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• no free parameters (since MH)

⇾ fully predictive

• Stress-testing the SM at LHC

Very good overall agreement!

The Standard Model

[ATL-PHYS-PUB-2024-011]
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Jet measurements

[ATL-PHYS-PUB-2024-011]

• Jets: (the most common process)

background of most SM/BMS process

• Driven by QCD:
test of perturbative (and non-

perturbative) QCD

jets
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The Standard Model

[ATL-PHYS-PUB-2024-011]

• Electroweak bosons: 𝛾,𝑊±, 𝑍:
involving 1, 2, or 3 of them

• Clean signatures* (<1% unc.)

*QCD contributes at higher orders

𝛾, 𝑍,𝑊

𝑙!

𝑙"

EW bosons
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The Standard Model

[ATL-PHYS-PUB-2024-011]

• Top quarks: heaviest particle
small hadronization corr, sensitive to BSM

• Higgs boson: priority of LHC
first non-electrodynamics like interaction

• New physics searches
direct: data driven methods

indirect: tension in SM (𝑔& − 2,𝑀')? Higgs bosonH

Adam Takacs (Heidelberg)                   Triggering Discoveries in HEP, Slovakia

Top quark
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2. Precision 
phenomenology with 

the SM
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theory

Most* common process: jets

jet1

jet2

experiment

*The most common is when nothing happens...
Adam Takacs (Heidelberg)                   Triggering Discoveries in HEP, Slovakia
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Standard Model Production Cross Section Measurements Status:
June 2024

ATLAS Preliminary

p
s = 5,7,8,13,13.6 TeV

Jet measurements

[ATL-PHYS-PUB-2024-011]

jet1

jet2

• Underlying 2 ⇾ 2 scattering:
3 independent variables (+ 𝜑) 

𝑑(𝜎
𝑑𝑦∗𝑑𝑦*𝑑𝑚++
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Jet measurements

• Underlying 2 ⇾ 2 scattering:
3 independent variables (+ 𝜑) 

200 bins, few % uncertainty

[CMS 2312.16669]

𝑑(𝜎
𝑑𝑦∗𝑑𝑦*𝑑𝑚++
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CT18 NNLO × NP × EW
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29.6 fb  (13 TeV)

b <
0.5

*<
0.5

CMS
Stat. Total

1000500 2000 5000
1,2 (GeV) How to make reliable predictions?
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Calculating cross sections

13

o Observables = combinations of outgoing momenta

o Separation of scales: 𝑄!"#$ ≳ 𝑄%&' 	≫ 	Λ()*

Collinear factorization: 

phase space of 
outgoing particles

multileg 
cross-section

observable = combining 
final momenta

𝑑𝜎
𝑑𝒪 =

*𝑑Φ+ 𝜎,,→+	𝛿 𝒪 − .𝒪 𝑝., … , 𝑝+

𝜎,,→+ 	= *𝑑𝑥/𝑑𝑥% 	𝑓/
,(𝑥/) 𝑓%

,(𝑥%)	⨂	 7𝜎/%→+	⨂ 1 + 𝒪
Λ
𝑄

,

parton distribution 
in protons

partonic cross 
sections

power corrections:
non-fact, hadronization, etc.

⇽ Implied by choosing clever 𝒪!
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Calculating cross sections
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o Observables = combinations of outgoing momenta

o Separation of scales: 𝑄!"#$ ≳ 𝑄%&' 	≫ 	Λ()*

Collinear factorization: 

phase space of 
outgoing particles

multileg 
cross-section

observable = combining 
final momenta

𝑑𝜎
𝑑𝒪 =

*𝑑Φ+ 𝜎,,→+	𝛿 𝒪 − .𝒪 𝑝., … , 𝑝+

𝜎,,→+ 	= *𝑑𝑥/𝑑𝑥% 	𝑓/
,(𝑥/) 𝑓%

,(𝑥%)	⨂	 7𝜎/%→+	⨂ 1 + 𝒪
Λ
𝑄

,

parton distribution 
in protons

partonic cross 
sections

power corrections:
non-fact, hadronization, etc.

⇽ Implied by choosing clever 𝒪!,𝜎.+→0

1

n

. . .

Cross section in collinear factorization
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Evaluate cross sections with precision!

pdf

non- fact, 
hadronization,

MPI, etc.

LO ≲ 20%
NLO ≲ 10%
N2LO ≲ 5%

LO   ≲ 40% LL ≲ 100%
NLO* ≲ 20% NLL ≲ 20%
N2LO ≲ 5% N2LL ≲ 5%

𝑖𝑗	 → 	𝑛 pow. corr.

