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Introduction to Parton Showers & Jets
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๏  Event generators are the central simulation tools in modern collider phenomenology


➡ Based on Monte Carlo technology, they can simulate realistic collider events (= list of particles) with a 
physical probability distribution. Generated events can be run through a detector simulation, hence 
providing a rather accurate (though not perfect!) description of the aftermath of a real-world collision.


➡ They generate all stages of the collision: 


✓ The hard scattering: the Matrix Element generator


✓ Multi-scale evolution: the Parton Shower stage


✓ Hadronization models & non-perturbative physics


✓ Multiple parton scatterings modelling


✓ Beyond QCD: QED radiation, EW corrections, …

  What is an event generator (a.k.a. Monte Carlo generator)?

Such great versatility comes with 
limitations. MC generators are often less 

accurate than state-of-the-art perturbative 
predictions. Always consult an expert when 

using them for physics analyses.

Beware:
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  An “event” example: e.g. Drell-Yan lepton pair production 
๏  Let’s examine the final state particles produced by Pythia8 (w/ hadronization, no MPI) in a Drell-Yan event 

Let’s consider a live example…
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  Why are event generators so important?
๏  Their versatility makes them vital for an array of applications: estimation of signal/background events, 
calibration of measurements (e.g. unfolding, jet energy scale, …), training of machine learning tools (e.g. 
taggers), experimental extraction of SM parameters (e.g. template fits), and so forth! Effectively used in 
nearly the totality of LHC analyses

e.g. a typical LHC analysis

Astonishing description of broad 
classes of collider processes.  

 
e.g. search for new phenomena in 

multi-lepton final states: agreement 
with simulation of all SM 

background processes shows the 
absence of new physics

ATLAS 2022
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๏  Through the parton shower (PS) stage, event generators provide a description of the multi-scale evolution 
that connects the hard scattering to the observation. This is crucial to infer reliably information on the hard 
scattering (which is what often we want to measure) from the distribution of final-state particles.


➡ This stage is also what described by resummations (cf. previous lecture). However, PS are much more 
flexible tools, albeit so far with lower perturbative accuracy

  Key aspect 1: Description of multi-scale observables

• Low flexibility: Each calculation is tailored to 
a given (class of) observable. Mostly perturbative 
physics (simple NP corrections can be included) 

• High accuracy: Existing technology allows for 
very accurate theory calculations

Resummations Parton Showers

• High flexibility: Realistic physical events; 
Simulate any collider reaction/observable 
(can be measured on each event) 

• Low accuracy: often only LL (~50% error), 
though ongoing programme to improve 
their accuracy

☑☐𐄂

☐𐄂☑
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๏  Parton Showers also provide an approximate description of many particle events in regimes with very 
high particle multiplicity

  Key aspect 2: Generation of many-particle events

e.g. Factorial growth of complexity of LO 
amplitude calculations with multiplicity

Even with modern recursive methods (lower 
computational complexity), one still has to integrate 
over the n-particle phase space (3n-4 dimensional). 

This quickly becomes prohibitive even at the LO!


PS provide an efficient way of describing high-
multiplicity events and observables.

4 5 6 7 8 9 10

100

105

n gluons

#
Fe
yn
m
an
di
ag
ra
m
s
in
gg

->
n
g

n 4 5 6 7 8 9 10
diagrams 4 25 220 2485 34300 559405 10525900 (109)

Table 1: The number of diagrams contributing to the amplitude A(0)
n .

The special unitary group SU(N) is parametrised by N2 − 1 real variables and has as many
generators.

