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SM & QCD
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SM & QCD

» QCD: Asymptotic freedom and confinement
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SM & QCD

» QCD: Asymptotic freedom and confinement
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SM & QCD
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» QCD: Asymptotic freedom and confinement

proton excited proton

How do we study them?
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Perturbative QCD

» Process with a large momentum transfer:

Before Collision
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Perturbative QCD

» Process with a large momentum transfer:
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probing small distance scales (x) —

Perturbative QCD:| |
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Perturbative QCD
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Perturbative QCD*

» Process with a large momentum transfer:
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Jets in pp collisions

» Jet: Cluster of particles produced from a hard process
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Jets in pp collisions

» Jet: Cluster of particles produced from a hard process
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Jets in pp collisions

» Jet: Cluster of particles produced from a hard process
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Jets in pp collisions

» Jets are an excellent phenomenological tool!
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Jets in pp collisions

» Jets are an excellent phenomenological tool!
» Theoretical understanding from first principles

» QCD able to describe accurately jet production 10 orders of magnitude
1n cross-section!
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Jets in pp collisions

» Jets are an excellent phenomenological tool!

» Theoretical understanding from first principles

» QCD able to describe accurately jet production 10 orders of magnitude

1n cross-section!
» Well controlled experimentally

» Used 1n a multitude of
phenomenological studies (top
quark physics, Higgs,
Electroweak, BSM searches, ...)
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Jets in pp collisions

» Jets are an excellent phenomenological tool!

» Theoretical understanding from first principles

» QCD able to describe accurately jet production 10 orders of magnitude

1n cross-section!
» Well controlled experimentally

» Used 1n a multitude of
phenomenological studies (top
quark physics, Higgs,
Electroweak, BSM searches, ...)

Jets reflect the behaviour of few coloured

particles at a very high energy scale

L. Apolinario, “Dynamics of quarks and gluons in a hot and dense medium”

10—13

1072

=.nh-<' fi_n.4a

Vs= 2 ToV. 8Inz"' 321

MLOJET++ (CTH FDF] »
Monqert. corr. « EW carr.

-lllll

ATLAS

I

vl <0.5 (< 10"

» 05

15 =
20

A 25 =

9
< lyle1.0(x
" 10
O
A

Iyl <15 [x
Iy <2.0 [«
Iyl<c25 [«
Iy <3.0 [«




Jets in pp collisions

» Jets are an excellent phenomenological tool!

» Theoretical understanding from first principles

» QCD able to describe accurately jet production 10 orders of magnitude

1n cross-section!
» Well controlled experimentally

» Used 1n a multitude of
phenomenological studies (top
quark physics, Higgs,
Electroweak, BSM searches, ...)

Jets reflect the behaviour of few coloured

particles at a very high energy scale

Isn’t a little too limited?
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Quark-Gluon Plasma

» Quark-Gluon plasma (QGP)

PRESSURE HEAT
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QUARK-GLUON PLASMA
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Deconfined

QCD theory (1973)
SU(3) Color symmetry, .

confinement; asymptotic

freedom, ...

QGP 1nitial idea (/975)

“Weakly coupling quark soup”

State of matter where
quarks and gluons are

asymptotically free



Quark-Gluon Plasma chtheory(1973)

SU(3) Color symmetry, .
confinement; asymthtl_c
Quark-Gluon plasma (QGP) freedom, ...
PRESSURE HEAI QUARK-GLUON PLASMA
QGP 1nitial 1dea (1975)
l il “Weakly coupling quark soup”

i , - | , State of matter where
?} “Z) | XZJ { @ S/' 11 V quarks and gluons are
| f asymptotically free

Where can I find it?

