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Gauge Bosons (“Force carriers”™)

L. Apolinario

Standard Model: Recap
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L. Apolinario

Standard Model: Recap

Gauge Bosons (“Force carriers”)
Example: Quantum Electrodynamics (QED)
Electrons, muons,... with electric charge (+/-)

Photon: neutral particle

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
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Standard Model: Recap

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)

Gauge Bosons (“Force carriers”™)

Example: Quantum Electrodynamics (QED)
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Example: Quantum Chromodynamics (QCD)
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Standard Model: Recap

e Higgs: mass to elementary particles

(fermions)

e QCD: contributes largely to the mass of composite particles o vee | —izsceue
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Standard Model of Elementary Particles

three generations of matter
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Standard Model: Recap

e Higgs: mass to elementary particles

e QCD: contributes largely to the mass of composite particles

(mesons, baryons,...)
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structure
*{u,d, ..., g}
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Neutron
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Standard Model of Elementary Particles

three generations of matter interactions / force carriers

(fermions) (bosons)
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Standard Model: Recap

Standard Model of Elementary Particles

e Higgs: mass to elementary particles

e QCD: contributes largely to the mass of composite particles

(mesons, baryons,...)
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QED vs QCD

Quantum Electrodynamics Quantum Chromodynamics

Photons do not have electric charge Gluons are colourful

ZJHPH.%;ION

ANV
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QED vs QCD

e Quantum Electrodynamics ® Quantum Chromodynamics

Photons do not have electric charge Gluons are colourful

Larger attraction

-

Smaller attraction
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QED vs QCD

e Quantum Electrodynamics ® Quantum Chromodynamics

Photons do not have electric charge Gluons are colourful

Smaller attraction | H

Larger attraction

-

Smaller attraction
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QED vs QCD

e Quantum Electrodynamics ¢ Quantum Chromodynamics = Strong Force

Photons do not have electric charge Gluons are colourful

Larger attraction Smaller attraction

-

Smaller attraction Larger attraction

—

——
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Coupling Constant

e Interaction strength given by aopp and docp
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probing small distance scales (x) —

large momentum transfer (Q°) —

Large distances < >

Small distances
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Coupling Constant

e Interaction strength given by aopp and docp
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probing small distance scales (x) —

large momentum transfer (Q°) —

Large distances < >

Small distances
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Coupling Constant

e Interaction strength given by aopp and docp
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Coupling Constant

o-
e Interaction strength given by aopp and docp ,
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Quantum Chromodynamics

e Interaction strength given by aopp and docp

Sept. 2013
o v Tdecays (N3LO)
S(Q) | ® [attice QCD (NNLO)
| a DIS jets (NLO)
03 L 0 Heavy Quarkonia (NLO)
| o e'e¢ jets & shapes (res. NNLO)
® 7 pole fit (N3LO)
v pp —> jets (NLO)
0.2}
0.1¢
= QCD og(M,) =0.1185 + 0.0006 |
1 10 100 1000
Q [GeV]
Large distances -« » Small distances
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Quantum Chromodynamics

e Interaction strength given by aopp and docp

Sept. 2013
T decays (N°LO)
Lattice QCD (NNLO)
DIS jets (NLO)
Heavy Quarkonia (NLO)
e'e jets & shapes (res. NNLO)
Z pole fit (N3LO)
v pp —> jets (NLO)
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Quantum Chromodynamics

e Interaction strength given by aopp and docp
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How do we “work™ with QCD?

Sept. 2013
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Asymptotic Freedom

Sept. 2013

T decays (N°LO)

Lattice QCD (NNLO)
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neglected for x << 1
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Asymptotic Freedom

Sept. 2013

T decays (N°LO)

Lattice QCD (NNLO)

DIS jets (NLO)
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Confinement

Sept. 2013
T decays (N°LO)
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Confinement

Sept. 2013
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Confinement

Sept. 2013
v Tdecays (NJLO)
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QCD: Two limits, same theory

GATLAS

A EXPERIMENT
-
Run Number: 161520, Event Number: 18445417

Quarks & gluons < > Hadrons < >  What we detect experimentally?




