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Plan
• Introduction (why bother ?)

• The current status

• The theoretical issues

• A few phenomenological implications
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PRECISION MEASUREMENTS AT THE LHC
• A very impressive SM cross section measurements at the LHC

•  many processes are at percent even subpercent level

In order to fully exploit these data, theoretical calculations are crucial to keep pace !
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WHY WE CARE EW CORRECTIONS ?
•  LHC will run (ran) at 14 (13) TeV and future colliders at 100 TeV

•  energy reaches deeper into multi-TeV region & high integrated luminosity
•  many processes (even rare processes before) reach precision era (precent)

•  NLO QCD becomes standard: automation (e.g. MG5_aMC)
•  scale uncertainty reaches to 10% level
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Alwall, Frederix, Frixione, Hirschi, Maltoni, Mattelaer, HSS, Stelzer, Torrielli, Zaro JHEP’14
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Gehrmann-de Ridder et al. JHEP’16

also see Boughezal et al. PRL’16
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GENERAL FEATURE OF EW CORRECTIONS 

The “femto-universe” 
size = factorization scale µF  
(“arbitrary”) 

 
 

Short-distance cross section 
 
predictable using perturbative QCD 

Parton distribution  
functions  
(from experiment) 

�(pp ! Z +X) =

Z
dx1dx2f(x1, µF )f(x2, µF )�̂(↵s, µF , µR)
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�̂(↵s, µF , µR) = [↵s(µR)]
n


�̂(0) +

↵s

2⇡
�(1)(µF , µR) +

⇣↵s

2⇡

⌘2
�̂(2)(µF , µR) + · · ·

�

Q
C
DLO NLO NNLO
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Q
C
DLO NLO NNLO

�̂(↵s,↵, µF , µR) = [↵s(µR)]
n↵m


�̂(0,0) +

↵s
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�(1,0)(µF , µR) +

⇣↵s
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�̂(2,0)(µF , µR) + · · ·

+
↵

2⇡
�(0,1)(µF , µR) +

⇣ ↵
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⌘2
�̂(0,2)(µF , µR) + · · ·

E
W

+
X

i�1

X

j�1

⇣↵s

2⇡

⌘i ⇣ ↵

2⇡

⌘j
�̂(i,j)(µF , µR)

3

5
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• So far, it seems obvious that EWC is just one more      expansion wrt Born        ↵
• Situation may be more complicated        

• There may present several order contributions in Born (e.g. dijet)
• The usually ignored off-shell effect may be important �/M ' ↵
• Photon PDF will be quite relevant, which is usually poorly determined (? LUXqed)
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Wednesday, January 29, 20



RPP2020, X Hua-Sheng Shao7

ENHANCE EW CORRECTIONS 
• Enhance EWC by Yukawa coupling

Wednesday, January 29, 20



RPP2020, X Hua-Sheng Shao7

ENHANCE EW CORRECTIONS 
• Enhance EWC by Yukawa coupling
• e.g. H+2jets at LHC, EWC  ~                  ~ 5%  ↵

⇡s2w

M2
t

M2
W

Wednesday, January 29, 20



RPP2020, X Hua-Sheng Shao7

ENHANCE EW CORRECTIONS 
• Enhance EWC by Yukawa coupling
• e.g. H+2jets at LHC, EWC  ~                  ~ 5%  ↵

⇡s2w

M2
t

M2
W

• Enhance EWC by electromagnetic logarithms

Wednesday, January 29, 20



RPP2020, X Hua-Sheng Shao7

ENHANCE EW CORRECTIONS 
• Enhance EWC by Yukawa coupling
• e.g. H+2jets at LHC, EWC  ~                  ~ 5%  ↵

⇡s2w

M2
t

M2
W

• Enhance EWC by electromagnetic logarithms
• Initial-state radiation at electron-positron collision, EWC ~                   ~ 3% ↵ log

M2
Z

m2
e

Wednesday, January 29, 20



RPP2020, X Hua-Sheng Shao7

ENHANCE EW CORRECTIONS 
• Enhance EWC by Yukawa coupling
• e.g. H+2jets at LHC, EWC  ~                  ~ 5%  ↵