Big quark-gluon proton & neutron formation of

formation of star
Bang plasma formation low-mass nuclei

neutral atoms formation

dispersion of today
massive elements

Tuniverse ~ >10°K 10" K 10° K 4,000 K 50 K-3 K <50 K-3 K 3K

time 10-%s 109 s

3 min 400,000 yr 3 % 10°yr >3 % 10°yr 14 %10 yr
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Quark-Gluon Plasma chtheory(1973)

SU(3) Color symmetry, .
confinement; asymptotic
Quark-Gluon plasma (QGP) freedom, ...
PRESSURE HEAT QUARK-GLUON PLASMA o
QGP 1nitial 1dea (/975)

“Weakly coupling quark soup”

o]
= I% Y y V State of matter where

V ¢ ) V quarks and gluons are

asymptotically free

Deconfined Where can I find 1t?

Big quark-gluon pproton & neutron formation of formation of star dispersion of today
Bang plasma formation low-mass nuclei neutral atoms formation massive elements
Tuniverse | 102 K 10 K 10° K 4,000 K 50 K-3 K <50 K-3 K 3K
time 10-6s 104 s 3 min 400,000 yr 3 % 10°yr >3 % 10°yr 14 %10 yr

L. Apolinario, “Dynamics of quarks and gluons in a hot and dense medium” 7



Heavy-lon Collisions

» How to study the QGP?

» Not by building a telescope, but by building an accelerator!

hadronic phase
QGP and and freeze-out

hydrodynamic expansion

initial state

pre-equilibrium

Current ultra-relativistic heavy-ion colliders:

LHC
Vsem (TeV) BRORE 2.75/5.5

Nuclei AuAu PbPb
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QCD Phase Diagram

» Exploring the QCD Phase diagram:
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QCD Phase Diagram

» Exploring the QCD Phase diagram:
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First order phase transition
(thermodynamic singularities

of the system)
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QCD Phase Diagram

» Exploring the QCD Phase diagram:
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QCD Phase Diagram

» Exploring the QCD Phase diagram:
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QCD Phase Diagram

» Exploring the QCD Phase diagram:
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Fundamental questions:

Is there asymptotically
free quark matter?
What is the nature of a
relativistic quantum
fluid (QGP)?
Why are quarks
confined into hadrons?
Why are hadrons
massive and what is the
relation to chiral

symmetry breaking?
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Probing the QGP

» How to experimentally access the QGP?

QGP and

hydrodynamic expansion
initial state Y y pa

||v 0.
U A
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Uk I 1Y
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Y

pre-equilibrium
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Probing the QGP

» How to experimentally access the QGP?

hadronic phase

hydrodygfnl:i:g(pansion and freeze-out
.initii state
pre-equilibrium
>
0 fm/c 0.2 fm/c 1 fm/c 10 fm/c 1015 fm/c
Os 1024 s 10-23 s 1022 g 10-8s ~ 10 ns

Very short timescales... QGP probing is done indirectly.
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Probing the QGP

» How to experimentally access the QGP?

hadronic phase

hydrodyggir:iz'::(pansion and freeze-out
.initii state
pre-equilibrium
>
0fm/c 0.2 fm/c 1 fm/c 10 fm/c 1015 fm/c
N\ \
0s 1024 1023 1022 @ \ 108 5 ~ 10 1S

Very short timescales... QGP probing is done indirectly.

Need to deal with huge particle multiplicities.
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Probing the QGP g

» How to experimentally access the QGP?

hadronic phase

h QGP-and . and freeze-out
init ydrodynamic expansion
.l i |i state
pre-equilibrium
>
0 fm/c 0.2 fm/c 1 fm/c 10 fm/c 1015 fm/c
Os 1024 s 1023 s 1022 s 10-8s ~ 10 ns

Very short timescales... QGP probing is done indirectly.

Need to deal with huge particle multiplicities.
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Probing the QGP

» Probes of the QGP are produced within the collision

» Final distribution of particles

Nuclear collisions and the QGP expansion

collision evolution

, particle
expansion and cooling

detectors
kinetic
freeze-out
lumpy initial hadronization o Sl distributions and

. X if . carrelations of
energy density Ny | \A produced particles

N
L 1

QGP phase ( |

§ quark and gluon
& v
‘*.