QCD Parton Shower

Process with a large momentum transfer:

@\ ,
V\e
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QCD Parton Shower

e Process with a large momentum transfer:

) ( o o u
Before Collision After Collision //9
o= I =0
"
= I —(
y =
@//
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QCD Parton Shower

e Process with a large momentum transfer:

Before Collision

(After Collision //C;D
o= I
"
o= o
/
&/
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probing small distance scales (x) —

QCD Parton Shower L | e

e Process with a large momentum transfer: l

,T asymptotic
confinement freedom —

large momentum transfer (Q°) —

Hard scattering
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QCD Parton Shower

e Process with a large momentum transfer:

Hard scattering

\/
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QCD Parton Shower

e Process with a large momentum transfer:

Hard scattering
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probing small distance scales (x) —
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QCD Parton Shower

e Process with a large momentum transfer:

Jets

Y,
.Y.Y‘Y‘Y.Y‘Y.Y‘Y.Y. O o ( —-— @ ®

2 *Q Q*'io

Particles @ detector
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QCD Parton Shower

What we calculate

e Process with a large momentum transfer:

/ Jets = Closest proxy for '
Nacp \ quarks/gluons

What we measure

e
. >
e . @
Q —p— ) — Q . a ‘
, O
YO00000000C ~—Y — @® @
_‘ —— ‘QJ Q_)_ 9 < ®
> _— ‘

Particles @ detector

L. Apolinario 13 LIP Internship Program



QCD Parton Shower to Jets

What 1s a jet?

Spray of collimated particles that were originated by a high momentum parton (quark or gluon)

Same object independently of the

“language” one uses
(Th/Ph/EX)

. " . W ‘!}}:_;_—
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' Nt |- e C :.' -
- == .
Detection
~ Hadronization |
hadrons @@

Fragmentation
partons @m@ g::r;t?8231287238 AT LAS

2015-10-21 06:26:57 CEST EXPERIMENT
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QCD Parton Shower to Jets

What 1s a jet?

Spray of collimated particles that were originated by a high momentum parton (quark or gluon)

Same object independently of the

“language” one uses
(Th/Ph/EX)

How to define a jet? e
7
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=—__ " — |
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. : -7 f wl e
' Nt ' | T Epde :.' -
- == [
Detection
~ Hadronization |
hadrons @@

Fragmentation
partons @m@ g::r;t?8231287238 AT LAS

2015-10-21 06:26:57 CEST EXPERIMENT
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Jet algorithms

Need a recipe to define a jet:

Jet size (radius): maximum ‘‘distance” that two

particles can be to be considered as part of the same jet

Jet clustering algorithm: define criteria to decide which

particles are going to be clustered 1n the same jet

L. Apolinario 15 LIP Internship Program



Jet algorithms

Need a recipe to define a jet:

Jet size (radius): maximum ‘‘distance” that two

particles can be to be considered as part of the same jet

Jet clustering algorithm: define criteria to decide which

particles are going to be clustered 1n the same jet

o P> o Do =
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Jet algorithms

Need a recipe to define a jet:

Jet size (radius): maximum ‘‘distance” that two

particles can be to be considered as part of the same jet

Jet clustering algorithm: define criteria to decide which

particles are going to be clustered 1n the same jet
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Jet algorithms

Need a recipe to define a jet:

Jet size (radius): maximum ‘‘distance” that two

particles can be to be considered as part of the same jet

Jet clustering algorithm: define criteria to decide which

particles are going to be clustered 1n the same jet

etcslsllld
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Jet algorithms

Need a recipe to define a jet:

Jet size (radius): maximum ‘‘distance” that two

particles can be to be considered as part of the same jet

Jet clustering algorithm: define criteria to decide which

particles are going to be clustered 1n the same jet

441110
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Jet algorithms

e Need a recipe to define a jet:

e Jet size (radius): maximum ‘‘distance’” that two

particles can be to be considered as part of the same jet

e Jet clustering algorithm: define criteria to decide which

particles are going to be clustered 1n the same jet

L. Apolinario 15
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Jet algorithms 55

e Need a recipe to define a jet:

e Jet size (radius): maximum ‘‘distance’ that two

articles can be to be considered as part of the same jet

e Jet clustering algorithm: define criteria to decide which

articles are going to be clustered in the same jet
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Jet algorithms o

e Need a recipe to define a jet:

(

e Jet size (radius): maximum “‘distance” that two RZ = (y; y;)° —¢)?

articles can be to be considered as part of the same jet

kT algorithm
Cambridge /Aachen

= —1 anti — kr algorithm

AR?

e Jet clustering algorithm: define criteria to decide which i = P BT oo

tSEERS RS
|

articles are going to be clustered in the same jet

p, [GeV] , R=1 p, [GeV) - L_cam/achen, R™1 p, [GeV) anti-k, R=1
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An example of QCD success

Jets in pp collisions: excellent phenomenological tool!

