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- Fixed target polarized Moller scattering experiment 
- To measure the electron ALR (fractional accuracy 2.4%) 
- Goal to precisely determine QW(e) and sin2(θW) far below the Z pole

Liquid Hydrogen 
target

80% polarization
Elab = 11 GeV
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Detector

5 to 17 mrad scattering angle
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Difference in measured rates for incident electrons of  
different polarization normalized by total rate

Definition:

Q2 ⇠ (0.05 GeV)2
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MOLLER Experiment
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Motivation

K.K.

Deviation from Standard Model 
prediction signals new physics --

�LBSM =
c2±,±
2⇤2

(ē�µP±e)(ē�
µP±e)
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�ALR

ALR
⇠

c2±±
GF⇤2
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Roughly ⇤ ⇠ O(10 TeV)
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(naive mass reach)

1. 2. To date, Most precise measurement of  sin2(θW) is 
at Z pole (LEP/SLC)

MOLLER will provide determination with 
similar accuracy

MOLLER 
2.4%

δ ( sin2(θW) ) = 0.00036

Erler, Ramsey-Musolf  (2005)
Erler, Ferro-Hernandez (2017)
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Theoretical Input

Tree-level:

ALR = f(sin(✓W ), . . .)
<latexit sha1_base64="ZKHJQqNd0hYMymuva4ES3FgITYY=">AAACDHicbVDLSgMxFM34rPVVdekmWIQWpMyIYDdCxY0LF1XsAzpDyaSZNjSTGZI7Qhn6AW78FTcuFHHrB7jzb0zbWWjrgcDhnHO5ucePBddg29/W0vLK6tp6biO/ubW9s1vY22/qKFGUNWgkItX2iWaCS9YADoK1Y8VI6AvW8odXE7/1wJTmkbyHUcy8kPQlDzglYKRuoXjZTW/uxvgCByVXc1lyYcCAdFvlE+yKXgQal03KrthT4EXiZKSIMtS7hS+3F9EkZBKoIFp3HDsGLyUKOBVsnHcTzWJCh6TPOoZKEjLtpdNjxvjYKD0cRMo8CXiq/p5ISaj1KPRNMiQw0PPeRPzP6yQQVL2UyzgBJulsUZAIDBGeNIN7XDEKYmQIoYqbv2I6IIpQMP3lTQnO/MmLpHlaceyKc3tWrFWzOnLoEB2hEnLQOaqha1RHDUTRI3pGr+jNerJerHfrYxZdsrKZA/QH1ucPt5qZdg==</latexit><latexit sha1_base64="ZKHJQqNd0hYMymuva4ES3FgITYY=">AAACDHicbVDLSgMxFM34rPVVdekmWIQWpMyIYDdCxY0LF1XsAzpDyaSZNjSTGZI7Qhn6AW78FTcuFHHrB7jzb0zbWWjrgcDhnHO5ucePBddg29/W0vLK6tp6biO/ubW9s1vY22/qKFGUNWgkItX2iWaCS9YADoK1Y8VI6AvW8odXE7/1wJTmkbyHUcy8kPQlDzglYKRuoXjZTW/uxvgCByVXc1lyYcCAdFvlE+yKXgQal03KrthT4EXiZKSIMtS7hS+3F9EkZBKoIFp3HDsGLyUKOBVsnHcTzWJCh6TPOoZKEjLtpdNjxvjYKD0cRMo8CXiq/p5ISaj1KPRNMiQw0PPeRPzP6yQQVL2UyzgBJulsUZAIDBGeNIN7XDEKYmQIoYqbv2I6IIpQMP3lTQnO/MmLpHlaceyKc3tWrFWzOnLoEB2hEnLQOaqha1RHDUTRI3pGr+jNerJerHfrYxZdsrKZA/QH1ucPt5qZdg==</latexit><latexit sha1_base64="ZKHJQqNd0hYMymuva4ES3FgITYY=">AAACDHicbVDLSgMxFM34rPVVdekmWIQWpMyIYDdCxY0LF1XsAzpDyaSZNjSTGZI7Qhn6AW78FTcuFHHrB7jzb0zbWWjrgcDhnHO5ucePBddg29/W0vLK6tp6biO/ubW9s1vY22/qKFGUNWgkItX2iWaCS9YADoK1Y8VI6AvW8odXE7/1wJTmkbyHUcy8kPQlDzglYKRuoXjZTW/uxvgCByVXc1lyYcCAdFvlE+yKXgQal03KrthT4EXiZKSIMtS7hS+3F9EkZBKoIFp3HDsGLyUKOBVsnHcTzWJCh6TPOoZKEjLtpdNjxvjYKD0cRMo8CXiq/p5ISaj1KPRNMiQw0PPeRPzP6yQQVL2UyzgBJulsUZAIDBGeNIN7XDEKYmQIoYqbv2I6IIpQMP3lTQnO/MmLpHlaceyKc3tWrFWzOnLoEB2hEnLQOaqha1RHDUTRI3pGr+jNerJerHfrYxZdsrKZA/QH1ucPt5qZdg==</latexit><latexit sha1_base64="ZKHJQqNd0hYMymuva4ES3FgITYY=">AAACDHicbVDLSgMxFM34rPVVdekmWIQWpMyIYDdCxY0LF1XsAzpDyaSZNjSTGZI7Qhn6AW78FTcuFHHrB7jzb0zbWWjrgcDhnHO5ucePBddg29/W0vLK6tp6biO/ubW9s1vY22/qKFGUNWgkItX2iWaCS9YADoK1Y8VI6AvW8odXE7/1wJTmkbyHUcy8kPQlDzglYKRuoXjZTW/uxvgCByVXc1lyYcCAdFvlE+yKXgQal03KrthT4EXiZKSIMtS7hS+3F9EkZBKoIFp3HDsGLyUKOBVsnHcTzWJCh6TPOoZKEjLtpdNjxvjYKD0cRMo8CXiq/p5ISaj1KPRNMiQw0PPeRPzP6yQQVL2UyzgBJulsUZAIDBGeNIN7XDEKYmQIoYqbv2I6IIpQMP3lTQnO/MmLpHlaceyKc3tWrFWzOnLoEB2hEnLQOaqha1RHDUTRI3pGr+jNerJerHfrYxZdsrKZA/QH1ucPt5qZdg==</latexit>