16

𝜎--→/ 	= )𝑑𝑥0𝑑𝑥1 	𝑓0
20(𝑥0) 𝑓1

21(𝑥1)	⨂	 0𝜎01→/	⨂ 1 + 𝒪
Λ
𝑄

*also mixtures of 𝛼# & 𝛼$!
Adam Takacs (Heidelberg)                   Triggering Discoveries in HEP, Slovakia



Case study: photon + jet

17
[Chen,Ghermann,Glover,Hofer,Huss 1904.01044]

[adapted from A.Huss]

Coupling (loop) expansion

Adam Takacs (Heidelberg)                   Triggering Discoveries in HEP, Slovakia

LO
N

LO
N

N
LO

𝛼#𝛼$

𝛼#%𝛼$

𝛼#&𝛼$
   (+	𝛼!𝛼"#)

https://indico.cern.ch/event/1317494/contributions/5697743/attachments/2770816/4827786/QCD_meets_Gravity_Huss.pdf
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Coupling (loop) expansion
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[Chen,Ghermann,Glover,Hofer,Huss 1904.01044]

LO
N

LO
N

N
LO

[adapted from A.Huss]

Coupling (loop) expansion
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𝛼#𝛼$

𝛼#%𝛼$

𝛼#&𝛼$
   (+	𝛼!𝛼"#)

HL-LHC 1% uncertainty target (𝛼! ≈ 0.1, 𝛼" ≈ 0.01): 𝒪(𝛼!#,  𝛼") and 𝒪 𝛼!$, 𝛼!𝛼" .

https://indico.cern.ch/event/1317494/contributions/5697743/attachments/2770816/4827786/QCD_meets_Gravity_Huss.pdf
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Main challenges:
1. Multi-dimensional integral

NNLO pp ⇾ jjj needs 100M CPUh to measure 𝛼#. 
[ATLAS 2301.09351] 

2. Infrared singularity
matrix elements are divergent but their sum is 

finite

3. Multi-loops complexity

[adapted from A.Huss]
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https://indico.cern.ch/event/1317494/contributions/5697743/attachments/2770816/4827786/QCD_meets_Gravity_Huss.pdf


Case study: photon + jet

21

Main challenges:
1. Multi-dimensional integral

NNLO pp ⇾ jjj needs 100M CPUh to measure 𝛼#. 
[ATLAS 2301.09351] 

2. Infrared singularity
matrix elements are divergent but their sum is finite

3. Multi-loops complexity

⇾ Feasible for a few legs L

N
N

LO

∞'𝑠 ∞'𝑠 ∞'𝑠

finite

Σ

[adapted from A.Huss]
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Jet resummation

22

Separation of scales: 𝑄()*+ 	≳ 	𝑄,$- 	≫ 	Λ./0

Collinear (to the beam) factorization:

• Additionally: 𝑄()*+ ≫	𝑄,$- 	≫ 	Λ./0 

Soft or collinear limit (to the jet)

 Markov-like process ⇾ parton shower

𝜎,,→+ 	= *𝑓/
, 𝑥/ 𝑓%

,(𝑥%)	⨂	 7𝜎/%→+	

7𝜎/%→(+3.) = 7𝜎/%→+	⨂	 7𝜎.→5

*𝜎%&→(

1

n

. . . 

n

. . . 

1

*𝜎%&→(
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Only for a few legs.

For many legs!



Jet resummation and event generators 
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Separation of scales: 𝑄()*+ 	≳ 	𝑄,$- 	≫ 	Λ./0

Collinear (to the beam) factorization:

• Additionally: 𝑄()*+ ≫	𝑄,$- 	≫ 	Λ./0 

Soft or collinear limit (to the jet)

 Markov-like process ⇾ parton shower

Recent progression in (N)NLL parton showers!

𝜎,,→+ 	= *𝑓/
, 𝑥/ 𝑓%

,(𝑥%)	⨂	 7𝜎/%→+	

7𝜎/%→(+3.) ≈ 7𝜎/%→+	⨂	 7𝜎.→5

For many legs!

*𝜎%&→(

1

n

. . . 

n

. . . 

1

*𝜎%&→(
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Only for a few legs.