102 —— —
Theoretical understanding from first principles ? ) S Weazpw) =
S o . oo =
Accurate theoretical description of jet production in 10 orders -.; PE® T0e0ey,,, s o omieaet ]z’)E
of magnitude in cross-section! o 1E ©%%00q,, .“”’\A R eil<asta 3
E 1o ;...."l-:b%%%.' * e

Well controlled experimentally 107°

109F " *4a,, " I
. . . . ::A ‘A“AA - ::
Used 1n a multitude of phenomenological studies (top quark 1072 Yaan, 0 -

AN
AN A AAAA ‘A‘AA‘ .
. . -15 olema B A -
physics, Higgs, Electroweak, BSM searches, ...) 10 conmntos BAp My
18 Ap
10 NLOJET++ (CT14 PDF) x An
Non-pert. corr. x EW corr. FAY
1 0—21 | 1 1 1 | P 1 1 l | 1 1
102 10°
P [GeV]
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s QCD limited to a collection of
small particles?




From dilute QCD to dense QCD

e QCD matter has a rich and vast phase diagram:

Phase Diagram for H,0
Critical point =y |
217.75 BIRE sa it s g S T it ¢ > 200
| =
l —
LIQUID ' W
s Normal Q : 5
% freezing : y— l
~— | Qh) .
R i —— | g 100 z Hadrons
: i 5 R
@ i | - S
& l | . &
LI : : s &
e |
::Triple point i VAPOR 1
0.00 100.00 373.99 0 B .
Temperature (C°) Nuclei Net Baryon Density
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From dilute QCD to dense QCD 3

e QCD matter has a rich and vast phase diagram:

QCD theory (1973)
SU(3) Color symmetry; confinement;
asymptotic freedom, ...

QGP initial idea (1975)
“Weakly coupling quark soup”

Temperature T [MeV]

State of matter where quarks and
gluons are asymptotically free

Nuclei Net Baryon Density

L. Apolinario 18 LIP Internship Program



QGP @ Early Universe eSS,

FHOT BIG BANGH NUCLEOSYNTHESIS RECOMBINATION o RSt STARS — FIRST GALAXIES » TODAY

INFLATION | ’ ) BEGIN TO SHINE FORM

B¢ THE INHERENT ENERGY 3B MATTER AND
. OF SPACE CONVERTS BR  ANTI-MATTER HYDROGEN AND HELIUM

THE EXPONENTIAL UK INTO MATTER AND  RRANNIHILATE LEAVING NUCLET CAPTURE
b 1§ ANTI-MATTER JMMORE MATTER THAN ELECTRONS TO FORM

EXPANSION OF SPACE ANTI-MATTER STABLE ATOMS
MRBARYON ASYMMETRY)

HYDROGEN .

¥ LEPTONS Y
EQ0 o @
END OF @ p | HELIUM
INFLATION ¥ PROTON ot ATOMIC NUCLET |
- AFTER 1t e HEAVIER THAN
. HYDROGEN ARE
PRODUCED ‘
HYDROGEN
NUCLEUS

. ! @ PHOTONS
FLY FREE
& | PROTON é

NEUTRINOS § é
FREE AFTER 3B ELIUM NUCLEUS é
i PROTONS é .
\ ; ._.. ' " «
A | “ é oo
; %

& NEUTRONS THESE PHOTONS MAKE <
b 3 THE COSMIC MICROWAVE | (‘6
BACKGROUND “Z

P

{B TO 20 MINUTES 374,000 YEARS
P LATER LATER

@
K
¢
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QGP @ Heavy-lon Collisions

e Heavy-Ion Collisions:

collisions =——-13> thermalization hydro hadronization freezeout

o

pre-equilibrium QGP and ~ :
hydrodynamic expansion 2 e
= B

o

=

RHIC (~2000): - 1
FCC?- AuAu @ 200 GeV §
PbPb @ 39 TeV N
© LHC (~2010):
PbPb @ 2.75/5.5 TeV
L. Apolinario 20 Nuclei