In both cases we denote the generators by Ta with a ∈ {1, ...,N2− 1} for SU(N) and a ∈
{1, ...,N} for U(N). We take the generators to be hermitian matrices. We recall from eq. (3) our
conventions for the generators:

[
Ta,Tb

]
= i f abcT c, Tr

(
TaTb

)
=
1
2
δab. (111)

A useful formula is the Fierz identity. For SU(N) the Fierz identity reads

Tai jT akl =
1
2

(
δilδ jk−

1
N
δi jδkl

)
, (112)

where a sum over a is understood. The proof is rather simple: The matrices Ta with a =
1, ...,N2− 1 and the unit matrix form a basis of the N ×N hermitian matrices, therefore any
hermitian matrix A can be written as

A = c01+ caTa. (113)

The constants c0 and ca are determined using the normalisation condition and the fact that the
Ta are traceless:

c0 =
1
N
Tr(A) , ca = 2Tr(TaA) . (114)

Therefore

Alk
(
2Tai jT akl+

1
N
δi jδkl−δilδ jk

)
= 0. (115)

This has to hold for an arbitrary hermitian matrix A, therefore the Fierz identity follows.
Let X and Y be arbitrary matrix products of the generators Ta. An immediate corollary of the

Fierz identity are the following formulæ involving traces:

Tr(TaX)Tr(TaY ) =
1
2

[
Tr(XY )−

1
N
Tr(X)Tr(Y )

]
,

Tr(TaXTaY ) =
1
2

[
Tr(X)Tr(Y )−

1
N
Tr(XY )

]
. (116)

25

Numbers from: Tales of 1001 gluons, 

S. Weinzierl 1610.05318



8

  Key aspect 3: Modelling of non-perturbative physics

Figure Credits: Stefan Höche

Event generators can model rather well the full structure 
of a collider event, including hadronization dynamics, 

non-perturbative d.o.f. inside the proton (intrinsic pT) and 
multiple scattering in a single pp collision (more later)
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Building a toy PS for gg → h
(Slow) Mathematica code available at this URL

https://gitlab.cern.ch/pimonni/summer-school-public-material
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๏  We can now build a toy parton shower (lowest order, no hadronization/MPI) to simulate the Higgs qT in 
gluon fusion. This will allow us to get the gist of this simulation method


➡ We work in DL approximation: recall from the previous lecture that we can approximate each emission   
 with the approximate (soft-collinear) matrix element 


➡ Our aim is to build the multi-parton final state recursively, starting from a Born configuration . 
This requires rethinking the formulation of the DL resummation in probabilistic terms (very different 
mathematical language)

gg → h

  Multi-parton QCD squared amplitudes built recursively

|ℳsc(ki) |2 = 4π αsCA
p1 ⋅ p2

p1 ⋅ ki p2 ⋅ ki

p1 → ← p2
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๏  Our toy parton shower entails three central ingredients:


➡ A splitting kernel: our  squared amplitude


➡ A kinematic map to absorb the recoil of each emission: we will assign the transverse 
 recoil to the Higgs boson


➡ An ordering variable: emissions are radiated in an ordered sequence (causality) as part of the recursive 
procedure. We choose to order emissions in their transverse momentum w.r.t. the beam, i.e. emissions 
with a larger  are emitted before emissions with a smaller 


๏  The central element of our shower algorithm is the Sudakov form factor encoding the no-emission 
probability between two resolution scales 

|ℳsc(ki) |2

kt kt

Q1 ≥ Q2

  The Sudakov form factor

Δ(Q1, Q2) = exp {−∫ [dk] |ℳsc(k) |2 Θ(Q1 ≥ kt ≥ Q2)} ≤ 1
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๏  The Sudakov FF encodes the core information of the branching process 

➡ The probability of not having any emissions off the initial-state gluons between two  
 scales  is given by 


➡ The probability of having an emission at a scale  is given by 


➡ We can use  to generate emissions starting from the hard scale  down to a non-perturbative 
scale  (shower cutoff). We then measure our observables (e.g. qT) on the resulting event.

