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Standard Model: Recap

Standard Model of Elementary Particles

Gauge Bosons (“Force carriers™)

L. Apolinario
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Standard Model: Recap

Gauge Bosons (“Force carriers™) Standard Model of Elementary Particles

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

Example: Quantum Electrodynamics (QED) S N R
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Standard Model: Recap

Gauge Bosons (“Force carriers™) Standard Model of Elementary Particles

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

Example: Quantum Electrodynamics (QED)

=1.28 GeV/c2 =173.1 GeV/c2
% s

7
S|)i|"‘ 1% U 1% C % t

charm

mas =2.2 MeV/c2 @ =124.97 Gevic?

Electrons, muons,... with electric charge (+/-)

top higgs

 ;. =06 MeV/c2
£ - ~% Y4
/1

down strange bottom §

=4.18 GeV/c2?

Photon: neutral particle

-

hoton
)

Example: Quantum ChromOdynamiCS (QCD) :—*f.SllMeV/c2 f1105.66MeV/c2 :—-11.7768GeV/c2 0=91.1QGeV/C2
« v M » G T &
. electron muon tau V4 boscij
Quarks with 1 color charge (RGB) e ——

Ve Y V|.l v V1 1 W
Gluon: with “~2” color charges (RR, GG, BB) neutring | | neutrno | | neugtino | | W boson |

. Apolinario 2 LIP Internship Program



Standard Model: Recap

Higgs: mass to elementary particles Standard Model of Elementary Particles

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

QCD: contributes largely to the mass of
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Standard Model: Recap

Higgs: mass to elementary particles

QCD: contributes largely to the mass of

composite particles (mesons, baryons,...)

valence S {u.d, ... g)

#{u,d, ..., g}
0.2% mass

structure

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

Higgs: mass to elementary particles

QCD: contributes largely to the mass of

composite particles (mesons, baryons,...)

valence
> {u,d, ..., g}
structure
*{u,d, ..., g}
0.2% mass
Proton Neutron

(more realistic) proton structure
valence + sea

(quarks and

gluons)
100% mass
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Standard Model of Elementary Particles

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

o Quantum Electrodynamics ¢ Quantum Chromodynamics
Photons do not have electric charge Gluons are colourful

Larger attraction

-

Smaller attraction
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QED vs QCD
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QED vs QCD

o Quantum Electrodynamics o Quantum Chromodynamics = Strong Force
Photons do not have electric charge Gluons are colourful

Larger attraction

Smaller attraction H

N -\1'
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Smaller attraction Larger attraction
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Coupling Constant

e Interaction strength given by aopp and dgcp

probing small distance scales (x) —

e | Oep(Q);

3

large momentum transfer (Q°) —

Large distances - >  Small distances
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Coupling Constant

Interaction strength given by agep and oocp

probing small distance scales (x) —

aQCD(Qz) aQED(QZ):
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Large distances - >  Small distances
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Coupling Constant

e Interaction strength given by aopp and agcp

probing small distance scales (x) —
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Coupling Constant

Interaction strength given by agep and oocp Asymptotic freedom

QCD Lagrangian within perturbation theory!

probing small distance scales (x) —

- .
. Q) oo Q): perturbative QCD (pQCD)
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QCD Parton Shower

Process with a large momentum transter:

Before Collision

High momentum qliarks

(in the transverse direction)

After Collision //(/”3
@—= *’ —=® peam temnant
- continue 1n the beam direction
o= 4 g )
/ / / B
o),
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QCD Parton Shower

e Process with a large momentum transfer:

Before Collision

High momentum quarks

(in the transverse direction)

After Collision //@
@—= *’ —=® peam temnant
- continue 1 the beam direction
o= 4 g )
/ / / B
o),
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probing small distance scales (x) —

Uac D(Qz)

aeﬂ(Qz)

T

confinement

|

asymptotic
freedom —

Hard scattering

large momentum transfer (02) —
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QCD Parton Shower

e Process with a large momentum transfer:

Before Collision

High momentum quarks

(in the transverse direction)

After Collision //@
@—= *’ —=® peam temnant
- continue 1 the beam direction
o= 4 g )
/ / / o
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aeﬂ(Qz)

probing small distance scales (x) —

Uac D(QZ)

T

confinement

l asymptotic
freedom —

large momentum transfer (02) —
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QCD Parton Shower

e Process with a large momentum transfer:

Before Collision

High momentum quarks

(in the transverse direction)
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o= 4 g )
/ / / B
o),

L. Apolinario

aeﬂ(Qz)

probing small distance scales (x) —

Uac D(Qz)
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large momentum transfer (02) —
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QCD Parton Shower

e Process with a large momentum transfer:

Before Collision

High momentum qliarks

(in the transverse direction)
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QCD Parton Shower

e Process with a large momentum transfer:

Before Collision

High momentum qliarks

(in the transverse direction)
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QCD Parton Shower

e Process with a large momentum transfer:

Before Collision

High momentum qliarks

(in the transverse direction)
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QCD Parton Shower

e Process with a large momentum transfer: Particles @ detector

Before Collision
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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)

=T — 1
jet 3 [ =) = jet 2 10 m
. LRRIN [ .
S l‘l + ¥ '.' deposited energy:
5 1 B #Illl' ! hadronic
3 B 8he]| » JEeRle] »
. - JL 1 electromagnetic
Same object B :
J *— track hits

independently of the ) 105m
=

X 99 o

language™ one uses S mesons: - baryons: —
®  pions. protons,
Th /Ph /E LT Kaons. neutrons,
( X)
<10""m R B e I
§ gluon quark -
£
";'3 ;
proton proton o ome ATLAS

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

Need a recipe to define it:

Jet clustering algorithm: define criteria to
decide which particles are going to be

clustered 1n the same jet

> |p=1 kr algorithm
2p AR%’J’ : .
) 2 P~ 0 Cambridge/Aachenalgorithm

] 2p
dij = mln(pT,i7pT,j

p=—1 anti— kr algorithm

Jet size (radius): maximum “‘distance’ that
two particles can be to be considered as part

of the same jet R;, = (v; y;)* + (¢i — &;)°
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et algorithms ST,
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An example of QCD success

Jets 1n pp collisions: excellent phenomenological tool!

Theoretical understanding from first principles

anti-kt R=0.4
{s=13TeV, 81nb"'-3.21"

. —
()
QR

A

® lyl<0.5(x10%

O 05=lyl<1.0(x10°)
B 10 =lyl<15(x10°)
O]

A
A

—
Q
(2]

15 <lyl <2.0 (x 107) —
2.0 =lyl <25 (x 107} _]
25 <yl <3.0 (x 10"°) =

Accurate theoretical description of jet production

A

in 10 orders of magnitude 1n cross-section!

dzolde dy [pb/GeV]
8@

107 =
. -6 B5 Oe o
Well controlled experimentally O E, Dmmﬂma%é%_ 3
10°F *4ay,, = —
Aaay, - ]
. . . . 107" AAAAAAA T Ay “a :;
Used 1n a multitude of phenomenological studies e sysm“%%% “m‘“ 0 =
' . ) ncertainties AAA A ::
(top quark physics, Higgs, Electroweak, BSM 107" wowTcruren s P =
1 0—21 | 1 1 1 | I 1 1 I | | 1 _:

searches, ...) 102 g
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 Phase diagram of QCD matter

Critical point = -'
217.75 I—- ------------------------- : s 2, 200pm
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S » .
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s Normal | . s * D’fo,, .
% freezing i ® ”"ﬁ%’,
s | TREPPeN | l Hadrons /&
= 1 R e e FNormal : CEL b
g | boiling i kY
*  |soup| , i |
= | : | Color Super-
::Trlple point | VA;OR i / Neutron B
0.00 100.00 373.99 0 S iy
Temperature (C°) Nuclet Net Baryon Density
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From dilute QCD to dense QCD 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”

State of matter where quarks and
gluons are asymptotically free

L. Apolinario

Phase diagram of QCD matter

% 200 m
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0 T 7. .
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QGP @ Early Universe R0
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QGP @ Heavy-lon Collisions

e Heavy-lon Collisions:

QGP and RHIC (~2000):
initial state hydrodynamic expansion AuAu @ 200 GeV FCC?:
PbPb @ 39 TeV
LHC (~2010):

. PbPb @ 2.75/5.5 TeV

pre-equilibrium

= |= Quarks and Gluons
*q—) § Critical point?
= 3 QO .
S o X,
w | » Hadrons 75
g_ 100 -% ! 000’/
U % 5 Y
— ‘$’ %o
o3
& %6)
Color Super-
Neutron stars  conductor?
4 7, '
0 1

Nuclei Net Baryon Density
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QGP @ Heavy-lon Collisions e

e Heavy-Ion Collisions:

hadronic phase - :
QGP and ' RHIC (~2000):
snitial state hydrodynamic expansion  and freeze-out AuAu @ 200 GeV FCC?:
Ak PbPb @ 39 TeV
i LHC (~2010):
B PbPb @ 2.75/5.5 TeV
Es
"N
pre-equilibrium
—y

Nuclei Net Baryon Density
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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.

