




• Why 12 fermions only?

• Why masses of these particles are in the specific 
order?

• Why neutrinos have mass and how heavy are they?

• Why we have only four interactions?

• Why we have dominance of Matter over Anti-Matter?

• What is the Dark Matter?

Questions need to be answered!

3

















The first observation of Parity Violation in Møller scattering was made by E-158 
experiment at SLAC:

sin2(θ̂W ) = 0.2403± 0.0013 in MS

MOLLER, planned at JLab following the 11 GeV 
upgrade, will offer a new level of sensitivity and 
measure the parity-violating asymmetry in the 
scattering of longitudinally polarized electrons 
off unpolarized target to a precision of 0.73 ppb. 

That would 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 this uncertainty MOLLER will reach a scale of 
10 TeV!

Q2 = 0.026GeV 2, ALR = (1.31± 0.14(stat.)± 0.10(syst.))× 10−7

J. Benesch et al., MOLLER Proposal to PAC34,  2008

Precision Scattering: MOLLER
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(BSE+Ver)2 Two-Loops Contribution

!

Two-loops t-channel diagrams from the gauge-invariant set of vertices and 
boson self-energies. Here, the circles represent the contributions of self-
energies and vertex functions.

(BBSE) (VerVer) (VerBSE)
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Ladder-Box Diagrams

Diagrams with ZZZ exchange.

Diagrams with ZZ# exchange.
Diagram with W W # exchange.

Diagrams with WWZ exchange.

(Double Boxes)
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Decorated-Box Diagrams

Decorated boxes of type I.

Decorated boxes of type II.

Decorated boxes of type III.

(Double Boxes)
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Boxes with Lepton Self-Energy and 
Vertex Insertions

Boxes with vertices (VB), fermion self-energy boxes FSEB 
and boson self-energy boxes BSEB.

(SE and Ver in boxes)
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Double Vertices

Two loops electron vertices
(NNLO EW Vert)
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Combination of Corrections
For the orthogonal kinematics: ! = 90!

Type of 
contribution

"A
C

NLO -0.6953

...+Q+ 
BBSE+VVer+ 

VerBSE

-0.6420

...+ double boxes -0.6534

...+NNLO QED -0.6500

...+SE and Ver in 
boxes -0.6539

...+NNLO EW Ver -0.6574

δ
C
A =

AC
LR −A0

LR

A0
LR

ω = 0.05
√

s

“...” means all contributions from the lines above

Correction to PV asymmetry:

Soft-photon bremsstrahlung cut:
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PV Asymmetry

Predicted PV asymmetry (Elab = 11GeV):

APV(LO+NLO+Q-part) (90o) = 36.2 (ppb)

LO

LO+NLO

LO+NLO+NNLO(Q-part)

APV(LO+NLO) (90o) = 32.2 (ppb)

m
2
W =

πα
√

2Gµ sin
2
θW (1−∆r)

.
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Third Stage: Computer Algebra

• The most of the leading two-loop EWC corrections to Moller process 
has been completed.

• It is essential to apply alternative approaches in two-loop EWC 
calculations for the cross-check purposes.

• We develop the third stage method which is based on the dispersive 
representation of many-point Passarino-Veltman functions. 

• Advantages include not only cross checking previous results, but 
also our ability to retain kinematical dependence of two-loop EWC and 
inclusion of broader sets of two-loops graphs. 

22







Effective SE Propagators

ΠV−V
µν (q) = ΠV−V

T,µν + ΠV−V
L,µν

ΠV−V
T,µν =

−igρµ

q2 −m2
V

[

gρσ − qρqσ

q2

s− q2 − iϵ
ℑΣV−V

T

(

s,m2
α,m

2
β

)

]

−igσν
q2 −m2

V

ΠV−V
L,µν =

−igρµ

q2 −m2
V

[

qρqσ

q2

s− q2 − iϵ
ℑΣV−V

L

(

s,m2
α,m

2
β

)

]

−igσν

q2 −m2
V

.

Πf (q) =
1

✁q −mf

[

G (q, s,mα,mβ)

s− q2 − iϵ

]

1

✁q −mf

.

Vector boson effective propagator:

Fermion effective propagator:

Introduce effective propagators, and perform dispersive integration 
numerically later.

















Conclusion

• We are now in the last stage of the NNLO EWC calculations for the  
MOLLER experiment.

• Automatization of the NNLO EWC calculations for MOLLER is 
currently under way. 

• Our next goal is a full gauge-invariant set of two-loop EW graphs with 
SE and triangles insertions.

• Results to be obtained will be cross checked with our previous 
calculations and other literature.

• We are looking for additional collaborative projects in two-loops 
calculations for various processes.
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