
2024 EIC User Group  Early Career Workshop

 S U P E R V I S O R S :  D R .  A L E K S A N D R S  A L E K S E J E V S  A N D  D R .  S V E T L A N A  B A R K A N O VA

M A H U M M  G H A F FA R   

P H D  C A N D I D AT E  M E M O R I A L  U N I V E R S I T Y  O F  N E W F O U N D L A N D

/201

H I G H E R  O R D E R  E L E C T R O W E A K  
R A D I AT I V E  C O R R E C T I O N S  U S I N G  
C O VA R I A N T  A P P R O A C H

July 22,          Mahumm Ghaffar2024



July 22,      Mahumm Ghaffar2024 2024 EIC User Group  Early Career Workshop

TA B L E  O F  C O N T E N T S

/202



July 22,      Mahumm Ghaffar2024 2024 EIC User Group  Early Career Workshop

TA B L E  O F  C O N T E N T S

• MMMMMMMMMM

/202



July 22,      Mahumm Ghaffar2024 2024 EIC User Group  Early Career Workshop

TA B L E  O F  C O N T E N T S

• MMMMMMMMMM

• IIIIIIIIIIII II IIIIIIIII IIIIIIII

/202



July 22,      Mahumm Ghaffar2024 2024 EIC User Group  Early Career Workshop

TA B L E  O F  C O N T E N T S

• MMMMMMMMMM

• IIIIIIIIIIII II IIIIIIIII IIIIIIII

• FFFF FFFFFFFFFFF e−p                                        
gggggg

/202



July 22,      Mahumm Ghaffar2024 2024 EIC User Group  Early Career Workshop

TA B L E  O F  C O N T E N T S

• MMMMMMMMMM

• IIIIIIIIIIII II IIIIIIIII IIIIIIII

• FFFF FFFFFFFFFFF e−p                                        
gggggg

• PPPPPP PPPPPPPPP PPPPPPPPP PPPPPPPPPPPP PPP PPPPPPPPPPPPPPPPP PPPPPP PPP
ddddddddddddddd dddddd dddddddd

/202



July 22,      Mahumm Ghaffar2024 2024 EIC User Group  Early Career Workshop

TA B L E  O F  C O N T E N T S

• Motivation

• Introduction to covariant approach

• Full electroweak  scattering with tree level, NLO and NNLO level 
graphs

e−p

• Parity violating asymmetry calculations via leptonic/hadronic tensor for 
distinguishable target particle

• Results 

/202



July 22,      Mahumm Ghaffar2024 2024 EIC User Group  Early Career Workshop

M O T I VAT I O N

• The theory of Standard Model (SM)  unifies Electromagnetic, Weak and Strong interactions  can 
make predictions that match experiments to one part in ten billion.


• SM limitations  don’t include gravity, dark matter/dark energy existence, hierarchies of scale 
related to Higgs boson etc.


• Theoretical door open for Beyond the SM (BSM) physics to be observed at TeV scale  but till date 
no concrete evidence of BSM at 13 TeV centre-of-mass energy at LHC.


•  Low energy precision physics becomes important  provides a way to reach mass scales not 
directly accessible at existing high-energy colliders.


• We are doing precision physics with full electroweak Parity Violating Asymmetry ( )  achieve by 
calculating the higher order corrections up to NNLO ( ) using Covariant/ leptonic tensor approach.

→ →

→

→

→

APV →
α4
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PA R I T Y  V I O L AT I N G  A S Y M M E T R Y

• Formula:  ,  where:   and  


• For QED, , numerator contains just weak+electroweak cross 
terms.


• Denominator contains just QED terms as  (90 GeV)> (0.5 MeV)


•   

APV =
σR − σL

σR + σL
σR ∝ |MR|2 σL ∝ |ML|2

|MγR| = |MγL|

mZ me−

APV =
|MZZ|2

R − |MZZ|2
L + |MγZ|2

R − |MγZ|2
L

|Mγγ|2
R + |Mγγ|2

L

4
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• Elastic  scattering is studied up to the NNLO level considering all SM 
particles in the loop.


• A longitudinally polarized  scatters off an unpolarized proton target 


e−p

e−
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•Using covariant approach  calculated tree level, one-loop level and quadratic level 
scattering amplitudes squared along with the parity violating asymmetry.