⇡s2w

M2
t

M2
W

• Enhance EWC by electromagnetic logarithms
• Initial-state radiation at electron-positron collision, EWC ~                   ~ 3% ↵ log

M2
Z

m2
e

• Final-state radiation for exclusive muon, EWC ~                   ~ 2% ↵ log

M2
Z

m2
µ

Wednesday, January 29, 20



RPP2020, X Hua-Sheng Shao7

ENHANCE EW CORRECTIONS 
• Enhance EWC by Yukawa coupling
• e.g. H+2jets at LHC, EWC  ~                  ~ 5%  ↵

⇡s2w

M2
t

M2
W

• Enhance EWC by electromagnetic logarithms
• Initial-state radiation at electron-positron collision, EWC ~                   ~ 3% ↵ log

M2
Z

m2
e

• Final-state radiation for exclusive muon, EWC ~                   ~ 2% ↵ log

M2
Z

m2
µ

• Enhance EWC by EW Sudakov logarithms

Wednesday, January 29, 20



RPP2020, X Hua-Sheng Shao7

ENHANCE EW CORRECTIONS 
• Enhance EWC by Yukawa coupling
• e.g. H+2jets at LHC, EWC  ~                  ~ 5%  ↵

⇡s2w

M2
t

M2
W

• Enhance EWC by electromagnetic logarithms
• Initial-state radiation at electron-positron collision, EWC ~                   ~ 3% ↵ log

M2
Z

m2
e

• Final-state radiation for exclusive muon, EWC ~                   ~ 2% ↵ log

M2
Z

m2
µ
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⇠ �cLL
↵

⇡s2w
log

2 Q2

M2
W

+ cNLL
3↵

⇡s2w
log

Q2

M2
W

+ · · ·

Leading Log Next-to-Leading Log

soft collinear

e.g.
Q = 1 TeV �cLL ⇥ 26% + cNLL ⇥ 16%
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Large +QCD corr. cancel 
with large -EW corr.

QCDxEW differs 
significantly wrt QCD+EW
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• e.g. Drell-Yan at large invariant mass receives large contributions from small t Dittmaier et al. ’10 
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EW IN HIGH-ENERGY SCATTERINGS

Plot by M. Schonherr at Durham U.

• BSM effects are expected to 
be enhanced in the high-
energy scatterings 

• -> motivated BSM search go to 
the tail

• EW corr. increase up to tens of 
percent due to EW Sudakov 
logs

• The EW log resummation is still 
not mandatory@ (HL-)LHC as 

↵L ⌧ 1
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The Automation Era

9

Wednesday, January 29, 20



RPP2020, X Hua-Sheng Shao10

AUTOMATION TOOLS FOR EW CORRECTIONS 
• Automation tools for EWC so far (not as much as for QCD corr.)
• MadGraph5_aMC@NLO Frederix, Frixione, Hirschi, Pagani, HSS, Zaro JHEP’18

• Openloops+Sherpa Buccioni, Lang, Lindert, Maierhofer, Pozzorini, Zhang, Zoller (1907.13071)+ Schonherr EPJC’18

• Recola+Sherpa Biedermann, Brauer, Denner, Pellen, Schumann, Thompson EPJC’17

• GoSam+Sherpa Cullen, Greiner, Heinrich, Luisoni, Mastrolia, Ossola, Reiter, Tramontano

• Complications in EWC wrt QCD corrections (fixed order only)
• More contributions like Feynman diagrams, off-shell currents

• Usually involve many different mass scales (a problem of  numerical stability)

• Need to proper treat gamma5 issue for the chiral currents

• Need to well implement complex mass scheme to treat unstable particles

• More complicated CT vertices, e.g. top mass renormalization

• Need to deal with expansion into QCD and EW couplings
• It is necessary to properly treat the photon

Wednesday, January 29, 20
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VALIDATION: AN EXAMPLE
• Extensive validation among various tools is extremely important

