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Standard model and strong interaction

� Quarks & gluons
carry three color
charges: R, G, B

� Gluons mediate the
strong interaction —
linking quarks and
each other

� Bound states of
quarks form
ordinary matter:
baryons, mesons,
etc.

Strength Comparison — The strong force [range: 10�15m] is hundred (�137) times stronger than the
EM force [range:1]

and million times (� 106) stronger than the weak force [range: 10�18m].
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Features of Quantum Chromodynamics (QCD)

� Color confinement — no free
color charges in the nature

� Chiral symmetry breaking
— �99% of the proton
mass[938 MeV] comes from
QCD interaction (not bare
quark masses[10 MeV])

� Asymptotic freedom:
Quarks and gluons behave
like free particles at very
high interaction energies.
The perturbative QCD works

Running coupling constant �s(Q2) = 4�
�0 ln(Q2=�2)

(Gross, Wilczek, Politzer — Nobel 2004)

2Figure 3 in S. Bethke, “World Summary of αs (2012)”, MPP-2012-132, arXiv:1210.0325.
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Phase transition in QCD and Quark–Gluon Plasma (QGP)

� At high energy
density (�1
GeV/fm3)1

� or at high
temperature (�170
MeV)4 (or both),

) Hadronic matter
becomes a
deconfined,
fluid-like phase of
quarks and gluons

� At finite �B , lattice QCD fails (sign problem).
The phase diagram must be explored by comparing
experimental results with effective models.

3Karsch, Lect. Notes Phys. 209 (2002), hep-lat/0106019; Borsanyi et al., JHEP 1009 (2010) 073
[arXiv:1005.3508].
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Evolution of collision medium and probes of QGP

� Jet quenching (Energy
modification of high-pT

jets)
� Di-lepton production

(q�q ! ���)
� Direct photon

production (q�q ! g
,
qq ! qq
 etc.)
� Others: Strangeness

enhancement (q�q ! s�s,
g�g ! s�s),
Charmonium
suppression (J= 
suppression) etc.

1https://particlesandfriends.wordpress.com/2016/10/14/evolution-ofcollisions-and-qgp/
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Source of photons in the different stages of evolution

� Photons emerge undistorted from the strongly interacting medium,
providing direct access to its temperature, flow, and density throughout the
system’s evolution.

4picture: madai colab;
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Direct photon study in heavy-ion collisions

Figure: Prompt photon production in Compton scattering and
pair annihilation processes

� Hard QCD photons :
calculated via pQCD

� Pre-equilibrium
photons : estimated
from non-equilibrium
QCD models

� QGP and Hadron
gas photons :
obtained from
hydrodynamic models

� Decay photons :
derived from meson
decay param. and
scaling
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