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Proton Collider: Initial Proton- Proton Collision

Francisco Campanario – Precise Phenomenology@LHC 

Proton: Not only valence quarks (uud)
Gluon relevant: carry half of the energy
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Final State: Complicated Topologies:
pp H + X        4 e + X

Francisco Campanario – Precise Phenomenology@LHC 

ATLAS: 18-May-2012, 20:28:11 CEST, run number 203602, event number 82614360
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Transverse Plane
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m(4l) = 124.5 GeV 

m(2l) = 70.6 , 44.7 GeV

ATLAS: 18-May-2012, 20:28:11 CEST, run number 203602, event number 82614360
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Dr. Marc Bret Cano [Higgs Couplings 2017, Nov 6]

Francisco Campanario – Precise Phenomenology@LHC 



21.05.2018 30

The Higgs Signal Evolution

Dr. Marc Bret Cano [Higgs Couplings 2017, Nov 6]

Francisco Campanario – Precise Phenomenology@LHC 

Excess at 190 GeV gone

2.2 σ at 700 GeV
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Precise Knowledge of Backgrounds

Francisco Campanario – Precise Phenomenology@LHC 

[ATLAS-CONF-2018-004]

σ

σ 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

σ 𝑏𝑏𝑠𝑠𝑏𝑏𝑏𝑏𝑠𝑠𝑏𝑏𝑏𝑏𝑏𝑏𝑠𝑠𝑏𝑏
∝

250
850

= 0.3

Theoretical error of 30% 
in background as large as 
signal

No measurement
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Needed Precise Theoretical Predictions
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Beyond NLO:  Precision frontier
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Status Theory

Francisco Campanario – Precise Phenomenology@LHC 

LO:  
Automatize (Madgraph, Sherpa…) 
Public libraries (optimized code):(MCFM, VBFNLO)

NLO QCD:
Automatize (MG5_aMC@NLO, Gosam/OpenLoops+ Herwig/Sherpa)

(processes with >4 legs in the final state, still might be challenging 
Public libraries (MCFM, VBFNLO)

NLO EW:
2 → 1 (solved), many 2 → 2, some 2 → 3/4 processes

NNLO QCD:
2 → 1 (solved), many 2 → 2 processes
Public libraries (MATRIX, MCFM) and private codes

NNNLO QCD:
𝑝𝑝𝑝𝑝 → 𝐻𝐻 : via GF (effective theory)  and VBF (VBF approximation)
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Re-discovering the SM
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Re-discovering the SM
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Goal at LHC

Francisco Campanario – Precise Phenomenology@LHC 

Method
Improve SM prediction                                               Reduce Theory Uncertainty

Framework to parametrize Beyond                               Effective Field Theory
Standard Model physics                                               

Anomalous Couplings

Improve Sensitivity                                                         Cuts and Observables

Tools

Monte Carlo tools at the precision frontier:

NLO: MG5_aMC@NLO, Gosam/OpenLoops+ Herwig/Sherpa, VBFNLO+Herwig …
NNLO: MATRIX,MCFM, DY/HNNLO,..

Test Standard Model                              &                    Hints of New Physics 
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Anomalous Couplings via Effective Field Theory

Search for New Physics through Anomalous couplings

Francisco Campanario – Precise Phenomenology@LHC 

W

W

Z,γ

New Physics at high mass scale: Λ
Higher-dimension terms to Lagrangian: 1/ Λ

Parametrize deviations from SM, e.g. in triple/quartic gauge couplings
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Anomalous Couplings

Francisco Campanario – Precise Phenomenology@LHC 

WWH Vertex:
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Anomalous Couplings         Limits to 𝒇𝒇𝑾𝑾

Francisco Campanario – Precise Phenomenology@LHC 

[FC,Roth,Zeppenfeld,20014]
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Anomalous Couplings         Limits to 𝒇𝒇𝑾𝑾
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[FC,Roth,Zeppenfeld,20014]

Tiny effects in the bulk of σ
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Anomalous Couplings         Limits to 𝒇𝒇𝑾𝑾

