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Multijet Merging

❖ Parton shower resums logarithms 

and is a good description of collinear/

soft emissions jet evolution (Large 

Logs) 

❖ Matrix elements at given order 

is fair description of hard/large-angle 

emissions jet production (small logs) 

❖ “Merge” both approaches
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Matching
❖ Parton shower resums logarithms 

and is a good description of collinear/

soft emissions jet evolution (Large Logs) 

❖ Matrix elements at given order 

is fair description of hard/large-angle 

emissions jet production (small logs) 

❖ “Match” both approaches: 

❖ Cross section at NLO accuracy and 

correct the hardest emission in PS to 

reproduce ME element 
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Matching at LO
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⟨O⟩LO = ∫ dΦn B(Φn) O(Φn)

Matching at LO is essentially trivial

⟨O⟩LOPS = ∫ dΦn B(Φn) PS(t,0)

Trivial if you know how to calculate both LO ME and PS



Matching at NLO
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Matching at NLO?

 ⟨O⟩NLOPS = ∫ dΦn [B(Φn) + V(Φn) + I(Φn)] PS(Φn)

First bracket seems fine but we have a problem in the second

+∫ dΦn+1 [R(Φn+1)PS(Φn+1) − S(Φn ⊗ Φ1)PS(Φn)]

 and  have different PS contributions: IR subtraction will be spoiltR S



Reminder
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 dσNLO
n = dΦn [B(Φn) + V(Φn) + I(Φn) + ∫ dΦn+1 (R(Φn+1) − S(Φn+1))]

 = dΦn B̄(Φn)

NLO cross section:

Splitting Kernels:

 dΦ1
R(Φn+1)
B(Φn)

 dΦ1
αs

2π
Kij,k(Φij,k)

IR Limit

  reproduces the process-independent behaviour of 

 in the soft/collinear regions of phasespace

Kij,k
R(Φn+1)
B(Φn)



POWHEG
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 dΦ1
R(Φn+1)
B(Φn)

 dΦ1
αs

2π
Kij,k(Φij,k)

Define a modified Sudakov Form Factor

ΔK
N(μ2

N, t0) = exp [−∫
μ2

N

t0

dΦ1 Kij,k(t, z, ϕ)] ΔR/B
N (μ2

N, t0) = exp [−∫
μ2

N

t0

dΦ1
R(Φn+1)
B(Φn) ]

❖ Assumes factorization of phasespace  

❖  will typically vary with the shower scale

Φn+1 = Φn ⊗ Φ1

αs

[Alioli,Nason,Oleari,Re] arXiv:0812.0578 



POWHEG
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Generate Emissions with Sudakov Form Factor

❖ Square bracket again integrates to 1: Unitarity of PS 

❖ Radiation pattern now follows the real ME correction

dσNLO = dΦn B̄(Φn)[ΔR/B
n (μ2, t0) + ∫

μ2
n

t0

dΦ1
R(Φn+1)
B(Φn)

ΔR/B
n (μ2

n , t(Φ1))]



MC@NLO
❖ Basic idea: divide  into soft(S) and hard (H) partR
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R = RS + RH = B ⊗ dS1 + Hn

❖ We can identify the subtraction term  with the kernels dS1 dS1 = ∑ Kij,k

dσNLO = dΦn B̃(Φn)[ΔR/B
n (μ2, t0) + ∫

μ2
n

t0

dΦ1
R(Φn+1)
B(Φn)

ΔR/B
n (μ2

n , t(Φ1))] + dΦn+1H(Φn+1)

B̃(Φn) = B(Φn) + V(Φn) + I(Φn)

[Frixione,Webber] hep-ph/0204244 



MC@NLO
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dσNLO = dΦn B̃(Φn)[ΔR/B
n (μ2, t0) + ∫

μ2
n

t0

dΦ1
R(Φn+1)
B(Φn)

ΔR/B
n (μ2

n , t(Φ1))] + dΦn+1H(Φn+1)

B̃(Φn) = B(Φn) + V(Φn) + I(Φn)

❖ Essentially MC@NLO decomposes the real emission into 

a part driven by the shower and a hard remainder 

❖ Virtual corrections are only applied to emissions 

generated by the shower 

❖  corrects for the hardest emission and fills 

regions of phase space inaccessible to the PS

H(Φn+1)



POWHEG/MC@NLO
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Inclusive jet production at the LHC
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Inclusive jet production at the LHC
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POWHEG/MC@NLO

❖ Positive Weights (Nearly 
always) :) 

❖ Resummation is modified :( 

❖ POWHEG-Box 

❖ HERWIH
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POWHEG

❖ Resummation is 
unchanged :) 

❖ Negative Weights :( 

❖ MC@NLO 

❖ SHERPA 

❖ aMC@NLO 

❖ HERWIG

MC@NLO



❖ Hard Interaction 

❖ Radiative Corrections 

❖ Hadronization 

❖ Hadron Decays 

❖ Underlying Event

Structure of LHC Events



❖At short distances  are relatively 

free 

❖At long distances the strong forces 

starts to dominate 

❖From lattice we see that the QCD 

potential is approximately linear 

qq̄

Hadronization

Linear Potential = Confinement



Lund String Model
❖ Assume that light quarks are connected by “Strings” 