. S

4
'
’

colislon ',
overlap zone

N\l
w~1 fm/c t ~ 10 fm/c 1 ~ 105 fm/c
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Probing the QGP

» Probes of the QGP are produced within the collision

» Final distribution of particles

Nuclear collisions and the QGP expansion
collision evolution Bulk of particles can give
expansion and cooling detectors

information on the QGP

kinetic
properties (collectivity,

lumpy initial Al TR : .
energy density o - e : Vi1SCosity, ...)

collision
overlap zone

~1 fm/c t ~ 10 fm/c
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Soft probes

» Spatial and Momentum distribution of the produced particles

» Local or large scale collective behaviour?

Try different centrality collisions

participants

Au
spectators S@;: “ /"
/ W

Au A/ o’
T OM
X
Reaction plane: z-x plane

(defines azimuthal angle Wg)

Response of the system to

initial spatial anisotropy
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» Spatial and Momentum distribution of the produced particles
» Local or large scale collective behaviour?
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Try different centrality collisions
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» Local or large scale collective behaviour?

Superposition of multiple

Try different centrality collisions o
pp collisions
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Soft probes

» Spatial and Momentum distribution of the produced particles
» Local or large scale collective behaviour?

Superposition of multiple , .
Collective bulk behaviour

4-.-»

a0 dN
do
1.0¢ ¢

1.0
0.8
Response of the system to 0l o.5\ /\ /
initial spatial anisotropy 0.4f
0.2} -0.5}
T N Rl -1.0}

L. Apolinario, “Dynamics of quarks and gluons in a hot and dense medium” 14

Try different centrality collisions

participants _/ 3
spectators A /
o‘“
vb

Reaction plane. z-x plane

pp collisions

(defines azimuthal angle Wg) dN




Soft probes

» Fourier decomposition in ¢ wrt reaction plane Wk:

dN N
% " on <1+Zvncos (¢ — \IJR)])

» Elliptic flow: Second Fourier coefficient (v;)

vy = (cos [2(¢ — VR)])
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Soft probes

» Fourier decomposition in ¢ wrt reaction plane Wk:

dN N
% " on <1+Zvncos (¢ — \IJR)])

» Elliptic flow: Second Fourier coefficient (v;)

vy = (cos [2(¢ — VR)])

Range of expected values from

] _~ 1deal Hydrodynamics

o O

\'J
|III|I

Seems to behave like an
(almost) ideal fluid!!

0.08

0.06

—@— I
@ —
W ] -

0.04

0.02

STAR (RHIC) 2008

0 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1
0.2 0.4 0.6 0.8 1

n_/Npay
Peripheral <=——————————9 C(entral

o
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Soft probes

» Assessing QGP viscosity....

» Not zero viscosity, but still smallest viscosity so far!

4

n/s

Plasma should be a

strongly coupled
fluid! [ Acta Phys.Polon. B47 (2016)
30 05 00 05 10
(T-Tg)/ Ty
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» Assessing QGP viscosity....

» Not zero viscosity, but still smallest viscosity so far!

Plasma should be a
strongly coupled
fluid!

n/s

4

| Acta Phys.Polon. B47 (2016)
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Soft probes

» Assessing QGP viscosity....

» Not zero viscosity, but still smallest viscosity so far!

4

Hydrodynamic able to

describe observations .=

n/s

But we want to connect the
Plasma should be a

QGP properties with QCD
strongly coupled dynamics. ..
fluid! | Acta Phys.Polon. B47 (2016)
10 05 00 05 10
(T-Tg)/ Ty
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Probing the QGP

QGP probes:

» Produced within the collision

Nuclear collisions and the QGP expansion

collision evolution

, particle
expansion and cooling
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freeze-out
lumpy initial hadronization o Sl distributions and
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Probing the QGP

QGP probes:

» Produced within the collision

Nuclear collisions and the QGP expansion

collision evolution

] partlcle l
expansion and cooling

detectors

kinetic

lumpy initial
5 energy density
I $

6{3; phase (

quark and gluon

»
'?.

