rate	and	decreases	
sensiDvity	to	HC	beam	moDon,	transverse	asymmetry.	

Measured	

•  Main	detector:	Large	array	of	eight	Cerenkov	radiator	
	bars	(each	200	cm	x	18	cm	x	1.25	cm)	
	

• 	arDficial	fused	silica	for	UV	transmission,	polished		
			to	25	Angstroms	(rms)	

• 	Spectrosil	2000:	rad-hard,	non-scinQllaQng,	low-luminescence	

• 	Two	5”	PMTs	per		bar,	S20	cathodes	for	high	light	levels	

• 	Yield	100	pe’s/track	with	2	cm	Pb	pre-radiators	
	

• 		ResoluDon	(~10%)	limited	by	shower	fluctuaDons.	

Elastic  focus – blue   Inelastics - red

Toroidal Spectrometer Produces 8 Beam Spots
Each focus is ~2 meters long
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Outline	

•  MoDvaDon	and	formalism	

•  Experiment:	technical	challenges	and	achievements	

•  Analysis:	Key	systemaDc	uncertainDes	and	extracDon	of	
the	proton’s	weak	charge	

•  ImplicaDons	of	the	new	precision	measurement	of	the	
proton’s	weak	charge	
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Qweak	Data-Taking	Periods	

Qweak	had	~	1	calendar	year	of	beam	split	into	3	running	periods	
Each	period	had	its	own	“blinding	factor”	(addiDve	offset	in	range	±60	ppb)	to	
avoid	analysis	bias:		

•  Run	0:	January	–	February	2011	(only	4%	of	the	total	data)		
						(published	in	Phys.	Rev.	LeP.	111,	141803	(2013))	
•  Run	1:	February	–	May	2011	
•  Run	2:	November	2011	–	May	2012	
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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	polarizaDon,	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 A
msr

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 = R
tot

A
msr

/P �
P

i=1,3,4 fiAi

1�
P

4

i=1

fi
(7)

where R
tot

= R
RC

R
Det

R
Acc

RQ2 . 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. R
RC

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

R
Det

= 0.9895± 0.0021.334

R
Acc

: Due to the finite acceptance of the spectrometer,335

and the e↵ect of radiative energy losses, A
msr

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

R
Acc

= 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 (f
1

A
1

). 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

4
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Quantity Run 1 Run 2
Araw ±13.2 ppb ±7.3 ppb
AT 0± 1.1 ppb 0± 0.7 ppb
AL 1.3± 1.0 ppb 1.2± 0.9 ppb
ABCM 0± 4.4 ppb 0± 2.1 ppb
ABB 3.9± 4.5 ppb �2.4± 1.1 ppb
Abeam 18.5± 4.1 ppb 0.0± 1.1 ppb
Abias 4.3± 3.0 ppb 4.3± 3.0 ppb

P 87.7± 1.1% 88.71± 0.55%
f1 2.471± 0.056% 2.516± 0.059%
A1 1.514± 0.077 ppm 1.515± 0.077 ppm
f2 0.193± 0.064% 0.193± 0.064%
f3 0.12± 0.20% 0.06± 0.12%
A3 �0.39± 0.16 ppm �0.39± 0.16ppm
f4 0.018± 0.004% 0.018± 0.004%
A4 �3.0± 1.0 ppm �3.0± 1.0ppm
RRC 1.010± 0.005 1.010± 0.005
RDet 0.9895± 0.0021 0.9895± 0.0021
RAcc 0.977± 0.002 0.977± 0.002
RQ2 0.9927± 0.0056 1.0± 0.0056

TABLE III. The raw measured asymmetries A
raw

for both run periods, and all the corrections for false
asymmetries, backgrounds, beam polarization, detector acceptance, etc. applied to extract the final
asymmetry A

ep

from A
raw

(see text). The f
i

are dilutions to the signal, A
i

are false or background
process asymmetries, and P and R

i

are multiplicative factors.

-218.0* -164.0* *Separate	run	1,2	addiDve	blinding	offsets	
not	yet	removed	from	asymmetry!	

Several	differences	between	Run	1	and	2:	
•  improved	polarimetry	in	Run	2	
•  improved	helicity-correlated	beam	correcDons	in	

Run	2	
•  improved	beam	charge	monitor	(BCM)	readout	

electronics	in	Run	2	
•  different	beam	condiDons	in	the	two	run	periods	
Tests	our	ability	to	do	the	correcQons	and	
uncertainty	assessment	properly	
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Most	Significant	SystemaQc	Errors	on	Aep	14

Period Stat. Unc. (ppb) Syst. Unc. (ppb) Tot. Uncertainty (ppb)
Run 1 15.0 10.1 18.0
Run 2 8.3 5.6 10.0

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 III. 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.

