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Lecture on strong interaction physics

▶ experimental and theoretical physics of the strong interaction
→ diverse set of concepts, methods and research directions

▶ frequent criticism
→ motivation from outside not as clear as for other disciplines

▶ Any overview for future collider for particle physics
→ torn between completeness & identification of driving questions &
needs for electroweak physics
→ limited by the lecturers horizon and knowledge

→ Goal today: give you a taste why QCD research is not only needed,
but fascinating at a future collider

favor overview vs. details: a choice with disadvantages
focus on FCCee (most material available): some comparisons where
deemed needed
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Quantum chromodynamics: the theory of strong
interaction

Left: QCD review PDG, right: picture from GSI.

▶ QCD established theory of the strong interaction since the 70ies
▶ Outstanding properties:

→ Asymptotic freedom & confinement
▶ Why QCD at a lepton collider? → part of the answer already in this slide!
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https://pdg.lbl.gov/2023/reviews/rpp2023-rev-qcd.pdf


Why lepton colliders and not hadron machines
▶ ESPPU 2020:

’An electron-positron Higgs factory is the highest-priority next
collider. ’
→ this consensus of the highest priority has not changed.

▶ FCC-hh directly attractive for many ’QCD-people’:
→ fear of missing diversity at lepton collider
→ fear of missing enthousiasm for lepton collider

▶ still hard to judge for me (and most of ’us’) today being socialised in
heavy-ion physics at the LHC
→ impressed by motivation & determination when embedded in LHCb
group in Orsay for precision tests

▶ FCC-hh in any case unrealistic:
technology not ready (magnets, detectors) for leap w.r.t. LHC in
lumi/energy
cost prohibitive for small time gap after LHC

▶ brief discussion of lepton-hadron machines
LHeC relevant since discussed as a possible intermediate step
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LHeC: genuine QCD motivation

ARNP Vol. 70, 2020 , for nuclear case without low-x by LHC charm/beauty production data.

▶ ep: electron beam > 50 GeV:
√

s = 0.2 − 1.3TeV (× 4 HERA),
Linst = 1034 cm−2s−1 (× 102-103 HERA) ≈ 100 fb−1, ≈ 1 ab−1 total

▶ ePb: √seN = 0.74 TeV (× 10 EIC): Linst,eN = 0.7 · 1033 cm−2s−1 (≈ EIC)
▶ LHeC: ultimate machine for saturation physics

kinematic reach ≈ LHC but DIS + nuclear targets, French theory active on physic case

▶ precision collinear PDFs for hadronic collisions, αs determination
▶ important to lever LHC (+FCC-hh) QCD+BSM, but limited number of

experimentalists as first priority
▶ convert one interaction point from hh to eh focus at LHC

numbers for top energies: P. Newman at DIS 2024 link, The LHeC at the HL-LHC, JPGNPP 48 (2021), EIC CDR

https://www.annualreviews.org/content/journals/10.1146/annurev-nucl-011720-042725
https://lpsc-indico.in2p3.fr/event/3268/contributions/7445/attachments/5468/8251/LHeC-DIS24.v1.0.pdf
https://cds.cern.ch/record/2706220/files/Agostini_2021_J._Phys._G__Nucl._Part._Phys._48_110501.pdf
https://www.osti.gov/servlets/purl/1765663


Electron-Ion Collider: the very next collider

EIC in a nutshell from F. Bossu at French GT4 workshop

▶ Electron-Ion Collider: a lepton-hadron machine replacing a hadron-hadron
machine (Relativistic heavy-ion collider)

▶ only one lepton-hadron collider before: HERA (DESY)
→ nuclear targets not at HERA, no hadron beam polarisation at HERA,
lepton beam unpolarised at injection
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4) HL-LHC + Electron-Ion Collider timeline

▶ Strongly beneficial for physics output during this period
→ hadron structure beyond collinear factorisation + saturation

▶ synergy & dependence of EIC instrumentation from ongoing LHC

prominent technology example: CMOS pixel detectors for tracking
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Further reading