In order to extract sin2(θW) from ALR with high accuracy,  
need similarly accurate SM prediction.  Long history...

Derman, Marciano (1979)

tree-level electron 
weak chargeQe

W
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ALR =
GµQ2f(Ebeam)p

2⇡↵
(1� 4 sin2 ✓W )| {z }
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Because sin2(θW) ~ 0.23, tree-level 
relation 'accidentally' small

One-loop:
Czarnecki, Marciano (1996) 
Denner, Pozzorini (1998) 
Aleksejevs et. al. (2010), ...

virtual corrections

Sizable shift due to corrections to Zγ 
propagator 

Interpreted as 'running' of  sin2(θW)

Qe
W �! 1� 4(0) sin2 ✓W
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~1.03
=> 40% reduction in ALR

MOLLER 
2.4%

c.f.
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Are radiative corrections stable?
Main question essentially keeping the MOLLER experiment from getting the green light. 

Rough answer: largest shift to ALR comes from shift in sin2(θW). 
So, size of  higher order corrections to sin2(θW) should provide estimate of  higher order 
corrections to ALR. 

But to avoid any surprises, a full two-loop evaluation of  the asymmetry must be carried out.

Gong to two-loop:

Aleksejevs et. al. (2011, 2012, 2015)

Yong Du, Ayres Freitas, Hiren Patel, Michael Ramsey-Musolf  (2019 TBA)

Currently only two groups working on evaluation

+ Jia Zhou (2020 TBA)
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Method

Three challenges in doing calculation: 

1. Organization 

2. Bookkeeping of  O(103) diagrams, 

3. Evaluation of  two-loop integrals.
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1.  Organization
In addition to powers of  GF and e2, we organize the evaluation by counting number of  
closed loops in the two loop diagrams.