14

Period Stat. Unc. (ppb) Syst. Unc. (ppb) Tot. Uncertainty (ppb)
Run 1 15.0 10.1 18.0
Run 2 8.3 5.6 10.0

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 III. 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
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•  Run	1	and	2	were	both	
staDsDcs	limited	

•  SystemaDc	error	in	Run	2	
was	significantly	bePer	than	
Run	1	due	to	known	
differences	between	the	two	
periods	

Dominant	systemaDc	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	

•  RescaPering	bias	Abias		
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Beam	Asymmetries	
Correct	for	measured	helicity-correlated	beam	properDes	
using	measured	detector	sensiDviDes	(from	deliberate	
modulaDon	of	posiDon,	angle,	energy)	

Bar	1	

Bar	2	 Bar	4	

Bar	5	

Bar	6	Bar	7	Bar	8	

Bar	3	

Bar	Average	

Example:	sensiQvity	to	y	moQon			

Helicity-correlated	beam	parameter	differences	for		
Run	1	and	2	and	typical	detector	sensi:vi:es.	

•  Helicity-correlated	posiDons	smaller	in	Run	2	
than	Run	1	(due	to	posiDon	feedback)	

•  SensiDviDes:	horizontal	plane	had	larger	
symmetry	breaking	than	verDcal	plane	

•  InteracDon	with	accelerator	fast	feedback	
system	led	to	mulDple	modulaDon	modes-	
overdetermined	set	that	allowed	for	
uncertainty	esDmaDon	

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

symmetry:	
	average	is	small	

∂A
∂y
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Aluminum	Target	Window	Background	
Dominant	correcDon	to	the	asymmetry:		background	from	electrons	that	scaPer	from	thin	
aluminum	entrance	and	exit	windows	on	hydrogen	target	
•  	DiluQon	fracQon	(f1):	directly	measured	with	empty	target		
•  	Asymmetry	(A1):		directly	measured	with	dedicated	beam	Dme	on	thick	“dummy”	target	

of	idenDcal	alloy	to	hydrogen	target	windows			
•  CorrecDons	for	effect	of	H2	made	using	simulaDon	and	data-driven	models	of	elasDc	and	

quasi-elasDc	scaPering	

•  Not	sign	corrected	for	slow	
reversals	(IHWP	and	Wien);	sign	
changing	as	expected	

•  Stat.	unc.	4.7%,	syst.	unc.	1.4%	
•  Plan	to	extract	the	27Al	

asymmetry	(theoreDcal	support	
from	Check	Horowitz)	

Slug Number = Time → (1 slug ~ 8 hours) 

f1 ~ 2.5% A1 =1515± 77 ppb
Resulting in a 38 ppb correction to the hydrogen asymmetry (~20%) – our largest correction 



•  Background	from	electrons	scaPering	on	beamline	or	tungsten	
“plug”	collimator;	“plug”	designed	to	keep	it	small	

•  DiluQon:	contributed	small	f2 = 0.19 ± 0.06% to	main	detector	
signal	as	directly	measured	by	tungsten	shuPers	

•  Unexpected:	the	small	beamline	background	had	a	large	
asymmetry,	thought	to	be	associated	with	large	helicity-
correlated	charge	or	posiDon	asymmetries	in	the	beam	halo.	

•  Dedicated	background	detectors	in	various	locaDons	
monitored	this	component	and	measured	highly	correlated	
asymmetries	(up	to	20	ppm!).	

•  Asymmetry	correcQon:	blocked	octant	study	showed	MD	
asymmetry	highly	correlated	with	background	detectors;	use	
measured	correlaDon	slope	and	background	detector	
asymmetries	to	make	correcDon	
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Beamline	Background	

Sim. with “plug” Sim. without “plug” 

2

2
⇡ . %.

Blocked	Main	Detector	Asymmetry	(ppm)		
vs.	Upstream	Lumi	Asymmetry	(ppm)	

slope	=	2.6	ppm/ppm	

Main	Detector	Asymmetry	(ppb)		
vs.	Upstream	Lumi	Asymmetry	(ppm)	

slope	=	4.7	±	1.2	ppb/ppm	

Unexpected,	but	that’s	what	the	background	detectors	were	for!	
Run 1:  ABB = 3.9± 4.5ppb Run 2: ABB = −2.4±1.1ppb
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RescaNering	Bias,	part	1	

detector number
1 2 3 4 5 6 7 8
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Secondary*Scattering

20

08/01/2016 Armstrong**ECT*

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

• PT& analyzed*by*scattering* in*Pb preBradiators* *→##transverse* asymmetry*in*
detectors:* **opposite*sign*in*the*two*PMTs* (*+#& −#)*in*each*detector

Adiff =&&$d −#$e Parity*Signal*=**:f*d#:g
,

∴ Effect* cancels*to*first*order

• Analyzing*power*in*Pb:*
1. BeamBnormal* single*spin*asymmetry**(high*energy):*2h#exchange
2. Mott*scattering* (low*energy*in*shower)

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

Secondary*Scattering

20

08/01/2016 Armstrong**ECT*

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

• PT& analyzed*by*scattering* in*Pb preBradiators* *→##transverse* asymmetry*in*
detectors:* **opposite*sign*in*the*two*PMTs* (*+#& −#)*in*each*detector

Adiff =&&$d −#$e Parity*Signal*=**:f*d#:g
,

∴ Effect* cancels*to*first*order

• Analyzing*power*in*Pb:*
1. BeamBnormal* single*spin*asymmetry**(high*energy):*2h#exchange
2. Mott*scattering* (low*energy*in*shower)