→
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ū(p2)(− ·ιeΓμ
Z−p)u(p1)

Γμ
Z−p = fp

1 (t)γμ +
·ισμνqν

2M
fp
2 (t) + gp

1 (t)γμγ5



July 22,      Mahumm Ghaffar2024 2024 EIC User Group  Early Career Workshop

•Using covariant approach  calculated tree level, one-loop level and quadratic level 
scattering amplitudes squared along with the parity violating asymmetry.


→

6
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,  , where  

 and . 

av =
I3 − 2 sin2 θWQf

2 sin θW cos θW
ap =

I3

2 sin θW cos θW

Qf = − 1(e−) I3 = −
1
2
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• First introduced by Bardin and Shumeiko 
in 1976 (Nuclear Physics B127) to extract 
the infrared divergence from the lowest- 
order bremsstrahlung cross section.

• Recently used by Afanasev et al. (Phys. 
Rev. D 66) to calculate QED radiative 
corrections in processes of exclusive 
Pion electroproduction.

/207



/208

W H AT  I S  A  C O VA R I A N T  A P P R O A C H ?

μ−/ μ−/ μ−/
μ−/ μ−/



/208

W H AT  I S  A  C O VA R I A N T  A P P R O A C H ?

μ−/ μ−/ μ−/
μ−/ μ−/



/208

W H AT  I S  A  C O VA R I A N T  A P P R O A C H ?

μ−/ μ−/ μ−/
μ−/ μ−/



/208

W H AT  I S  A  C O VA R I A N T  A P P R O A C H ?

μ−/ μ−/ μ−/
μ−/ μ−/

�

�

γ

�� ����

� → � γ



/208

W H AT  I S  A  C O VA R I A N T  A P P R O A C H ?

μ

μ

γ

������

μ → μ γ

μ−/ μ−/ μ−/
μ−/ μ−/

�

�

γ

�� ����

� → � γ



/208

W H AT  I S  A  C O VA R I A N T  A P P R O A C H ?

μ

μ

γ

������

μ → μ γ

μ−/ μ−/ μ−/
μ−/ μ−/

�

�

γ

�� ����

� → � γ



July 22,      Mahumm Ghaffar2024 2024 EIC User Group  Early Career Workshop

C O VA R I A N T  A P P R O A C H  W I T H  L E P T O N I C - H A D R O N I C  
T E N S O R S

• The differential cross section of general lepton-lepton/hadron scattering can be 
obtained by: 


   or  


• where  is the hadronic tensor which in case of elastic  scattering:


         


where   and  are incoming and outgoing protons momenta. , , , ,  and 
 are the hadronic structure functions which can be extracted from experimental data.

dσ ∼ LμνLμν dσ ∼ LμνWμν

Wμν e−p

Wμν = H1gμν + H2p1μp1ν + H3p2μp2ν + H4p1μp2ν + H5p2μp1ν + H6ϵμ,ν,p1,p2

p1 p2 H1 H2 H3 H4 H5
H6
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Q E D  A N D  E L E C T R O W E A K  H A D R O N I C  C O U P L I N G S  
W I T H  F O R M  FA C T O R S

10

Γμ
γ−p(q2) = ·ιeCnp2 (f 2pγμ + gpγLγμω− + gpγRγμω+ −

f 2p(pμ
1 + pμ

2 )
2mp )

Γμ
Z−p(q2) = − ·ιeCnp2 (F2Wγμ + gpzLγμω− + gpzRγμω+ −

F2W(pμ
1 + pμ

2 )
2mp )

EW form factorF2W =
F2Vp − 4 sin2 θW f 2p

4 cos θW sin θW
→

Electric form factorgpγL = gpγR = f1p(0) →

gpz(L,R) =
F1Vp − 4 sin2 θW f1p ± G1p

4 sin θW cos θW

,    Cnp2 = ( Λ2

Λ2 − t )
2

Λ = 0.83 m2
p F(1,2)Vp = f(1,2)p − f(1,2)n

Axial form factorG1p = 1.267 →
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T R E E - L E V E L  L E P T O N I C  T E N S O R  ( - O R D E R )α

• For tree-level upper part of the diagram (say  scattering), one can calculate leptonic 
tensor which is:


                                     


where ,  are incoming and outgoing  momenta and  are tree level leptonic tensor 
structure functions.

e−p

L0
μν ∝ 4πα((l1)gμν + (l2)k2μk1ν + (l3)k1μk2ν + . . . )

k1 k2 e− l1,2..