ALR =
GF

↵
(tree)

⇥
1 + ↵(NF a

(1)
1 + a(1)0 ) + ↵2(N2

F a
(2)
2 +NFa

(2)
1 + a(2)0 )

⇤
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Schematically,
one-loop two-loop

-0.39 +0.04

Diagrams drawn 
by Aleksejevs

One loop Two loop

Reasons: 
  - Diagrams with closed fermion loops are expected to be 'bigger' 
  - Diagrams with fewer closed fermion loops are harder to calculate 

1.00
we calculated these first

MOLLER 
2.4%

c.f.

Two 
fermion 

loops

One fermion loop
Zero fermion 
loop (bosonic)

One fermion 
loop

Zero fermion 
loop (bosonic)
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2.  Bookkeeping

Everything done using computer (Mathematica) 

Generate diagrams and amplitudes using FeynArts 

Two independent codes to proceed with calculation 
- In house codes developed by A. Freitas 
- Modified versions of  Package-X 

Regularization: 
  Naive Dim. Reg. for UV divergences 
  Photon/Electron mass for IR divergences 
  

T. Hahn (2000)

Hiren Patel (2016)
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3.  Evaluation of  Feynman Diagrams
1.  Take advantage of  separation of  scales in problem

m2
e
⌧ s,Q2 ⌧ M2

W
,M2

Z
,M2

H
,M2

t
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Construct an analytic expansion in large 
heavy masses (expansion by regions)

Z
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2.  Take advantage of  closed fermion loops

�
<latexit sha1_base64="V2j68dtu4Mv+rN4UyQDlkJm3NGU=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKYI4BLx4jmAckS+idzCZjZmaXmVkhhPyDFw+KePV/vPk3TpI9aGJBQ1HVTXdXlApurO9/e4WNza3tneJuaW//4PCofHzSMkmmKWvSRCS6E6FhgivWtNwK1kk1QxkJ1o7Gt3O//cS04Yl6sJOUhRKHiseconVSqzdEKbFfrvhVfwGyToKcVCBHo1/+6g0SmkmmLBVoTDfwUxtOUVtOBZuVeplhKdIxDlnXUYWSmXC6uHZGLpwyIHGiXSlLFurviSlKYyYycp0S7cisenPxP6+b2bgWTrlKM8sUXS6KM0FsQuavkwHXjFoxcQSp5u5WQkeokVoXUMmFEKy+vE5aV9XArwb315V6LY+jCGdwDpcQwA3U4Q4a0AQKj/AMr/DmJd6L9+59LFsLXj5zCn/gff4Ag+mPCw==</latexit><latexit sha1_base64="V2j68dtu4Mv+rN4UyQDlkJm3NGU=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKYI4BLx4jmAckS+idzCZjZmaXmVkhhPyDFw+KePV/vPk3TpI9aGJBQ1HVTXdXlApurO9/e4WNza3tneJuaW//4PCofHzSMkmmKWvSRCS6E6FhgivWtNwK1kk1QxkJ1o7Gt3O//cS04Yl6sJOUhRKHiseconVSqzdEKbFfrvhVfwGyToKcVCBHo1/+6g0SmkmmLBVoTDfwUxtOUVtOBZuVeplhKdIxDlnXUYWSmXC6uHZGLpwyIHGiXSlLFurviSlKYyYycp0S7cisenPxP6+b2bgWTrlKM8sUXS6KM0FsQuavkwHXjFoxcQSp5u5WQkeokVoXUMmFEKy+vE5aV9XArwb315V6LY+jCGdwDpcQwA3U4Q4a0AQKj/AMr/DmJd6L9+59LFsLXj5zCn/gff4Ag+mPCw==</latexit><latexit sha1_base64="V2j68dtu4Mv+rN4UyQDlkJm3NGU=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKYI4BLx4jmAckS+idzCZjZmaXmVkhhPyDFw+KePV/vPk3TpI9aGJBQ1HVTXdXlApurO9/e4WNza3tneJuaW//4PCofHzSMkmmKWvSRCS6E6FhgivWtNwK1kk1QxkJ1o7Gt3O//cS04Yl6sJOUhRKHiseconVSqzdEKbFfrvhVfwGyToKcVCBHo1/+6g0SmkmmLBVoTDfwUxtOUVtOBZuVeplhKdIxDlnXUYWSmXC6uHZGLpwyIHGiXSlLFurviSlKYyYycp0S7cisenPxP6+b2bgWTrlKM8sUXS6KM0FsQuavkwHXjFoxcQSp5u5WQkeokVoXUMmFEKy+vE5aV9XArwb315V6LY+jCGdwDpcQwA3U4Q4a0AQKj/AMr/DmJd6L9+59LFsLXj5zCn/gff4Ag+mPCw==</latexit><latexit sha1_base64="V2j68dtu4Mv+rN4UyQDlkJm3NGU=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKYI4BLx4jmAckS+idzCZjZmaXmVkhhPyDFw+KePV/vPk3TpI9aGJBQ1HVTXdXlApurO9/e4WNza3tneJuaW//4PCofHzSMkmmKWvSRCS6E6FhgivWtNwK1kk1QxkJ1o7Gt3O//cS04Yl6sJOUhRKHiseconVSqzdEKbFfrvhVfwGyToKcVCBHo1/+6g0SmkmmLBVoTDfwUxtOUVtOBZuVeplhKdIxDlnXUYWSmXC6uHZGLpwyIHGiXSlLFurviSlKYyYycp0S7cisenPxP6+b2bgWTrlKM8sUXS6KM0FsQuavkwHXjFoxcQSp5u5WQkeokVoXUMmFEKy+vE5aV9XArwb315V6LY+jCGdwDpcQwA3U4Q4a0AQKj/AMr/DmJd6L9+59LFsLXj5zCn/gff4Ag+mPCw==</latexit>