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

•  The	right	and	le|	PMT’s	saw	different	asymmetries.	
							(by	~	300	ppb)	Why?	
•  Spin	precession	of	scaPered	electron	in	QTOR	

magnet;	some	transverse	polarizaDon	PT	
•  PT	analyzed	by	scaPering	in	Pb	pre-radiators	è	

transverse	asymmetry	in	detectors:	opposite	sign	
in	the	two	PMTs	(	R	&	L)		in	each	detector	

Need	to	determine	the	small	residual	non-cancellaDon	(due	to	apparatus	imperfecDons)		
•  Analyzing	power	in	Pb:	

–  Beam-normal	single	spin	asymmetry	(high	energy):	2γ	exchange	
–  MoP	scaPering	(low	energy	in	EM	shower)	
(simulaDon	shows	that	MoP	scaPering	is	the	dominant	contribuDon	to	Adiff)	

Adiff	=	AR	-		AL					Parity	signal	=		(AR		+	AL)/2			so	effect	cancels	to	first	order.	
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RescaNering	Bias,	Part	2	Secondary*Scattering

21

08/01/2016 Armstrong**ECT*

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

• Any*nonBcancellation* between*+ and*–
PMTs:*detector* imperfections* &*nonB
symmetric*flux*distributions

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

• Quantifying*any*nonBcancellation*with*
detailed*GEANT*4*simulation

• Any*nonBcancellation* likely*averages*
down*in*the*8*independent* detectors

Last significant*systematic*
uncertainty* to*quantify*
before*we*unblind

Detector Number

 [p
pb

]
bi

as
A

5−

0

5

10

81 2 3 4 5 6 7

bias[A     ] (Correlated Systematic Errors Shown)

Correction Central Value (         = 4.3 ± 3 ppb)biasA
N

•  For	perfect	symmetry,	this	effect	cancels;	minor	
broken	symmetries	of	as-built	apparatus	lead	to	a	
rescaNering	bias	correcQon	Abias	

•  Parity-conserving	asymmetry	in	the	rescaPering	
process	was	studied	in	GEANT4;	analyDc	effecDve	
models	matching	key	features	developed	

•  These	were	combined	with	
–  ScaPered	electron	flux	distribuDons	
–  Tailored	parameterizaDons	of	Cerenkov-light	yield	

distribuDons	for	each	bar	(GEANT	4	opDcal	photon	
transport	with	opDcal	parameters	tuned	to	match	
as-built	bars)	

•  Abias	esDmated	for	each	individual	bar	
•  Largest	systemaDc	uncertainty	associated	with	

opDcal	modeling	of	as-built	detectors	(ie.	
uncertainty	dominated	by	opDcal/mechanical	
imperfecDons	-	not	details	of	Pb	analyzing	power)	

Contributions to Abias Uncertainty
 

Optical Model:                 ± 2.7 ppb
 

Simulation cross checks:   ± 2.3 ppb
Glue Joints Effects:            ± 1.5 ppb
 

Effective Model:               ±1.5 ppb
 

Abias Correction        4.3 ± 3.0 ppb

Unexpected,	but	high	degree	of	symmetry	made	effect	small.	
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Unblinding	Day!	March	31,	2017	
Run	1	and	2	each	had	its	own	“blinding	factor”	(addiDve	offset	in	range	±60	
ppb)	to	avoid	analysis	bias.	
On	March	31,	2017,	a|er	fully	compleDng	the	analysis,	we	unblinded.	

Run	1		
blinded	

Run	2		
blinded	
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Unblinding	Day!	March	31,	2017	
Run	1	and	2	each	had	its	own	“blinding	factor”	(addiDve	offset	in	range	±60	
ppb)	to	avoid	analysis	bias.	
On	March	31,	2017,	a|er	fully	compleDng	the	analysis,	we	unblinded.	

Run	1		
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Run	1		
blinded	

Run	2		
blinded	
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unblinded	

Run	2	
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It	didn’t	happen	if	you	don’t	tweet	about	it!	
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Behavior	of	Aep	Under	Slow	Reversals	

Fit	Probability	=	0.94	

o  Labels	“IN	or	OUT”	refer	
to	status	of	IHWP.		

		

o  Subscript	denotes	
serng	of	Wien	filter	as	
“Les”	or	“Right”	
correspond	to	180	
degree	rotaQon	of	
longitudinally	polarized	
beam	at	target.		

		

The	data	behaved	as	expected	under	all	three	types	of	slow	helicity	reversal.	
Combining	the	data	without	sign	correcDons	gives:	

NULL	average	=	-1.75	±	6.51	ppb	
-	consistent	with	zero	as	expected	
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Final	Qweak	Aep	Result	
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Run	2
Run	1
Commissioning	Run

       Run Cycle #

•  Run	1	and	2	had	different	
condiDons	and	changes	
between	runs	that	caused	
observable	change	in	
some	of	the	beam-related	
systemaDc	correcDons	

•  The	good	agreement	
between	the	fully	
corrected	asymmetries	
gives	confidence	in	the	
result.	