❖ New  are created by tunnelling with prob  , 

where  is the string tension 

❖  pairs can “yo-yo” allowing them to be more 

dynamical 

❖Hadrons are then formed from the multiple breakup of 

strings to more  pairs

qq̄ ≈ e−
πm2q

σ

σ

qq̄

qq̄
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Andersson,Gustafson,Ingelman,Sj östrand PR97(1983)31



Lund String Model
❖ Gluons can be considered  “kinks” in the string, with 

the gluon experiencing twice the string force 

❖ Also see this from the associated Casamir operators 

 

❖ This means hadron production is enhanced in regions 

dominated with  or  pairs while suppressed in 

CA

CF
=

9
4

≈ 2

qg gq̄ qq̄
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Andersson,Gustafson,Ingelman,Sj östrand PR97(1983)31



Cluster Model 
❖ Cluster models are based on the idea of 

preconfinement  

❖ At the end of the Parton Shower all gluons 

are forced to split into  pairs. 

❖ Color pairs end-up close together in 

phasespace 

❖ Phasespace tells us how the clusters decay 

into hadrons

qq̄
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[Webber] NPB238(1984)492



Cluster Model 
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We see that the cluster 
mass peaks around 
1GeV, regardless of the 
CME

This shows the 
independence of the 
cluster at the end of the 
Parton shower from the 
hard scale



String vs Cluster
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[T.Sjöstrand]
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Multi-Parton Interactions 
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σtotal = σElastic + σSingle Diffractive+σDouble Diffractive + σNon Diffractive



Underlying Event
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σtotal = σElastic + σSingle Diffractive+σDouble Diffractive + σNon Diffractive



Underlying Event
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σtotal = σElastic + σSingle Diffractive+σDouble Diffractive + σNon Diffractive

Single diffraction 



Underlying Event
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σtotal = σElastic + σSingle Diffractive+σDouble Diffractive + σNon Diffractive

Double diffraction 



Underlying Event
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σtotal = σElastic + σSingle Diffractive+σDouble Diffractive + σNon Diffractive

(multiple/soft) interactions 



Underlying Event
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σtotal = σElastic + σSingle Diffractive+σDouble Diffractive + σNon Diffractive

Hard Scattering  



Underlying Event
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σtotal = σElastic + σSingle Diffractive+σDouble Diffractive + σNon Diffractive

Hard Scattering + Underlying Event  

Pedestal Height 



Modelling the Pedestal
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[Sjöstrand,Zijl] PRD36(1987)2019

Total LHC cross section is exceeded at low pT

We can interpret this as additional parton-
parton scattering per proton collision 

⟨n⟩ =
σHard

σNon Diffractive

Main free parameter is PTmin



Modelling the Pedestal

❖We will have n independent 

secondary interactions 

❖Model each as a perturbative 

interaction with a non-perturbative 

form-factor correction
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[Sjöstrand,Zijl] PRD36(1987)2019



Color connections and beam remnants

❖ Secondary scatterings need to be color-

connected to something 

❖ Simplest model would decouple them from 

proton remnants 

❖ Newer models embed scattering into color 

topology 
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[Sjöstrand,Skands] hep-ph/0402078



A model for minimum bias

❖ Peripheral collision of particles in a collision 

❖ Take the parton distribution in a beam as 
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[Butterworth,Forshaw,Seymour] hep-ph/9601371 



❖ Hard Interaction 

❖Radiative Corrections 

❖Hadronization 

❖ Hadron Decays 

❖Underlying Event

Structure of LHC Events



Hadron Decays

❖ Most hadrons are unstable and will decay 

❖ In practice there are  decay channels 

❖ PDG contains tables of branching ratios 

≈ 𝒪(1000)

36

S. Navas et al. (Particle Data Group), to be published in 
Phys. Rev. D 110, 030001 (2024)

❖ Not all resonances have been measured  

❖ BR rarely add up to 100% and some have large uncertainties 

❖ Can lead to non-trivial effects in the hadronization, event 

shapes, etc..

Issues
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Sherpa 3.0.0 “Erebus”

❖ New major release of Sherpa 

happened this week 

❖ Culmination of many years of 

work 

❖ Issue/feature request on gitlab 

page
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https://sherpa-team.gitlab.io

https://gitlab.com/sherpa-team/sherpa/


Sherpa 3.0.0 “Erebus”
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YAML Input
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EW Corrections
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Polarised Cross-Sections

42https://arxiv.org/pdf/2310.14803

Mareen Hoppe, Marek Schönherr, Frank Siegert 



EW Sudakovs

❖EW Sudakov 
approximation for parton 
showered event 
generation
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Bothmann, Napoletano arXiv:2006.14635 