Q1 ≥ Q2 Δ(Q1, Q2)

Q ≤ Q1

Δ(Q1, Q2) ̂s
Λ

  Emission probability and unitarity

dΔ(Q1, Q)
dQ

= Δ(Q1, Q)∫ [dk] |ℳsc(k) |2 Θ(Q1 ≥ Q)δ(Q − kt)



๏  The Sudakov FF encodes the core information of the branching process 

➡ The probability of not having any emissions off the initial-state gluons between two  
 scales  is given by 


➡ The probability of having an emission at a scale  is given by 


➡ Evolution: The probability  for the initial state gluons to evolve between  and  can be obtained by 
solving (e.g. with a Monte Carlo algorithm) the recursive equation 

Q1 ≥ Q2 Δ(Q1, Q2)

Q ≤ Q1

Pg ̂s Λ

Pg( ̂s) = Δ( ̂s, Λ) + ∫
̂s

Λ
dQ

dΔ( ̂s, Q)
dQ

Pg(Q)
13

  Emission probability and unitarity

dΔ(Q1, Q)
dQ

= Δ(Q1, Q)∫ [dk] |ℳsc(k) |2 Θ(Q1 ≥ Q)δ(Q − kt)

Markov-chain process 
(like in LQCD lecture)
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๏  The Sudakov FF encodes the core information of the branching process 

➡ The probability of not having any emissions off the initial-state gluons between two  
 scales  is given by 


➡ The probability of having an emission at a scale  is given by 


➡ Unitarity: If we integrate inclusively over the radiation phase space (e.g. the total cross section), real and 
virtual corrections exactly cancel giving a unitary weight, i.e. if we don’t constrain radiation then 

Q1 ≥ Q2 Δ(Q1, Q2)

Q ≤ Q1

Pg = 1

  Emission probability and unitarity

Δ(Q1, Λ) + ∫
Q1

Λ
dQ

dΔ(Q1, Q)
dQ

= Δ(Q1, Λ) + Δ(Q1, Q1) − Δ(Q1, Λ) = 1

dΔ(Q1, Q)
dQ

= Δ(Q1, Q)∫ [dk] |ℳsc(k) |2 Θ(Q1 ≥ Q)δ(Q − kt)
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๏  Start with a configuration  with weight . The initial scale is 


1. Generate an emission: determine its transverse momentum  by solving  

2. If  stop the shower, else generate the emission’s azimuthal angle uniformly in 


3. Assign the transverse recoil to the Higgs by imposing momentum conservation 


4. Set  and go to step 1.


๏  When the shower stops, measure the observable. Fill histograms with the weight , and repeat the 
above algorithm  times. The resulting distribution is 

g(p1)g(p2) → h(p1 + p2) w = 1 Q = ̂s = mh

kt

kt ≤ Λ ϕ ∈ [−π, π]

⃗q T = ∑
i

⃗k t,i

Q = kt

w/Nevents

Nevents
1
σ0

dσ
dqT

  A 2D Monte-Carlo algorithm to simulate the DL Higgs qT

Δ(Q, kt) = exp (−8CA
αs

2π ∫
Q

kt

dq
q

ln
mh

q ) = x (random number) ∈ [0,1]

Importance sampling
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๏  One can demonstrate analytically that 
 the shower is equivalent to our DL 
 resummation (try it!)


๏  Modern parton showers are much 
 more sophisticated than this toy 
 example, and their connecting  
 to resummation is an active  
 area of research

  Simulating the Higgs qT & comparison to DL resummation

Toy Parton Shower (106 events)

Resummation

A real-life shower would run a hadronization 
model at , while we will simply stop the 

shower at the parton level.
Λ

0 10 20 30 40 50 60
0.000

0.005

0.010

0.015

0.020

0.025

qT [GeV]

1 σ0
dσ dq
T
[G
eV

-1
]
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๏  The main elements of the simplest PS are similar to those in our toy example, but their description of a 
physical event is much more accurate (e.g. secondary gluon branchings, full momentum conservation). 
Characterisation in terms of:


➡ Splitting probability: defines the matrix element and phase space governing the emission of an extra 
parton (and corresponding virtual corrections). The branching element can be either a parton (like in our 
toy example  Parton Showers) or a dipole (= pair of colour connected partons  Dipole Showers).