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.
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ExtracQon	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

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
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ExtracQon	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		

Figure 18: Projected hadronic uncertainties from Planned Experiments: the data points repre-
sent published or anticipated errors on Anff/Q4. The lines show the 1σ range from fits under
various assumptions about the strange form factor Q2 dependences. The dashed line corresponds
to dipole/Galster [33] and the dotted line corresponds to lattice gauge theory [34]. The free pa-
rameters in each case are the strange magnetic moment, µs, and the strangeness radius, r2

s . The
central solid line assumes the strange form factors are zero.

axial form factor.
The quadrature sum of the two above nucleon form factor errors is 2%.

3.7.4 Effects due to transverse polarization

If the electron beam has a non-zero transverse polarization component, then our experiment
will be sensitive to the parity-conserving vector analyzing power arising from the interaction of
the electron spin with the nuclear current in the electron’s rest frame. For spin-0 nuclei this is
referred to as the Mott asymmetry [58]. This is a parity-conserving left-right analyzing power,
so it vanishes for a perfectly symmetric detector. As we show here, this is likely to be a very
small effect in our experiment.

The Mott asymmetry formula [58] is known for spin-0 nuclei, and it has been extensively
tested at low energies. However, for nuclei with non-zero spin at finite Q2, there are no theo-
retical formulae for this asymmetry. There has been one measurement made by the SAMPLE
collaboration at backward angles and Q2 = 0.1 GeV2 [59]. The observed value was about a factor
of 3 smaller than what the simple Mott asymmetry formula predicts. Thus, we conclude that
this formula is adequate for an order of magnitude estimate of this effect.

For the Qweak kinematics, the Mott asymmetry formula predicts an asymmetry of 0.008
ppm for Hydrogen and 0.105 ppm for aluminum. We are considering beryllium as an alternate
end window material; its Mott asymmetry is smaller than aluminum since the asymmetry is

40

At	Dme	of	proposal	in	2001,	lots	of	
planned	PVES	experiments,	but	only	2	
published	ones	on	e-p.	

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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ExtracQon	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		
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This information is complementary to that obtained in
atomic parity violation (APV) experiments [7–9], in par-
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(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
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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
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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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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 

_______________________________________________________________________________________________________________
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+
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High-precision calculation of the strange nucleon
electromagnetic form factors

Jeremy Green,1,* Stefan Meinel,2,3,† Michael Engelhardt,4 Stefan Krieg,5,6 Jesse Laeuchli,7

John Negele,8 Kostas Orginos,9,10 Andrew Pochinsky,8 and Sergey Syritsyn3
1Institut für Kernphysik, Johannes Gutenberg-Universität Mainz, D-55099 Mainz, Germany

2Department of Physics, University of Arizona, Tucson, Arizona 85721, USA
3RIKEN BNL Research Center, Brookhaven National Laboratory, Upton, New York 11973, USA

4Department of Physics, New Mexico State University, Las Cruces, New Mexico 88003-8001, USA
5Bergische Universität Wuppertal, D-42119 Wuppertal, Germany

6IAS, Jülich Supercomputing Centre, Forschungszentrum Jülich, D-52425 Jülich, Germany
7Department of Computer Science, College of William and Mary, Williamsburg, Virginia 23187, USA

8Center for Theoretical Physics, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139, USA

9Physics Department, College of William and Mary, Williamsburg, Virginia 23187, USA
10Thomas Jefferson National Accelerator Facility, Newport News, Virginia 23606, USA

(Received 12 May 2015; published 26 August 2015)

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
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Calculations of Two Boson Exchange 
effects on ! 	#$ at our Kinematics:
Recent theory calculations applied to entire data set of 
PV measurements as appropriate in global analysis. 

Our DAep precise enough that corrections to higher Q2

points make little difference in extrapolation to zero Q2. 

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

Axial Vector gZ correction:
Peter Blunden, P.G., Melnitchouk, W., Thomas, A.W. New 
Formulation of /Z Box Corrections to the Weak Charge of 
the Proton. Phys. Rev. Lett. 107, 081801 (2011). 

Q2 Dependence gZ:
Gorchtein, M., Horowitz, C.J., Ramsey-Musolf, M.J. Model 
dependence of the γZ dispersion correction to the parity-
violating asymmetry in elastic ep scattering. Phys. Rev. C 
84, 015502 (2011).

Electroweak Radiative Corrections

Erler et al., PRD 68(2003)016006.

Correction to Qp
Weak Uncertainty

D sin qW (MZ) ± 0.0006

Zg box (6.4% ± 0.6%) 0.00459 ± 0.00044

D sin qW (Q)hadronic ± 0.0003

WW, ZZ box - pQCD ± 0.0001

Charge symmetry 0

Total ± 0.0008

! 	#$ 	Standard Model (Q2 = 0)  [2016] 0.0708 ± 0.0003
! 	#$ 	Experiment Final Uncertainty [2017] ± 0.0045
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Running	of	the	Weak	Mixing	Angle	sin2θW			

Solid Curve by: J. Erler, M. Ramsey-Musolf and P. Langacker

Qweak
 Decreasing

Qweak
 increasing

Qweak	
(+	LQCD	strange)	

Qweak	
(ep)	

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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Outline	

•  MoDvaDon	and	formalism	

•  Experiment:	technical	challenges	and	achievements	

•  Analysis:	Key	systemaDc	uncertainDes	and	extracDon	of	
the	proton’s	weak	charge	