Jet resummation and event generators 

24

𝜎,,→+ 	= *𝑓/
, 𝑥/ 𝑓%

,(𝑥%)	⨂	 7𝜎/%→+	

[Pythia8: P. Skands]

Separation of scales: 𝑄()*+ 	≳ 	𝑄,$- 	≫ 	Λ./0

Collinear (to the beam) factorization:

• Additionally: 𝑄()*+ ≫	𝑄,$- 	≫ 	Λ./0 

Soft or collinear limit (to the jet)

 Markov-like process ⇾ parton shower

Theory behind event generators.

7𝜎/%→(+3.) ≈ 7𝜎/%→+	⨂	 7𝜎.→5
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Jet resummation and event generators 

25

𝜎,,→+ 	= *𝑓/
, 𝑥/ 𝑓%

,(𝑥%)	⨂	 7𝜎/%→+	

[Pythia8: P. Skands]

Separation of scales: 𝑄()*+ 	≳ 	𝑄,$- 	≫ 	Λ./0

Collinear (to the beam) factorization:

• Additionally: 𝑄()*+ ≫	𝑄,$- 	≫ 	Λ./0 

Soft or collinear limit (to the jet)

 Markov-like process ⇾ parton shower

Event generators also include: hadronization, MPI, …

7𝜎/%→(+3.) ≈ 7𝜎/%→+	⨂	 7𝜎.→5
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Precision with jets
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Separation of scales: 𝑄()*+ 	≳ 	𝑄,$- 	≫ 	Λ./0

Collinear (to the beam) factorization:

• Additionally: 𝑄()*+ ≫	𝑄,$- 	≫ 	Λ./0 

Soft and collinear limit (to the jet axis)

Markov process ⇾ parton shower 

𝜎,,→+ 	= *𝑓/
, 𝑥/ 𝑓%

,(𝑥%)	⨂	 7𝜎/%→+	

7𝜎/%→(+3.) = 7𝜎/%→+	⨂	 7𝜎.→5

[Pythia8: P. Skands]

Event generator Experiment
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o SM is complete: stress testing with LHC ⇾ good agreement!

o Predictions are based on perturbation theory.

o At high accuracies QCD & EW diagrams are needed.

o At 1% precision non-perturbative effects also comes to play

Summary of SM studies:

27Adam Takacs (Heidelberg)                   Triggering Discoveries in HEP, Slovakia
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208Pb
Adam Takacs (Heidelberg)                   Triggering Discoveries in HEP, Slovakia

3. Heavy ions 
and the 

quark-gluon plasma 



Heavy-ion collisions

29

o Heavy-ion program at LHC and RHIC

o Nuclear matter at high energy

o Discovery of the quark-gluon plasma:
• Quenching (= energy loss)

• Collective flow

• Soft photon excess

• Strangeness enhancement

• etc.
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Heavy-ion collisions

30

[O. Saarimäki’s (2018)]

balanced
jets

pp

PbPb
lost 

energy

unbalanced
jets

o Heavy-ion program at LHC and RHIC

o Nuclear matter at high energy

o Discovery of the quark-gluon plasma:
• Quenching (= energy loss)

• Collective flow

• Soft photon excess

• Strangeness enhancement

• etc.
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Heavy-ion collisions

31

[C
ER

N
C

ou
rie

r]

o Heavy-ion program at LHC and RHIC

o Nuclear matter at high energy

o Discovery of the quark-gluon plasma:
• Quenching (= energy loss)

• Collective flow

• Soft photon excess

• Strangeness enhancement

• etc.
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Heavy-ion collisions

32

o Heavy-ion program at LHC and RHIC

o Nuclear matter at high energy

o Discovery of the quark-gluon plasma:
• Quenching (= energy loss)

• Collective flow

• Soft photon excess

• Strangeness enhancement

• etc.

“Hydrodynamic” picture of AA collisions!
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Heavy-ion collisions

33

o Heavy-ion program at LHC and RHIC

o Nuclear matter at high energy

o Discovery of the quark-gluon plasma:
• Quenching (= energy loss)

• Collective flow

• Soft photon excess

• Strangeness enhancement

• etc.