$a
34
),

_'q.‘
-

.
=
d

4
4
’

4

colislon ',
overlap zone

~1 fm/c t ~ 10 fm/c
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T . asymptotic
confinemeft freedom —

large momentum transfer (Q°) —

Bulk of particles can give
information on the QGP
properties (collectivity,

V1SCOsity, ...)

pr ~ hundreds MeV (~ Agcp)
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information on the QGP
properties (collectivity,
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Probing the QGP

QGP probes:

» Produced within the collision

Nuclear collisions and the QGP expansmn

collision evolution
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expansion and cooling 8 detectors
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Hard Probes

» Jet Quenching from a pQCD perspective:

17
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Hard Probes

» Jet Quenching from a pQCD perspective:

—

QGP = collection of

static scattering centres
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Hard Probes

» Jet Quenching pQCD expectations vs Jet Quenching observations
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Hard Probes

» Jet Quenching pQCD expectations vs Jet Quenching observations

High momentum particles

Low momentum particles
(re-scatter more with the QGP)

Jet energy loss, Jet momentum
broadening and intra-jet modifications

expected (within pQCD approach)
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Hard Probes

» Jet Quenching pQCD expectations vs Jet Quenching observations

A
r
> =
\

High momentum par ticles 'CMS PbPL. Vs =276 TeV | |
1.5 > V= -
_ _ TL dt =150 ub" |
Low momentum particles | anti-k, jets: R = 0.3 —
(re-scatter more with the QGP) & T I .
:./- - -
Jet energy loss, Jet momentum % i ‘ . |
, , , , , i P’ > 100 Gevic |
broadening and intra-jet modifications _ 0.3 <™ <2 |
expected (within pQCD approach) 0.5 0-10% prect>1 GeVie -
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Hard Probes

» Jet Quenching pQCD expectations vs Jet Quenching observations
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High momentum par ticles 'CMS PbPL. Vs =276 TeV | |
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Low momentum particles | anti-k, jets: R = 0.3 ——
(re-scatter more with the QGP) & 1
:./- -
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Jet energy loss, Jet momentum O .
. = T o = P > 100 GeVic
broadening and intra-jet modifications _ 03<m® <2
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Hard Probes

» Perturbative QCD able to describe observations...
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Hard Probes

» Perturbative QCD able to describe observations...

» ... but we know that it must break at some point...
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Hard Probes

» Perturbative QCD able to describe observations...

» ... but we know that it must break at some point...

QZA

Y

P+ Initial Parton

pQCD
Scattering from
Point-Like Bare
Color Charges

== \\/hat scale sets this transition?

Scattering
from Thermal
Mass Gluons?

== \/\Vhat scale sets this transition?

pQCD Scattering
From Quasiparticles
with size ~ upgpye

/’ g \\ é ? !,7/2/:71,5
%% &¢”
1 \ /
(@ @® @'

\ :
"f’igj\i% \/> AdS/CFT
5 / ,

/

Strong Coupling
No Quasiparticles
Upebye 20

7>

— T

Cc
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probing small distance scales (x) —

o, (Q°)

OLQE;D(QZ)

AQCD

T

conﬁnemer:t

asymptotic
freedom —

large momentum transfer (Q°) —

Need to understand QCD

dynamics at all energy sales!!!
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Summary

» QCD = theory of the strong interactions
» The theory that we know less... theory that we need more!

» Either as the signal of interest, either as the background for other
(B)SM searches
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Summary
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» The theory that we know less... theory that we need more!
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(B)SM searches

» QGP = quark gluon plasma

» It seems to be (the most perfect) liquid!
If I was trying to overemphasise:

QGP temperature is 4 trillion degrees!
250,000 times hotter than core of the sun!

