




Møller scattering at one-loop  
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Although PV asymmetry ( ALR ∼ 10-7) is very small, the accuracy of modern 

experiments exceeds the accuracy of the theoretical result in Born 

approximation.

One–loop contribution was found to be rather big in the previous works:

A. Czarnecki, W. J. Marciano, Phys. Rev. D53, 1066 (1996)

A. Denner, S. Pozzorini, Eur. Phys. J. C7, 185 (1999)

A. A, S. Barkanova, A. Ilyichev, V. Zykunov, Phys. Rev. D82, 093013 (2010)









Quadratic correction: IR part
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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
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We split the two-loops contribution into subsets of the gauge 
invariant classes:

• Reducible contribution (BSE + Ver)2.

• Irreducible ladder, decorated boxes and boxes with electron 
self-energies.

• Irreducible two-loops vertex correction (double vertices) 
and self energy diagrams.

Two-Loops Contribution

∝ α4
σT =

π
3

s
ReM2M

+

0
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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 ZZγ exchange.
Diagram with W W γ 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)





Combination of Corrections
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For the orthogonal kinematics: θ = 90
◦

Type of 
contribution

δ
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:

A. Aleksejevs, S. Barkanova, Y.  Kolomensky,  E. Kuraev, V. Zykunov, Phys. Rev. D 85 (2012) 013007
A. Aleksejevs, S. Barkanova, Y.  Kolomensky,  E. Kuraev, V. Zykunov, Nuovo Cim. C035N04 (2012) 192-197
A. Aleksejevs, S. Barkanova, V. Zykunov, Phys.  Atom. Nucl., 75(2012) 209-226
A. Aleksejevs, S. Barkanova, Y.  Bystritskiy, A. Ilyichev, E. Kuraev, V. Zykunov, Phys. Rev. D 85 (2012) 013007
A. Aleksejevs, S. Barkanova, Y.  Bystritskiy, E. Kuraev, V. Zykunov, Phys. Part. Nucl. Lett. 12(2015) 5 645-656
A. Aleksejevs, S. Barkanova, Y.  Bystritskiy, E. Kuraev, V. Zykunov, Phys. of Part. and Nucl. Letters, (2016), 13-3, 310–317 



Third Stage: Computer Algebra
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• 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. 











Self-Energy Sub-Loop: General Structure

I1,M,1
µ1µ2,ν1...νR

=
1

π
Σ
α,β

∞
ˆ

(mα+mβ)
2

ds ·

[

L1,M,1
a,µ1µ2,ν1...νR

(D,E, F )ℑΣV−V
T

(

s,m2
α,m

2
β

)

+

L
1,M,1
b,µ1µ2,ν1...νR

(D,E, F )ℑΣV−V
L

(

s,m2
α,m

2
β

)

]

I1,M,1
ν1...νR

=
1

π
Σ
α,β

∞̂

(mα+mβ)
2

ds ·

[

N1,M,1
a,ν1...νR

(D,E, F )ℑΣf
L

(

s,m2
α,m

2
β

)

ω−+

N
1,M,1
b,ν1...νR

(D,E, F )ℑΣf
R

(

s,m2
α,m

2
β

)

ω+ +N1,M,1
c,ν1...νR

(D,E, F )ℑΣf
S

(

s,m2
α,m

2
β

)

]

Vector boson SE sub-loop insertion two-loop result:

Fermion SE sub-loop insertion two-loop result:







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 − iǫ
ℑΣV−V

T
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s,m2
α,m

2
β

)

]

−igσν
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V
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−igρµ
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qρqσ

q2
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ℑΣV−V
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2
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.

Πf (q) =
1

✁q −mf

[

G (q, s,mα,mβ)

s− q2 − iǫ

]

1

✁q −mf

.

Vector boson effective propagator:

Fermion effective propagator:



Effective Propagators: Subtracted VB

−

Π̂V−V
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Effective Propagators: Subtracted FF
Π̂f (q) = Π̂f

1(q) + Π̂f
2(q)

Π̂f
1(q) = (✁q +mf )

[
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Second Loop Integration: Many-Point PV

Cµ1...µN
=

µ4−D

iπD/2

ˆ

dDq
qµ1

...qµN

[q2 −m2
1]
[

(q + p1)
2
−m2

2

] [

(q + p1 + p2)
2
−m2

3

]

p1µC1 + (p1µ + p2µ)C2 = lim
λ→0

∂

∂λ

1
ˆ

0

dx [Bµ − (p1µ + p2µ)B0]