Francisco Campanario – Precise Phenomenology@LHC 

[FC,Roth,Zeppenfeld,20014]

Tiny effects in the bulk of σ

Large effects in the tails
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Relevant Beyond (N)LO effects

Francisco Campanario – Precise Phenomenology@LHC 

Huge NLO/LO corrections

Large NNLO/NLO 
corrections

Precision is needed

[FC,Sapeta,20012]
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Theoretical Ingredients
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Initial and Final States at LHC
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Particle Content
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PDF’s
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Factorization
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Parton
Shower

Hadroniz
ation

Hard
Process

PDF’s

𝑅𝑅𝑝𝑝 ~ 1 fm ~10−15 𝑚𝑚
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Factorization
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Parton
Shower

Hadroniz
ation

Hard
Process

PDF’s

𝑅𝑅𝑝𝑝 ~ 1 fm ~10−15 𝑚𝑚 1/10 GeV ~ 0.02 fm
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Factorization
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Parton
Shower

Hadroniz
ation

Hard
Process

PDF’s

𝑅𝑅𝑝𝑝 ~ 1 fm ~10−15 𝑚𝑚 1/10 GeV ~ 0.02 fm

1/𝑀𝑀𝑍𝑍~0.002 fm
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Libraries
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Parton
Shower

Hadroniz
ation

Hard
Process

PDF’s

Herwig, Pythia,Sherpa

MG5_aMC@NLO

MCFM, VBFNLO

Gosam/OpenLoops/VBFNLO + Herwig/Sherpa

ABM, CT14, MMHT14, NNPDF3.0, PDF4LHC15
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Partonic Cross Section
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Cross Section at Hadron Colliders
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Cross Section at Hadron Colliders
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Cross Section at Hadron Colliders
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x

PDF’s
Hard Scattering
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Cross Section at Hadron Colliders
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x

PDF’s
Hard Scattering

Cuts to Final State:e.g.
60 𝐺𝐺𝐺𝐺𝐺𝐺 < 𝑚𝑚𝑏𝑏𝑏𝑏 < 120 𝐺𝐺𝐺𝐺𝐺𝐺
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Cross Section at Hadron Colliders

Francisco Campanario – Precise Phenomenology@LHC 

x

PDF’s
Hard Scattering

Cuts to Final State:
60 𝐺𝐺𝐺𝐺𝐺𝐺 < 𝑚𝑚𝑏𝑏𝑏𝑏 < 120 𝐺𝐺𝐺𝐺𝐺𝐺

How partons
recombine into Jets
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Perturbative Expansion of Cross Section
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Leading Order
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Perturbative Expansion of Cross Section
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Next-to-Leading Order: 
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Perturbative Expansion of Cross Section

Francisco Campanario – Precise Phenomenology@LHC 

Next-Next-to-Leading Order:

Note: 
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Coupling Constants Run
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At NLO:

High Q                                    Non-perturbative

At 𝑀𝑀𝑍𝑍:



21.05.2018 65

Coupling Constants Run
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Asymptotic Freedom

At NLO:

For high Q:
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QCD Coupling Constant
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Scale Uncertanty
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Conventional scale
variation range

Theory scale
uncertainty at LO
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Scale Uncertanty
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Conventional scale
variation range

Theory scale
uncertainty at LO

Scale Uncertanty: Theoretical error estimate of missing higher order corrections
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Scale Uncertanty

Francisco Campanario – Precise Phenomenology@LHC 

Conventional scale
variation range

Theory scale
uncertainty at LO

Scale Uncertanty: Theoretical error estimate of missing higher order corrections

Central value µ0 not unique: chose appropiate one representing physics of 
process. Here µ0= ∑𝑝𝑝𝑇𝑇
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Scale Uncertainty

Francisco Campanario – Precise Phenomenology@LHC 

Theory scale
uncertainty at NLO
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Central Scale Choice Dependence
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Theory (scale)
uncertainty at LO
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Central Scale Dependence
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Theory (scale)
uncertainty at NLO
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WZγ Production
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No α𝑆𝑆 at  LO: Accidental LO small scale uncertainty
NLO/LO>2:  Is perturbation theory broken?   α𝑆𝑆(𝑚𝑚𝑊𝑊𝑍𝑍γ)≈ 0.1
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WZγ Production