➡ Ordering variable: determines how radiation is sequentially ordered and the coverage of the phase 
space. Variants span from angular ordering (common in the case of Parton Showers) to transverse 
momentum or (~) virtuality-like ordering (both used for dipole showers).


➡ Kinematic map: determines how the recoil due to the emission of a parton is shared among the other 
particles in the event. Solutions adopt either a local scheme (recoil is taken from the emitting particle(s) 
only) or a global scheme (recoil is taken from the whole event).

→ →

  Realistic QCD parton showers (PS)
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๏  The main elements of the simplest PS are similar to those in our toy example, but their description of a 
physical event is much more accurate (e.g. secondary gluon branchings, full momentum conservation). 
Characterisation in terms of:


➡ Splitting probability: defines the matrix element and phase space governing the emission of an extra 
parton (and corresponding virtual corrections). The branching element can be either a parton (like in our 
toy example  Parton Showers) or a dipole (= pair of colour connected partons  Dipole Showers).


➡ Ordering variable: determines how radiation is sequentially ordered and the coverage of the phase 
space. Variants span from angular ordering (common in the case of Parton Showers) to transverse 
momentum or (~) virtuality-like ordering (both used for dipole showers).


➡ Kinematic map: determines how the recoil due to the emission of a parton is shared among the other 
particles in the event. Solutions adopt either a local scheme (recoil is taken from the emitting particle(s) 
only) or a global scheme (recoil is taken from the whole event).

→ →

  Realistic QCD parton showers (PS)

The workhorses at the LHC (used in nearly all experimental analyses):


Herwig Pythia Sherpa



๏  The meaning of the question itself depends on the kinematic regime at which is asked!
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๏  Figure of merit is the value of coupling and scale 
ratio(s)  (e.g. scale of the measurement / hard 
scale)


ξ

αs ln ξ

αs

e.g. single scale ratio & coupling constant

∼ 1

∼ 1

Resummed PT 

(logarithms of )ξ

Fixed order PT 
(power series in )αs

Sub-leading power  
corrections in ξ

…
Non


perturbative

  What is the (perturbative) accuracy of an event generator? 
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๏  The meaning of the question itself depends on the kinematic regime at which is asked!

๏  Short distance (hard)


➡ scales probed at LHC: O(102)-O(103) GeV


➡ Accuracy in terms of fixed order  
 perturbation theory (LO, NLO, NNLO, …)


 

๏  Long distance (soft and/or collinear)


➡ transition from O(102)-O(103) GeV to O(1) GeV


➡ Accuracy in terms of resumed perturbation  
 theory (LL, NLL, NNLL, …)


Common PS are only LO for the hard scattering. A lot of 
technology is now available for their matching/merging to LO 

(e.g. MLM, CKKW, …), NLO (e.g. POWHEG, MC@NLO, UNLOPS, 
FxFx, MiNLO,…) or NNLO  (e.g. MiNNLOPS, Geneva, 

UN2LOPS,…) QCD calculations.

Matching & merging

  What is the (perturbative) accuracy of an event generator? 



๏  The meaning of the question itself depends on the kinematic regime at which is asked!

๏  Short distance (hard)


➡ scales probed at LHC: O(102)-O(103) GeV


➡ Accuracy in terms of fixed order  
 perturbation theory (LO, NLO, NNLO, …)


 

๏  Long distance (soft and/or collinear)


➡ transition from O(102)-O(103) GeV to O(1) GeV


➡ Accuracy in terms of resummed perturbation  
 theory (LL, NLL, NNLL, …)
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⇝
evolution (radiation) 

towards observable state

State of the art showers can reach NLL accuracy for large 
classes of collider observables. Current research in 2024 has 

led to the formulation of the first NNLL parton shower 
algorithms (will be available for phenomenology in the future)

Logarithmic accuracy of Parton Showers

  What is the (perturbative) accuracy of an event generator? 



