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Standard Model (SM) of Particle Physics: 

cdsweb.cern.ch  
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Although the Standard Model has been 
enormously successful to date, we 
known it is incomplete.  
 
For example, it does not explain Dark 
Matter and Dark Energy: 
 
 
 
 
 

particleadventure.org 
planck.cf.ac.uk 



Energy 

Intensity/Precision 

Cosmic 
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To look for New Physics beyond the 
Standard Model, we use the 
threethree--prong approach:prong approach:  
  
The Energy Frontier (high-energy    
colliders) 
 

The Intensity/Precision Frontier 
(intense particle beams) 
 

The Cosmic Frontier (underground 
experiments, ground and space-
based telescopes) 

“US Particle Physics: Scientific Opportunities 
A Strategic Plan for the Next Ten Years” 
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SLAC E158 



To test the at the level of quantum corrections,  the electroweak  parameters mW, mZ, 
GF  , α and sin2 θW  have to be determined with O(0.1%) or better. 
 
GF  and α are well-known, and mW and mZ has been recently much improved.  
 
 
 
Original on-shell definition: 
 
 
 
 
 
 
 
 
 
  
 

MS (modified minimal subtraction) 
prescription, with an arbitrary 
sliding mass scale μ: 
 

Plot: Michael Gericke for MOLLER 
Collaboration, IPP General 
Meeting,  16/06/2014  
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In SM at three level (Born):  
 
 
 
Since the value of the weak mixing angle is very close to 0.25, weak charge of 
proton (and electron) is suppressed in the SM, so QW(p) and QW(e) = - QW(p) offer 
a unique place to extract sin2θW. 
 
For proton (current Qweak at JLab, planned P2 at MESA in Mainz): 
 
 
 
 
 
Parity-violation effects are enhanced in atoms with a large number of protons (Z) 
and neutrons (N) (parity-violation experiments with 209Bi, 205Tl and 133Cs): 
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The low-energy effective electron-quark A(e) × V (q) Lagrangian: 
 
 
 
 
 
 
 
where g is the coupling constant, Λ is the mass scale, and the hq

V  are the effective 
coefficients of the new physics. 
 
In SM at three level: 
 
 
A precise measurement of QW(p) would thus test new physics scales up to TeV scales: 
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95% C.L. reach of experiments to 
the new physics mass scale Λ. 

K.S. Kumar et al., Ann.Rev.Nucl.Part.Sci. 63 
(2013) 237-267, arXiv:1302.6263 

Comparison of anticipated errors for QW(p) and QW(e) 
expected from various extensions and allowed (at 95% 
C.L.) by fits to existing data (2003). 

J. Erler et al., Phys.Rev. D68 (2003) 016006, arXiv:hep-ph/0302149 

http://arxiv.org/abs/1302.6263
http://arxiv.org/abs/hep-ph/0302149
http://arxiv.org/abs/hep-ph/0302149
http://arxiv.org/abs/hep-ph/0302149
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Plot: Rakitha Beminiwattha for Qweak 
Collaboration, JLab Users Group 
Meeting, 03/06/2014  

 
SLAC E122, 1978: 
 
Helicity dependence in the 
inclusive cross-section for 
deep-inelastic scattering of 
longitudinal polarized 
electrons on unpolarized 2H. 
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The first Qweak result! (4% of the total data acquired during the experiment) 

Qweak Collaboration, Phys. Rev. Lett. 111, 141803 (2013), arXiv:1307.5275 
 

See Shelley Page invited talk, CAP Congress, 16/06/2014 

http://xxx.lanl.gov/abs/1307.5275


Rakitha Beminiwattha for Qweak Collaboration, JLab Users Group Meeting, 03/06/2014  
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Qweak Collaboration 

Run 0 Asymmetry Results (4% of full data): 
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Qweak Theory Input: 
 
 
 
 
 
 
 
One way to do it: Parameterization approach by  Hall, Blunden, Melnitchouk, 
Thomas, Young 
 
 

Hall et al, PhysRevD.88, 013011 (2013), arXiv:1304.7877  

 

http://arxiv.org/abs/1304.7877
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Alternative way – calculate APV, including 
all NLO EWC (and maybe some NNLO), 
then compare with the measured APV to 
extract  the new physics parameters. 
 