Francisco Campanario – Precise Phenomenology@LHC 

No α𝑆𝑆 at  LO: Accidental LO small scale uncertanties
NLO/LO>2:  Is perturbation theory broken?   α𝑆𝑆(𝑚𝑚𝑊𝑊𝑍𝑍γ)≈ 0.1
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WZγ Production

Francisco Campanario – Precise Phenomenology@LHC 

No α𝑆𝑆 at  LO: Accidental LO small scale uncertanties
NLO/LO>2:  Is perturbation theory broken?   α𝑆𝑆(𝑚𝑚𝑊𝑊𝑍𝑍γ)≈ 0.1

CAUTION at LHC:

Scale Uncertanty: Theoretical error estimate of missing higher order corrections
Depends on the process, selection cuts…



21.05.2018 76

Cross Section at Hadron Colliders

Francisco Campanario – Precise Phenomenology@LHC 

x

PDF’s
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Parton
Distribution
Functions
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DIS: Deep Inelastic Scattering
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(1-y)k

k

𝑞𝑞 ,𝑄𝑄2 = −𝑞𝑞2

xp
p

Kinematic Relations:

Q: photon virtuality
transverse resolution at which it
probes proton structure

x: longitudinal momentum fraction of            
parton
y: momentum fraction lost by electron
(in proton rest frame)
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DIS
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DIS

Francisco Campanario – Precise Phenomenology@LHC 

: Parton Distribution Functions

Assuming SU(2) isospin symmetry:  
neutron = proton with d         u 

Structure Function
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DIS and DGLAP 

Francisco Campanario – Precise Phenomenology@LHC 

Parton distributions run:

Dokshitzer-Gribov-Lipatov-Alterelli-
Parisi (DGLAP)

d q(x,µ2)
d ln µ2

= α𝑠𝑠
2π ∫𝑥𝑥

1 𝑑𝑑𝑑𝑑 𝐾𝐾𝑞𝑞𝑞𝑞(𝑑𝑑) q(x/z,µ2)
𝑧𝑧

𝐾𝐾𝑞𝑞𝑞𝑞(𝑑𝑑): Splitting kernel

𝐾𝐾𝑞𝑞𝑞𝑞(𝑑𝑑)=𝐶𝐶𝐹𝐹
1+𝑧𝑧2

1−𝑧𝑧
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DIS and DGLAP 

Francisco Campanario – Precise Phenomenology@LHC 



21.05.2018 83

PDF’s sets  (ABM not shown)
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Sensitivity of LHC to PDF’s
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PDF’s overview

Large gluon pdf’s at small x: Phenomenological consequences
LHC               gluon machine

Francisco Campanario – Precise Phenomenology@LHC 
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HARD  PROCESS
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µ0
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Cross Section at Hadron Colliders
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x

PDF’s
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Cross Section at Hadron Colliders
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x

PDF’s
Hard Scattering
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Cross Section at Hadron Colliders
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Leading Order
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LO Cross Section
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LO Cross Section
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Phase Space integration
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NLO Cross Section
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NLO Cross Section
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Details of NLO Calculation

Francisco Campanario – Precise Phenomenology@LHC 

Initial state gluon
Implications
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NLO effects

Subprocesses: New Subprocesses: LO

Francisco Campanario – PrecisePhenomenology@LHC 

Large corrections due to gluon PDF’s
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NLO effects

Back to back topologies Soft and Collinear W 
Radiation

Francisco Campanario – PrecisePhenomenology@LHC 

Large corrections:
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NLO effects

Subprocesses: New Subprocesses: LO

Francisco Campanario – PrecisePhenomenology@LHC 

Total effect
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Details of NLO calculation

Francisco Campanario – Precise Phenomenology@LHC 

Final state gluon:
same initial partons “only”
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Relevant NLO effects

