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The Standard Model

! Building blocks are 
quarks and leptons 
point-like,   spin ½ particles

! Forces mediated by 
exchange of spin 1 
particles:

- Mostly neutral currents 
(γ ,Z, gluon)

- One charged current (W+-)
- One colored current (gluon)
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The Standard Model is not just building blocks….

It is a rigorous, mathematically consistent theory that makes detailed 
and precise predictions of many phenomena… and, to date, it has  

never had a prediction disproved by experiment! 

The recent discovery of the Higgs Boson at the LHC at CERN (needed for 
this mathematical consistency) “completes” the Standard Model… 

so what is left to study? 3



The Standard Model: Issues

• Lots of free parameters 
(masses, mixing angles, and couplings)  

How fundamental is that?

• Why 3 generations of leptons and quarks? 
Begs for an explanation 
(smells like a periodic table…)

• Insufficient CP violation to explain all the matter
left over from Big Bang …or we wouldn’t be here.

• Doesn’t include gravity, dark matter, dark energy
Big omission… gravity determines the structure of 

our solar system and galaxy; much of the universe seems to be
in the form of dark matter and dark energy…

Suggests that our SM is only a low-order approximation of reality,   just 
as Newtonian gravity is a low-order approximation of General Relativity.



Precision Tests of the Standard Model
• Received Wisdom: Standard Model is the effective low-energy 

theory of underlying more fundamental physics – but how to  
find & identify this new physics?

• Finding new physics: Two complementary approaches:

– Energy Frontier (direct) :    eg.   LHC
– Precision Frontier (indirect) : (aka  Intensity Frontier)

many examples… often at modest or low energy…

here we focus on:
Parity-violating electron scattering

Hallmark of Precision Frontier:      

- Choose observables that are zero or suppressed in Standard Model   

- One of these is the “weak charge” of the proton.
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“electromagnetic piece”

“weak interaction piece”
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Electroweak Mixing 

Two of the “bare” forces B, W, in the Standard Model  “mix” in 
the observed universe to form the photon (electromagnetic 
force) and the Z boson (part of the weak interaction: weak 
neutral current):

Mixing angle:                   (aka “Weinberg angle”).

This is one of the fundamental parameters of the Standard Model.

Precisely measured using high-energy processes.
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The weak charge of the proton
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Summary: proton’s weak charge is both precisely predicted in the 
Standard Model, and suppressed – good place to look for “new 
Physics”     i.e. physics beyond the Standard Model

… never been measured before our experiment!

so, how can one measure the weak charge?
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Right-handed and left-handed electrons scatter via 
neutral current with different probability! 

Electroweak scattering of electrons
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Electron scattering via electromagnetism

Electron scattering via weak interaction

Final state is  identical in the two cases…

To detect the weak interaction, must exploit parity violation:

The Weak interaction is “left-handed” : it violates parity 
(electromagnetism obeys this symmetry)

106 times smaller amplitude at these energies



Parity

Parity operation inverts sign of all 
spatial coordinates



Parity and the Mirror World

Since: L = r ✕ p

r, p change sign under 
parity (vectors) 

L does not

(it’s an axial vector)

.Xxx

( x " -x and y " -y is same as  a 
180° rotation around z axis) 

Thus: if parity symmetry  is 
obeyed, reaction rate can’t 
depend on σ#p
Right and left handed electrons 
should scatter the same



Parity Violation in the Weak Interaction

T.D. Lee and C.N. Yang  
suggested parity violation in 
the weak interaction (1956) 

C.S. Wu and 
collaborators observed 
effect in nuclear beta 
decay later that year



Hmmm….

aside: The reason that the weak interaction violates parity is not 
known… put in to Standard Model “by hand”



Parity Violation  – the mirror world

Electrons spin on their own axes:

either clockwise or counter-clockwise with respect to the 
direction of their motion: “right-handed” or “left-handed”.

Parity symmetry says:  scattering must behave same as in a “mirror 
world” which interchanges right and left hands.

This is true for electromagnetism, but not for the Weak force 
(the universe is not ambidextrous!)

Measure  the difference in the scattering probability for right-handed 
and left-handed electrons           the Weak interaction component

Mirror images!