•  ImplicaDons	of	the	new	precision	measurement	of	the	
proton’s	weak	charge	
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SensiQvity	to	New	Physics	at	TeV	Scales	

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

g=coupling 
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
2Special Research Centre for the Subatomic Structure of Matter, and Department of Physics, University of Adelaide,

Adelaide SA 5005, Australia
3College of William and Mary, Williamsburg, Virginia 23187, USA

4Ohio University, Athens, Ohio 45071, USA
(Received 23 April 2007; published 20 September 2007)

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

0031-9007=07=99(12)=122003(4) 122003-1 © 2007 The American Physical Society

Arbitrary	quark	flavor	dependence	of	new	physics:	

Possible	New	Physics	at	mulD-TeV	scales:	



Λ
/g

 [T
eV

]
0          π/2          π         3π/2       2π

 10
 
 

   5
 

  

  1

0.5

hθ

SM is red square. Dashed contours indicate 
value of Λ/g = 3, 5, and 8 TeV. 
(133Cs APV, from PDG – Flambaum)

θh is “flavor mixing angle” in Lagrangian 
for new physics at value Λ/g mapped 
around boundary of experimental limits.	

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

Limits	on	Semi-Leptonic	PV	Physics	Beyond	SM	

25

Λ
/g

 [T
eV

]
0          π/2          π         3π/2       2π

 10
 
 

   5
 

  

  1

0.5

hθ

SM is red square. Dashed contours indicate 
value of L/g = 3, 5, and 8 TeV. 
(133Cs APV, from PDG – Flambaum)

Limits on Semi-Leptonic PV Physics Beyond SM 

qh is “flavor mixing angle” in Lagrangian
for new physics at value L/g mapped 
around boundary of experimental limits.

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

133Cs! 	#$ [2017]

Combined 
133Cs & ! 	#$

25

Λ
/g

 [T
eV

]
0          π/2          π         3π/2       2π

 10
 
 

   5
 

  

  1

0.5

hθ

SM is red square. Dashed contours indicate 
value of L/g = 3, 5, and 8 TeV. 
(133Cs APV, from PDG – Flambaum)

Limits on Semi-Leptonic PV Physics Beyond SM 

qh is “flavor mixing angle” in Lagrangian
for new physics at value L/g mapped 
around boundary of experimental limits.

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

133Cs! 	#$ [2017]

Combined 
133Cs & ! 	#$

25

Λ
/g

 [T
eV

]
0          π/2          π         3π/2       2π

 10
 
 

   5
 

  

  1

0.5

hθ

SM is red square. Dashed contours indicate 
value of L/g = 3, 5, and 8 TeV. 
(133Cs APV, from PDG – Flambaum)

Limits on Semi-Leptonic PV Physics Beyond SM 

qh is “flavor mixing angle” in Lagrangian
for new physics at value L/g mapped 
around boundary of experimental limits.

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

133Cs! 	#$ [2017]

Combined 
133Cs & ! 	#$

R = 2g2

GFΛ
2



Λ
/g

 [T
eV

]
0          π/2          π         3π/2       2π

 10
 
 

   5
 

  

  1

0.5

hθ

SM is red square. Dashed contours indicate 
value of Λ/g = 3, 5, and 8 TeV. 
(133Cs APV, from PDG – Flambaum)

θh is “flavor mixing angle” in Lagrangian 
for new physics at value Λ/g mapped 
around boundary of experimental limits.	

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

Limits	on	Semi-Leptonic	PV	Physics	Beyond	SM	

θh = tan
−1(1 / 2)

= 26.6o

25

Λ
/g

 [T
eV

]
0          π/2          π         3π/2       2π

 10
 
 

   5
 

  

  1

0.5

hθ

SM is red square. Dashed contours indicate 
value of L/g = 3, 5, and 8 TeV. 
(133Cs APV, from PDG – Flambaum)

Limits on Semi-Leptonic PV Physics Beyond SM 

qh is “flavor mixing angle” in Lagrangian
for new physics at value L/g mapped 
around boundary of experimental limits.

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

133Cs! 	#$ [2017]

Combined 
133Cs & ! 	#$

25

Λ
/g

 [T
eV

]
0          π/2          π         3π/2       2π

 10
 
 

   5
 

  

  1

0.5

hθ

SM is red square. Dashed contours indicate 
value of L/g = 3, 5, and 8 TeV. 
(133Cs APV, from PDG – Flambaum)

Limits on Semi-Leptonic PV Physics Beyond SM 

qh is “flavor mixing angle” in Lagrangian
for new physics at value L/g mapped 
around boundary of experimental limits.

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

133Cs! 	#$ [2017]

Combined 
133Cs & ! 	#$

25

Λ
/g

 [T
eV

]
0          π/2          π         3π/2       2π

 10
 
 

   5
 

  

  1

0.5

hθ

SM is red square. Dashed contours indicate 
value of L/g = 3, 5, and 8 TeV. 
(133Cs APV, from PDG – Flambaum)

Limits on Semi-Leptonic PV Physics Beyond SM 

qh is “flavor mixing angle” in Lagrangian
for new physics at value L/g mapped 
around boundary of experimental limits.