Bµ = − (p1µx̄+ p2µ)B1

C1 = lim
λ→0

∂

∂λ

1
ˆ

0

dxB1x C2 = − lim
λ→0

∂

∂λ

1
ˆ

0

dx [B0 +B1]

Vector case:

Applying tensor decomposition to both sides of above equation:

Matching coefficients in front of p1,2, we get:



Second Loop Integration: Many-Point PV

→

´

Cµν :

C00 = ÎC [B00] C12 = −ÎC [(B1 +B11) x]

C11 = ÎC

[

B11x
2
]
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tor ÎC = limλ→0
∂
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´ 1

0
dx...,

[ ]
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2
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C111 = ÎC
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B111x
3
]

C222 = −ÎC [B0 + 3 (B1 +B11) + B111]

Bi,ij,ijk ≡ Bi,ij,ijk

[

(p1x̄+ p2)
2
,m2

3,m
2
12 + λ

]



Second Loop Integration: Many-Point PV

D0 ≡ D0

(

p21, p
2
2, p

2
3, p

2
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2
, (p2 + p3)
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=
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1 (x̄− y) +m2
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1
∫
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0
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,m2

4,m
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Second Loop Integration: Many-Point PV

ÎD = lim
λ→0

∂2

∂λ2

∫ 1

0

dx

∫ x̄

0

dy...

→

´ ´

Dµ :

D1 = ÎD [B1x]

D2 = ÎD [B1y]

D3 = −ÎD [B0 +B1]

Dµν :

D00 = ÎD [B00] D33 = ÎD [B0 + 2B1 +B11]

D11 = ÎD

[

B11x
2
]

D12 = ÎD [B11xy]

D22 = ÎD

[

B11y
2
]

D13 = −ÎD [(B1 +B11) x]

D23 = −ÎD [(B1 +B11) y] .

Dµνρ:
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[

B111xy
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3
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]
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]
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[

B0011x
2
]

D1133 = ÎD
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D3333 = ÎD [(B0 + 4 (B1 +B111) + 6B11 +B1111)]

Bi,ij,ijk,ijkl ≡ Bi,ij,ijk,ijkl

[

(p1 (x̄− y) + p2ȳ + p3)
2
,m2

4,m
2
123 + λ

]



Second Loop Integration: Many-Point PV

E0 ≡ E0

(

p21, p
2
2, p
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2
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2
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ere pij = (pi + pj)
2, pijk = (pi + pj + pk)

2

)2 and m2
1234 = m2

1 (x̄− y − z)+m2
2x+m2

3y+m2
4z−

−

p21x̄x − p212ȳy − p2123z̄z + 2xy (p1p12) + 2xz (p1p123) + 2yz (p12p123).



Second Loop Integration: Many-Point PV

Bi,ij,ijk,ijkl ≡ Bi,ij,ijk,ijkl

[

(p1 (x̄− y − z) + p2 (ȳ − z) + p3z̄ + p4)
2
,m2

5,m
2
1234 + λ

]
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[

B111yz
2
]

E113 = ÎE
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E444 = −ÎE [B0 + 3 (B1 +B11) + B111]
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[

(B111 +B1111) xy
2
]

E0011 = ÎE
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E0013 = ÎE [B0011xz] E1244 = ÎE [(B11 + 2B111 +B1111) xy]

E0014 = −ÎE [(B001 +B1111) x] E1333 = ÎE

[

B1111xz
3
]

E0022 = ÎE

[

B0011y
2
]

E1334 = −ÎE

[

(B111 +B1111) xz
3
]

E0023 = ÎE [B0011yz] E1344 = ÎE [(B11 + 2B111 +B1111) xz]

E0024 = −ÎE [(B001 +B1111) y] E1444 = −ÎE [(B1 + 3 (B11 +B111) + B1111) x]

E0033 = ÎE

[

B0011z
2
]

E2222 = ÎE

[

B1111y
4
]

E0034 = −ÎE [(B001 +B1111) z] E2223 = ÎE

[

B1111y
2z
]

E0044 = ÎE [B00 + 2B001 +B0011] E2224 = −ÎE

[

(B111 +B1111) y
3
]

E1111 = ÎE

[

B1111x
4
]

E2233 = ÎE

[

B1111y
2z2

]

[ ] [ ]

[ ] [ ]