Net Baryon Density



QGP @ Heavy-lon Collisions

e Heavy-Ion Collisions:

collisions =——-13> thermalization hydro == hadronization freezeout

pre-equilibrium QGP and

hydrodynamic expansion g e
2 |
v
3
RHIC (~2000): 3
FCC?: AuAu @ 200 GeV §
PbPb @ 39 TeV =
© LHC (~2010):
PbPb @ 2.75/5.5 TeV

L. Apolinério 20 Nuclei Net Baryon Density



“Big-Bang” vs “Mini-Bang”

Heavy-ion Collisions: Rapid Expansion

collision evolution particle

—
P

The Universe: Slow Expansion oarsion and coolng detectors
Inetic distributions and
Dark Energy freeze-out ..\ correlations of

Aftergiow Light Accelerated E\xpanslon . l | I _ | , ‘ prodqced
Pattern Dark Ages Development of “‘\ " llepy lnltla cluster fonnation :';,‘1".:':, l)"'--"v‘ X pal"thleS

' \ . ,’ " .' ]"'.'

400,000 yrs. /z Galaxies, Planels, etc. : energy denSIty ( i ptie

)

S0 Pt AT A i AR S e I 2 ‘

¥e « ¥ " - - *

Inflation , . T ank B ot 5 N

L
s

b

‘“ \ quark and gluon
/ ' ' J degrees of freedom

Quani am
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1st Stars a 3
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Big Bang Expansion
I
collision
| 13.7 billion years quantum

Credit: NASA | overlap fluctuations
Zone

o~
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,'.33"‘-1~ P00 oy TN A L L U
wiy
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“Big-Bang” vs “Mini-Bang”

The Universe: Slow Expansion

Dark Energy
Accelerated Expansion
Afterglow Light \
Pattern Dark Ages Development of
400,000 yrs. /" Galaxies, Planels, etc.

/ -
g nA er-r el "n"

N 4 3
g " Tl

"
.
-
-~

.,
ad . A
* 'Ee P00

b »
(4]

Quani am
Fluctuations

1st Stars
about 400 million yrs.

| Big Bang Expansion

Credit: NASA

13.7 billion years

L. Apolinario

Heavy-ion Collisions: Rapid Expansion

collision evolution

particle

expansion and cooling
kinetic
freeze-out
lumpy initial cluster formation
i energy density '
‘L
P
O A’ QGP phase

)
‘“ \ J quark and gluon
/ ' ' degrees of freedom

W

\

%N

collision quantum
overlap fluctuations
zone

t ~ 0 fm{c t~1 fm/c

detectors
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wiy
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How to probe the QGP @ lab? SR,

Try different centrality collisions
Look to the result of the collision (Soft probes)

Peripheral Collision

L 2N

{-»..

€MS Expérimerit at the LHE, CERN

b

- ~Data recorded: 2076-Nov-08 10:22:07:828203 GM] (11:22:07 C
o, A ‘ e ’\
Run f Event: 150431 / 541464 ™

y

==

B _(——--ri_:?ﬁ:ﬂ="_':?:.

S—

B e
" PR I =

(c) CERN 2009. All rights reserved. e , http:ffiguana.cern.chfispy
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Soft probes

e Sensitive to macroscopic properties of the QGP: Response of the system to initial
spatial anisotropy

e Local or large scale collective behaviour?

L. Apolinario 23 LIP Internship Program



Soft probes

e Sensitive to macroscopic properties of the QGP:
e Local or large scale collective behaviour?

Superposition of multiple pp

collisions

Uniform distribution of final

particles

‘““Gas-like”’ behaviour?

L. Apolinario

23

Response of the system to 1nitial

spatial

| anisotropy
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Soft probes

e Sensitive to macroscopic properties of the QGP:
e Local or large scale collective behaviour?

Superposition of multiple pp

collisions

Uniform distribution of final

particles

‘““Gas-like”’ behaviour?

L. Apolinario

Response of the system to 1nitial

spatial anisotropy

Collective bulk

“Liquid-like” behaviour?