21

  Hadronization models (in event generators)
๏  Non-perturbative transition from a partonic to a hadronic state 
is described using phenomenological (i.e. not first principles) 
models

➡ Depend on a number of free parameters which are extracted 
from experimental data (tuning). Common models: 

➡ Development of more accurate models (e.g. based on 
machine learning tech or with better treatment of colour)  
is an active area of research

String model (e.g. in Pythia8) Cluster model (e.g. in Herwig)
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  Multi-parton interactions (MPI / Underlying Event) 
๏  The main hard scattering (the part described by perturbative 
calculations) is accompanied by secondary scatterings (~10 
at the LHC!) between the partonic content of the two protons

➡ Although the momentum transfer is within the perturbative 
regime, our understanding is limited and we resort to 
phenomenological models to simulate them


➡ Their field theoretical and experimental study is a very  
 active field at the LHC
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๏Now we have all the elements to describe an LHC event … how can we organise the information encoded 
in this complexity?

  Hadronic jets in a realistic LHC collision

e.g. multi-jet event at the 
LHC with up to 12 jets (!) with 
transverse momentum larger 

than 50 GeV
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๏  We have seen that a strongly interacting high-energy system emits large amount of radiation in the soft 
( ) and in the collinear ( ) regimesE → 0 θ → 0

  Why do we see jets?

e.g. Fragmentation of a hard gluon

Recoiling radiation

proton proton
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๏  We have seen that a strongly interacting high-energy system emits large amount of radiation in the soft 
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๏  We have seen that a strongly interacting high-energy system emits large amount of radiation in the soft 
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๏  We have seen that a strongly interacting high-energy system emits large amount of radiation in the soft 
( ) and in the collinear ( ) regimesE → 0 θ → 0

  Why do we see jets?

The pattern of QCD particles in the final state is 
organised (mainly) according to this principle, 
leading to rather collimated sprays of hadrons, 

called jets. Additional contamination comes from 
radiation stemming from MPI & pile-up.

π0 KL π+
K+

π−

⋯
⋯e.g. Fragmentation of a hard gluon
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  Why do we need jets?
๏  Why can we rely on perturbative predictions if the final hadrons we observe are intrinsically non-
perturbative objects?


➡ The perturbative IRC structure of the theory defines  
 most of the kinematic details of the event (in fact, hadrons  
 carry a lot of the quantum properties of the parent parton).  
 Hadronization is a mild kinematic reshuffling of the event  
 (Local Parton-Hadron Duality)


➡ Yet, pQCD cannot predict, e.g., the fraction of a certain  
 hadron species or its kinematic properties. We need  
 a sensible method to describe multi-hadron final states  
 in a way that makes sense in perturbation theory

“Jets are are legal contracts between theorists and 
experimentalists” [Tennenbaum]

π0 KL π+
K+

π−

⋯
⋯
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๏  A sensible jet (or clustering) algorithm must satisfy our calculability criterion of IRC safety


➡ That is, we need a IRC-safe map between partons and jets


➡ To reduce the sensitivity to hadronisation, one would like jets to form around “hard” cores (~partons)

  IRC safe definition of jets

what should a jet definition achieve?

42

Jets as projections[Introduction]

[Background knowledge]

jet 1 jet 2

LO partons

Jet Def n

jet 1 jet 2

Jet Def n

NLO partons

jet 1 jet 2

Jet Def n

parton shower

jet 1 jet 2

Jet Def n

hadron level

π π

K
p φ

Projection to jets should be resilient to QCD effects

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 8 / 35

projection to jets should be resilient to QCD effects

Figure Credits: Gavin Salam

A good jet algorithm should be 
resilient to “QCD effects” to define a 

good map to the underlying hard 
partonic structure.  