Francisco Campanario – Precise Phenomenology@LHC 

[FC,Sapeta,20012]
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WZγ Production

Francisco Campanario – Precise Phenomenology@LHC 

NLO/LO>2:  Is perturbation theory broken?   α𝑆𝑆(𝑚𝑚𝑊𝑊𝑍𝑍γ)≈ 0.1
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WZγ Production

Francisco Campanario – Precise Phenomenology@LHC 

NLO/LO>2
New gluon initiated processes + new kinematic topologies
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Details of NLO calculation

Francisco Campanario – Precise Phenomenology@LHC 

x

Same initial partons and kinematics:
: Naturally suppressed ≈ α𝑆𝑆
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Cancellation of Divergences

Francisco Campanario – Precise Phenomenology@LHC 
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Details of NLO calculation

Francisco Campanario – Precise Phenomenology@LHC 

Collinear counterterms:  renormalize PDF’s in 

D = 4 – 2ε
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Dipole Substraction Method: [Catani,Seymour,1997]

Francisco Campanario – Precise Phenomenology@LHC 

Add counterterm:
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Dipole Substraction Method: [Catani,Seymour,1997]

Francisco Campanario – Precise Phenomenology@LHC 

Add counterterm:

Numerically Integrable D=4
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Dipole Substraction Method: [Catani,Seymour,1997]

Francisco Campanario – Precise Phenomenology@LHC 

: Analytically integrable 

Cancel divergences of

e.g: for V,VV,VVV production:
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Dipole Substraction Method: [Catani,Seymour,1997]

Francisco Campanario – Precise Phenomenology@LHC 

: Analytically Integrable 

Numerically Integrable D=4
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At NNLO:

Francisco Campanario – Precise Phenomenology@LHC 
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NNLO Topologies

Francisco Campanario – Precise Phenomenology@LHC 

Soft and collinear W, Z 
radiation

New subprocesses: 
gg LO process

Overall effect at small x and large momenta:
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Beyond (N)LO QCD effects: 
for 𝑿𝑿𝟏𝟏 … .𝑿𝑿𝒏𝒏 colorless Particles in Final State

NLO QCD corrections large

New LO sub-processes

New topologies

At NNLO 

New LO sub-processes

New topologies

Potentially large corrections

Francisco Campanario – Precise Phenomenology@LHC 

LO

NLO

NNLO
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Relevant Beyond (N)LO effects

Francisco Campanario – Precise Phenomenology@LHC 

[FC,Sapeta,20012]
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WZγ Production [FC,Rauch,Rzehak,Zeppenfeld,1011.2206]

Francisco Campanario – Precise Phenomenology@LHC 
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NLO QCD effects: for 𝑿𝑿𝟏𝟏 … .𝑿𝑿𝒏𝒏 𝑱𝑱 in Final State

NLO QCD corrections large

New LO sub-processes

New topologies

Potentially large corrections

Francisco Campanario – Precise Phenomenology@LHC 

LO

NLO
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Wγγ + J       [FC,Englert,Rauch,Zeppenfeld,1106.4009]

Francisco Campanario – Precise Phenomenology@LHC 



21.05.2018 116

NLO QCD effects: for 𝑿𝑿𝟏𝟏 … .𝑿𝑿𝒏𝒏 𝑱𝑱 𝑱𝑱 in Final State

NLO QCD corrections large

No New LO sub-processes 
(W+W+jj)

No New topologies

Moderate corrections

Francisco Campanario – Precise Phenomenology@LHC 

LO
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ZZjj Production [FC,Kerner,Ninhn,Zeppenfeld,1405.3972]