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

133Cs! 	#$ [2017]

Combined 
133Cs & ! 	#$

R = 2g2

GFΛ
2



Λ
/g

 [T
eV

]
0          π/2          π         3π/2       2π

 10
 
 

   5
 

  

  1

0.5

hθ

SM is red square. Dashed contours indicate 
value of Λ/g = 3, 5, and 8 TeV. 
(133Cs APV, from PDG – Flambaum)

θh is “flavor mixing angle” in Lagrangian 
for new physics at value Λ/g mapped 
around boundary of experimental limits.	

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

Limits	on	Semi-Leptonic	PV	Physics	Beyond	SM	

25

Λ
/g

 [T
eV

]
0          π/2          π         3π/2       2π

 10
 
 

   5
 

  

  1

0.5

hθ

SM is red square. Dashed contours indicate 
value of L/g = 3, 5, and 8 TeV. 
(133Cs APV, from PDG – Flambaum)

Limits on Semi-Leptonic PV Physics Beyond SM 

qh is “flavor mixing angle” in Lagrangian
for new physics at value L/g mapped 
around boundary of experimental limits.

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

133Cs! 	#$ [2017]

Combined 
133Cs & ! 	#$

25

Λ
/g

 [T
eV

]
0          π/2          π         3π/2       2π

 10
 
 

   5
 

  

  1

0.5

hθ

SM is red square. Dashed contours indicate 
value of L/g = 3, 5, and 8 TeV. 
(133Cs APV, from PDG – Flambaum)

Limits on Semi-Leptonic PV Physics Beyond SM 

qh is “flavor mixing angle” in Lagrangian
for new physics at value L/g mapped 
around boundary of experimental limits.

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

133Cs! 	#$ [2017]

Combined 
133Cs & ! 	#$

25

Λ
/g

 [T
eV

]
0          π/2          π         3π/2       2π

 10
 
 

   5
 

  

  1

0.5

hθ

SM is red square. Dashed contours indicate 
value of L/g = 3, 5, and 8 TeV. 
(133Cs APV, from PDG – Flambaum)

Limits on Semi-Leptonic PV Physics Beyond SM 

qh is “flavor mixing angle” in Lagrangian
for new physics at value L/g mapped 
around boundary of experimental limits.

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

133Cs! 	#$ [2017]

Combined 
133Cs & ! 	#$

R = 2g2

GFΛ
2



Λ
/g

 [T
eV

]
0          π/2          π         3π/2       2π

 10
 
 

   5
 

  

  1

0.5

hθ

SM is red square. Dashed contours indicate 
value of Λ/g = 3, 5, and 8 TeV. 
(133Cs APV, from PDG – Flambaum)

θh is “flavor mixing angle” in Lagrangian 
for new physics at value Λ/g mapped 
around boundary of experimental limits.	

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

Limits	on	Semi-Leptonic	PV	Physics	Beyond	SM	

25

Λ
/g

 [T
eV

]
0          π/2          π         3π/2       2π

 10
 
 

   5
 

  

  1

0.5

hθ

SM is red square. Dashed contours indicate 
value of L/g = 3, 5, and 8 TeV. 
(133Cs APV, from PDG – Flambaum)

Limits on Semi-Leptonic PV Physics Beyond SM 

qh is “flavor mixing angle” in Lagrangian
for new physics at value L/g mapped 
around boundary of experimental limits.

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

133Cs! 	#$ [2017]

Combined 
133Cs & ! 	#$

25

Λ
/g

 [T
eV

]
0          π/2          π         3π/2       2π

 10
 
 

   5
 

  

  1

0.5

hθ

SM is red square. Dashed contours indicate 
value of L/g = 3, 5, and 8 TeV. 
(133Cs APV, from PDG – Flambaum)

Limits on Semi-Leptonic PV Physics Beyond SM 

qh is “flavor mixing angle” in Lagrangian
for new physics at value L/g mapped 
around boundary of experimental limits.

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

133Cs! 	#$ [2017]

Combined 
133Cs & ! 	#$

25

Λ
/g

 [T
eV

]
0          π/2          π         3π/2       2π

 10
 
 

   5
 

  

  1

0.5

hθ

SM is red square. Dashed contours indicate 
value of L/g = 3, 5, and 8 TeV. 
(133Cs APV, from PDG – Flambaum)

Limits on Semi-Leptonic PV Physics Beyond SM 

qh is “flavor mixing angle” in Lagrangian
for new physics at value L/g mapped 
around boundary of experimental limits.

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

133Cs! 	#$ [2017]

Combined 
133Cs & ! 	#$

θh = tan
−1(211/188)

= 48.3o

R = 2g2

GFΛ
2



Λ
/g

 [T
eV

]
0          π/2          π         3π/2       2π

 10
 
 

   5
 

  

  1

0.5

hθ

SM is red square. Dashed contours indicate 
value of Λ/g = 3, 5, and 8 TeV. 
(133Cs APV, from PDG – Flambaum)

θh is “flavor mixing angle” in Lagrangian 
for new physics at value Λ/g mapped 
around boundary of experimental limits.	

