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W and Z production at the LHC via Drell-Yan Processes

Charged Current

Neutral Current

Motivation
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• Big cross section and clean experimental signature; which allows precise 

test of SM interactions.

• Allows to determine important parameters in electroweak sector, eg. W 

boson mass and s𝑖𝑛2𝜃𝑒𝑓𝑓
𝑙 . Together with top and Higgs masses, it 

provides constraint for the validity of SM.

• Important in search for new physics, eg. W’ and Z’ resonances.

• Important for constraining Parton Distribution Function (PDF), for detector 

calibration and determination of collider luminosity.  

W and Z production at the LHC

Motivation
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ATLAS Report on W mass (January 2017)

[ATLAS Collaboration.  arXiv preprint arXiv:1701.07240 (2017)]

Motivation

Currently at the LHC 𝑀𝑊 is extracted from 𝑀𝑇 and 𝑃𝑇 of the 𝑙𝜈 in W boson production.
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• W mass can be extracted from combining EW precision observables with 

accurate theoretical predictions.

• Given precise values of fine structure constant, Fermi constant, Z mass, 

recent measured values of top and Higgs, SM prediction of W mass (as a 

result of global electroweak fit) is:

W mass (Theory) 

M. Baak et al.

GFITTER 

J. de Blas et al.

HEPFIT

Motivation



‘-

7

• Including NLO (Next to Leading order) QED final state radiative effects to 

W production cross sections makes W mass to shift about 100 MeV - 200 

MeV. 

• Including final state multiple photon radiation to all orders includes an 

additional shift of order -10% of the 𝑂(𝛼).

• Fixed order QCD effects are known up to NNLO.  

• Given that QED effects are so large one also needs to control Mixed EW-

QCD corrections at 𝑂(𝛼𝛼𝑠) when aiming for 10 MeV precision.

• Different subsets of corrections became available in the past years in 

codes that simulate QCD or purely EW effects.

• Combination of QCD and EW effect is important step to develop next MC 

programs for DY processes at the LHC. Preliminary studies of 

approximation to 𝑂(𝛼𝛼𝑠) has shown that these effects are not negligible.

Why 𝑂(𝛼𝛼𝑠) corrections ?

Motivation
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Mixed QCD-EW correction in pole approximation 

Motivation

[Huss et. al. 2016]
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Mixed QCD-EW correction enhancement at higher energy 

[Campbell, John M., Doreen Wackeroth, and Jia Zhou. "Study of weak corrections to Drell-Yan, top-quark 

pair, and dijet production at high energies with MCFM." Physical Review D 94.9 (2016): 093009]

Motivation

(Z boson 

invariant Mass)



‘-

10

• NNLO QCD and QED corrections [Hamberg et al ’91],[Anastasiou et al 

‘03,’04],[Melnikov,Petriello ‘06],[Stefano et al ’07]

• NNLO Mixed QCD-EW corrections to decay of W & Z boson. [Kuhn et al ‘96],[Kara 

‘13]

• NNLO Mixed QCD-EW corrections to Z production form factors [Kotikov et al ‘08]

• NNLO QCD-QED virtual corrections to lepton pair production. [Kilgore et al ‘12]

• NNLO Mixed QCD-EW virtual corrections to DY production of W and Z bosons 

[Bonciani ‘11]

• Double real contribution to total cross section for on-shell single gauge boson 

production. [Bonciani et al 2016]

• NNLO Mixed QCD-EW corrections adopting pole approximation. [Dittmaier, Huss, 

Schwinn ‘14,’16]

• QCD×QED [O(𝛼𝛼𝑠)] mixed and QED2 [O(𝛼2)] corrections to the production of an 

on-shell Z boson [Florian, Ignacio 2018]

• To do :  Complete NNLO Mixed QCD-EW corrections for W and Z production in a 

fully flexible Monte Carlo program.

Examples of 𝑂(𝛼𝛼𝑠) calculations for W and Z production

Mixed QCD-EW corrections to DY Processes
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Structure of the fixed order prediction 

Mixed QCD-EW corrections to DY Processes

[Alexander Huss ‘14]
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Structure of the fixed order prediction 

Mixed QCD-EW corrections to DY Processes

[Alexander Huss ‘14]
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Born interfered double virtual corrections at 𝑂(𝛼𝛼𝑠)

[Alexander Huss ‘14]

Mixed QCD-EW corrections to DY Processes
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Born interfered double virtual corrections at 𝑂(𝛼𝛼𝑠)

[Alexander Huss ‘14]

Mixed QCD-EW corrections to DY Processes
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Double virtual corrections to W and Z boson production at 
𝑂(𝛼𝛼𝑠)

[Bonciani ’11]



‘-

16

Double virtual corrections to W and Z boson production at 
𝑂(𝛼𝛼𝑠)

Set 1 Set 2 Set 3
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Double virtual corrections to W and Z boson production at 
𝑂(𝛼𝛼𝑠)

Set 4 Set 5 Set 6
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Double virtual corrections to W and Z boson production at 
𝑂(𝛼𝛼𝑠)

Set 7 Set 8 Set 9
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Form Factors

Most general Matrix element of the vector and axial vector current 

between spin ½ fermions:

[Czarnecki, Krause ‘96]

Technical Details



‘-

20

Form Factors

Technical Details

Matrix Element for

vertex type diagram: 

Vertex function:

where,

Projector for 

form factors :
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Form Factors

Technical Details

Condition to 

extract 𝐹1 :

Vertex for massless

fermions:
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A sample extraction of form factor

Numerator:

(ignoring color 

factor and 

coupling 

constant)

Projector:

Technical Details
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A sample extraction of form factor

Technical Details

After taking the trace we will be left with sum of numerous Lorentz invariant functions. 