 
The precise projection between jets 

and partons is ambiguous and 
depends on the specific algorithm
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๏  Common choice for LHC phenomenology


➡ Ingredients: a transverse momentum threshold , a jet radius , and the distance measures 
 
 
 
 
 
 

1. Find smallest of  or 


2. If , recombine them: e.g. replace  and  with  (other recombination schemes are possible)


3. If , call  a jet and remove it from the list of particles


4. Go back to 1 and repeat until no particles are left. Consider only jets with 

pt,min R

dij diB

dij pi pj pi + pj

diB pi

kt > pt,min

  Generalised kt algorithms

dij = min (k2p
t,i , k2p

t,j )
(yi − yj)2 + (ϕi − ϕj)2

R2
, diB = k2p

t,i

Distance of particle   
from the beam

iDistance of particle   
from particle  

i
j

Parameter  defines the algorithm:  
 

       kt algorithm 
       Cambridge/Aachen (C/A) algorithm 

   Anti-kt algorithm

p

p = 1
p = 0
p = − 1

References: 

 - kt clustering algorithm: Nucl. Phys. B 406 (1993) 187–224  
 - Cambridge/Aachen  jet clustering algorithm JHEP 08 (1997) 001/[hep-ph/9907280]

 - Anti-kt jet clustering algorithm JHEP 04 (2008) 063
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Figure 1: A sample parton-level event (generated with Herwig [8]), together with many random soft
“ghosts”, clustered with four different jets algorithms, illustrating the “active” catchment areas of
the resulting hard jets. For kt and Cam/Aachen the detailed shapes are in part determined by the
specific set of ghosts used, and change when the ghosts are modified.

the jets roughly midway between them. Anti-kt instead generates a circular hard jet, which clips a
lens-shaped region out of the soft one, leaving behind a crescent.

The above properties of the anti-kt algorithm translate into concrete results for various quanti-
tative properties of jets, as we outline below.

2.2 Area-related properties

The most concrete context in which to quantitatively discuss the properties of jet boundaries for
different algorithms is in the calculation of jet areas.

Two definitions were given for jet areas in [4]: the passive area (a) which measures a jet’s
susceptibility to point-like radiation, and the active area (A) which measures its susceptibility to
diffuse radiation. The simplest place to observe the impact of soft resilience is in the passive area for
a jet consisting of a hard particle p1 and a soft one p2, separated by a y − φ distance ∆12. In usual
IRC safe jet algorithms (JA), the passive area aJA,R(∆12) is πR2 when ∆12 = 0, but changes when
∆12 is increased. In contrast, since the boundaries of anti-kt jets are unaffected by soft radiation,

4

Figures from:  
 - The anti-kt jet clustering algorithm (Cacciari, Salam, Soyez) 08021189 

 - see also Towards Jetography (G. Salam) 0906.1833

Precise parton  jets map depends on the algorithm


 While for kt and C/A the “catchment area” depends on 
the specific set of softer particles in the event, anti-kt 
produces stable cone-like jets built around the hard 

core (unless two hard particles are close). This makes 
it the standard choice for LHC jets

↔

e.g. jets produced in the presence of hard 
particles surrounded by random soft radiation

  Generalised kt algorithms



๏  Large qT region crucial to search for NP effects. Many production modes yield a comparable contribution

p
cut
? [GeV] VBF VH tt̄H

400 �17.80% �19.05% �6.95%

450 �19.43% �20.83% �7.75%

500 �21.05% �22.50% �8.49%

550 �22.34% �24.07% �9.11%

600 �23.73% �25.56% �9.91%

650 �25.03% �26.98% �10.67%

700 �26.29% �28.30% �11.37%

750 �27.35% �29.60% �11.94%

800 �28.42% �30.83% �12.51%

Table 7: Percentage decrease of the cross sections of Table 6 due to the inclusion of electro-weak
corrections as a function of the cut in p?.
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Figure 4: Cumulative cross section for the production of a Higgs boson as a function of the Higgs
boson transverse momentum cut. The cross section due to the gluon-fusion (green), VBF (red),
vector boson associated (blue) and top-quark pair associated (magenta) production mode are shown
in absolute values (left) and relative size (right).