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

Limits	on	Semi-Leptonic	PV	Physics	Beyond	SM	

25

Λ
/g

 [T
eV

]
0          π/2          π         3π/2       2π

 10
 
 

   5
 

  

  1

0.5

hθ

SM is red square. Dashed contours indicate 
value of L/g = 3, 5, and 8 TeV. 
(133Cs APV, from PDG – Flambaum)

Limits on Semi-Leptonic PV Physics Beyond SM 

qh is “flavor mixing angle” in Lagrangian
for new physics at value L/g mapped 
around boundary of experimental limits.

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

133Cs! 	#$ [2017]

Combined 
133Cs & ! 	#$

25

Λ
/g

 [T
eV

]
0          π/2          π         3π/2       2π

 10
 
 

   5
 

  

  1

0.5

hθ

SM is red square. Dashed contours indicate 
value of L/g = 3, 5, and 8 TeV. 
(133Cs APV, from PDG – Flambaum)

Limits on Semi-Leptonic PV Physics Beyond SM 

qh is “flavor mixing angle” in Lagrangian
for new physics at value L/g mapped 
around boundary of experimental limits.

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

133Cs! 	#$ [2017]

Combined 
133Cs & ! 	#$

25

Λ
/g

 [T
eV

]
0          π/2          π         3π/2       2π

 10
 
 

   5
 

  

  1

0.5

hθ

SM is red square. Dashed contours indicate 
value of L/g = 3, 5, and 8 TeV. 
(133Cs APV, from PDG – Flambaum)

Limits on Semi-Leptonic PV Physics Beyond SM 

qh is “flavor mixing angle” in Lagrangian
for new physics at value L/g mapped 
around boundary of experimental limits.

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

133Cs! 	#$ [2017]

Combined 
133Cs & ! 	#$

θh = tan
−1(211/188)

= 48.3o

R = 2g2

GFΛ
2



9/8/2017	 Jefferson	Lab	Physics	Seminar	 38	

SM	Tests:	Past	&	Future	Precision	Low	Energy	Parity	ViolaQon	Measurements	

27

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 Dsin2 qw 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 7.5 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

Λ/g	lower	limits@95%	CL	using	formalism	of	
Erler,	et	al.,	Ann.	Rev.	Nucl.	Part.	Sci	64,	269,	(2014)	

published	

planned	
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Leptoquarks	

24

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	QW(p)	of	leptoquarks	was	explored	by	Erler,	Kurylov,	Ramsey-
Musolf,	Phys.	Rev.	D	68,	016006	(2003)	

•  Analysis	a	bit	dated	(2003),	but	suggesDve;	included	HERA,	LEP,	and	APV		
							data	(missing	more	recent	HERA	data;	see	Aaron,	et	al.	Phys.		LeP.	B	705,	52								
								(2011).)	

Scalar	Leptoquarks	 Vector	Leptoquarks	

•  LHC	limits	currently	at	~	1	TeV	
•  Low	energy	precision	data	

conDnues	to	play	important	role	
in	recent	analyses	including	LHC	
data:	see		Phys.	Rep.	641,	1	(2016)			

New	Qweak	data	(6.2%	1σ	error)	has	sensiQvity	to	disQnguish	among	LQ	types	at	95%	CL	

PDG	2017		
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Dark	Photon	–	SensiQvity	to	MeV	scale	Mediators	
“Dark	photon”	–	possible	portal	for	new	force	to	communicate	with	SM	

“Dark	parity	violaDon”		
(Davoudiasl,	Lee,	Marciano,	Phys.	Rev.	D89,	095006	(2014))	
•  New	source	of	low	energy	parity	violaDon	through	mass	mixing	between	Z0	and	Zd		
•  Complementary	to	direct	searches	for	heavy	dark	photons;	observable	even	if	direct	

decay	modes	are	“invisible”	
•  Example:	possible	deviaDons	of	sin2θW	for	dark	photons	respecDng	rare	kaon	decay	

constraints	and	muon	g-2	is	explained	
•  New	Qweak	point	rules	out	some	of	the	allowed	region	

26 

“Dark photon” – possible portal for new force to communicate with SM?
Implications for “Dark Parity Violation”

(Davoudiasl, Lee, Marciano, arXiv 1402.3620)
o  Astrophysical motivation: observed excess in 

positron data.
o  Introduces new source of low energy parity 

violation through mass mixing between Z and 
Zd with observable consequences.

o  Complementary to direct searches for heavy 
dark photons.
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•  Davoudiasl,	Lee,	Marciano,	Phys.	Rev.	D92,	055005	(2015)	discussed	intermediate	mass	(10	
–	35	GeV)	dark	Z	bosons	Zd	

•  In	contrast	to	the	lighter	variety,	these	would	show	signatures	both	in	low	energy	PV	(shi|	
of	weak	mixing	angle)	and	in	rare	Higgs	decays	or	direct	Drell-Yan	producDon	at	LHC	

	
	
•  The	specific	bands	were	influenced	by	the	NuTeV	result,	but	the	new	Qweak	data	disfavors	

that	region		
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Dark	Photon	–	SensiQvity	to	GeV	scale	Mediators	