Each of them have to be integrated over the loop momenta. The number of integrals 

can easily exceed hundreds. 

But these integrals are not independent. Most of them can be written as a linear

combination of a few integrals, which we call Master Integrals. By using the 

Integration by Parts (IBP) identity we can figure out these relations.
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Formfactor 𝐹1

Prefactor: 

Where 𝑁 =
𝑖𝜋

𝐷
2Γ 3−

𝐷

2

2𝜋 𝐷 , 𝐶2 =
𝜇2

𝑀𝑊
2

𝜖

, 𝐷 = 4 − 2𝜖 , 𝑥 = −
𝑠

𝑀𝑊
2

After taking the trace and performing IBP reduction, we are left with handful of Master Integrals

which are taken from available literature. [Bonciani et al ‘03,’04], 

[Bonciani, Di Vita, Mastrolia, Schubert ’16]. Finally the  𝐹1 Formfactor is following: 

Technical Details

Preliminary Result
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Numerical Evaluation

Master integrals for diagrams with maximum 

1 internal mass can be written in terms of

HPLs (Harmonic Polylogarithms). Many packages 

or Libraries are available to evaluate them.  

Master integrals for diagrams with 2 internal mass

are written in terms of GHPLs (Generalized Harmonic

Polylogarithms). One way to evaluate them is 

to convert them to GPLs (Goncharov Polylogs) 

with linear weights [Bonciani et al ‘10]. 

Technical Details
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GPL, HPL, GHPL

Technical Details

GPL

HPL

GHPL
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Software Tools

Graph Generation: QGRAF (P. Nogueira), FeynArt (Thomas Hahn et al.), DIANA (M. 

Tentiyukov) etc

Amplitude and Trace Calculation: FORM (Jos Vermaseren), FormCalc (Thomas 

Hahn), FeynCalc (R. Mertig et al.) etc

IBP Reduction: FIRE (Smirnov), LiteRed (R. Lee), REDUZE2 (von Manteuffel et. al), 

AIR, CRUSHER, Kira, Finred etc

Numerical Evaluation of HPL & GPL: Chaplin (Duhr et al.), GiNaC C++ Library 

(Vollinga et al.), HPL Mathematica Package (Maitre) etc

Technical Details
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Behavior of the finite part of 𝐹1 in physical region

Where 𝑁 =
𝑖𝜋

𝐷
2Γ 3−

𝐷

2

2𝜋 𝐷 , 𝐶2 =
𝜇2

𝑀𝑊
2

𝜖

, 𝐷 = 4 − 2𝜖 , 𝑥 = −
𝑠

𝑀𝑊
2

1000 points

Runtime: 43.26 s

<3.70 GHz Single Core

Xenon Processor

31.3 GiB>

Preliminary Result
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Behavior of the finite part of 𝐹1 in physical region

Where 𝑁 =
𝑖𝜋

𝐷
2Γ 3−

𝐷

2

2𝜋 𝐷 , 𝐶2 =
𝜇2

𝑀𝑊
2

𝜖

, 𝐷 = 4 − 2𝜖 , 𝑥 = −
𝑠

𝑀𝑊
2

1000 points

Runtime: 4.52 s

Preliminary Result
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Total Z boson Production form factor (QCD×EW)

Where 𝑁 =
𝑖𝜋

𝐷
2Γ 3−

𝐷

2

2𝜋 𝐷 , 𝐶1=
𝜇2

𝑀𝑍
2

𝜖

, 𝐷 = 4 − 2𝜖

Preliminary Result
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Total Z boson Production form factor (QCD×EW)

Where 𝑁 =
𝑖𝜋

𝐷
2Γ 3−

𝐷

2

2𝜋 𝐷 , 𝐶1=
𝜇2

𝑀𝑍
2

𝜖

, 𝐷 = 4 − 2𝜖

Preliminary Result
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Total Z boson Production form factor (QCD×EW)

Where 𝑁 =
𝑖𝜋

𝐷
2Γ 3−

𝐷

2

2𝜋 𝐷 , 𝐶1=
𝜇2

𝑀𝑍
2

𝜖

, 𝐷 = 4 − 2𝜖

Preliminary Result
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Total Z boson Production form factor (QCD×EW)