4 Summary and conclusions

In this article we studied the inclusive production of a boosted Higgs boson at the LHC. We pre-
sented a combination of accurate QCD predictions for the various production channels, and provided
a recommendation for the cumulative distribution at large transverse momenta in the gluon-fusion
channel. The resulting predictions are reported in Table 6 for different values of the lower cut on
the Higgs transverse momentum. The table shows that in the boosted regime the dominance of
the gluon-fusion channel is much less significant, and a consistent inclusion of different production
modes is necessary. This is even more important in view of BSM interpretations since different
channels can be affected differently by new-physics effects. It is therefore desirable in experimental
analyses to avoid subtracting different Higgs production channels from the experimental measure-
ment as a way of assessing the gluon-fusion contribution. Such a subtraction can only be done under
strong theoretical assumptions. An unbiased way of reporting the experimental results necessarily
involves quoting the fiducial cross sections.

For the gluon fusion contribution, we compare the resulting predictions to those of Monte-Carlo

– 10 –

Plots from 2005.07762
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  Example: boosted Higgs search/detection



๏  We want to single out the Higgs decays (e.g. into two b quarks) from the overwhelming QCD background 

35

  Boosted Higgs & “fat” jets

vs.

h
b

b̄

 
(Over) Simplified procedure:


➡ Search for a fat jet (anti-kt, R=0.8) with pT > 400 GeV, 
containing two b tags (DDB tagger). Now look inside 
the jet to find the Higgs


➡ Clean up smaller sub-jets (C/A, R=0.4) removing  
 soft radiation (grooming). This reduces pile-up and  
 UE contamination


➡ Higgs candidate required to be consistent with  
 a  decay with invariant mass .  
 Signal is peaked at this mass, while QCD  
 background (e.g. gluon jets) is smoothly falling  

 

bb̄ mSD ≃ 125 GeV

From CMS 2407.08012
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  Boosted Higgs & “fat” jets

A good jet algorithm should be 
resilient to “QCD effects” to define a 

good map to the underlying hard 
partonic structure.  

 
The precise projection between jets 

and partons is ambiguous and 
depends on the specific algorithm
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Figure 4: Post-fit soft drop mass distribution in the VBF category, summed over all mjj bins
and data-taking periods for display purposes. The DDB fail (left) and pass (right) regions are
shown. The total background is broken down into contributions from different processes, and
the total uncertainty is shown as a red band. The lower panels show the difference between
the data and background prediction divided by the statistical uncertainty in data. The near-
perfect model agreement with data in the DDB fail region is by construction. The ggF and VBF
distributions are overlaid in red and green, respectively. Each signal is scaled to its fitted event
yield.

Table 2: Post-fit and observed data event yield in the single-muon control region for each data-
taking period.

DDB Fail DDB Pass
Post-fit Data Post-fit Data

Early 2016 558 ± 29 558 15.0 ± 3.9 15
Late 2016 527 ± 41 527 6.9 ± 3.2 6
2017 1411 ± 93 1411 27.2 ± 5.8 27
2018 1748 ± 100 1748 35.2 ± 7.3 34

Z boson decaying into b quarks 
(large background)

“Soft Drop” (groomed) mass

A clear signal of the Higgs boson 
decay starts to show up!

Figure from CMS 2407.08012
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๏  The success of QCD at the LHC relies on the key concepts of factorisation & asymptotic freedom. These 
concepts are at the core of the perturbative treatment of the theory, which sets the stage for the 
development of a lot of computational technology to predict the outcome of a high-energy scattering 


๏  The scrutiny of precise experimental data with accurate theoretical calculations is an instrumental 
element of the modern collider-physics landscape. These investigations will reveal invaluable information 
about the structure of nature at the quantum level and may give us a hint of where to look for NP 
phenomena


๏  Moving forward (e.g. HL-LHC, future colliders), it is crucial that we come up with original ideas to tackle 
increasingly complicated calculations (QCD, EW) and explore the complex structure of gauge theories; as 
well as with new strategies to extract information from experimental data.


๏  Have a lot of fun with particle physics!

  Concluding remarks