Francisco Campanario – Precise Phenomenology@LHC 

Theory scale
uncertainty at NLO



21.05.2018 118

Contents

Introduction
The LHC
Results
Goal
Theoretical Ingredients

PDF’s 
The Hard Process
Phenomenology
VBFNLO
Summary

Francisco Campanario – Precise Phenomenology@LHC 



21.05.2018 119Francisco Campanario – Precise Phenomenology@LHC 

THANK YOU FOR YOUR ATTENTION



lFIC, University of Valencia-CSIC

Instituto de Física Corpuscular

www.ific.uv.es

Precise Phenomenology at LHC
Francisco  Campanario

IFIC, UV-CSIC

8th IDPASC SCHOOL, 21-31 May 2018



21.05.2018 121

Contents

Introduction
The LHC
Results
Goal
Theoretical Ingredients

PDF’s 
The Hard Process
Phenomenology
VBFNLO
Summary

Francisco Campanario – Precise Phenomenology@LHC 



21.05.2018 122

Phenomenology
VV Production

Francisco Campanario – Precise Phenomenology@LHC 
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Introduction

Francisco Campanario – Precise Phenomenology@LHC 

Method
Improve SM prediction                                               Reduce Theory Uncertainty

Framework to parametrize Beyond                               Effective Field Theory
Standard Model physics                                               

Anomalous Couplings

Improve Sensitivity                                                         Cuts and Observables

Tools

VBFNLO:   Diboson (+ up to 2 jet)  production at NLO with AC
LoopSim:   Merge  NLO samples to provide approximate higher order 

Goal
Test Standard Model                              &                    Hints of New Physics 
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Di-boson production

Background to many SM and BSM searches (including Higgs)

Status:
NLO QCD known for a long time: 40-300%
NLO EW known for almost all processes(on-shell):  in tails up to 30%
LO QCD GF induced contribution (NNLO) known: up to 20%
NNLO QCD known: MATRIX

Francisco Campanario – Precise Phenomenology@LHC 

W

W

Z,γ
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The Higgs Signal Evolution

Francisco Campanario – Precise Phenomenology@LHC 
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Precise Knowledge of Backgrounds

Francisco Campanario – Precise Phenomenology@LHC 

[ATLAS-CONF-2018-004]

σ

σ 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

σ 𝑏𝑏𝑠𝑠𝑏𝑏𝑏𝑏𝑠𝑠𝑏𝑏𝑏𝑏𝑏𝑏𝑠𝑠𝑏𝑏
∝

250
850

= 0.3

Theoretical error of 30% 
in background as large as 
signal

No measurement
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Di-boson production

Background to many SM and BSM searches (including Higgs)
Search for New Physics through Anomalous couplings

Status:
NLO QCD known for a long time: 40-300%
NLO EW known for almost all processes(on-shell):  in tails up to 30%
LO QCD GF induced contribution (NNLO) known: up to 20%
NNLO QCD known: MATRIX

Francisco Campanario – Precise Phenomenology@LHC 

W

W

Z,γ
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AC via Effective Theory

New Physics at high mass scale: Λ
Higher-dimension terms to Lagrangian: 1/ Λ

Parametrize deviations from SM, e.g. in triple/quartic gauge couplings

Francisco Campanario – Precise Phenomenology@LHC 
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Effective Theory

New Physics at a high mass scale: Λ
Higher-dimension terms to Lagrangian 1/ Λ^n

Parametrize deviations from SM, e.g. in triple/quartic gauge couplings

Francisco Campanario – Precise Phenomenology@LHC 

WWH Vertex:



21.05.2018 130

Effective Theory

New Physics at a high mass scale: Λ
Higher-dimension terms to Lagrangian 1/ Λ^n

Parametrize deviations from SM, e.g. in triple/quartic gauge couplings

Francisco Campanario – Precise Phenomenology@LHC 
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VV@NNLO

Francisco Campanario – Precise Phenomenology@LHC 

VVj at  NLO

IR divergences upon parton integration
How to exploit the known NLO results for VV + n jets?