Initial anisotropies also present in the
distribution of final particles

) ] 0 e

23 LIP Internship Program



Soft probes

Sensitive to macroscopic properties of the QGP:

Local or large scale collective behaviour?

Superposition of multiple pp collisions Collective bulk behaviour

L. Apolinario LIP Internship Program



Soft probes

Sensitive to macroscopic properties of the QGP:

Local or large scale collective behaviour?

Superposition of multiple pp collisions Collective bulk behaviour
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QGP: an almost perfect liquid

e Measuring the imperfection factor (viscosity)....

@ 100 F
= E
= B
5_1"/ &
¢ £
3 B
E 1 O | ’ ’ | »
- g :
S é@ : ‘
O 1
ke ®
S *
E 1 p=====meccccccccce e e e e e e e e e s e .- -~ E
B | l l | |
H,0 N, He RHIC Cold
Fluid Atoms i
high viscosity ( low viscosity
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QGP: an almost perfect liquid

Ideal hydrodynamics Viscous hydrodynamics
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QGP: an almost perfect liquid

Ideal hydrodynamics Viscous hydrodynamics
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QGP properties: i

Most perfect liquid:
n/s ~0.8

Stranger and stranger says ALICE

L. Apolinario 27 LIP Internship Program



QGP properties:

Most perfect liquid:
n/s ~0.8

Hottest liquid:
1012K

(100,000 x temperature of the Sun core)

L. Apolinario

27
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QGP properties:

Most perfect liquid:
n/s ~0.8

Hottest liquid:
1012K

(100,000 x temperature of the Sun core)

Smallest liquid:
~yoctosegundos (10-23)

L. Apolinario

AWLIRT WO T M2 4

ANTICANCER BLOCKBUSTER? = RISE AND FALL OF THE SLIDE RULE

P SCIENTIFIC ..
AMEDIPA Al

- MARCH 2019 VOL15
' 51 I I : l re \\\\\\\\\\\\\ .com/naturephysics
—

R oo
. / THE EARLIEST
| 4 | UNIVERSE

l'..

ST o Stopping
Alzheime

"'_‘

The geometry of a
quark-gluon plasma

WS Birth of

& & - - 'Y
ane Amazon

Future
Giant Telesc

b
* Analogue horizons

A local marker

Energy of preformed pairs
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How to probe the QGP @

Relativistic Heavy-Ion Collisions
made by Chun Shen

i Hadronization

- Initial energy
density

: N

B
3

>

!

Q6P phase "

. _'. _. .'.'..j

A
-
'

pre-.
equilibrium
namics
collision evolution

t~0fm/c tT~1fm/c

L. Apolinario

dron

. phase

viscous hydrodynamics

T ~ 10 fm/c

final detected
particle distributions

Kinetic
freeze-out

free streaming
e

T ~ 1012 fm/c

28

lab (v2)

probing small distance scales (x) —

&

<)
-—

@

-

*®

aoco(02)

T

confinement

asymptotic
freedom —

larae momentum transfer (Q%) —
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How to probe the QGP

Relativistic Heavy-Ion Collisions

made by Chun Shen Kinetic
freeze-out

Hadronization

Initial energy
density o

. “#  Hadron
:,' .;;"1 p GSC

4

pre-.
equilibrium . .
namics viscous hydrodynamics

collision evolution
t~0fm/c T~1fm/c T ~ 10 fm/c

L. Apolinario

final detected
particle distributions

free streaming
I ———

T ~ 101 fm/c

28

lab (v2)

probing small distance scales (x) —

*®

o) z
Y | ©ocp(Q°)
%
-
T asymptotic
confinement freedom —
large momentum transfer (Q°) —
non-pQCD

LIP Internship Program



How to probe the QGP @ lab (v2)

probing small distance scales (x) —

p
. e . . final detected O | Q2
Relativistic Heavy-Ion Collisions particle distributions [ aco(¥)
made by Chun Shen Kinetic .
freeze-out
Hadronization
Initial energy
density
34— el T ] asymptotic
N R S confinement frzyedgm -
J large momentum transfer (Q°) —
/ :
. Dl
collision &
overlap zone
non-pQCD pQCD

pre-
equilibrium . .
namics viscous hydrodynamics

free streaming
e

collision evolution
t~0fm/c T~1fm/c Tt ~ 10 fm/c T ~ 1012 fm/c
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How to probe the QGP @ lab (v2)

Relativistic Heavy-Ion Collisions

made by Chun Shen Kinetic
freeze-out

Hadronization
Initial energy

N density

— &

F.
3
X

!