• Better being correct and slow than being wrong and fast

Les Houches SM report 2017 (1803.07977)
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MADGRAPH5_AMC@NLO IN A NUTSHELL
Alwall, Frederix, Frixione, Hirschi, Maltoni, Mattelaer, HSS, Stelzer, Torrielli, Zaro JHEP’14

4 commands for a NLO calculation

> ./bin/mg5_aMC
> generate process [QCD]
> output
> launch
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MADGRAPH5_AMC@NLO IN A NUTSHELL
Alwall, Frederix, Frixione, Hirschi, Maltoni, Mattelaer, HSS, Stelzer, Torrielli, Zaro JHEP’14

4 commands for a NLO calculation

> ./bin/mg5_aMC
> generate process [QCD]
> output
> launch

complete automation for 
QCD+EW

> ./bin/mg5_aMC
> generate process [QCD QED]
> output
> launch

Frederix, Frixione, Hirschi, Pagani, HSS, Zaro JHEP’18
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MADGRAPH5_AMC@NLO: COMPLETE NLO
• Generation syntax for any LO and NLO (in v3.X):

Frederix, Frixione, Hirschi, Pagani, HSS, Zaro JHEP’18

Wednesday, January 29, 20



RPP2020, X Hua-Sheng Shao15

MADGRAPH5_AMC@NLO: NLO EW
• Examples:

LO1

NLO2

-15
-10
-5
 0
 5

 10
 15

δ E
W

 [%
]

e+νe e+νej e+νejj e+e- e+e-j e+e-jj e+e-µ+µ- e+νeµ
-ν-µ

Ma
dG
ra
ph
5_
aM
C@
NL
O

-15
-10
-5
 0
 5

 10
 15

δ E
W

 [%
]

He+νe He+e- Hjj W+W-W+ ZZW+ ZZZ HZZ HZW+

Ma
dG
ra
ph
5_
aM
C@
NL
O

-15
-10
-5
 0
 5

 10
 15

δ E
W

 [%
]

HHW+ HHZ tt-W+ tt-Z tt-H jjj tj tt-j

Ma
dG
ra
ph
5_
aM
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MADGRAPH5_AMC@NLO: NLO EW
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MADGRAPH5_AMC@NLO: COMPLETE NLO
• Examples:

Frederix, Frixione, Hirschi, Pagani, HSS, Zaro JHEP’18
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Theoretical Issues
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AN OVERVIEW OF SUBTLETIES
• How bright of  the proton (the initial photon) ?

solved
open
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• Photons and massless leptons must be part of  a jet (IR safety)
• But to what extent ? Democratic (simplest but a big disadvantage) ?
• Better: tagging photons and leptons and/or anti-tagging jets via FFs
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• However, there are subtleties in the complex-mass scheme
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• In the simultaneous presence of  QCD and EW corrections:
• no general solution because PS is classic (as opposed to quantum)

• some dedicated approximated solutions exist for a few case studies
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PHOTON PDF: THE LUXQED APPROACH
• How bright of  the proton (the initial photon) ?

• Photon PDF written in terms of  inclusive DIS structure functions
• elastic component given by magnetic/electric form factors from A1 + dipole
• inelastic source:

• resonance region : (mp +m⇡)
2 < W 2 < 3.5 GeV2

• low-Q2 continuous region : W 2 > 3.5 GeV2 and Q2 < 9 GeV2

• high-Q2 continuous region : 

Manohar, Nason, Salam, Zanderighi PRL’16, JHEP’17

W 2 > 3.5 GeV2 and Q2 > 9 GeV2
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JET DEFINITIONS
• Jet in QCD
• a cluster of  hadronic objects 
• At parton level, cluster all massless quarks and gluons

• Jet with both strong and electromagnetic radiations
• Unambiguous and well defined up to all orders in perturbative QCD

• democratic jet: a cluster of  hadronic and electromagnetic objects 
• At parton level, cluster all massless quarks/leptons and gluons/photons 
• How to define leptons and photons in terms of  jets ? 