Where 𝑁 =
𝑖𝜋

𝐷
2Γ 3−

𝐷

2

2𝜋 𝐷 , 𝐶1=
𝜇2

𝑀𝑍
2

𝜖

, 𝐷 = 4 − 2𝜖

Preliminary Result
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Total Z boson Production form factor (QCD×EW)

Where 𝑁 =
𝑖𝜋

𝐷
2Γ 3−

𝐷

2

2𝜋 𝐷 , 𝐶1=
𝜇2

𝑀𝑍
2

𝜖

, 𝐷 = 4 − 2𝜖

Preliminary Result
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Total Z boson Production form factor (QCD×QED)

Where 𝑁 =
𝑖𝜋

𝐷
2Γ 3−

𝐷

2

2𝜋 𝐷 , 𝐶1=
𝜇2

𝑀𝑍
2

𝜖

, 𝐷 = 4 − 2𝜖

Preliminary Result
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Initial Final type corrections at 𝑂(𝛼𝛼𝑠)

[Alexander Huss ‘14]

Mixed QCD-EW corrections to DY Processes
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Master integrals for Initial Final type corrections at 𝑂(𝛼𝛼𝑠)

Mixed QCD-EW corrections to DY Processes
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Real Virtual Corrections

Mixed QCD-EW corrections to DY Processes

[Alexander Huss ‘14]
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𝑞ഥ𝑞′ channel Feynman diagrams for Real-Virtual Corrections 
to W/Z production at 𝑂(𝛼𝛼𝑠)
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𝑞ഥ𝑞′ channel Feynman diagrams for Real-Virtual Corrections 
to W/Z production at 𝑂(𝛼𝛼𝑠)
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𝑞ഥ𝑞′ channel Feynman diagrams for Real-Virtual Corrections 
to W/Z production at 𝑂(𝛼𝛼𝑠)

Preliminary Result



‘-

42

𝑞ഥ𝑞′ channel Feynman diagrams for Real-Virtual Corrections 
to W/Z production at 𝑂(𝛼𝛼𝑠)

[J Ohnemus ’93]

Preliminary Result
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Master Integrals for Real-Virtual Corrections to W/Z 
production at 𝑂(𝛼𝛼𝑠)

family1 family2 family3 family4
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Master Integrals for Real-Virtual Corrections to W/Z 
production at 𝑂(𝛼𝛼𝑠)

family5 family6 family7 family8
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QCD QED Correction to Z boson production
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2 loop photon-quark-antiquark QCD vertex form factor

(Sven-Olaf 

Moch et al. 

2005)
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2 loop photon-quark-antiquark QCD vertex form factor

Expected:

(Sven-Olaf 

Moch et al. 

2005)

Calculated 

(ignoring 

coupling terms):

Polygamma :

Harmonic 

Number:
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2 loop photon-quark-antiquark QCD vertex form factor

Expected:

Calculated 

(ignoring color 

factors):
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2 loop photon-quark-antiquark QCD vertex form factor

Expected:

Calculated 

(ignoring color 

factors):
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2 loop photon-quark-antiquark QCD vertex form factor

Expected:

Calculated 

(ignoring color 

factors):
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2 loop photon-quark-antiquark QCD vertex form factor

Expected:

Calculated 

(ignoring color 

factors):
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- Matrix elements of Real-Virtual, Double Real and double virtual pieces for the on 

shell vector boson production via DY mechanism are collected. They are ready to 

be implemented in an in-house Monte Carlo.

- Master integrals keeping the lepton mass in the final state up to logarithmic terms 

can play an important role for the full calculation . With our available technology we 

can evaluate them in terms of GPLs. The work is in progress.     

Outlook

Matthias 

Heller, Andreas von 

Manteuffel, Robert M. 

Schabinger, 2019

Full DY 

QCD-EW

Virtual

Corrections

https://arxiv.org/search/hep-th?searchtype=author&query=Heller,+M
https://arxiv.org/search/hep-th?searchtype=author&query=von+Manteuffel,+A
https://arxiv.org/search/hep-th?searchtype=author&query=Schabinger,+R+M
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● Thank You
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EXTRA SLIDES
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Consistency Checks:

Should

be equal 

to each 

other

All the Master Integrals are checked against SecDec

both in Eucledian and physical regions.
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GHPL
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GHPL
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ATLAS Report on W mass 

Motivation
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Lepton transverse momenta distribution

Motivation
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Missing transverse momenta distribution

EXTRA SLIDES
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EXTRA SLIDES
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EXTRA SLIDES
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Issues with Gamma5

● We can stick to anticommuting γ5 in D dimension. Its fine as 

long as we have only traces with even number of γ5. This is 

called Naive dimensional regularization.

● We can put additional prescriptions to compute trace. For 

example Kreimer’s prescription [Kreimer, 1990] or Larin 

prescription [Larin et al., 1993]. 

● Or, we can accept γ5 is a purely 4 dimensional object and 

does not anticommute with D dimensional Dirac matrices. [‘t 

Hooft and Veltman, 1972]

Resolution:
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EXTRA SLIDES