-
'

pre-.
equilibrium

namics viscous hydrodynamics

collision evolution
t~0fm/c T ~1fm/c

L. Apolinario

final detected
particle distributions

free streaming
I ———

T ~ 10 fm/c

T ~ 101 fm/c

28

*®

probing small distance scales (x) —

o) z
< | %aco(@)
D
-
T asymptotic
confinement frzyedgm N
large momentum transfer (Q°) —
non-{
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How to probe the QGP @ lab (v2)

probing small distance scales (x) —

p
c e e . . final detected &) | Q2
Relativistic Heavy-Ion Collisions particle distributions < acol@)
made by Chun Shen Kinetic .
freeze-out |
Hadronization
Initial energy
density
) toti
confinement farzyerggrr? lc_,
large momentum transfer (Q°) —
non-pQCD pQCD

pre-.
equilibrium . .
namics viscous hydrodynamics

free streaming
e

collision evolution

t~0fm/c T ~1fm/c ¢ ~ 10 fm/c © ~ 1015 £m/c Caveat: need to rely on selt-

generated probes
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How to probe the QGP @ lab (v2)

Using internal probes that can be selt-calibrated:
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How to probe the QGP @ lab (v2)

Using internal probes that can be selt-calibrated:
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How to probe the QGP @ lab (v2)

e Using internal probes that can be self-calibrated:

quenched jet

Jets in PbPb

L. Apolinario 29 LIP Internship Program



Hard Probes

e “Shoot” a calibrated probe and see the final modifications with respect to a reference (usually pp)

L. Apolinario

N

Lumi section: 14
Orbit/Crossing: 3614980 / 281

Example: jets in pp

(well known and theoretically

understood)

30

A®D 002 1d ‘| 18r |

B¢ -Uoljo8s 1WN

02G82€L / 9201GL Jusaz/uny
1S3D 0L0Z 6E:LE:6L L AON UNS :paplodal Bleq
NY3D ‘OHT e juswuadx3 SIND

Example: jets in PbPb

(modifications related to the QGP

miCroscopic properties)
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Hard Probes A% gl

e “Shoot” a calibrated probe and see the final modifications with respect to a reterence (usually pp)

C CMS Experiment at LHC, CERN

Data recorded: Sun Nov 14 19:31:39 2010 CEST
Run/Event: 151076 / 1328520

G Lumi section: 249

A29 1’50z d ‘0 18r

Striking signature of QGP
presence! Jot 0, pt: 205.1 GeV

Jet 1, pt: 70.0 GeV

A9 002 3d ‘L jer

B¢ -Uoljo8s 1WN
02G8¢€L /901G ‘JudAz/uny
1S30 01L0C 6€°LE:6L L AON ung :psplodal eleqg

N30 “OH7 Je Juswuadx3 SO D)

Example: jets in PbPb

(modifications related to the QGP

MmICroscopic properties)
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Hard Probes

Rare processes of high energy that are produced within the collision (hard scattering) and propagate through the

QGP:

High momentum coloured objects:
Single particle measurements (B-meson, quarkonia,...)

Jets (Inclusive jets, b-initiated jets, ...)

L. Apolinario

31

q: fast colour triplet >
%‘i@_ﬁ Induced \
gluon |
g: fast colour octet 99% radiation <(>
99206 >
Q. ng
Q: slow colour 'i Energy dy
triplet > QZ-’ loss J
QQ: slow colour " Tc
singlet/octet D' ssoclation } &
QCD medium
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Hard Probes

e Rare processes of high energy that are produced within the collision (hard scattering) and propagate through the

QGP:

e High momentum coloured objects:
e Single particle measurements (B-meson, quarkonia,...)

e Jets (Inclusive jets, b-initiated jets, ...)

0
‘____ f‘\'"v.'.'. ( \\ /
QOO0000000 R \\ ® _eo-o0

v...

