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This presentation is to give rough idea of our field, 
QCD and particle physics 

Many thanks to people who gave me some slides 

And apologies that I can’t cover fully the interesting 
topics people are working on... 

To begin with...

• LPT: D. Becirevic, B. Blossier, P. Boucaud, S. Descotes-Genon, 
M. Fontannaz, S. Wallon, A. Le Yaouanc

• IPNO: V. Bernard, J.-P. Lansberg, B. Moussallam, H. Sazdjian

• LAL: E.K. There are many 
collaborations among 3 labs including co-

supervision of PhD.



Particle physics 

•We use quantum field theory

•We investigate fundamental particles and their interactions 

Feynman diagram of
e+e- ➝q q g process-

matter field

gauge field

matter field



The Standard Model 
SU(3)c x SU(2)L x U(1)Y gauge theory

Strong Weak Electromagnetic
(g, g’, θw)gs

interaction

coupling

1928 Dirac: positron prediction

1932 Anderson: positron discovery

1931 Pauli: neutrino prediction
1933 Fermi: theory of β decay
1956 Lee/Yang: parity violation 

prediction

1964 Higgs: symmetry breaking
1967 Weinberg/Salam: electroweak unification 

1973 Gargamelle:  Z boson discovery

1956 Reines/Cowan: neutrino discovery
1957 Wu: parity violation discovery

2012 LHC:  Higgs boson discovery

1973 Gross/Wilczek/Politzer: 
asymptotic freedom

1968 SLAC: 
deep inelastic scattering

1989-2000 LEP experiment: 
precision measurement of 

(g, g’, θw) 

Electro-weak 
theory

QCD

1974 Wilson: 
Lattice gauge theory



The Standard Model 
3 generation of quarks and leptons

Strong Weak Electromagneticinteraction

coupling

1964 Cronin/Fitch:  CP violation in K meson

1973 Kobayashi/Maskawa: 
theory of CP violation

up charm

strange

top

bottomdown

neutrinos

νe

μ τ
muon tauelectron

νμ ντ

ebsd

tcu

VCKM(quarks only), 12 masses gs (g, g’, θw),

1974 Ting/Richter: charm quark discovery

Flavour physics!

2000-2010 B factories experiment 
1997-2001 NA48 (kaon) experiment

2010-present LHCb experiment 
 2015-present NA62 (kaon) experiment

2018-2025 Belle II experiment

Strong
QCD



    ΔNP = Deviation from SM 
         = (exp. - SM) ± √(σexp)2+(σSM)2 

•New physics searches: the most important task for low energy,         
high energy particle physics experiments 

‣ L.H.S. = Propose models beyond the SM and how to 
observe them (talk by Y. Mambrini) 

‣ R.H.S. = Provide a more precise SM theoretical prediction 
by improving our QCD computation techniques (this talk)

We 
see several hints 

but not significant 
enough so far...

Searching physics beyond the SM



    ΔNP = Deviation from SM 
         = (exp. - SM) ± √(σexp)2+(σSM)2 

Searching physics beyond the SM

Interaction forte dans le régime non-perturbatif

Dynamique du confinement des quarks dans les hadrons:
question des plus mystérieuses.

Γ = Q× T

mesure expérimentale

contribution de QCD

paramètres SM ou BSM

B D∗

τ ντ

Q =
∑

n
qnα

n

s : série asymptotique évaluée par simulations numériques

Echantillon statistique de configurations de "spins"
selon un poids de Boltzmann (action de QCD).

"Spins" placés sur une grille: QCD sur réseau.

Calcul de valeurs moyennes de fonctions de corrélation.

L ∼ 3-6 fm

a
≤

0
.1

fm Uµ(x)

ψ(y)

Q Q̄

QCD is essential for SM prediction! e.g. LHC ,
CP violation...

•New physics searches: the most important task for low energy,         
high energy particle physics experiments 



Open questions/problems in particle physics
require treatment of QCD in strongly coupled
regime:

Example: hadronic contributions to muon g-2 (5-σ
discrepancy)

aexp
µ

= 116592089(63) · 10−11

ath
µ
= 116591778(45) · 10−11

Most difficult piece: light-by-light
hadronic amplitude (combine theory
and experimental measurements)

Open questions/problems in particle physics
require treatment of QCD in strongly coupled
regime:

Example: hadronic contributions to muon g-2 (5-σ
discrepancy)

aexp
µ

= 116592089(63) · 10−11

ath
µ
= 116591778(45) · 10−11

Most difficult piece: light-by-light
hadronic amplitude (combine theory
and experimental measurements)

Searching physics beyond the SM

    ΔNP = Deviation from SM 
         = (exp. - SM) ± √(σexp)2+(σSM)2 

•New physics searches: the most important task for low energy,         
high energy particle physics experiments 



QCD Lagrangian

Quantum Chromo Dynamics (QCD)



Quarks are glued into hadrons 

couplings we want to 
measure

but in reality...

gluons don’t allow us to see 
only quark interactions... 

q q

pion
0.1GeV

proton, neutron
~1GeV

q
q q q c

D meson
~1.5GeV

J/ψ...
~3GeV

B meson
~5GeV

c c q b b b

Υ...
~10GeV

≈ ≈ top quark
~175GeV

t

What shall we do?!