▶ QCD and collider physics: the pink book, Ellis, Stirling,
Webber link

▶ the black book of QCD, Campbell, Huston, Krauss link
▶ Electron-Positron Physics at the Z, Green, Lloyd, Ratoff and

Ward
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https://www.cambridge.org/core/books/qcd-and-collider-physics/D0095E6D278BBBC74E9C3636AB4CB80C
https://www.cambridge.org/core/books/qcd-and-collider-physics/D0095E6D278BBBC74E9C3636AB4CB80C


Outline

▶ Status of QCD before the next lepton collider

▶ Motivation for QCD at future lepton collider

▶ QCD precision measurements

▶ QCD goes non-perturbative at e+e−

▶ Conclusions
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QCD at colliders today

Taken from Pythia 8 arXiv:2203.11601

▶ active research area with major advancements in last 25 years
since last high-energy lepton collider LEP2
→ a panorama
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https://arxiv.org/pdf/2203.11601


QCD at colliders: spectroscopy

10.5

11.0

11.5

b(3P) b2(3P)
b1(3P)

79 new hadrons at the LHC bb
bc
bq
cc
cc(qq)

ccqq
cccc
cq
cqqq

bqq
cqq
ccq
ccqqq

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025
Date of arXiv submission

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

7.0

7.5

M
as

s [
Ge

V/
c2 ]

Bc(2S)+ B*
c(2S)+

Bc(2S)+
Bc(6700)+
Bc(6750)+

BJ(5970)+, 0

BJ(5840)+, 0 B *
s (6114)0

B *
s (6063)0

(3842) hc(4000)

hc(4300)
c1(4140)

c0(4700)
c0(4500)
c1(4274)

c1(4685)
X(4630)
Tccs1(4220)+
Tccs1(4000)+

X(3960)

Tccs1(4000)0 c1(4010)

Tcc(3875)+

Tcccc(6900)

Tcccc(6600)

Tcccc(7100)

D *
J (3000)+, 0

DJ(3000)0

D *
J (2760)+

DJ(2740)0

DJ(2580)0

D *
s1(2860)+

D *
3 (2760)0

Ds0(2590)+

T *
cs1(2900)0

T *
cs0(2870)0

T *
cs0(2900)0

T *
cs0(2900)++

b(5945)0
b(5920)0

b(5912)0
b(5955)
′
b(5935)

b(6227)

b(6097)
b(6097)+

b(6152)0

b(6146)0

b(6350)
b(6340)

b(6070)0

b(6227)0

b(6100)
b(6333)0b(6327)0

b(6095)0

b(6087)0

c(2860)+
c(3119)0

c(3090)0

c(3066)0

c(3050)0

c(3000)0

c(2965)0

c(2939)0
c(2923)0

c(3185)0
c(3327)0

c(2923)+

++
cc

Pcc(4450)+

Pcc(4380)+

Pcc(4457)+
Pcc(4440)+
Pcc(4312)+

Pccs(4338)0

patrick.koppenburg@cern.ch 2025-07-04

Compilation by P. Koppenburg for states found at the LHC link

▶ Spectroscopy renaissance with heavy-quark exotica: c/b-factories, LHC(b)
▶ many states that don’t fit in standard quark model
▶ strong theory activity
▶ LHCb Upgrade 1 & Belle-2 and HL-LHC with LHCb U2

→ continuation of progress with increasing luminosities
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https://www.koppenburg.ch/particles.html


QCD at colliders: spectroscopy frontier

illustration taken from C. Hanhart arXiv:2504.06043

▶ nature of the discovered states to be clarified case by case
▶ example for different inner structures proposed for Tetraquarks discovered

in LHCb (e.g. Tcc+D0D0π+), states can also mix
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https://arxiv.org/pdf/2504.06043
https://arxiv.org/pdf/2109.01038


QCD at colliders: hadron structure frontier

right: adapted from pink book.

beyond collinear factorisation
▶ transverse momentum dependent distributions

→ input for precision Electroweak physics
▶ generalised parton distribution functions