E1112 = ÎE

[

B1111x
3y
]

E2234 = −ÎE

[

(B111 +B1111) y
2z
]

E1113 = ÎD

[

B1111x
3z
]

E2244 = ÎE

[

(B11 + 2B111 +B1111) y
2
]

E1114 = −ÎE

[

(B111 +B1111) x
3
]

E2333 = ÎE

[

B1111yz
3
]

E1122 = ÎE

[

B1111x
2y2

]

E2334 = −ÎE

[

(B111 +B1111) yz
2
]

E1123 = ÎE

[

B1111x
2yz

]

E2344 = ÎE [(B11 + 2B111 +B1111) yz]

E1124 = −ÎE

[

(B111 +B1111) x
2y
]

E2444 = −ÎE [(B1 + 3 (B11 +B111) + B1111) y]

E1133 = ÎE

[

B1111x
2z2

]

E3333 = ÎE

[

B1111z
4
]

E1134 = −ÎE

[

(B111 +B1111) x
2z
]

E3334 = −ÎE

[

(B111 +B1111) z
3
]

E1144 = ÎE

[

(B11 + 2B111 +B1111) x
2
]

E3344 = ÎE

[

(B11 + 2B111 +B1111) z
2
]

E1222 = ÎE

[

B1111xy
3
]

E3444 = −ÎE [(B1 + 3 (B11 +B111) + B1111) z]

E1223 = ÎE

[

B1111xy
2z
]

E4444 = ÎE [(B0 + 4 (B1 +B111) + 6B11 +B1111)]





Triangle Insertion: Dispersive Approach
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for m0 = 1.2 GeV, m = 0.1 GeV and (k · q2) = −3.4 GeV2.











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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Sensitivity to effective 
mixing angle



Sensitivity of Asymmetry to effective mixing angle 
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Representation of effective Born amplitude:

D. Binosi, J. Papavassiliou, arXiv:0909.2536
D. Kennedy, B. Lynn, Nucl. Phys. B322 (1989)1
W. Hollik, DESY Report, DESY 88-188 (1988)

Mγ =
α(t)Q2

e

t
(ūeγµue) (ūeγ

µue) ,

MZ =
Gµ
√

2
κ

m2
Z

t−m2
Z + i t

mZ

ΓZ

(

ūeγµ
[

Ie3 − 2s̄2W (t)Qe − Ie3γ5
]

ue

) (

ūeγ
µ
[

Ie3 − 2s̄2W (t)Qe − Ie3γ5
]

ue

)

.

κ =
1−∆r

1 + ℜ
[

∂

∂t
Σ̂ZZ(t)

]

α(t) =
α

1 + ℜ

[

Σ̂γγ(t)
]

/t

∆r =
ℜ[Σ̂WW (0)]

m2
W

+
α

4πs2W

(

6 +
7− 4s2W
2s2W

ln c2W

)

+
c2W

m2
Zs

2
W

ℜ

[

Σ̂2
γZ(m

2
Z)

m2
Z + Σ̂γγ(m2

Z)

]



Sensitivity of Asymmetry to effective mixing angle 
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[1] A. Ferroglia, G. Ossola, A. Sirlin, EPJC., 10.1140, July, (2003).

Effective Weinberg mixing angle up to NLO:

s̄2W (t) = s2W − sW cW

ℜ
[

Σ̂γZ(t)
]

t+ ℜ
[

Σ̂γγ(t)
] .

Q2(GeV 2) s̄2
W (ON−SHELL) s̄

2
W (M̄S−PT )

[1] s̄2
W ¯(MS)

PDG(2015)

0 0.2383 0.2387 0.2386

mz 0.2313 0.2320 0.2313

m
2
W =

πα√
2Gµ sin

2
θW (1−∆r)

.sin
2
θW ≡ s

2
W = 1−

m
2
W

m2
Z
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Value of the effective sW
2 

for MOLLER kinematics:

!"#$! !"#$% !"#&! !"#&% !"#%!
!

'!

#!

$!

&!

%!

!�
!""

#

!
!
"
!!
"
!
"#
#
#
$
$

s̄2W (Q2 = 0.0056 GeV 2) = 0.2382

s̄2W (t) = s2W − sW cW

ℜ
[

Σ̂γZ(t)
]

t+ ℜ
[

Σ̂γγ(t)
] .

The 2% uncertainty on polarization 
asymmetry translates to 0.1% 
uncertainty for weak mixing angle 


