
Montecarlo and LHC
Giacomo Polesello

INFN, Sezione di Pavia



2

Introduction

As an experimental  LHC physicist I would like to highlight  a  
key contribution of Paolo to the success of the LHC program, 
his tireless work in trying to bring experimental and theory 
communities together  

• to optimise our usage of Monte Carlos through education 
of the experimentalist on the features and limits inherent 
in MonteCarlo generators

•  to optimise the lines of generator development  giving 
the theorists a better understanding of the experimental 
needs.

As a tribute to this work  I’ll try to give a personal view of how 
much the results of the LHC experiments depend on work of 
development on the physics generators which has taken place 
in the last 25 years
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Workshop called by Paolo in 
2006 to educate the Italian
LHC community to Monte Carlos

I normally give to read 
The intro to shower MCs
by Paolo in this volume 
to my new students

An example
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Archeology: from the ATLAS TDR (1999)
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Talk given by GP at Les Houches Workshop 1999, based on talk by 
D. Denegri and D. Froidevaux the year before

But we knew we needed more!
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● POWHEG-BOX
● Higgs Signal:  ATLAS + CMS
● ttbar:  ATLAS + CMS
● single top:  ATLAS
● Diboson: CMS

● MG5_McatNLO 
● tt+X: ATLAS + CMS 
● Single top: CMS
● W/Z+jets: CMS

● SHERPA MEPSatNLO
● W/Z+ jets: ATLAS
● Diboson:ATLAS

From an inspection of recent papers
of ATLAS and CMS, three different prescriptions
for NLO-PS match are in use  as a baseline samples

Where are we now?

1999
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NNLO+ parton shower  simulations are being phased in:

CMS study of  pt(ll) dependence or Z production as a function
 of the m(ll) mass bin

arXiv:2205.04897

Excellent agreement
off-peak low pt(ll)
for MiNNLOps

http://arxiv.org/abs/2205.04897
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NLLO+ parton shower  simulations are being phased in:

ATLAS measurement of Higgs differential production cross-section
In γγ and 4l channels

arXiv:2207.08615

https://arxiv.org/abs/2207.08615
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Slide of SUSY
lectures  I gave circa 2004

1999
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1999

Prescriptions and event programs 
actually were already developed  at the 
time

CKKW (2001)
MLM matching (2002) 
ALPGEN (2003)

Some time delay before they are
routinely used in experiments
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What do experiments do now for multileg?

ATLAS Multileg configuration of 
baseline SM samples for Run2 
analyses:

W/Z+ jets:
SHERPA 2.2.1  V+0,1,2j NLO, 3,4jLO
Alternate:
MG5_aMC+PY8 V+0-4J LO
Under validation
SHERPA 2.2.11 V+0,1,2j NLO 3,4,5LO
MG5_amC+PY8 FxFx V+0-3JNLO  
Dibosons:
SHERPA 2.2.2 V+0,1jatNLO, 2,3jLO
ttbb:
NLO ME in 4fs POWHEG-BOX RES

Continuing work to  improve on Z+jets

arXiv:2205.02597

https://arxiv.org/abs/2205.02597
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What is the impact of these tools on 
LHC results?
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The glory of SM
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Example: ATLAS 13 TeV ttbar 1l cross-section
Phys. Lett. B 810 (2020) 135797 

Bulk analysis: desired signal  dominates
background with very moderate fiducial

Systematics both from signal modelling 
as from detector modelling small, a few 
percent 

https://www.sciencedirect.com/science/article/pii/S0370269320306006?via=ihub
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Example: ATLAS  Wt cross-section at 8 TeV

Eur. Phys. J. C 81 (2021) 720 

Search-like analysis: fight with 
much  larger background:
Need to apply selections relying on
detailed kinematics 
→ large modelling errors 

https://link.springer.com/article/10.1140/epjc/s10052-021-09371-7
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Systematic error on modelling

Detector Modelling
Trigger efficency
Jet energy scale and resolution
Lepton energy scale and efficiency
Etmiss soft component
b-tagging
Luminosity
Pileup modelling

Physics Modelling
Missing Higher orders
(scale variations)
PDFs
NLO matching
Initial State Radiation
Final State Radiation
Underlying Event
B-fragmentation
FragmentationRelative impact of the two groups strongly

Depends on the analysis
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Physics modelling of  top production
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Theoretical uncertainties on MC modelling: ttbar

Study all possible variations of key parameters or compare different implementations

Slide from talk by S.Amoroso at TOP2020
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Huge and protracted investment in tuning the parameters of top  
simulation and  evaluating the relative uncertainties 

ATLAS Physics Modelling public results

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/MCPublicResults
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An example: the h
damp

 parameter

• In POWHEG matching the amount of real radiation to 
exponentiate   is regulated by the factor h2

damp/(h2
damp+pT

2), 
where hdamp is to be tuned with data(Njets, pT(top), pT(j1), pT(tt))

CMS TOP-16-21-PAS
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Uncertainty  on h
damp

 

CMS fits   hdamp1.58+0.66 -0.59, ATLAS uses hdamp=1.5 with 
uncertainty from a symmetrised hdamp=3 variation
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Searches 
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Searches

• By construction searches try to define depopulated corners in the 
kinematics space of the SM.