�
<latexit sha1_base64="V2j68dtu4Mv+rN4UyQDlkJm3NGU=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKYI4BLx4jmAckS+idzCZjZmaXmVkhhPyDFw+KePV/vPk3TpI9aGJBQ1HVTXdXlApurO9/e4WNza3tneJuaW//4PCofHzSMkmmKWvSRCS6E6FhgivWtNwK1kk1QxkJ1o7Gt3O//cS04Yl6sJOUhRKHiseconVSqzdEKbFfrvhVfwGyToKcVCBHo1/+6g0SmkmmLBVoTDfwUxtOUVtOBZuVeplhKdIxDlnXUYWSmXC6uHZGLpwyIHGiXSlLFurviSlKYyYycp0S7cisenPxP6+b2bgWTrlKM8sUXS6KM0FsQuavkwHXjFoxcQSp5u5WQkeokVoXUMmFEKy+vE5aV9XArwb315V6LY+jCGdwDpcQwA3U4Q4a0AQKj/AMr/DmJd6L9+59LFsLXj5zCn/gff4Ag+mPCw==</latexit><latexit sha1_base64="V2j68dtu4Mv+rN4UyQDlkJm3NGU=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKYI4BLx4jmAckS+idzCZjZmaXmVkhhPyDFw+KePV/vPk3TpI9aGJBQ1HVTXdXlApurO9/e4WNza3tneJuaW//4PCofHzSMkmmKWvSRCS6E6FhgivWtNwK1kk1QxkJ1o7Gt3O//cS04Yl6sJOUhRKHiseconVSqzdEKbFfrvhVfwGyToKcVCBHo1/+6g0SmkmmLBVoTDfwUxtOUVtOBZuVeplhKdIxDlnXUYWSmXC6uHZGLpwyIHGiXSlLFurviSlKYyYycp0S7cisenPxP6+b2bgWTrlKM8sUXS6KM0FsQuavkwHXjFoxcQSp5u5WQkeokVoXUMmFEKy+vE5aV9XArwb315V6LY+jCGdwDpcQwA3U4Q4a0AQKj/AMr/DmJd6L9+59LFsLXj5zCn/gff4Ag+mPCw==</latexit><latexit sha1_base64="V2j68dtu4Mv+rN4UyQDlkJm3NGU=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKYI4BLx4jmAckS+idzCZjZmaXmVkhhPyDFw+KePV/vPk3TpI9aGJBQ1HVTXdXlApurO9/e4WNza3tneJuaW//4PCofHzSMkmmKWvSRCS6E6FhgivWtNwK1kk1QxkJ1o7Gt3O//cS04Yl6sJOUhRKHiseconVSqzdEKbFfrvhVfwGyToKcVCBHo1/+6g0SmkmmLBVoTDfwUxtOUVtOBZuVeplhKdIxDlnXUYWSmXC6uHZGLpwyIHGiXSlLFurviSlKYyYycp0S7cisenPxP6+b2bgWTrlKM8sUXS6KM0FsQuavkwHXjFoxcQSp5u5WQkeokVoXUMmFEKy+vE5aV9XArwb315V6LY+jCGdwDpcQwA3U4Q4a0AQKj/AMr/DmJd6L9+59LFsLXj5zCn/gff4Ag+mPCw==</latexit><latexit sha1_base64="V2j68dtu4Mv+rN4UyQDlkJm3NGU=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKYI4BLx4jmAckS+idzCZjZmaXmVkhhPyDFw+KePV/vPk3TpI9aGJBQ1HVTXdXlApurO9/e4WNza3tneJuaW//4PCofHzSMkmmKWvSRCS6E6FhgivWtNwK1kk1QxkJ1o7Gt3O//cS04Yl6sJOUhRKHiseconVSqzdEKbFfrvhVfwGyToKcVCBHo1/+6g0SmkmmLBVoTDfwUxtOUVtOBZuVeplhKdIxDlnXUYWSmXC6uHZGLpwyIHGiXSlLFurviSlKYyYycp0S7cisenPxP6+b2bgWTrlKM8sUXS6KM0FsQuavkwHXjFoxcQSp5u5WQkeokVoXUMmFEKy+vE5aV9XArwb315V6LY+jCGdwDpcQwA3U4Q4a0AQKj/AMr/DmJd6L9+59LFsLXj5zCn/gff4Ag+mPCw==</latexit>