Merging:  Sherpa, Herwig++, MG5_aMC@NLO

New Sub-processes: 
PDF’s
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VV@NNLO

Neutral Processes

Francisco Campanario – Precise Phenomenology@LHC 

GF ZZ at LO

LO Kinematics,  but gluon PDF’s
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LoopSim (M.Rubin,G.Salam,S.Sapeta,ArXiv:1006.2144)

Francisco Campanario – Precise Phenomenology@LHC 

Goal

Method
X
X 
Loop X                  (Catani-Seymour like generated of loop kinematics) 

Inspired by CKKW matching

Merge processes with different multiplicity: VV, VVj,VVjj
Include dominant contributions of extra emissions, possibly log 
enhance
New Sub processes



21.05.2018 134

LoopSim (M.Rubin,G.Salam,S.Sapeta,ArXiv:1006.2144)

Francisco Campanario – Precise Phenomenology@LHC 

Goal

Method
X
X 
Loop X                  (Catani-Seymour like generated of loop kinematics) 

Inspired by CKKW matching

Merge processes with different multiplicity: VV, VVj,VVjj
Include dominant contributions of extra emissions, possibly log 
enhance
New Subprocesses
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ZZ@nNLO (FC,M.Rauch,S.Sapeta:ArXiv:1504.05588)

Francisco Campanario – Precise Phenomenology@LHC 

Ref.[32]: F. Cascioli, T. Gehrmann, M. Grazzini, S. Kallweit, 
P. Maierhfer, A. von Manteuffel, S. Pozzorini et al.,arXiv:1405.2219

GF  60% of total NNLO corrections
nNLO vs  NNLO  2%: within scale uncertainties

VBFNLO: ZZ@NLO, ZZj@NLO, GFZZ@LO  and
GFZZj@LO [FC,Q.Li,M.Rauch,M.Spira,1211.5429] (NNNLO) 
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Anomalous Coupling Searches

Francisco Campanario – Precise Phenomenology@LHC 

Scale:

PDF set: MSTW2008  at NNLO



21.05.2018 137Francisco Campanario – Precise Phenomenology@LHC 



21.05.2018 138Francisco Campanario – Precise Phenomenology@LHC 



21.05.2018 139

WW@nNLO (FC,M.Rauch,S.Sapeta:ArXiv:1309.7293)

Francisco Campanario – Precise Phenomenology@LHC 

VBFNLO: WW@NLO, WWj@NLO, GF WW@LO 
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WZ@nNL (FC,S.Sapeta:ArXiv:1209.4595)

Francisco Campanario – Precise Phenomenology@LHC 

VBFNLO: WZ@NLO, WZj@NLO,  (FC,S.Kallweit,C.Englert,Spannowsky,

Zeppenfeld,ArXiv:1006.0390)
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NNLO QCD fakes  AC effects [FC,Roth,Sapeta,Zeppenfeld,2016]

Francisco Campanario – Precise Phenomenology@LHC 
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W

Z,γ
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NNLO  QCD fakes  AC effects

Francisco Campanario – Precise Phenomenology@LHC 

[FC,Roth,Sapeta,Zeppenfeld,2016]
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Jet  Observable    (FC,R.Roth,Zeppenfeld:ArXiv:1410.4840)

Francisco Campanario – Precise Phenomenology@LHC 
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WZ@nNLO +  AC

Francisco Campanario – Precise Phenomenology@LHC 
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WZ@nNLO +  AC

Francisco Campanario – Precise Phenomenology@LHC 
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Summary
Total Cross section:

Good agreement for ZZ at NNLO  (not compared for other)

Differential Distributions
Corrections can be large 30-100%
Observable favoring LO kinematics: 5%
(GF)ZZ@nLO: 50% corrections

Anamolous Couplings
NNLO can fake AC effects
More sophisticated analyses are needed to increase sensitivity

Outlook:
VV@nNLO+AC, VV@nnNLO, VVV@nNLO

VBFNLO: https://www.itp.kit.edu/~vbfnloweb/wiki/doku.php?id=overview

LoopSim: https://loopsim.hepforge.org/
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VBFLO
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Main Developers

Iván Rosario Bonastre
Task:
EW γγjj at LHC
Interface with Herwig: VV(V)(j)
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GitHub Repository

Francisco Campanario – Precise Phenomenology@LHC 
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Releases:

Francisco Campanario – Precise Phenomenology@LHC 
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First Steps:

Download:

Untar:

List of content:

Francisco Campanario – Precise Phenomenology@LHC 
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Installation

Francisco Campanario – Precise Phenomenology@LHC 
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Configure, make, make install

Francisco Campanario – Precise Phenomenology@LHC 

Installation path: Compiler options:

--enable-MPI: allow mpi to use 
more than one core of the PC

-enable-quad: quadruple
precision for difficult processes

FC and CC: chose compiler

No static libraries:
faster to compile
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Output:

Configure, make, make install
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Configure, make, make install

Francisco Campanario – Precise Phenomenology@LHC 

Configure help:

Which processes can be selected:

List:
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Configure, make, make install

Francisco Campanario – Precise Phenomenology@LHC 

All processes selected

Increase compilation time:
There are 
pp→ 𝐺𝐺𝐺𝐺𝑉𝑉𝑉𝑉 at NLO QCD
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Configure, make, make install

Francisco Campanario – Precise Phenomenology@LHC 

make –j8:      Here 8, numbers of cores of PC

make install:
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Configure, make, make install

Francisco Campanario – Precise Phenomenology@LHC 

The installation path and compiler options stored in:

Output:
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Binary and Input Files

Create a RUN directory somewhere and link the exe there:

Copy input .dat files from the share folder

Francisco Campanario – Precise Phenomenology@LHC 
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Input Files

Main files for SM physics:
vbfnlo.dat, gglo.dat, cuts.dat
vbfnlo.dat:

Process
Statistics
Energy Collider
EW input parameters

Masses….
Central Scale Choice

Francisco Campanario – Precise Phenomenology@LHC 
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Input Files

Main files for SM physics:
vbfnlo.dat, gglo.dat, cuts.dat
cuts.dat:

cuts for particles
Rapidity
PT

Francisco Campanario – Precise Phenomenology@LHC 
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Input Files

Main files for SM physics:
vbfnlo.dat, gglo.dat, cuts.dat
ggflo.dat:

Specific for GFHjj processes
Eff vs Full Theory
Model SM or BSM
Switch on sub-processes

Francisco Campanario – Precise Phenomenology@LHC 
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Input Files

Other files:
histograms.dat, random.dat, 
procinfo.dat

Random.dat
chose initial seed
number: by default 0

Procinfo.dat
List of processes

Histograms.dat
Change range of plotted
histograms (Save
compilation time)
Smearing & errors

Francisco Campanario – Precise Phenomenology@LHC 
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Input Files

Main files for BSM physics:

Francisco Campanario – Precise Phenomenology@LHC 

Anomalou coupling Paraters Kaluza-Klein  and Spin 
models

MSSM
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Running the Code

Francisco Campanario – Precise Phenomenology@LHC 

Running (store output into a file):

Output:
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Running the Code

Francisco Campanario – Precise Phenomenology@LHC 

grid2_1.out.X  : MonteCarlo grid of random number. One can store it for
next run, if parameter has not been changed

Cross section result: xsection.out

More Detail information of the Run in 

Evolution of cross section per iteration
Cuts, input parameters



21.05.2018 179Francisco Campanario – Precise Phenomenology@LHC 

grep –A10 “iteration “ LOG*
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Plots:    histograms.gp or individually in histograms.dir

Francisco Campanario – Precise Phenomenology@LHC 

Generating the plots:

The ouput:  histograms.ps

Opening the file:
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Default Plots: Limited amount

Francisco Campanario – Precise Phenomenology@LHC 



21.05.2018 182

Default Plots: Limited amount

Francisco Campanario – Precise Phenomenology@LHC 
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Adding New histograms: GF HJJJ

Francisco Campanario – Precise Phenomenology@LHC 
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Adding New Histograms: 

Source code: utilities/histograms.F

Define the new histograms:

Francisco Campanario – Precise Phenomenology@LHC 
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Filling the histogram with the observable:

Adding histograms: histograms.F

Francisco Campanario – Precise Phenomenology@LHC 
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Higgs observables:  

Francisco Campanario – Precise Phenomenology@LHC 
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PT Higgs in GF HJJJ Production: Preliminary

Francisco Campanario – Precise Phenomenology@LHC 



21.05.2018 188

Future Developments VBFNLO

Interface with Herwig Parton Shower and Hadronization
Iván Rosario Bonastre, et al.