• QCD parton-photon recombination in jet processes

Frederix, Frixione, Hirschi, Pagani, HSS, Zaro JHEP’16
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• Unambiguous and well defined up to all orders in perturbative QCD

• democratic jet: a cluster of  hadronic and electromagnetic objects 
• At parton level, cluster all massless quarks/leptons and gluons/photons 
• How to define leptons and photons in terms of  jets ? 

• QCD parton-photon recombination in jet processes
• Hard photon containing gluon is not QCD IR safe
• hard photon containing quark is not QED IR safe
• Two current methods for second issue: FF and close quark-photon = quark

Denner, Hofer, Scharf, Uccirati’14 Kallweit, Lindert, Maierhofer, Pozzorini, Schonherr,’14

• For the first issue: they both use a cut on the energy fraction of  photon

• Cut on the energy fraction of  photon is not always working
q

γ

Frederix, Frixione, Hirschi, Pagani, HSS, Zaro JHEP’16
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• hard photon containing quark is not QED IR safe
• Two current methods for second issue: FF and close quark-photon = quark

Denner, Hofer, Scharf, Uccirati’14 Kallweit, Lindert, Maierhofer, Pozzorini, Schonherr,’14

• For the first issue: they both use a cut on the energy fraction of  photon

• Cut on the energy fraction of  photon is not always working

• Photon jet
• A tagged photon with the FFs (not well determined bar quark-to-photon)

democratic n-jets n-jets with k photon jetsantitag n-jets

Frederix, Frixione, Hirschi, Pagani, HSS, Zaro JHEP’16
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PHOTON & LEPTON DEFINITIONS
• What is a photon ?
• There are two types of  “photon”:

• short-distance photon same as QCD parton
• long-distance photon (tagged or observed)

• A tagged photon must be defined through FFs (like any other hadrons)

D�
� (z, µ) =

↵(0)

↵sd
�(1� z) +O(↵2)

tagged photon is using 
↵(0) scheme

• What is a lepton ?
• bare lepton: keep lepton massive
• dressed lepton: massless lepton and dressed with other massless objects

be careful with infrared safetyFrederix, Frixione, Hirschi, Pagani, HSS, Zaro JHEP’18
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COMPLEX-MASS SCHEME
• How to deal with resonances ?

• A widely used approach is the complex-mass scheme Denner et al. NPB’99, NPB’05

• Renormalisation:

vs
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• A widely used approach is the complex-mass scheme Denner et al. NPB’99, NPB’05

• Renormalisation:

vs

The CM scheme reorganises 
the perturbative expansion
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COMPLEX-MASS SCHEME
• How to deal with resonances ?

• A widely used approach is the complex-mass scheme Denner et al. NPB’99, NPB’05

• Renormalisation:

vs

The CM scheme reorganises 
the perturbative expansion

Analytic continuation !
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COMPLEX-MASS SCHEME: ANALYTIC CONTINUATION
• For example:

• Exact expression:

• The Taylor expansion:

• Taylor missing:
+
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COMPLEX-MASS SCHEME: ANALYTIC CONTINUATION
• In general: Frederix, Frixione, Hirschi, Pagani, HSS, Zaro JHEP’18

branching cuts of        and
p

() log ()
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COMPLEX-MASS SCHEME: ANALYTIC CONTINUATION
• The general solution (regardless of  mass/width spectrum):

Frederix, Frixione, Hirschi, Pagani, HSS, Zaro JHEP’18

A first general solution
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COMPLEX-MASS SCHEME: ANALYTIC CONTINUATION
• Exact analytic continuation (MG5_aMC) vs Taylor exp. (others)

Les Houches SM report 2017 (1803.07977)
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MATCHING TO PARTON SHOWERS
• How to match parton showers (PS) ?

• no general solution !
• some dedicated approximations !