APV (Qweak, predicted) ≈ - 228 ppb 
(with dE = mπ ) 

APV (MOLLER, predicted) ≈ 29 ppb 
(with dE = 0.05·ECM ) 

 
 

Qweak 

Tree-level 
Tree-level + NLO 

 

MOLLER 

Tree-level 
Tree-level + NLO 

 



C. Møller, Annalen der Physik 406, 531 (1932):  electron–electron scattering 
(Møller process) 
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FIG. 1: Diagrams describing nonradiative Møller scatter ing in the (1) t- and (2) u-channels.

A useful st ructure in the present study is

D i l =
1

l − m2
i

(i = γ, Z ; l = t, u), (5)

which dependson theZ -boson massmZ and on thephoton massmγ . Thephoton mass is set to zero everywhere
with the except ion of specially indicated cases where the photon mass is taken to be an infinitesimal parameter
that regularizes an infrared divergence. Another set of useful funct ions is

λ±
i ,k = λ1

i ,k
B λ1

i ,k
T ± λ2

i ,k
B λ2

i ,k
T , (6)

which arecombinat ionsof coupling constantsand pB (T ) , wherepB (T ) are thedegreesof polarizat ionsof elect rons
with 4-momentum k1 (p1). Specifically, they are given by

λ1
i ,j

B (T )
= λ

i , j
V − pB (T )λ

i , j
A , λ2

i ,j

B (T )
= λ

i , j
A − pB (T )λ

i , j
V ,

λ
i ,j
V = vi vj + ai aj , λ

i , j
A = vi aj + ai vj , (7)

where

vγ = 1, aγ = 0, vZ = (I 3e + 2s
2
W )/ (2sW cW ), a

Z = I 3e / (2sW cW ). (8)

It should be recalled that I 3e = − 1/ 2 and sW (cW ) are the sine (cosine) of the Weinberg angle expressed in
terms of the Z - and W-boson masses according to the rules of the Standard Model:

cW = mW / mZ , sW = 1− c2W . (9)

The elect ron polarizat ion degrees pB (T ) in the cross sect ions are labeled here as follows: the subscripts L
and R on the cross sect ions correspond to pB (T ) = − 1 and pB (T ) = + 1, where the first subscript indicates the
degree of polarizat ion for the 4-momentum k1, while the second one indicates the degree of polarizat ion for
the 4-momentum p1. By combining the degrees of elect ron beam polarizat ions, we can obtain four measurable
cross sect ions, but , by virtue of the rotat ional invariance, the two of them will be ident ical: σL R = σRL . From
the three cross sect ions we can construct three independent asymmetries [23] (which are very close at large
scat tering angles), and the two of them (mainly A1) are main subject of our invest igat ion:

A1 =
σL L + σL R − σRL − σRR

σL L + σL R + σRL + σRR
=

σL L − σRR

σL L + 2σL R + σRR
, (10)

A2 =
σL L − σRR

σL L + σRR
. (11)

All of the asymmetries are proport ional to the combinat ion 1− 4s2W (by virtue of the proport ionality of the
cross-sect ion difference σL L − σRR ) and are therefore highly sensit ive to small changes in sW . This is precisely
the reason why the asymmetry A1, which, at moderately low energies, is given by

A1 =
s

2m2
W

y(1 − y)

1+ y4 + (1 − y)4
1− 4s2W
s2W

, y = − t/ s, (12)

Neutral current t-channel and u-channel amplitudes leading to the asymmetry ALR at tree level. 
 

The first observation of Parity Violation in Møller scattering by E-158 at SLAC,  
with 45 or 48 GeV polarized electrons scattered from a 1.5 m long hydrogen target. 
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The MOLLER experiment, planned at JLab following the 11 GeV upgrade, aims to 
measure the parity-violating asymmetry in the scattering of longitudinally polarized 
electrons off an unpolarized hydrogen target.   
 