“Hydrodynamic” picture of AA collisions!
[Chun Shen]
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https://www.youtube.com/watch?v=gFV-9VeqzkE


Real-time dynamics of HI collisions

34

[Berges,Heller,Mazeliauskas,Venugopalan 2005.12299]

2.  Reaching-equilibrium:
• Dense gluon fields (glasma)
• Far-from-equilibrium evolution
• Attractor behavior

1. Initial state:
• Nucleus geometry
• (Sub)nucleon structure
• Fluctuations 

3.  Hydrodynamics:
• Close to equilibrium
• Very small viscosity
• Freeze-out.
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[Berges,Heller,Mazeliauskas,Venugopalan 2005.12299]

2.  Reaching-equilibrium:
• Dense gluon fields (glasma)
• Far-from-equilibrium evolution
• Attractor behavior

1. Initial state:
• Nucleus geometry
• (Sub)nucleon structure
• Fluctuations 

3.  Hydrodynamics:
• Close to equilibrium
• Very small viscosity
• Freeze-out.
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Real-time dynamics of HI collisions
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[Berges,Heller,Mazeliauskas,Venugopalan 2005.12299]

2.  Reaching-equilibrium:
• Dense gluon fields (glasma)
• Far-from-equilibrium evolution
• Attractor behavior

1. Initial state:
• Nucleus geometry
• (Sub)nucleon structure
• Fluctuations 

3.  Hydrodynamics:
• Close to equilibrium
• Very small viscosity
• Freeze-out.
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Success of the “hydrodynamic picture”

37

initial stateBayesian analysis:

hydrodynamics

[Giacalone,Nijs,van der Schee, PRL 131.202302]

PbPb, sNN =2.76 TeV
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Success of the “hydrodynamic picture”

38

initial stateBayesian analysis:

hydrodynamics

[Giacalone,Nijs,van der Schee, PRL 131.202302]

PbPb, sNN =2.76 TeV
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pre-equilibriumHydrodynamics:
• density

• temperature
• QCD equation of state

• viscosity
• …
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Success of the “hydrodynamic picture”
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initial stateBayesian analysis:

hydrodynamics

[Giacalone,Nijs,van der Schee, PRL 131.202302]
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pre-equilibriumInitial geometry:
• hydro response  is 
sensitive to the nucleus 

structure!
• nucleus tomography! 
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Nucleus structure in heavy-ion collisions
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!

(A)
(B)

(D)

(C)

  [Xe shape: Bali et al, 2209.11042]

o Hydro response is sensitive to the 

nucleus shape

o Clever measurements constrains 

nucleus structures

o State-of-the-art precision in:

• nucleus shape

• neutron skin
[neutron skin: Giacalone,Nijs,van 
der Schee, PRL 131.202302]

LHC [Trajectum] [0.217 ± 0.058 fm]
PREX II
ab initio
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Δrnp = rn - rp [fm]
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The puzzle of small systems
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QGP
in large systems

energy loss

collective flow

QGP

in small 

systems?
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Small system collectivity

42

[ALICE: Nature13 (2017)]
[PHENIX pA: Nature15.214]
[STAR pA: PRL.130.242301]
[CMS pp: PRL116.172302]
[ALICE pp: PRL.132.172302]

[Grosse-Oetringhaus, Wiedemann 2407.07484]

o flow-like signals in: pA, pp, 𝛾A

o strangeness enhancement in: pA, pp

o Hydro description works! 

o Quenching haven’t been observed

o Why does hydro work?!

o Where is energy loss?

⇾ precision is needed! (jets)
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Small system collectivity
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o flow-like signals in: pA, pp, 𝛾A

o strangeness enhancement in: pA, pp

o Hydro description works! 

o Quenching haven’t been observed

o Why does hydro work?!

o Where is energy loss?

⇾ precision is needed! (jets)

[Grosse-Oetringhaus, Wiedemann 2407.07484]

[ALICE: Nature13 (2017)]
[PHENIX pA: Nature15.214]
[STAR pA: PRL.130.242301]
[CMS pp: PRL116.172302]
[ALICE pp: PRL.132.172302]
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2-jets in pp collision 2-jets in PbPb collision

Use jets to learn about the PbPb, and pPb! 
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o Heavy-ion collisions ⇾ nuclear matter under extreme conditions

o Heavy-ion “standard model” = hydro picture

o Success of hydro: 

• thermodynamic properties of QGP

• nuclear structure!

o QGP-droplets creates a great challenge for the future

Summary:
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Thank you for your attention!
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Precision with jets

47

o Adding flavor and masses (c-, b-quark jet)

o Identified particles (isolated photons, hadrons)

o mixing QCD & EW corrections

o Resummation at NNLL 

o Matching to (N)NLO

o Improve hadronization

+1 Improve underlying event (needed)

[Pythia8: P. Skands]
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Early-time dynamics in HI collisions
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[Berges,Heller,Mazeliauskas,Venugopalan 2005.12299]

hydrodynamic attractor

non-thermal attractor
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