QGP vorticity surpasses the whirling of
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» Either as the signal of interest, either as the background for other
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» QGP = quark gluon plasma
» It seems to be (the most perfect) liquid!
» It represents a significant unknown portion of the QCD phase diagram

» Implications on Cosmology and Particle Physics

L. Apolinario, “Dynamics of quarks and gluons in a hot and dense medium”

22



Summary

» QCD = theory of the strong interactions = unavoidable!
» The theory that we know less... theory that we need more!

» Either as the signal of interest, either as the background for other
(B)SM searches

» QGP = quark gluon plasma
» It seems to be (the most perfect) liquid!
» It represents a significant unknown portion of the QCD phase diagram
» Implications on Cosmology and Particle Physics

Addressing fundamental questions (e.g. Confinement)
Testing the boundaries of the QCD theory

Understanding QCD dynamics at all scales

L. Apolinario, “Dynamics of quarks and gluons in a hot and dense medium”

22



Summary

» QCD = theory of the strong interactions = unavoidable!
» The theory that we know less... theory that we need more!

» Either as the signal of interest, either as the background for other
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» QGP = quark gluon plasma = Active Research field!
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» It seems to be (the most perfect) liquid! (11:00) G. Milhano
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Summary

» QCD = theory of the strong interactions = unavoidable!
» The theory that we know less... theory that we need more!

» Either as the signal of interest, either as the background for other
(B)SM searches

» QGP = quark gluon plasma = Active Research field!
Check Research Opportunities

» It seems to be (the most perfect) liquid! (11:00) G. Milhano
» It represents a significant unknown portion of the QCD phase diagram
» Implications on Cosmology and Particle Physics also QCD related:

Addressing fundamental questions (e.g. Confinement) (9:00) ATLAS, also Heavy-

lons
Testing the boundaries of the QCD theory (11:10-11:40) D. Galaviz and
Understanding QCD dynamics at all scales C. Quintans
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QCD Phase Diagram

» Exploring the QCD Phase diagram:

| i o
©  Early Universe o e ©
O O -.‘J O '\’\'\
Pt
P/
Zh Quark-gluon Plasma ®
O
. o .y~
—~— "\,‘_\ p—a 0
. ~
o \'\ 0 O
o N\
— N
St 0
L \ o -
' o e
= S @
§ " Color Superconductor
\
(8]
a. \ oF
|

E Compact| Stars O
l—

Nuclei

~ 10 times normal nuclear density

DENSITY
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» Exploring the QCD Phase diagram:
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QCD Phase Diagram

» Exploring the QCD Phase diagram:
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(second order phase transition)

First order phase transition
(thermodynamic singularities

of the system)
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QCD Phase Diagram

» Exploring the QCD Phase diagram:

Early Universe

O

Cross-Over

(second order phase transition)

/’
/7
/.'
s
O
O

Hadron Gas

TEMPERATURE (10 K)

Nuclei

~ 10 times normal nuclear density

DENSITY
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Critical point (?)

First order phase transition
(thermodynamic singularities

of the system)



Soft probes

» Assessing QGP viscosity....

» Not zero viscosity, but still smallest viscosity so far!

n/s

| Acta Phys.Polon. B47 (2016)
-1.0 -0.5 0.0 0.5 1.0

(T-To)/ Ty
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should be a
strongly coupled
fluid!
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Soft probes

» Assessing QGP viscosity....

» Not zero viscosity, but still smallest viscosity so far!

H,O

n/s

| Acta Phys.Polon. B47 (2016)

-1.0 -0.5 0.0

(T-To)/ Ty

0.5

1.0

/E | 1
I 40 - String Theory Bound (KSS)
ZJ E pQCD (AMY) [dashed for scale dependence]
= L
35 — \
30—
25—
201
15
10—
°F KSS Bound
O0 0.5 1 1.5 2 2.5 3 3.5 4
Temperature (T/T C)

And the plasma
should be a
strongly coupled
fluid!