• For example, modify MC@NLO      functionB

Gutschow, Lindert, Schonherr EPJC’18
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Phenomenology @ LHC

28
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Phenomenology @ LHC:
when NLO EW matters precision
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PHENOMENOLOGY STUDY: TTBAR+H/V
• Why top quark pair+(H,Z,W) ?
• These processes are very important at the LHC

• ttbar+Higgs: the last missing of  4 main Higgs production channel (progress this year)

• ttbar+Z/W: the background of  ttbar+Higgs and important to study anomalous couplings

• Missing of  EWC for these processes in the literature
• No conceptual problem in principle
• First public EWC results with MadGraph5_aMC@NLO

Frixione, Hirschi, Pagani, HSS, Zaro ’14,’15
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• These processes are very important at the LHC

• ttbar+Higgs: the last missing of  4 main Higgs production channel (progress this year)

• ttbar+Z/W: the background of  ttbar+Higgs and important to study anomalous couplings

• Missing of  EWC for these processes in the literature
• No conceptual problem in principle
• First public EWC results with MadGraph5_aMC@NLO

Frixione, Hirschi, Pagani, HSS, Zaro ’14,’15

• EWC on the inclusive total cross sections
• EWC is moderate (% level)
• Increase with center-of-mass energy in general (not a real surprise)
• LO2 and NLO2 accidentally cancel at 13 TeV

↵2
s↵ ↵s↵

2 ↵3

↵3
s↵ ↵2

s↵
2 ↵s↵

3 ↵4

• HBR only partly cancels NLO EW
• EWC is enhanced by boosted final states
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• EWC on differential distributions (and for fiducial xs)

31

PHENOMENOLOGY STUDY: TTBAR+H/V
Frixione, Hirschi, Pagani, HSS, Zaro ’14,’15

• Both NLO EW and photon PDF become important when boost final states
NNPDF2.3QED here
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PHENOMENOLOGY STUDY: TTBAR+H/V
Frixione, Hirschi, Pagani, HSS, Zaro ’14,’15

• Both NLO EW and photon PDF become important when boost final states
NNPDF2.3QED here

• EWC for ttW is more significant (~-8% at 13 TeV)  than ttH and ttZ 
• No LO EW to cancel NLO EW (color flow) and HBR opens gg initial states
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• EWC on differential distributions (and for fiducial xs)

31

PHENOMENOLOGY STUDY: TTBAR+H/V
Frixione, Hirschi, Pagani, HSS, Zaro ’14,’15

• Both NLO EW and photon PDF become important when boost final states
NNPDF2.3QED here

• EWC for ttW is more significant (~-8% at 13 TeV)  than ttH and ttZ 
• No LO EW to cancel NLO EW (color flow) and HBR opens gg initial states

• Is EWC for ttbarH (or ttbarV) relevant ? YES

• Current scale uncertainty in NLO QCD is 10%
• Will be improved by the theory community with NNLO QCD corrections
• Even at the moment, EWC will be relevant, especially at Sudakov region
• EWC is also quite important for the cross section ratios, e.g. ttbarH/ttbarZ

Mangano, Plehn, Reimitz, Schell, HSS ‘15
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• EWC on differential distributions (and for fiducial xs)

31

PHENOMENOLOGY STUDY: TTBAR+H/V
Frixione, Hirschi, Pagani, HSS, Zaro ’14,’15

• Both NLO EW and photon PDF become important when boost final states
NNPDF2.3QED here

• EWC for ttW is more significant (~-8% at 13 TeV)  than ttH and ttZ 
• No LO EW to cancel NLO EW (color flow) and HBR opens gg initial states

• Is EWC for ttbarH (or ttbarV) relevant ? YES

• Current scale uncertainty in NLO QCD is 10%
• Will be improved by the theory community with NNLO QCD corrections
• Even at the moment, EWC will be relevant, especially at Sudakov region
• EWC is also quite important for the cross section ratios, e.g. ttbarH/ttbarZ
• The results are in the LHCHXSWG recommendation in YR4 
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Phenomenology @ LHC:
when complete NLO ARE NECESSARY
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TWO JETS
jets: kT with D=0.7

|yj | < 2.8

• Breakdown of  different contributions

• pT inclusive is crucial for PDF fit

• QCD correction is dominant in NLO

• EWC (LO2) is important in the tail

• Hierarchy between different orders

Frederix, Frixione, Hirschi, Pagani, HSS, Zaro JHEP’16

• Subleading is indeed subleading
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TWO JETS
jets: kT with D=0.7

|yj | < 2.8

• Breakdown of  different contributions

• pT inclusive is crucial for PDF fit

• QCD correction is dominant in NLO

• EWC (LO2) is important in the tail

• Hierarchy between different orders

Frederix, Frixione, Hirschi, Pagani, HSS, Zaro JHEP’16

• Subleading is indeed subleading

subleading is small
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THREE JETS
Reyer, Schonherr, Schumann EPJC’19

subleading contribution

• however ... 