Asymmetry  = A  =  NR – NL

NR + NL
Effect is still tiny:     

less than 1 ppm
(≈ 200 ppb)



Thomas Jefferson National Accelerator Facility
Newport News  Virginia

1980 – initial design
1987 – construction 

started
1994 – first physics    

experiments

1995 – design energy (4 GeV)
2000 – 6 GeV achieved

2015 – 12 GeV upgrade

User group: 1500 
physicists

Funded by U.S. DOE

Beam currents to 180 μA
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Up to 12 GeV beam energy  

CEBAF  - Continuous Electron Beam Accelerator Facility

Linac tunnel

Bending magnets in arc

Electron’s energy  =  rest mass of  12 protons…
> 99.999% the speed of  light

(5 times around 7/8 mile track in 30 microseconds)

Accelerator requires 20 MW power

one million electrons  every 
nanosecond
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Probing the Weak Charge
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"⃗ + $ → " + $

35 cm LH2 target

Beam helicity change is equivalent to parity transformation
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Probing the Weak Charge
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"⃗ + $ → " + $

35 cm LH2 target

Beam helicity change is equivalent to parity transformation

Rapid helicity reversal pattern 
(960 Hz) “quartets” +--+ -++-



Probability = |Amplitude|2 =  |Mγ|2 +   |MZ |2   +  2Re(Mγ)*MZ

Electroweak Interference

Interference allows us to access weak interaction
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SM

Qweak
kinematics Hadronic term extracted from fit

Extracting the weak charge
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!!" = − $#%$
4'( 2 %%& + + ,, %$ %$

Hadronic structure enters here

Previous experiments explored hadronic
structure more directly; help constrain 
our hadronic contribution

&!"# = $!"
$# &% = − )&*'

4,-√2

One must extrapolate to %$ = 0.
We measure !&'()!"

at %$ = 0.025 $12$. 

Reduced asymmetry more convenient Data rotated to !!"# = 0

We just “tickle” the 
proton, not smash it…



Q-weak Apparatus
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Quartz Cerenkov Bars

Toroidal Magnet
Spectrometer

Collimators

Vertical Drift Chambers

Trigger Scintillator

Horizontal drift chambers

Electron beam

Ebeam= 1.165 GeV
Q2 ~ 0.025 GeV2

θ ~ 7-11°
Current = 180 μA
Polarization = 85%

Target

Red  = low-current tracking mode
Blue = production (“integrating”) mode



Q-weak Apparatus
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Quartz Cerenkov Bars

Collimators

Horizontal drift chambers

Electron beam

Red  = low-current tracking mode
Blue = production (“integrating”) mode

Vertical Drift Chambers

Trigger Scintillator

Toroidal Magnet
Spectrometer

Ebeam= 1.165 GeV
Q2 ~ 0.025 GeV2

θ ~ 7-11°
Current = 180 μA
Polarization = 85%



35 cm long, 2.5 kW liquid hydrogen target
World’s highest powered cryotarget

• Temperature ~20 K
• Pressure: 30-35 psia
• Beam at 150 – 180uA

Qweak Target
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Target boiling might have 
been problematic!



• Main detectors
The toroidal magnet focuses elastically scattered electrons onto each bar
– 8 Quartz Cerenkov bars 
– Azimuthal symmetry
– 2 cm lead pre-radiators reduce background

Main Detectors
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Simulation of scattering rate MD face

Close up of one detector in situ

Measured



To determine *', we go to “tracking” mode:
• Currents ~ 50 pA
• Use Vertical + Horizontal Drift Chambers
• Re-construct individual scattering events

!! determination
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Simulation blue
Data red



Vertical Drift Chambers  
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Designed, built and tested at 
W&M

Two pairs of Ar/ethane gas-
filled wire chambers

Each 3’ x 8’ 

558 wires/chamber: 
25μm diameter Au-plated W   
3800 V

Scattered electron ionizes gas, 
electron/ion pairs drift under 
electric field; time of arrival of 
electrons at wire – location of 
initial track.