Hydrodynamic able to describe observations =&

But we want to connect the QGP properties with QCD

dynamics...
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25



Hard Probes

» Jet Quenching:

» collection of in-medium modifications induced on high momentum
objects (particles, jets, ...)
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Hard Probes

» Jet Quenching:

» collection of in-medium modifications induced on high momentum
objects (particles, jets, ...)

77

Interference between partonic emissions?

Jets are reconstructed
at the level of the

7 final event...

29 7

H How to distinguish
79 between “medium

particles” from “hard

scattering particles”?
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Hard Probes

» Jet Quenching from a pQCD perspective:
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Hard Probes

» Jet Quenching from a pQCD perspective:

—

QGP = collection of

static scattering centres

Vacuum QCD In-medium QCD
Feynman rules: Feynman rules:
>
— 4 5a,b p +m

p?2 —m?2 + e
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Hard Probes

» Jet Quenching from a pQCD perspective:

—

QGP = collection of g

static scattering centres

Vacuum QCD In-medium QCD
— .
Feynman rules: Feynman rules:
’ — andb
r (Ly)=x1
. cab 17’ +m G(xo4,XoL; Ly, X1 |py) = /
= 10 r | (zo+)=XoL

p?2 —m?2 + e

EE

Dr (&) exp {ZZJF /

x W(zot, Ly;ri(8)),

W(zoy, Ly;x1) = Pexp {
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» Jet Quenching from a pQCD perspective:

—

QGP = collection of § § g §

static scattering centres

Vacuum QCD In-medium QCD
—

Feynman rules: Feynman rules:

Kinetic description

p+m G (w04, XoL; Ly, X1 |py)

= 6
p?2 —m?2 + e

Ly
W(x()-l-? L-|-7 XJ.) — Pexp {Zg/ d513+14_ (x‘l‘? XJ_)}
Lo+
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Hard Probes

» Jet Quenching from a pQCD perspective:

—

QGP = collection of § § g §

static scattering centres

Vacuum QCD In-medium QCD
—

Feynman rules: Feynman rules:

> ‘ﬂ Colour change description

ro (Ly)=x_

! Lt dr\”
pt+m G(zot,%oL; Ly, x1|py) = / Dr (€) exp {];*/ ds (d—g>
p2 —m2 + ic r i (zo+)=xoL Lo
x Wi(xoy, Ly;ri(§)),

= 6

Ly
W(x()-l-? L-|-7 XJ.) — Pexp {Zg/ d513+14_ (x‘l‘? XJ_)

0+
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Hard Probes

» Jet Quenching from a pQCD perspective:

—

QGP = collection of

static scattering centres

Vacuum QCD In-medium QCD
—

Feynman rules: Feynman rules:

' — adil

p—l_ m G(x0+7XOJ_7L—|-7XJ_|p+) /
(

= 6
p?2 —m?2 + e

I

L+ =X |

?
Dr (&) exp %/
r £C0_|_):X0J_ T

x W(zot, Ly;ri(8)),

( ) Wizoy, L;x1)
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Hard Probes

» Jet Quenching pQCD expectations

Colourless particles (y, W, Z...)
: ..................... > NO Energy LOSS

&

Colourfull particles (hadrons)

Energy Loss
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» Jet Quenching pQCD expectations vs Jet Quenching observations:

Colourless particles (y, W, Z...) <
: ..................... > NO Energy LOSS

&
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Colourfull particles (hadrons)
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» Jet Quenching pQCD expectations vs Jet Quenching observations:

L L I I 1 1 L I I 1 L I L I I I L 1 1 I B

_ | CMS Preliminary 0-10%
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» Jet Quenching pQCD expectations vs Jet Quenching observations:
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» Jet Quenching pQCD expectations vs Jet Quenching observations:

Colourless particles (y, W, Z...)

.................. » No Energy L.oss

&

Colourfull particles (hadrons)

Energy Loss

# Particles in PbPb

Raa =1
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RAA

QCD dynamics but also QGP properties:
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Amount of suppression can be used to characterise the medium density
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