�
<latexit sha1_base64="V2j68dtu4Mv+rN4UyQDlkJm3NGU=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKYI4BLx4jmAckS+idzCZjZmaXmVkhhPyDFw+KePV/vPk3TpI9aGJBQ1HVTXdXlApurO9/e4WNza3tneJuaW//4PCofHzSMkmmKWvSRCS6E6FhgivWtNwK1kk1QxkJ1o7Gt3O//cS04Yl6sJOUhRKHiseconVSqzdEKbFfrvhVfwGyToKcVCBHo1/+6g0SmkmmLBVoTDfwUxtOUVtOBZuVeplhKdIxDlnXUYWSmXC6uHZGLpwyIHGiXSlLFurviSlKYyYycp0S7cisenPxP6+b2bgWTrlKM8sUXS6KM0FsQuavkwHXjFoxcQSp5u5WQkeokVoXUMmFEKy+vE5aV9XArwb315V6LY+jCGdwDpcQwA3U4Q4a0AQKj/AMr/DmJd6L9+59LFsLXj5zCn/gff4Ag+mPCw==</latexit><latexit sha1_base64="V2j68dtu4Mv+rN4UyQDlkJm3NGU=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKYI4BLx4jmAckS+idzCZjZmaXmVkhhPyDFw+KePV/vPk3TpI9aGJBQ1HVTXdXlApurO9/e4WNza3tneJuaW//4PCofHzSMkmmKWvSRCS6E6FhgivWtNwK1kk1QxkJ1o7Gt3O//cS04Yl6sJOUhRKHiseconVSqzdEKbFfrvhVfwGyToKcVCBHo1/+6g0SmkmmLBVoTDfwUxtOUVtOBZuVeplhKdIxDlnXUYWSmXC6uHZGLpwyIHGiXSlLFurviSlKYyYycp0S7cisenPxP6+b2bgWTrlKM8sUXS6KM0FsQuavkwHXjFoxcQSp5u5WQkeokVoXUMmFEKy+vE5aV9XArwb315V6LY+jCGdwDpcQwA3U4Q4a0AQKj/AMr/DmJd6L9+59LFsLXj5zCn/gff4Ag+mPCw==</latexit><latexit sha1_base64="V2j68dtu4Mv+rN4UyQDlkJm3NGU=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKYI4BLx4jmAckS+idzCZjZmaXmVkhhPyDFw+KePV/vPk3TpI9aGJBQ1HVTXdXlApurO9/e4WNza3tneJuaW//4PCofHzSMkmmKWvSRCS6E6FhgivWtNwK1kk1QxkJ1o7Gt3O//cS04Yl6sJOUhRKHiseconVSqzdEKbFfrvhVfwGyToKcVCBHo1/+6g0SmkmmLBVoTDfwUxtOUVtOBZuVeplhKdIxDlnXUYWSmXC6uHZGLpwyIHGiXSlLFurviSlKYyYycp0S7cisenPxP6+b2bgWTrlKM8sUXS6KM0FsQuavkwHXjFoxcQSp5u5WQkeokVoXUMmFEKy+vE5aV9XArwb315V6LY+jCGdwDpcQwA3U4Q4a0AQKj/AMr/DmJd6L9+59LFsLXj5zCn/gff4Ag+mPCw==</latexit><latexit sha1_base64="V2j68dtu4Mv+rN4UyQDlkJm3NGU=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKYI4BLx4jmAckS+idzCZjZmaXmVkhhPyDFw+KePV/vPk3TpI9aGJBQ1HVTXdXlApurO9/e4WNza3tneJuaW//4PCofHzSMkmmKWvSRCS6E6FhgivWtNwK1kk1QxkJ1o7Gt3O//cS04Yl6sJOUhRKHiseconVSqzdEKbFfrvhVfwGyToKcVCBHo1/+6g0SmkmmLBVoTDfwUxtOUVtOBZuVeplhKdIxDlnXUYWSmXC6uHZGLpwyIHGiXSlLFurviSlKYyYycp0S7cisenPxP6+b2bgWTrlKM8sUXS6KM0FsQuavkwHXjFoxcQSp5u5WQkeokVoXUMmFEKy+vE5aV9XArwb315V6LY+jCGdwDpcQwA3U4Q4a0AQKj/AMr/DmJd6L9+59LFsLXj5zCn/gff4Ag+mPCw==</latexit>