→ spin/mass decomposition of hadrons in terms of partons
▶ non-linear regime of QCD: hadrons at high energy no longer dilute, but

system with high-gluon occupation
inconclusive in γ/proton + proton/nucleus so far
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QCD at colliders: strongly interacting matter hadronisation

taken from Andronic et al. Nature 561 (2018)

▶ particle averages from
hadronisation
→ very ’simple’ in
nucleus-nucleus collisions
→’Hadron resonance gas’

▶ extract temperature and
chemical potentials
→ experimental phase
diagram

▶ more predictive than
hadronisation in
electron-positron,
electron-proton,
proton-proton
thermal model also even in ee:

however more microcanonical, precise

physics interpretation unclear
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https://www.nature.com/articles/s41586-018-0491-6


QCD at colliders: strongly interacting matter signatures

right: taken from J.-Y. Ollitrault

▶ finite temperature QCD at colliders with heavy-ion collisions:
a whole field of its own

▶ key signatures found at RHIC and confirmed at LHC:
energy loss and hydrodynamic flow + signatures of deconfinement and
chiral restoration with quarkonia and dileptons

▶ strong experimental signatures for hydro in energy loss
→ precision studies of strongly interacting matter
→ last 3 years: constraints on nuclear structure
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QCD at colliders: strongly interacting matter everywhere?

PLB, Volume 724, Issues 4–5, 23 July 2013, Pages
213-240

▶ proton-proton collisions and
mainly proton-lead collisions as
starting point of a broad
investigation of nucleus-nucleus
signatures in smaller collision
systems
→ 2013 and onwards result
explosion

▶ among others: long range
correlations in angular space
→ ’Collectivity’ found in small
collision systems

▶ today: features of proton-lead
correlation data described by
hydrodynamic models

▶ limits of hydrodynamic concepts:
still main driver of field

▶ energy loss discovered in 2025 in
Oxygen-Oxygen collisions!
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https://www.sciencedirect.com/science/article/pii/S0370269313005030
https://www.sciencedirect.com/science/article/pii/S0370269313005030


QCD at colliders: success of perturbative QCD at large Q2
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Standard Model Production Cross Section Measurements

Left: Eur.Phys.J.C 75 (2015) 12, 580, Right: taken from link

▶ Legacy of HERA deep-inelastic scattering:
precision test of perturbative QCD over several orders of magnitudes
→ back-bone of proton structure knowledge

▶ beautiful consistency between experiment and theory based on PDFs and
higher order perturbative QCD for production processes at LHC
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https://arxiv.org/pdf/1506.06042
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/SM/ATLAS_b_SMSummary_FiducialXsect/ATLAS_b_SMSummary_FiducialXsect.pdf


QCD at colliders: theory at large Q2 higher order

taken from Frank Krauss (2018 Orsay lecture), tree and NLO fully automated.

▶ collinear pQCD: NLO revolution → automation of loop calculations of
fully differential cross sections

▶ advancements on NNLO and N3LO, see PDG review for references link
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https://pdg.lbl.gov/2023/reviews/rpp2022-rev-qcd.pdf


QCD@colliders: partons final state→ jets→ parton shower

taken from Gregory Soyez

▶ large theory effort to push precision
developments of parton showers at next-to-leading logarithm accuracy
→ hadronisation modelling hard wall for precision at some point
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QCD at colliders: theory progress from the lattice

PLB 370 (2014) 99 (BW), see also Hot-QCD: PRD 90 (2014) 094503 (Hot-QCD)

▶ lattice QCD calculations at physical parameters
▶ relevant for vacuum and for finite temperature
▶ example equation of state of strongly interacting matter as function of

temperature at vanishing chemical potentials for conserved quantum
numbers
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https://arxiv.org/abs/1309.5258
https://arxiv.org/abs/1407.6387


QCD at colliders: theory progress effective field theory

A. Rothkopf Phys.Rept. 858 (2020) 1

▶ various type of effective field theories to address different regimes of QCD
→ example for heavy quarkonium physics (cc̄ & bb̄ bound states)

▶ another prominent example: high-energy limit, color glass condensate
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https://inspirehep.net/literature/1768637


QCD-research-intrinsic open quests today
Significant advances on many fronts, but no quantitative/conceptual
understanding of:

▶ emergence of mass and spin of hadrons from partons, in particular role
of gluons

▶ hadronisation
▶ conditions for & characteristics of thermalisation of strongly interacting

matter
▶ inner structure, i.e. degrees of freedom, phase transitions and transport

properties of strongly interacting matter
▶ high-energy limit of QCD: saturation

Future facilities for QCD research starting in next 10 years
HL-LHC: ATLAS/CMS + ALICE3 & LHCb U2: all quests, heavy-ions for
thermalisation and inner structure

EIC: 2 precision for emergence + saturation

Facility for Antiproton and ion research (FAIR, Germany): high-luminosity
fixed-target nucleus-nucleus collisions, hadronisation, thermalisation, inner
structure
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Why studying QCD at a future lepton collider?

Twofold motivation
▶ precision QCD

→ required for standard model precision test
▶ study emergent phenomena of QCD

intrinsic motivation to progress on hadronisation, thermalisation,
saturation

Theory must match experiment precision

a challenge at a completely different scale than the NLO revolution prior to
LHC since ’interference’ with non-perturbative physics aka hadronisation, see
Banfi, CERN 2022
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https://indico.cern.ch/event/1140580/contributions/4863870/attachments/2459119/4215896/banfi_CERN_22.pdf


Precision QCD

At LHC: QCD → backgrounds for direct searches

’QCD: The theory of evil’
Quote from Tilman Plehn LHC physics lecture in Heidelberg.

Lepton collider:
→ possibly a background, but also most of the signal
→ cannot afford to see it as the theory of evil
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Hadronic final states at electron-positron colliders

PDG experiment
PDG theory for Higgs▶ hadronic final states from gauge bosons and from Higgs boson

→ dominate total rates
→ simplest environment for QCD: color-less initial state, no underlying
event
→ dominated by 2-jet events qq̄ and gg (new!)

▶ let’s use them to understand more about QCD
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Precision strong coupling constant measurement

taken from αS -review link

▶ precision 2024 αS(m2
Z ) = 0.1180 + 0.0009 (0.8% uncertainty)

▶ least precisely known coupling
δα ≈ 10−10 << δGF ≈ 10−7 << δG ≈ 10−5 << δαS ≈ 10−2
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https://iopscience.iop.org/article/10.1088/1361-6471/ad1a78


Precision QCD: coupling constant → why it matters

taken from David d’Enterria

▶ precision on strong coupling limits precision on theory standard model
prediction for a number of channels

▶ future e+e− colliders can improve significantly over LEP
→ potential of Lattice QCD to be clarified: systematic uncertainties will
play a role as well when going to 0.1% precision
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Precision QCD: coupling constant → why it matters

taken from Cristinel

▶ in the grand scheme of things: decisive parameter of the Standard model
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Precision QCD: coupling constant from Z/W hadronic
width FCCee

see details in: arXiv:2005.04545
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https://arxiv.org/pdf/2005.04545


Precision QCD: coupling constant from Z/W hadronic
width LC

Taken from D. d’Enterria.
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Precision QCD: comments on coupling constant

▶ in principle 2-jet rate, shape variables and others more sensitive to αS
→ stronger sensitivity to non-perturbative physics: goes with 1/Q
decreases with centre-of-mass energy
→ ultimate systematic uncertainty will depend on progress on
hadronisation, see e.g. discussion by Peskin link: favouring LQCD
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https://indico.cern.ch/event/1527574/contributions/6502233/attachments/3066929/5444013/precisionQCDatLC.pdf


Precision QCD: Jet physics

Taken from G. Soyez.

▶ Hadronic final state at high energy: jets
▶ parton shower and hadronisation central objects of study
▶ focus on one example where future lepton collider can bring new inputs
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Precision QCD with a gluon factory

Aleph LEP mercedes star event like in the gluon discovery at DESY.