/2012

|M|2 ∝
k1

k2 μν
2

Z/H/ /G0

�

�

γ

�� ����

� → � γ

μ

μ

γ
������

μ → μ γ

p/

p/

Z/H/ /G0

2

μν

.
k3

k4



13

One loop level

Examples

NLO level Graphs



13

�
�

γ
γ

�
�� ����

�
�

γ
�

�
�� ����

�
�

γ
γ

�
�� ����

�
�

γ
�

�
�� ����

�

�

γ�

�

�

�� ����

�

�

γ�

μ

μ

�� ����

�

�

γ�

τ

τ

�� ����

�

�

γ�

�

�

�� ����

�

�

γ�

�

�

�� ����

� → � γ

One loop level

Examples

NLO level Graphs



13

�
�

γ
γ

�
�� ����

�
�

γ
�

�
�� ����

�
�

γ
γ

�
�� ����

�
�

γ
�

�
�� ����

�

�

γ�

�

�

�� ����

�

�

γ�

μ

μ

�� ����

�

�

γ�

τ

τ

�� ����

�

�

γ�

�

�

�� ����

�

�

γ�

�

�

�� ����

� → � γ

�
�

�

�

�

�� ����

�
�

�

�

��

�� ����

�
�

�

�

�

�� ����

�
�

�

�

�

�� ����

�
�

�

�

�

�� ����

�

�

��

�

�

�� ����

�

�

��

μ

μ

�� ����

�

�

��

τ

τ

�� ����

�

�

��

�

�

�� ����

� → � �

One loop level

Examples

NLO level Graphs



13

�
�

γ
γ

�
�� ����

�
�

γ
�

�
�� ����

�
�

γ
γ

�
�� ����

�
�

γ
�

�
�� ����

�

�

γ�

�

�

�� ����

�

�

γ�

μ

μ

�� ����

�

�

γ�

τ

τ

�� ����

�

�

γ�

�

�

�� ����

�

�

γ�

�

�

�� ����

� → � γ

�
�

�

γ

�

�� ����

�
�

�

�

�

�� ����

�
�

�

�

��

�� ����

�
�

�

�

�

�� ����

�
�

�

γ

�

�� ����

�
�

�

�

�

�� ����

�

�

��

�

�

�� ����

�

�

��

μ

μ

�� ����

�

�

��

τ

τ

�� ����

� → � �

�
�

�

�

�

�� ����

�
�

�

�

��

�� ����

�
�

�

�

�

�� ����

�
�

�

�

�

�� ����

�
�

�

�

�

�� ����

�

�

��

�

�

�� ����

�

�

��

μ

μ

�� ����

�

�

��

τ

τ

�� ����

�

�

��

�

�

�� ����

� → � �

One loop level

Examples

NLO level Graphs



13

�
�

γ
γ

�
�� ����

�
�

γ
�

�
�� ����

�
�

γ
γ

�
�� ����

�
�

γ
�

�
�� ����

�

�

γ�

�

�

�� ����

�

�

γ�

μ

μ

�� ����

�

�

γ�

τ

τ

�� ����

�

�

γ�

�

�

�� ����

�

�

γ�

�

�

�� ����

� → � γ

�
�

�

γ

�

�� ����

�
�

�

�

�

�� ����

�
�

�

�

��

�� ����

�
�

�

�

�

�� ����

�
�

�

γ

�

�� ����

�
�

�

�

�

�� ����

�

�

��

�

�

�� ����

�

�

��

μ

μ

�� ����

�

�

��

τ

τ

�� ����

� → � �

�
�

�

�

�

�� ����

�
�

�

�

��

�� ����

�
�

�

�

�

�� ����

�
�

�

�

�

�� ����

�
�

�

�

�

�� ����

�

�

��

�

�

�� ����

�

�

��

μ

μ

�� ����

�

�

��

τ

τ

�� ����

�

�

��

�

�

�� ����

� → � �

�

�

���

�

�

�� �����

�

�

���

�

�

�� �����

�

�

���

�

�

�� �����

�

�

���

�

�

�� �����

�

�

���

�

�

�� �����

�

�

����

�

�

�� ��� ���

�

�

����

μ

μ

�� ��� ���

�

�

����

τ

τ

�� ��� ���

�

�

����

�

�

�� ��� ���

� → � ��

One loop level

Examples

NLO level Graphs



13

�
�

γ
γ

�
�� ����

�
�

γ
�

�
�� ����

�
�

γ
γ

�
�� ����

�
�

γ
�

�
�� ����

�

�

γ�

�

�

�� ����

�

�

γ�

μ

μ

�� ����

�

�

γ�

τ

τ

�� ����

�

�

γ�

�

�

�� ����

�

�

γ�

�

�

�� ����

� → � γ

�
�

�

γ

�

�� ����

�
�

�

�

�

�� ����

�
�

�

�

��

�� ����

�
�

�

�

�

�� ����

�
�

�

γ

�

�� ����

�
�

�

�

�

�� ����

�

�

��

�

�

�� ����

�

�

��

μ

μ

�� ����

�

�

��

τ

τ

�� ����

� → � �

�

�

γ

�

�

�

�� ����

�

�

γ

��

�

�

�� ����

�

�

γ

ν�

�

�

�� ����

�

�

γ

γ

�

�

�� ����

�

�

γ

�

�

�

�� ����

�

�

γ

ν�

�

�

�� ����

�

�

γ

ν�

�

�

�� ����

�

�

γ

ν�

�

�

�� ����

� → � γ

�
�

�

�

�

�� ����

�
�

�

�

��

�� ����

�
�

�

�

�

�� ����

�
�

�

�

�

�� ����

�
�

�

�

�

�� ����

�

�

��

�

�

�� ����

�

�

��

μ

μ

�� ����

�

�

��

τ

τ

�� ����

�

�

��

�

�

�� ����

� → � �

�

�

���

�

�

�� �����

�

�

���

�

�

�� �����

�

�

���

�

�

�� �����

�

�

���

�

�

�� �����

�

�

���

�

�

�� �����

�

�

����

�

�

�� ��� ���

�

�

����

μ

μ

�� ��� ���

�

�

����

τ

τ

�� ��� ���

�

�

����

�

�

�� ��� ���

� → � ��

One loop level

Examples

NLO level Graphs



13

�
�

γ
γ

�
�� ����

�
�

γ
�

�
�� ����

�
�

γ
γ

�
�� ����

�
�

γ
�

�
�� ����

�

�

γ�

�

�

�� ����

�

�

γ�

μ

μ

�� ����

�

�

γ�

τ

τ

�� ����

�

�

γ�

�

�

�� ����

�

�

γ�

�

�

�� ����

� → � γ

�
�

�

γ

�

�� ����

�
�

�

�

�

�� ����

�
�

�

�

��

�� ����

�
�

�

�

�

�� ����

�
�

�

γ

�

�� ����

�
�

�

�

�

�� ����

�

�

��

�

�

�� ����

�

�

��

μ

μ

�� ����

�

�

��

τ

τ

�� ����

� → � �

�

�

�

�

�

�

�� ����

�

�

�

��

�

�

�� ����

�

�

�

�

ν�

ν�

�� ����

�

�

�

�

�

��

�� ����

�

�

�

�

��

�

�� ����

�

�

�

ν�

�

�

�� ����

�

�

�

γ

�

�

�� ����

�

�

�

�

�

�

�� ����

�

�

�

�

ν�

ν�

�� ����

� → � �

�

�

γ

�

�

�

�� ����

�

�

γ

��

�

�

�� ����

�

�

γ

ν�

�

�

�� ����

�

�

γ

γ

�

�

�� ����

�

�

γ

�

�

�

�� ����

�

�

γ

ν�

�

�

�� ����

�

�

γ

ν�

�

�

�� ����

�

�

γ

ν�

�

�

�� ����

� → � γ

�
�

�

�

�

�� ����

�
�

�

�

��

�� ����

�
�

�

�

�

�� ����

�
�

�

�

�

�� ����

�
�

�

�

�

�� ����

�

�

��

�

�

�� ����

�

�

��

μ

μ

�� ����

�

�

��

τ

τ

�� ����

�

�

��

�

�

�� ����

� → � �

�

�

���

�

�

�� �����

�

�

���

�

�

�� �����

�

�

���

�

�

�� �����

�

�

���

�

�

�� �����

�

�

���

�

�

�� �����

�

�

����

�

�

�� ��� ���

�

�

����

μ

μ

�� ��� ���

�

�

����

τ

τ

�� ��� ���

�

�

����

�

�

�� ��� ���

� → � ��

One loop level

Examples

NLO level Graphs



13

�
�

γ
γ

�
�� ����

�
�

γ
�

�
�� ����

�
�

γ
γ

�
�� ����

�
�

γ
�

�
�� ����

�

�

γ�

�

�

�� ����

�

�

γ�

μ

μ

�� ����

�

�

γ�

τ

τ

�� ����

�

�

γ�

�

�

�� ����

�

�

γ�

�

�

�� ����

� → � γ

�
�

�

γ

�

�� ����

�
�

�

�

�

�� ����

�
�

�

�

��

�� ����

�
�

�

�

�

�� ����

�
�

�

γ

�

�� ����

�
�

�

�

�

�� ����

�

�

��

�

�

�� ����

�

�

��

μ

μ

�� ����

�

�

��

τ

τ

�� ����

� → � �

�

�

�

�

�

�

�� ����

�

�

�

��

�

�

�� ����

�

�

�

�

ν�

ν�

�� ����

�

�

�

�

�

��

�� ����

�

�

�

�

��

�

�� ����

�

�

�

ν�

�

�

�� ����

�

�

�

γ

�

�

�� ����

�

�

�

�

�

�

�� ����

�

�

�

�

ν�

ν�

�� ����

� → � �

�

�

γ

�

�

�

�� ����

�

�

γ

��

�

�

�� ����

�

�

γ

ν�

�

�

�� ����

�

�

γ

γ

�

�

�� ����

�

�

γ

�

�

�

�� ����

�

�

γ

ν�

�

�

�� ����

�

�

γ

ν�

�

�

�� ����

�

�

γ

ν�

�

�

�� ����

� → � γ

�
�

�

�

�

�� ����

�
�

�

�

��

�� ����

�
�

�

�

�

�� ����

�
�

�

�

�

�� ����

�
�

�

�

�

�� ����

�

�

��

�

�

�� ����

�

�

��

μ

μ

�� ����

�

�

��

τ

τ

�� ����

�

�

��

�

�

�� ����

� → � �

�

�

���

�

�

�� �����

�

�

���

�

�

�� �����

�

�

���

�

�

�� �����

�

�

���

�

�

�� �����

�

�

���

�

�

�� �����

�

�

����

�

�

�� ��� ���

�

�

����

μ

μ

�� ��� ���

�

�

����

τ

τ

�� ��� ���

�

�

����

�

�

�� ��� ���

� → � ��

One loop level

Examples

307 graphs

NLO level Graphs



July 22,      Mahumm Ghaffar2024 2024 EIC User Group  Early Career Workshop

N E X T  T O  T H E  L E A D I N G  O R D E R  ( N L O )  L E P T O N I C  
T E N S O R  ( - O R D E R )α2

• The NLO leptonic tensor can be obtained by multiplying tree-level upper diagram with the sum of one-
loop level self energy (SE) and triangular diagrams.


                  


Where  are leptonic structure functions which depend on the momentum transfer “ ” and written in 
terms of Passarino-Veltman integral functions. We used LoopTools Mathematica package to calculate them.


‣ In total 307 graphs SE and triangular graphs.

LNLO
μν = (m1)gμν + (m2)k1νk2μ + (m3)k1μk2ν + (m4)k1μk1ν + (m5)k2μk2ν + . . . . .

m1,2,3... t

/2014

2Re[ �

�

γ

�� ����

� → � γ

. ( �

�

γ

γ

�

�

�� ����

� → � γ

+
�

�

γγ

�

�

�� ����

� → � γ

) ]
†

k1

k2

k1

k2

k1

k2

, μ, τ, q

, μ, τ, q

Z/H/ /G0

Z/H/ /G0

Z/H/ /G0 /Z/H/G0



July 22,      Mahumm Ghaffar2024 2024 EIC User Group  Early Career Workshop

N E W  R E S U LT S :  Q E D  A N D  E L E C T R O W E A K  N N L O  
L E V E L  L E P T O N I C  T E N S O R  ( - O R D E R )α3

/2015

/Z

LNNLO
μν = (n1)gμν + (n2)k1νk2μ + (n3)k1μk2ν + (n4)k1μk1ν + (n5)k2μk2ν + . . .

‣ FEYNARTS and FORMCALC as base languages to 
calculate leptonic tensor structure functions.