00y
00, E——
00 .y‘y.y‘,. - 7 ®

L. Apolinario
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q: fast colour triplet | "{ »
m@ Induced
gluon _A
g: fast colour octet 49% radiation <(>
RO G ,
[« aN,
Q: slow colour ‘ Energy dy
triplet > YQ-E:-—» loss
QQ: slow colour — Tc
. Dissociation
singlet/octet B £
QCD medium
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Hard Probes

e Rare processes of high energy that are produced within the collision (hard scattering) and propagate through the

QGP:

e High momentum coloured objects:
e Single particle measurements (B-meson, quarkonia,...)

e Jets (Inclusive jets, b-initiated jets, ...)

Medium-inducéd > @
‘ > : U~e
energy loss oS O/
: U
A 0 .
1 “\‘ : 0‘0.‘... ‘X‘
i ©
o B o 0t .
QOOO000D00 VR ® o.
: .‘.. E ‘/r_:_ . ‘
f Gy A —— @ _ @
T, B O (e o
: '.'Vvyy s
Collisional energy 10887 1. “fw.v P — (O )~ e
T O -~ @
Re-scattering? O —() e @
®
N O o _— ®
] ] ~C ~_
Fast evolving medium ® o

L. Apolinario
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T
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q: fast colour triplet i >
| @ Qp _ Induced
gluon _‘
g: fast colour octet 49% radiation <(>
U ROG ,
,jf ¢ ng
Q: slow colour ‘ Energy dy
triplet > YQ_Q:' Rl ™
|
QQ: slow colour " Tc
. Dissociation
singlet/octet B £
QCD medium
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Hard Probes

e Rare processes of high energy that are produced within the collision (hard scattering) and propagate through the

QGP:

e High momentum coloured objects:

e Single particle measurements (B-meson, quarkonia,...)

e Jets (Inclusive jets, b-initiated jets, ...)

Medium-induééd
energy los

o . -
—_—_— - IV < r
< > \\ \\‘/'_,_‘
—— @ -0
T 0. e

Collisional energy IQSS:

-~ N @
Re-scattering? O _,_O = ‘O — @
| ®
N O o _— ®
Fast evolving medium ® o

L. Apolinario

02}

01}

v Tdecays (N’LO)
® Lattice QCD (NNLO)
a DIS jets (NLO)

v pp—> jets (NLO)

A
o,
™
O A
K ¥
oAl
e :4-

= QCD 04(M,) =0.1185 = 0.0006

0 Heavy Quarkonia (NLO) ]
o e'e jets & shapes (res. NNLO)

1

31

10 Q [GeV] 100

1000

q: fast colour triplet | >
Qp _ Induced
gluon
g: fast colour octet radiation <(>
dn,
Q: slow colour — Energy dy
triplet loss
QQ: slow colour — o Te
singlet/octet \£|smC|atlon e
'C
QCD medium
Probing the microscopic properties of the
QGP
Testing limits of pQCD
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And more on Hard Probes

L. Apolinario

Huge area! Not enough time to cover everything...

Lots of new opportunities to test frontiers of QCD and unveil QGP characteristics

QZA

P+ Initial Parton

Scattering from
Point-Like Bare

pQCD

Color Charges

What scale sets

this transition?

Scattering
from Thermal
Mass Gluons?

What scale sets

this transition?

pQCD Scattering
From Quasiparticles
with size ~ upgpye

“Pe
@D CDED!

LPe%%
T _/_.MD

Strong Coupling
No Quasiparticles
> MDebye 20
< ?
A\ [/
AdB/CFT

T

C

Q)

03+

02t

0.1}

v Tdecays (N°LO)

Lattice QCD (NNLO)

a DIS jets (NLO)

0 Heavy Quarkonia (NLO)

=

o e'¢ jets & shapes (res. NNLO)

® 7 pole fit (N3LO)
v pp —> jets (NLO)

Sept. 2013

32
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probing small distance scales (x) —

ool @) o @);
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More on Friday! [T. Pena]
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Summary

Quantum Chromodynamics (QCD):

Building blocks: quarks and gluons

Gluon also carry “colour charge”

Two limits: perturbative vs non-perturbative

More on Friday! [T. Pena]

Heavy-lons:

Unique opportunity to study the Quark-Gluon Plasma

New state of QCD matter

Test theoretical description of the interaction from QCD first

principles;
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