The MOLLER will allow a determination of the weak mixing angle with an 
uncertainty of about 0.1%, a factor of five improvement in fractional precision 
over the measurement by E-158. 
 
  
At such precision, 
any inconsistency 
with the Standard 
Model predictions 
will clearly signal 
new physics.  
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DOE MOLLER Proposal, March 2014. See Michael Gericke talk at IPP General Meeting, 16/06/2014  

The MOLLER Experiment  (Measurement Of a Lepton Lepton Electroweak Reaction) 

APV (predicted) ≈ 33 ppb 
ΔAPV ( goal) ≈ 0.7 ppb 



S. Barkanova, CAP Congress, Sudbury, 17/06/2014 19 

Michael Gericke, IPP General Meeting,  16/06/2014  

The MOLLER group needs more people!  
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MOLLER Theory Input: 
  
At certain kinematic conditions, NLO EWC can reduce the asymmetry up to 70%, 
and they strongly depend on the experimental cuts.  
 
Obviously, before we can interpret the high-precision scattering experiments in 
terms of possible new physics, it is crucial to have the SM electroweak radiative 
corrections under a very firm control. 
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The relative weak (solid line in DRC (semi-
automated) and dotted line in HRC ("by 
hand")) and QED (dashed line) corrections to 
the Born asymmetry A0

LR versus √s at θ = 90◦. 
The filled circle corresponds to our predictions 
for the MOLLER experiment. 
 
DRC and HRC stand for Denner and Hollik 
renormalization conditions, respectively. 

To make sure that everything is correct for one loop (NLO), we compare two 
approaches: 
 
“by hand” and computer-based; with on-shell renormalization and using two 
different renormalization conditions (RC), by Denner and Hollik. 

We define the relative corrections 
to the Born asymmetry as 
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The Next-to-Next-to-Leading Order (NNLO) EWC to the Born (∼ M0M0
+
) cross section 

can be divided into two classes: 
 
• Q-part induced by quadratic one-loop amplitudes ∼ M1M1

+
, and  

• T-part – the interference of Born and two-loop diagrams ∼ 2ReM0M2-loop
+ . 

 
 
 
 
 
 
 
 
 

At the MOLLER kinematic conditions, quadratic one-loop term can increase the 
asymmetry up to ∼ 4%.  Work on the two-loop corrections is ongoing.  
 

 
A. Aleksejevs et al., Phys. Rev. D 85, 013007, arXiv:1110.1750  
  

http://arxiv.org/abs/1110.1750
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Example of the two-loop contributions – double boxes: 

A. Aleksejevs et al., Eur. Phys. J. C (2012) 72:2249 
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Conclusions:Conclusions:  
  
 

Although the Standard Model (SM) of Particle Physics has been enormously 
successful to date, we known it is incomplete. We look for new physics beyond SM 
at the energy frontier, the cosmic frontier, and the precision/intensity frontier.  
 
High-precision parity-violating electroweak experiments can provide access to new 
physics at a wide range of energy scales, and many are currently running or 
planned. 
 
The first subset of results from Qweak recently completed at JLab provides the 
smallest e-p asymmetry ever measured, making possible the first determination of 
the weak charge of the proton.  
 
For PV processes, electroweak radiative corrections can be very large,  so the SM 
prediction must be carried out with full treatment of one-loop  corrections and at 
least leading two-loop corrections. Incorporating new physics particles into NLO 
predictions for the asymmetry is in progress. 
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THANK YOU!THANK YOU!  

Many thanks to JLab for hospitality, and to the members of Qweak and 

MOLLER collaborations for explaining their experiments.  

 

This work has been supported by the Natural Sciences  

and Engineering Research Council of Canada (NSERC). 
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Extra SlidesExtra Slides  
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Qweak Collaboration, PRL 
111, 141803 (2013) 
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Qweak Collaboration, 
PRL 111, 141803 
(2013) 