Electroweak Corrections

New GF induced processes
HJJJ (B)SM
HH pair at NLO (B)SM

Jonathan Ronca et al.

Francisco Campanario – Precise Phenomenology@LHC 
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Summary
LHC complicated machine

PDF’s, Hard Process, Parton Showers and Hadronization

Factorization of different parts is crucial 

Precision is needed to find hints of new physics

NLO, NNLO QCD & EW NLO needed

There are many public tools to do phenomenology

VBFNLO, one of the group  

Francisco Campanario – Precise Phenomenology@LHC 
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THANK YOU FOR YOUR ATTENTION
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BACKUP SLIDES



21.05.2018 192Francisco Campanario – VV@nNLO 



21.05.2018 193Francisco Campanario – VV@nNLO 



21.05.2018 194Francisco Campanario – VV@nNLO 



21.05.2018 195Francisco Campanario – VV@nNLO 



21.05.2018 196Francisco Campanario – Precise Phenomenology@LHC 



21.05.2018 197

vv

Francisco Campanario – VV@nNLO 
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Higgs  Searches

Francisco Campanario – VV@nNLO 
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M4l &                pT,Z
lead

Francisco Campanario – VV@nNLO 
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LoopSim

Francisco Campanario – VV@nNLO 

Sum of weights = 0  (Unitarity) 
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Ingredients
VBFNLO:     

ZZ@NLO        ZZj@NLO
GF ZZ@LO     GF ZZj@LO

Note that GF ZZ@LO contributes at NNLO and 
GF ZZj@LO contributes at NNNLO

Francisco Campanario – VV@nNLO 

Merging Convention:  

GF ZZ@LO + GF ZZj@LO = GF   ZZ@nLO
ZZ@NLO  +    ZZj@NLO + GF ZZ@LO  = ZZ@nNLO
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ZZ

Francisco Campanario – VV@nNLO 
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4 lepton observables

Francisco Campanario – VV@nNLO 
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WW

Francisco Campanario – VV@nNLO 
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WZ

Francisco Campanario – VV@nNLO 
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Ingredients at NLO

Francisco Campanario – Precise Phenomenology@LHC 
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TECHNICAL DETAILS:
NUMERICAL ISSUES AT NLO

Francisco Campanario – Precise Phenomenology@LHC 
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References VV@LHC
VBFNLO:
https://www.itp.kit.edu/~vbfnloweb/wiki/doku.php?id=overview

LoopSim:
https://loopsim.hepforge.org/

NNLO QCD
γγ :Catani, Cieri, de Florian, Ferrera, Grazzini 2011]
W γ /Zγ: Grazzini, Kallweit, Rathlev, Torre 2013, Grazzini, Kallweit, Rathlev 2015
ZZ :Cascioli et al. '14, Grazzini, Kallweit, Rathlev 2015
WW: [Gehrmann et al. 2014

GF LO 
γγ:  D. A. Dicus and S. S. D. Willenbrock, Phys. Rev. D 37 (1988) 1801
Zγ : J. J. van der Bij and E. W. N. Glover, Phys. Lett. B206 (1988) 701,
ZZ: . E. Glover and J. van der Bij, Phys.Lett. B219 (1989) 488
WW:  T. Binoth, M. Ciccolini, N. Kauer and M. Kramer, JHEP 12 (2006) 046. 

NLO EW(on-shell):
WW/WZ: E. Accomando and A. Kaiser, Phys.Rev. D73 (2006) 093006. 
W γ / Zγ: E. Accomando, A. Denner, and C. Meier, Eur.Phys.J.C47 (2006) 125–146
ZZ A. Bierweiler, T. Kasprzik, and J. H. Kühn,arXiv:1305.5402, J.Baglio, N.D.Li, M. 
Weber  Phys. Rev.D 88 (2013) 113005.
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