Represent fermion sub-loop integral as 
a dispersion relation



Hiren Patel SCIPP

Amplitudes and cross section contain soft (photon mass) 
and collinear (electron mass) singularities 

However, soft/collinear factorization ensures that these 
singularities cancel out in the asymmetry  

We are able to confirm exact analytical cancellation of  IR 
singularities, providing a crosscheck on our calculations

!10

Infrared divergences

ALR =
�R � �L

�R + �L
<latexit sha1_base64="vSJxpowyQ2pUPt4v2/NCo2LUsao=">AAACIXicbZDLSsNAFIYnXmu9RV26GSyCIJZEBLsRKm5cdFGLvUATwmQ6aYdOJmFmIpSQV3Hjq7hxoUh34ss4bQPV1h8Gfr5zDmfO78eMSmVZX8bK6tr6xmZhq7i9s7u3bx4ctmSUCEyaOGKR6PhIEkY5aSqqGOnEgqDQZ6TtD+8m9fYTEZJG/FGNYuKGqM9pQDFSGnlm5dZLa40M3kAnEAinjqT9EHkNeAFzW8vm8HwOPbNkla2p4LKxc1MCueqeOXZ6EU5CwhVmSMqubcXKTZFQFDOSFZ1EkhjhIeqTrrYchUS66fTCDJ5q0oNBJPTjCk7p74kUhVKOQl93hkgN5GJtAv+rdRMVVNyU8jhRhOPZoiBhUEVwEhfsUUGwYiNtEBZU/xXiAdJJKR1qUYdgL568bFqXZdsq2w9XpWolj6MAjsEJOAM2uAZVcA/qoAkweAav4B18GC/Gm/FpjGetK0Y+cwT+yPj+Ad4XorA=</latexit><latexit sha1_base64="vSJxpowyQ2pUPt4v2/NCo2LUsao=">AAACIXicbZDLSsNAFIYnXmu9RV26GSyCIJZEBLsRKm5cdFGLvUATwmQ6aYdOJmFmIpSQV3Hjq7hxoUh34ss4bQPV1h8Gfr5zDmfO78eMSmVZX8bK6tr6xmZhq7i9s7u3bx4ctmSUCEyaOGKR6PhIEkY5aSqqGOnEgqDQZ6TtD+8m9fYTEZJG/FGNYuKGqM9pQDFSGnlm5dZLa40M3kAnEAinjqT9EHkNeAFzW8vm8HwOPbNkla2p4LKxc1MCueqeOXZ6EU5CwhVmSMqubcXKTZFQFDOSFZ1EkhjhIeqTrrYchUS66fTCDJ5q0oNBJPTjCk7p74kUhVKOQl93hkgN5GJtAv+rdRMVVNyU8jhRhOPZoiBhUEVwEhfsUUGwYiNtEBZU/xXiAdJJKR1qUYdgL568bFqXZdsq2w9XpWolj6MAjsEJOAM2uAZVcA/qoAkweAav4B18GC/Gm/FpjGetK0Y+cwT+yPj+Ad4XorA=</latexit><latexit