A typical  search with  signal XS at the fb level needs to reduce the ttbar 
background by 5 orders of magnitude

• The fact that in hundreds of regions considered the number of events 
predicted is matched by the observation in data is a huge triumph for SM

• The search results are only as good as the prediction of the expected 
number of events in the signal region

• Generic approach to estimate: 

– Do not believe MonteCarlo normalisation in very small corner of 
multidimensional parameter space

– Believe  that ratio of predicted events in two contiguous regions in 
parameter space correctly predicted by MonteCarlo and that the 
definition of modelling uncertainties provides a reasonable estimate of 
the uncertainty on this ratio 
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Background evaluation scheme for searches 

Main examples:
•Non-prompt leptons
•Charge-flip leptons
•E

T
miss from multi-jet 

mismeasurement
Estimate ~independent 
from simulation, I’ll
 not speak further on it
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Background estimate for irreducible backgrounds
●Define a set of observables providing 
discrimination between signal and 
backgrounds

●Three type of regions defined:
●Signal Regions (SR) dominated by signal
●Control Region (CR) in variable space 
near SR, with small  expected signal 
contamination. 

● Verify prediction in Validation Regions (VR)
 typically intermediate   

Typically  define a CR  for
each major irreducible background
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Master formula

Subdominant processes
In CRTwo sources of uncertainty:

● Statistical error on events in CR
● Systematic error on

● Number of events of subdominant
backgrounds
● Transfer factor T

If CR sufficiently pure, error on T 
dominant, and error on T is fully 
a modelling error 
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An example: DM+tW analysis 

Two lepton final state:
•Two leptons from decays of 2 W
•1b-tagged jet from top decay 
•Etmiss from neutrinos and DM

Main backgrounds: ttbar+tW, ttZ, tWZ

Two main discriminants m
T2

, and mt
bl

If event has > 1 jet, build with two leptons all pairs of invariant mass
combinations  with two most b-like jets in events 

If two lep and two jets from decays of two top quarks  mt
bl
<150 GeV

If leptons and all of p
T

miss from decay of two W: endpoint at m
W

Eur. Phys. J. C 81 (2021) 860 

https://link.springer.com/article/10.1140/epjc/s10052-021-09566-y
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CR/SR definition for ttbar bg
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How well do  we model mt
bl
? 

mt
bl
 extended version of m

bl
minmax

Sensitive to interference between
tt and tW, and to prescriptions to 
avoid double counting of diagrams  

Detailed studies in ATLAS to 
optimize modelling, and comparison 
to unfolded ATLAS result 

ATL-PHYS-PUB-2021-42

ttbar tW+b
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A recent exercise: publish unfolded cross-sections in 
 phase space relevant to searches

Take WW production, and present 
unfolded differential cross-section of
relevant variables in SR defined by 
2l ewkino searches

Errorr dominated by JER/JES uncertainty
Significant contribution from modelling 
of ttbar background

arXiv:2206.15231

https://arxiv.org/abs/2206.15231
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Conclusions

• The LHC has been taking data since 2011, producing thousands of papers, 
discovering the Higgs and pushing the SM into the farthest retrenchments.

• None of these results possible without  close collaboration of the theory 
community, which has produced tools which have been essential to the 
achievement of the LHC physics goals.

• The impetuous development of MC modelling tools in parallel with our work 
on the analysis of LHC data in the last 25 years is a unique achievement of 
two communities working   together  towards  a common goal

• We are here to celebrate the achievements of Paolo, and he has been and 
still is a pivotal figure in this process, as well as a somebody from whom I 
personally have learnt immensely, both  from the human and from  the 
professional point of view. Thank you, Paolo!

• Many other key players in this game are sitting in this room today,  and I 
would like to thank all of them for the very long and successful journey 
together, and for the progress to come with the next ~15 years of LHC data-
taking
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Backup
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But we knew that we needed more!
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Split of systematic errors for tWDM
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Tools fror Higgs discovery paper (2012)
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Observation of h→tautau   (2014)
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VH observation (2018)
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