▶ previous lepton colliders
→ hadronic final state at born level qq̄ → gluons only as ’third’ jet

▶ hadron collider: despite dominance of gluons over wide region of phase
space → difficult to isolate

▶ Higgs factory → gluon factory
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Precision QCD with a gluon factory
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Precision QCD with a gluon factory
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Precision QCD: theory requirements

Taken from David d’Enterria
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Emergent phenomena

At hadron collider:
QCD → Strict reductionism fails to understand strong interaction
phenomena in the non-perturbative regime

’More is different’
(Andersen)

This motivation is independent of the presence of beyond the
standard model physics.
Electron-positron collisions allow to progress on some of these
quests: → only a selection, e.g. don’t discuss spectroscopy
opportunities
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QCD with γγ collisions

review of UPC at LHC

▶ analogue to ultra-peripheral collisions (UPC) at the LHC in PbPb
→ LHC: first observation of γγtoγγ, first hadron collider g-2 of τ
→ much more to come in Run 3 and at HL-LHC

▶ major background source at e+e− collider
→ unique QCD physics
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https://arxiv.org/pdf/0706.3356


QCD with γγ collisions

diagrams for γ∗γ∗ → hadrons, from L3 publication link

▶ discriminate between detection of
lepton or not in reaction
ee → γγee: no tag, single tag,
double tag
→ hadronic final state: from soft
to test of photon structure
function F2 analogue to proton
structure to perturbative QCD

▶ spectroscopy: γγ → H
complementary quantum numbers
w.r.t. e+e−, e.g. heavy
speudoscalars ηc,b

▶ tests of non-linear QCD in
γ∗γ∗ → hadrons: saturation
→ LEP inconclusive on effects of
BFKL evolution

▶ physics program to be developed
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https://arxiv.org/pdf/hep-ex/0111012


Emergent phenomena: hadronisation

▶ event generators tuned on LEP data
→ badly fail at the LHC

▶ scaling as function of final state particle density
▶ non-universality of charm hadronisation fractions

baryons severly underestimated
→ let’s go back to e+e−
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Emergent phenomena: hadronisation - natural extensions

taken from arXiv:1505.01681

▶ event generators simplifying
→ confining potential usually only
between two partons
→ QCD allows for more
see e.g. in Christiansen, Skands
arXiv:1505.01681 for implementation in
String model: ’next-to-leading colour’

▶ strong effect in hadronic environment
→ subtle effect in e+e−:
but there, we can be precise with fixed
initial state!
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https://arxiv.org/abs/1505.01681
https://arxiv.org/abs/1505.01681


Emergent phenomena: hadronisation - WW as clean test

taken from David d’Enterria
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Emergent phenomena: long-range correlations at e+e−

taken from QM talk 2025 LEP2 reanalysis

▶ LEP goes heavy-ion
→ important input for understanding of long-range correlations whether
signal seen in electron-positron collisions

▶ future lepton collider will provide far larger statistics and higher collision
energy for larger number of final state particles
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https://indico.cern.ch/event/1334113/contributions/6289776/attachments/3047334/5384714/Peters_e+e-_QM2025.pdf


Emergent phenomena: long-range correlations at e+e−

taken from QM talk 2025 LEP2 reanalysis

▶ LEP goes heavy-ion
→ important input for understanding of long-range correlations whether
signal seen in electron-positron collisions

▶ future lepton collider will provide far larger statistics and higher collision
energy for larger number of final state particles
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https://indico.cern.ch/event/1334113/contributions/6289776/attachments/3047334/5384714/Peters_e+e-_QM2025.pdf


Conclusion
▶ QCD: a very diverse field

▶ lepton collider
unique precision measurements in the perturbative and non-perturbative
regime of QCD
→ required to reduce uncertainties on standard-model properties
→ intrinsic motivation to understand emergent phenomena:
hadronisation, collectivity & high-energy limit

▶ hadronisation
unsolved problem of particle physics
→ ultimate limitation of any measurement involving jets even at lepton
collider
→ a breakthrough can’t be promised, but a lepton collider with high
luminosity is the best chance since it is the cleanest environment at hand

▶ if saturation not pinned down at the LHC or the EIC:
γ∗γ∗ a very clean environment to search for it
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A last remark

▶ QCD: the theory of evil? → No!

▶ half best friend + half stranger
→ we still don’t know its most interesting sides.
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