sha1_base64="vSJxpowyQ2pUPt4v2/NCo2LUsao=">AAACIXicbZDLSsNAFIYnXmu9RV26GSyCIJZEBLsRKm5cdFGLvUATwmQ6aYdOJmFmIpSQV3Hjq7hxoUh34ss4bQPV1h8Gfr5zDmfO78eMSmVZX8bK6tr6xmZhq7i9s7u3bx4ctmSUCEyaOGKR6PhIEkY5aSqqGOnEgqDQZ6TtD+8m9fYTEZJG/FGNYuKGqM9pQDFSGnlm5dZLa40M3kAnEAinjqT9EHkNeAFzW8vm8HwOPbNkla2p4LKxc1MCueqeOXZ6EU5CwhVmSMqubcXKTZFQFDOSFZ1EkhjhIeqTrrYchUS66fTCDJ5q0oNBJPTjCk7p74kUhVKOQl93hkgN5GJtAv+rdRMVVNyU8jhRhOPZoiBhUEVwEhfsUUGwYiNtEBZU/xXiAdJJKR1qUYdgL568bFqXZdsq2w9XpWolj6MAjsEJOAM2uAZVcA/qoAkweAav4B18GC/Gm/FpjGetK0Y+cwT+yPj+Ad4XorA=</latexit><latexit sha1_base64="vSJxpowyQ2pUPt4v2/NCo2LUsao=">AAACIXicbZDLSsNAFIYnXmu9RV26GSyCIJZEBLsRKm5cdFGLvUATwmQ6aYdOJmFmIpSQV3Hjq7hxoUh34ss4bQPV1h8Gfr5zDmfO78eMSmVZX8bK6tr6xmZhq7i9s7u3bx4ctmSUCEyaOGKR6PhIEkY5aSqqGOnEgqDQZ6TtD+8m9fYTEZJG/FGNYuKGqM9pQDFSGnlm5dZLa40M3kAnEAinjqT9EHkNeAFzW8vm8HwOPbNkla2p4LKxc1MCueqeOXZ6EU5CwhVmSMqubcXKTZFQFDOSFZ1EkhjhIeqTrrYchUS66fTCDJ5q0oNBJPTjCk7p74kUhVKOQl93hkgN5GJtAv+rdRMVVNyU8jhRhOPZoiBhUEVwEhfsUUGwYiNtEBZU/xXiAdJJKR1qUYdgL568bFqXZdsq2w9XpWolj6MAjsEJOAM2uAZVcA/qoAkweAav4B18GC/Gm/FpjGetK0Y+cwT+yPj+Ad4XorA=</latexit>

Yennie, Frautschi, Suura (1961) 
Kinoshita (1962)
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Renormalization

Hybrid renormalization scheme: 

On shell renormalization of  couplings and masses 
(subtraction point at Z pole), 

MS-bar renormalization for sin2(θW). 
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Preliminary Results

ALR =
GF

↵
(tree)

⇥
1 + ↵(NF a

(1)
1 + a(1)0 ) + ↵2(N2

F a
(2)
2 +NFa

(2)
1 + a(2)0 )

⇤
<latexit sha1_base64="tuuG+tZYqMrUQgiPD018kVQ7ijM="></latexit><latexit sha1_base64="tuuG+tZYqMrUQgiPD018kVQ7ijM="></latexit><latexit sha1_base64="tuuG+tZYqMrUQgiPD018kVQ7ijM="></latexit><latexit sha1_base64="tuuG+tZYqMrUQgiPD018kVQ7ijM="></latexit>

one-loop two-loop

−0.39 +0.04 −0.03 +0.021.00
ALR MOLLER 

2.4%

c.f.