‣ Kept the mass of electron.
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 Tree level, NLO and NNLO level    versus (e−p) APV θCM

Tree level, NLO and NNLO level  for  scattering versus 
 using QWEAK kinematics

APV e−p
θCM

……. NNLO  APV ∼ − 230 ppb
—— NLO APV ∼ − 239 ppb

 - - - - Tree  APV ∼ − 298.9 ppb

(Ebeam = 1.16 GeV, θCM = 14.60)
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 Tree level, NLO and NNLO level    versus (e−p) APV θCM

Tree level, NLO and NNLO level  for  scattering versus 
 using QWEAK kinematics

APV e−p
θCM

……. NNLO  APV ∼ − 230 ppb
—— NLO APV ∼ − 239 ppb

 - - - - Tree  APV ∼ − 298.9 ppb

QWEAK Measured 
∼ − 226.5 ± 7.3(statistical) ± 5.8(systematic) ppb

(Ebeam = 1.16 GeV, θCM = 14.60)
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N L O  A N D  N N L O  L E V E L  C O R R E C T I O N  FA C T O R S

• The correction factors depend upon the scattering angle  which appears in 
momentum transfer as


                                      


                                    

θ

t = (k2 − k1)2 = − 2 p2
in [1 − Cos(θ)]

/2017

pin = pout

where,

Corrected APV % = ( Tree level APV − (NLO, NNLO)APV

Tree level APV ) × 100
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NLO and NNLO level Corrected  versus APV θCM

NLO and NNLO level Corrected  Asymmetry with Correction 
factors in percentage for QWEAK kinematics

APV

……. NLO level Corrected  APV = 19.9 %

—— Quadratic level Corrected APV = 22.5 %

 - - - - Total Corrected  APV = 22.9 %

(θ = 14.60)
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 Tree level, NLO and NNLO level   versus (e−p) APV θCM

Tree level, NLO and NNLO level  for  scattering versus 
 using P2 kinematics

APV e−p
θCM

……. NNLO (Reducible Two loop)  APV ∼ − 71.6 ppb
—— NLO APV ∼ − 71.81 ppb
 - - - - Tree  APV ∼ − 95.6 ppb

(Ebeam = 155 MeV, θCM = 39.970)
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 Tree level, NLO and NNLO level   versus (e−p) APV θCM

Tree level, NLO and NNLO level  for  scattering versus 
 using P2 kinematics

APV e−p
θCM

……. NNLO (Reducible Two loop)  APV ∼ − 71.6 ppb
—— NLO APV ∼ − 71.81 ppb
 - - - - Tree  APV ∼ − 95.6 ppb

P2 Proposed  APV ∼ − 67.34 ppb

(Ebeam = 155 MeV, θCM = 39.970)
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R E S U LT S :

• For completeness, work in progress to include soft and hard photon 
bremsstrahlung cross sections in the results.


• Next goal is to consider the polarized proton target and study the  
effects in electron-proton scattering.


• We make predictions for the  NNLO level radiative corrections. These 
theoretical predictions will be important for many experimental programs 
such as QWEAK, P2, EIC and MOLLER (background studies) searching for 
physics beyond the Standard Model at the precision frontier.

APV

e−p

/2020



July 22,      Mahumm Ghaffar2024 2024 EIC User Group  Early Career Workshop

• We acknowledge the support of the Natural Sciences and Engineering 
Research Council of Canada (NSERC) for this project.

21



July 22,      Mahumm Ghaffar2024 2024 EIC User Group  Early Career Workshop

R E F E R E N C E S  F O R  B O X  D I A G R A M S

[1]  M. Gorchtein, Phys. Rev. C 73, 055201 
(2006) 


[2]  Peter G. Blunden et al., Physical Review 
Letters 91(14) 

/2022



23

Backup Slides



July 22,      Mahumm Ghaffar2024 2024 EIC User Group  Early Career Workshop

E L E C T R O W E A K  L E P T O N I C  T E N S O R  S T R U C T U R E  
F U N C T I O N S

• In case of tree level polarized  scattering: 


‣ With photon ( ) as a mediator  Five leptonic tensors


,  ,  ,  ,            


where   helicity reference vector of the incoming electron.


‣ With Z boson or Z mixing  Eight leptonic tensors 


,  ,  ,  ,  ,  ,  ,  

e−p

γ →

gμν kμ
2 kν

1 kμ
1 kν

2 ϵs1μνk1 ϵs1μνk2

s1 →

γ →

gμν kμ
2 sν

1 kν
2sμ

1 k1
μk2

ν kμ
2 kν

1 ϵs1μνk1 ϵs1μνk2 ϵμνk1k2
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N L O  L E V E L  A N D  Q U A D R AT I C  L E V E L  L E P T O N I C  
T E N S O R  S T R U C T U R E  F U N C T I O N S

25

• In case of one loop level polarized  scattering: 


‣ With photon ( ), Z boson or Z mixing  19 leptonic tensors 


• In case of quadratic level polarized  scattering: 


‣ With photon ( ), Z boson or Z mixing  21 leptonic tensors

e−p

γ γ →

e−p

γ γ →