still do not understand why however
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THREE JETS
Reyer, Schonherr, Schumann EPJC’19

subleading contribution

• however ... 

still do not understand why however

subleading starts to be relevant
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TOP PAIR + W
Frederix, Pagani, Zaro JHEP’18

Frederix, Frixione, Hirschi, Pagani, HSS, Zaro JHEP’18

NLO3 > NLO2 (NLO EW)
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TOP PAIR + W
Frederix, Pagani, Zaro JHEP’18

Frederix, Frixione, Hirschi, Pagani, HSS, Zaro JHEP’18

NLO3 > NLO2 (NLO EW)

subleading is larger than NLO EW
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VBS OF SAME-SIGN WW
Biedermann, Denner, Pellen JHEP’17

NLO4 NLO3 NLO2 NLO1

NLO4 > NLO3 > NLO1,2

VBS cuts determines the pattern ! 
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VBS OF SAME-SIGN WW
Biedermann, Denner, Pellen JHEP’17

NLO4 NLO3 NLO2 NLO1

subleading is the dominant correction

NLO4 > NLO3 > NLO1,2

VBS cuts determines the pattern ! 
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Phenomenology @ LHC:
NLO EW can be much larger than LO
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• A funny and surprising example is HW production

38

PHENOMENOLOGY STUDY: HW
Mangano et al., FCC-hh Physics report: SM processes (1607.01831)

• NLO EW: Ciccolini, Dittmaier, Kramer ’03

• NLO EW with W decay: Denner, Dittmaier, Kallweit, Much ’12 
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• A funny and surprising example is HW production

38

PHENOMENOLOGY STUDY: HW
Mangano et al., FCC-hh Physics report: SM processes (1607.01831)

• NLO EW: Ciccolini, Dittmaier, Kramer ’03

• NLO EW with W decay: Denner, Dittmaier, Kallweit, Much ’12 
• Huge EWC (~10-100) is observed above 2 TeV inv. mass (why ?)
• It is mainly coming from photon initial state

Set photon 
PDF = 0
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• A funny and surprising example is HW production

38

PHENOMENOLOGY STUDY: HW
Mangano et al., FCC-hh Physics report: SM processes (1607.01831)

• NLO EW: Ciccolini, Dittmaier, Kramer ’03

• NLO EW with W decay: Denner, Dittmaier, Kallweit, Much ’12 
• Huge EWC (~10-100) is observed above 2 TeV inv. mass (why ?)
• It is mainly coming from photon initial state
• There is no photon-quark or gluon-quark for H+jet at Born, when W soft/coll.
• At Born, HW is produced via s-channel only, while NLO introduces t-channel
• At large inv. mass, t-channel is dominant
• Such a contribution can be suppressed by cut e.g. on  pseudorapidity

• Message: do not simply overlook EWC even you are not a precision guy
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Phenomenology @ LHC:
A caveat in data-driven BK estimate
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DIPHOTON
Talk by M. Schonherr at Durham ’19
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Conclusion
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• Precision theory requires the good knowledge of  EW corrections
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CONCLUSION

• EW corrections can also be enhanced in some (not rare) cases

• It also requires more study on the new ingredients: e.g. PDF and FF 

• Many challenges are still present with both QCD and EWC, e.g. to PS 

• Automation of  complete NLO at fixed order is there !

• MadGraph5_aMC@NLO v3.X has been released (EWC & complete NLO)
https://launchpad.net/mg5amcnlo

A recent nice review: Denner & Dittmaier (1912.06823)
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Thank you for your attention !
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