VDC Rotator
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VDCs at JLab
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Q-weak ran from Fall 2010 – May 2012 in four distinct running periods
• Hardware checkout (Fall 2010-January 2011)
• Run 0 (Jan-Feb 2011)
• Run 1 (Feb – May 2011)
• Run 2 (Nov 2011 – May 2012)

Run periods
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Behavior of Asymmetry under Slow Reversals

Three slow 
reversal types

IN/OUT: reversal 
of laser helicity

(IWHP)

L/R: reversal of 
electron beam 
via Wien filter

g-2 flip: reversal 
of electron via spin 
precession in 
accelerator

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

Combining the data without sign corrections gives
NULL average = -1.75 ± 6.51 ppb

- consistent with zero,  as expected



34

Blinded Analysis

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

Blinding range

Run 1 
blinded

Run 2 
blinded
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Un-Blinded Results

Run 1 
blinded

Run 2 
blinded Run 1 

unblinded
Run 2
unblinded

Marvelous agreement between the two Runs
(several systematic corrections rather different in the two Runs)
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Period Asymmetry (ppb) Stat. Unc. (ppb) Syst. Unc. (ppb) Tot. Uncertainty (ppb)
Run 1 -223.5 15.0 10.1 18.0
Run 2 -227.2 8.3 5.6 10.0
Run 1 and 2 combined
with correlations -226.5 7.3 5.8 9.3

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

BCM Normalization: ABCM 5.1 25% 2.3 17%
Beamline Background: ABB 5.1 25% 1.2 5%
Beam Asymmetries: Abeam 4.7 22% 1.2 5%
Rescattering bias: Abias 3.4 11% 3.4 37%
Beam Polarization: P 2.2 5% 1.2 4%
Target windows: Ab1 1.9 4% 1.9 12%
Kinematics: RQ2 1.2 2% 1.3 5%
Total of others 2.5 6% 2.2 15%
Combined in quadrature 10.1 5.6

TABLE II. Top: Corrected asymmetries Aep for both data sets, and the combined value, with their
statistical, systematic and total uncertainties, in ppb. Bottom: Fractional quadrature contributions
((�i/�tot)2 to the systematic uncertainty on Aep for Run 1 and 2. Only error sources with fractional
contribution � 5% in one of the Runs are shown.
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Extracting Weak Charge from Asymmetry Result

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

Global fit of world PVES data up to Q2 =  0.63 GeV2 to extract proton’s weak charge: 

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

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

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

i
V .

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

W þ 78Qn
W ,

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

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

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

Aep ¼ !þ " !"
!þ þ !"

: (1)

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

E, G
"
M, weak neutral form factors GZ

E, G
Z
M,

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

asymmetry has the form [1,24]

Aep ¼
!"GFQ

2

4#$
ffiffiffi
2

p
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Z
A

"ðG"
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MÞ2
#
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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

33 entries in PVES   
(e-p, e-d, e-4He)    

database  

Standard Model:

Experiment:
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Running of the Weak Mixing angle sin2 θW

Theory Solid Curve: 
J. Erler, M. Ramsey-
Musolf, P. Langacker
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Limits on Semi-Leptonic PV Physics beyond the SM

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

APV: atomic parity violation  133Cs    C.S. Wood et al. Science 275, 1759 ( 1997); Dzuba et al. PRL 109, 203003 (2012)  
Yellow box: SM values
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Limits on Leptoquarks
An example of the impact on one class of “New Physics” 
beyond the Standard Model: “leptoquarks” 

“The leptoquark Hunter’s guide: large coupling” 
M. Schmaltz, Y-M. Zhong  Journal of High Energy Physics 01 (2019) 132



Qweak Collaboration
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Summary

Precision measurement of proton’s weak charge:

Excellent agreement with Standard Model prediction  =  0.0708 

Constrains  generic new parity-violating “Beyond the Standard Model” physics
at TeV scale:     Λ/g > 3.6 TeV (arbitrary u/d ratio of couplings)

D. Androic et al.,  "Precision Measurement of weak charge of the proton" 
Nature 557, 207-211 (2018). 

Thanks!

Now underway:    we are building an experiment to measure the weak charge 
of the electron…  hope to start taking data in 2025…

https://www.nature.com/articles/s41586-018-0096-0