H→ Z Zd or H→ Zd Zd

weighted average uncertainty on sin2θWðmZÞMS at low Q2

below #0.0002, becoming competitive with Z pole mea-
surements. Together, low Q2 precision studies combined
with improved H → ZZd searches at the LHC will squeeze
the intermediate mass Zd scenario with some possibility of
uncovering its existence.
The intermediate mass Zd is an interesting viable

alternative to the “light” dark photon often considered in
the literature [51]. In addition to the parity violation at low
Q2 that we have explored, it can give rise to potential
signals at the LHC, both in direct Drell-Yan production
pp → ZdX or as a final state in rare Higgs decays. Besides
the H → ZZd mode that we have discussed, searching for
the mode H → ZdZd, mediated by Higgs-dark Higgs
mixing [34], is well motivated. In fact, we note that the
ATLAS 8 TeV search for H → ZdZd has two interesting

but tentative candidate events (each at 1.7σ), roughly in the
mass range ∼20–25 GeV [40]. Further data from run 2 at
the LHC will be needed to clarify whether these events
could be identified as intermediate mass Zd states that
connect our world to an as yet unknown dark sector of
nature. Such a discovery would certainly revolutionize
elementary particle physics and perhaps provide a new
window into the world of dark matter.

We thank Ketevi Assamagan and Keith Baker for dis-
cussions concerning the ATLAS dark vector boson searches.
The work of H. D. and W. J.M. is supported in part by
the United States Department of Energy under Award
No. DESC0012704. W. J.M. acknowledges partial support
as a fellow in the Gutenberg Research College. The work of
H. L. is supported in part by the CERN-Korea fellowship.
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FIG. 3 (color online). Effective weak mixing angle running as a function ofQ2 shift (the blue band) due to an intermediate mass Zd for
(a) mZd

¼ 15 GeV and (b) mZd
¼ 25 GeV for one sigma fit to εδ0 in Eq. (12). The lightly shaded area in each band corresponds to

choice of parameters that is in some tension with precision constraints (see text for more details).
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Ancillary	Measurements	
Qweak	made	several	ancillary	measurements	to	determine	and	
constrain	background	processes	and	correcDons	–		
many	will	result	in	physics	publicaDons	

P.M. King;  Qweak;  APFB2014 21

Ancillary Measurements

– PV asymmetry:

● elastic 27Al

● N ® D 
(E = 1.16 GeV, 0.877 GeV) 

● Near W = 2.5 GeV 

(related to gZ box)

● Pion photoproduction 
(E = 3.3 GeV)

Many additional measurements under analysis:

– PC Transverse asymmetry:

● elastic ep

● elastic 27Al, Carbon

● N ® D 

● Møller

● Near W = 2.5 GeV

● Pion photoproduction 
(E = 3.3 GeV)
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Conclusion	
Qweak	experiment	–	precision	measurement	of	parity-violaDng	
asymmetry	in	elasDc	e-p	scaPering	è	proton’s	weak	charge	

ImplicaDons:	
•  Measured	proton	weak	charge	in	good	agreement	with	Standard	Model	
•  Completes	the	“weak	charge	triad”	of	high	precision	low	energy	weak	charge	

measurements	
•  Bounds	on	new	neutral	current	semi-leptonic	PV	physics:	

–  amplitudes	above	~	8	x	10-3	GF	ruled	out	at	95%	CL	
–  mass/coupling	scales	of	heavy	new	physics	ruled	out	at	Λ/g	<	7.5	TeV	at	95%	
CL	(following	Erler,	et	al.	arXiv:1401.6199	prescripDon)	

–  for	g2	=	4π	(maximal	contact	interacDon	coupling)	Λ	=	26.5	TeV		
–  Will	play	a	role	in	future	analyses	of	bounds	(or	discoveries)	of	a	variety	of	
new	physics	

•  Provides	scienDfic	and	technical	developments	for	next	generaDon	of	
measurements	to	build	on	

QW
p (this expt.) = 0.0719± 0.0045 QW

p (SM) = 0.0708± 0.0003
Aep = −226.5± 7.3(stat)± 5.8(syst) ppb at Q2 = 0.0249 (GeV / c)2
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Upcoming	Qweak	Conference	Talks	
	
•  PANIC	2017,	Sept.	1	–	5,	2017,	Beijing,	China,	Roger	Carlini	
	

•  TRIUMF,	Sept.	7,	2017,	Michael	Gericke	
	

•  JLab,	Sept.	8,	2017,	Mark	PiN	
	

•  HADRON	2017,	Sept.	25	–	29,	2017,	Salamanca,	Spain,		Paul	King	
	

•  LASNPA	2017,		Oct.	23		-	27,	2017,	Havana,	Cuba,	Neven	Simicevic	
	

•  DNP	Fall	MeeDng,	Oct.	25	–	28,	2017,	PiPsburgh,	PA,	Greg	Smith	
	

•  EINN	2017,	Oct.	29	–	Nov.	4,	2017,	Paphos,	Cyprus,	David	Armstrong	
	

•  SESAPS,	Nov.	16	–	18,	2017,	Midgeville,	GA,	Valerie	Gray	
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End	
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Backups	



M. Pitt, Virginia Tech
LANL Seminar, 2005

Why are Precision Measurements far Below the Z-pole 
Sensitive to New Physics?

Precision measurements well below the Z-pole have more sensitivity
(for a given experimental precision) to new types of tree level physics,
such as additional heavier Z’ bosons. 
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