Individually, NF2 and NF pieces at level of  accuracy of  MOLLER experiment. 
But sum largely cancels, and is below sensitivity (good news). 

We don't fully understand the cancellation yet (to be analyzed). 

These results are preliminary, and we are still performing crosschecks. 
Paper with results to come out soon (this year). 

Next: 
Complete evaluation of  purely bosonic contribution

??
(for one representative kinematic point)
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Backup
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Expansion by Regions
Smirnov (1999)

Big...
...small
=>drop

1

�M2
Z

Z
(dk)

kµk⌫

[(k + p1)2 +m2
e][(k + p2)2 �m2

e][(k + p3)2 �m2
� ]

<latexit sha1_base64="kbDJWPPq42OUQ33jaSCeyBKLk8g="></latexit><latexit sha1_base64="kbDJWPPq42OUQ33jaSCeyBKLk8g="></latexit><latexit sha1_base64="kbDJWPPq42OUQ33jaSCeyBKLk8g="></latexit><latexit sha1_base64="kbDJWPPq42OUQ33jaSCeyBKLk8g="></latexit>

I =

Z
(dk)

kµk⌫

[k2 �M2
Z ][(k + p1)2 +m2

e][(k + p2)2 �m2
e][(k + p3)2 �m2

� ]
<latexit sha1_base64="VsS+rXBOlE2nWP0Hgu5kYpP6oxg="></latexit><latexit sha1_base64="VsS+rXBOlE2nWP0Hgu5kYpP6oxg="></latexit><latexit sha1_base64="VsS+rXBOlE2nWP0Hgu5kYpP6oxg="></latexit><latexit sha1_base64="VsS+rXBOlE2nWP0Hgu5kYpP6oxg="></latexit>

Approximation leads to UV divergent integral

�1

M2
Z

⇣1
✏
+ ln

�µ2

�t

�
+ . . .

⌘

<latexit sha1_base64="//024T8olSMWwwUbQtnNb6sjRAI="></latexit><latexit sha1_base64="//024T8olSMWwwUbQtnNb6sjRAI="></latexit><latexit sha1_base64="//024T8olSMWwwUbQtnNb6sjRAI="></latexit><latexit sha1_base64="//024T8olSMWwwUbQtnNb6sjRAI="></latexit>

~

~

However, loop momentum may also be large, and may also give a contribution 
at same order in 1/MZ.
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Expansion by Regions

I =

Z
(dk)

kµk⌫

[k2 �M2
Z ][(k + p1)2 +m2

e][(k + p2)2 �m2
e][(k + p3)2 �m2

� ]
<latexit sha1_base64="VsS+rXBOlE2nWP0Hgu5kYpP6oxg="></latexit><latexit sha1_base64="VsS+rXBOlE2nWP0Hgu5kYpP6oxg="></latexit><latexit sha1_base64="VsS+rXBOlE2nWP0Hgu5kYpP6oxg="></latexit><latexit sha1_base64="VsS+rXBOlE2nWP0Hgu5kYpP6oxg="></latexit>

Big Big Big

Small

Z
(dk)

kµk⌫

[k2 �M2
Z ][k

2][k2][k2]
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Approximation leads to IR divergent integral

~

Smirnov (1999)

1

M2
Z

⇣1
✏
+ ln

� µ2

M2
Z

�
+ . . .

⌘
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~

But, after adding both approximations together

1

M2
Z

⇣1
✏
+ ln

� µ2

M2
Z

�
+ . . .

⌘
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�µ2

�t

�
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⌘
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+

(small k, previous slide)

~I
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(large k, this slide)

cancel
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Small Small

obtain correct asymptotic 
approximation