Quantum Chromo Dynamics (QCD)



QCD !  ("  ) = 0.1184 ± 0.0007s Z
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Asymptotic freedom!
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gluons couple weakly:
perturbative expansion in 

αs is possible!

gluons couple strongly:
non-perturbation 

computation necessary

hight momentum 
transfer Q2

low momentum 
transfer Q2Q2

Quarks are glued into hadrons 

Confinement is 
non-perturbative QCD 

Quantum Chromo Dynamics (QCD)

q q



Perturbative QCD
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Lattice QCD (non-perturbative QCD)
D. Becirevic, V. Bernard, B. Blossier, P. Boucaud, A. Le Yaouanc

Interaction forte dans le régime non-perturbatif

Dynamique du confinement des quarks dans les hadrons:
question des plus mystérieuses.

Γ = Q× T

mesure expérimentale

contribution de QCD

paramètres SM ou BSM

B D∗

τ ντ

Q =
∑

n
qnα

n

s : série asymptotique évaluée par simulations numériques

Echantillon statistique de configurations de "spins"
selon un poids de Boltzmann (action de QCD).

"Spins" placés sur une grille: QCD sur réseau.

Calcul de valeurs moyennes de fonctions de corrélation.

L ∼ 3-6 fm

a
≤

0
.1

fm Uµ(x)

ψ(y)

Q Q̄

Statistical sample of spin configurations following 
Boltzmann distribution.

Spin placed on a grid: lattice QCD
Compute average of correlation functions

Discretization of space-time! 

Excitations radiales de mésons [B. Blossier et A. Gérardin, ’16]: densités de charge axiale,
vectorielle,"fonctions d’onde" définies par des fonctions de corrélation, nœuds comme en
mécanique quantique.

Q

q

!r

Fonctions de Green de gluons, quarks et ghosts dans l’infra-rouge profond, informations
précieuses sur la nature non-perturbative de QCD: changement de signe du vertex à 3 gluons
en accord avec les équations de Schwinger-Dyson mais pas avec l’image semiclassique des
configurations d’instantons [Ph. Boucaud et al, ’16].

µ

ν

ρ

p1

p2

p3

change of sign of 3-
gluon vertex 
observed! 
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Fonctions de Green de gluons, quarks et ghosts dans l’infra-rouge profond, informations
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Radial excitation!

observation of node 
of wave function!

Fundamental coupling of QCD

Study of unstable particle



Chiral perturbation theory
B. Moussallam, V. Bernard, H. Sazdjian, S. Descotes-Genon

EFT of QCD (low energy)
Physics of QCD affected by pattern of quark masses:
Imaginary world: 1GeV < mu, md , ms , mc , mb, mt

lightest hadron is glueball

Our world : mu, md , ms < 1GeV < mc , mb, mt

lightest hadron is pion

ChPT: Light quark mass expansion.

Lagrangian formalism (classification of independent
terms, classification of counterterms) to 2-loops

but: slow convergence

q q

pion
0.1GeV

proton, neutron
~1GeV

q
q q

≈

New applications of Analyticity

Computation of perturbative multigluon one-loop
amplitudes (not in IPN)

Also property (partly proved) of non-perturbative
amplitudes (confinement)

Combine ChPT+Analyticity+Unitarity ⇒ improved
convergence

Example: η → 3π, good
conv. in unphysical region,
use analyticity extrapolation
to physical region
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Coupled
Uncoupled
Chiral p4

η → π+π−π0Dispersive representation 

ππ, πK scattering, 
charmed mesons



Applying QCD methods to Phenomenology
D. Becirevic, B. Blossier, P. Boucaud, S. Descotes-Genon, M. 

Fontannaz, S. Wallon, A. Le Yaouanc, V. Bernard, J.-P. Lansberg, 
B. Moussallam, H. Sazdjian, E. Kou

To estimate  theoretical 
uncertainties accurately, 

tests of validity of the QCD methods 
are very important! 

Perturbation QCD: how well it is converging? 
Lattice QCD: is the spacing small enough?

ChPT: pion mass small enough?
How about kaon, eta eta’?

etc................

Collaborations with 
experimentalists are crucial !

Statistical method to incorporate 
theory uncertainties, very tricky!



 IPN-LAL-LPT have many common projects and 
collaborations. 

IPN-LAL-LPT have expertise of basic techniques in 
QCD. 

QCD is unavoidable for particle physics programs. 
Collaborations with experimentalists crucial. 

Conclusions

I gave only a few examples of the on-going works but these are only a tiny portion! 