/ -
B A il AT PG . .‘ﬂ'A

infation_ ‘ ﬁ’

Quani am
Fluctuations

1st Stars
about 400 million yrs.

| Big Bang Expansion

Credit: NASA

13.7 billion years
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Heavy-ion Collisions: Rapid Expansion

collision evolution .. particle
expansion and cooling - detectors

kinetic distributions and
freeze-out 1.\ correlations of

_— hadranization/ produced
lumpy 'n't'a,l cluster formation y g
energy density

R
L
P

b - QGP phase
‘“ \ quark and gluon
/ ' ' J degrees of freedom

W
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CO“ISlOﬂ quantum
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DT TN gt |y, N LR Vi o R e
o o e A LN e s oo £ e -
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- Vit S0 0 LI NS -
1

P WA e o
s S S
-y ,-.-_"/.‘.'_‘_I} A Y

T ~ 0 fm{c t~1 fm/c
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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.
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Credit: NASA

13.7 billion years
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Heavy-ion Collisions: Rapid Expansion

collision evolution .. particle
expansion and cooling - detectors

kinetic distributions and
freeze-out 1.\ correlations of

hadranization/ n A produced
7 ;1 2l b Ve

lumpy initia.l cluster formation
energy density 7

3
-»
L
P

)
‘“ \ J quark and gluon
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overlap fluctuations
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How to probe the QGP @ lab? $gm

Look to the result of the collision (Soft

SN " o TR n ng
LN ¥4 vl = Il.,' o i

€MS Expérimerit at the LHE, CERN

probes) Try different centrality collisions

Peripheral Collision

.. “ata recorded: 2(’1’@-N‘9V-Q___j8 1.Q_;_22307‘i82$203 GMT(11:22.0# C

Lo e, ‘ "
Run / Event: 15104§T / 541464

s

™

i
- o
e Ty

\ 4
N /
~. _“
Z
y
X
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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?
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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
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Response of the system to initial

spatial anisotropy
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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?

Superposition of multiple Collective bulk
pp collisions %

Uniform distribution of

final particles “Liquid-like” behaviour?

/\
© ® 8\
0000:00 : 9000009
L ) °° e ¢ o
0o ¢ ° o ® ¢°
© © ¢ ¢
28 o 00990
©® © © ©

Initial anisotropies also present in the
distribution of final particles

“Gas-like” behaviour?
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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?

Superposition of multiple Collective bulk

pp collisions

“Liquid-like” behaviour

ox d

“Gas-like” behaviour

Liquid Gas Plasma

ADD ENERGY
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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?

Superposition of multiple
pp collisions

“Liquid-like” behaviour

Collective bulk

“Gas-like” behaviour

X

4 B, | -
¥ ligud ___® p Plasma

ADD ENERGY
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QGP: an almost perfect liquid

participants D
. . . . o u
e Fourier decomposition in ¢ w.r.t. reaction plane Pg: spectators
dN N
@b " o (1+Zvncos (¢ — \IJR)]>
Reaction plane: z-x plane
e Elliptic flow: Second Fourier coefficient (v,) of (defines azimuthal angle ¥g)

the observed particle distribution vz = (cos [2(¢ — Vr)])

Pressure driven expansion:

L. Apolinario 21 LIP Internship Program



QGP: an almost perfect liquid

It [
. o . | participants D
e Fourier decomposition in ¢ w.r.t. reaction plane Wk: spectators Y/

Au . o
dN N N
@b " o (1—I—Zvncos (¢ — \IJR)]) S ¢7"j/z'
Reaction plane: z-x plane
e Elliptic flow: Second Fourier coefficient (v,) of (defines azimuthal angle ¥g)

the observed particle distribution v = {cos [2(¢ —Vg)|)  F——T——T——T——T
~h ) Range of expected
Pressure driven expansion: 0.08 values from ideal ]

0.06

—@—
@~
W@

B / | —
1 H / Hvdrodynamics :
ey 9 Q _:

¢

Q
STAR (RHIC) 2008 :

1 I 1 1 1 I 1 1 1 I : 1 1 I 1 1 .
0 0.2 0.4 0.F 0.8 1

nch/ I max
Peripheral «— > (entral

\
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QGP: an almost perfect liquid

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

@100 -
~ :
= :
= B
v i
3 B
C 4
— 10 |
- ’ - ‘
O i
46 .
8 ®
S *
- 1 pre===ccccccccccccccccnnnana ==
H,0 N, He RHIC Cold
Fluid Atoms i
high ty ‘ low viscosi ty
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How to probe the QGP @ lab (vé)"g

probing small distance scales (x) —

® ® ® ® s p 2
Heavy-ion Collisions: Rapid Expansion ] Oep(@)
S
collision evolution particle S
expansion and cooling detectors
kinetic distributions and
freeze-out .1\ correlations of
- hadranization/ produced
lumpy initial cluster formation ity particles
» energy density
‘ By A0 TR N .T asymptotic
W R k0 1 s confinement freedom —

large momentum transfer (Oz) —

:
P

\ 0 A" QGP phase
q ' quark and gluon
..} ]

/ egrees of freedom

\
CO“ISIOI"I . quantum
overlap fluctuations
zone

t ~ 0 fm/c t~1 fm/c
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How to probe the QGP @ lab (v2)

probing small distance scales (x) —

. » . . et &.\ 2
Heavy-ion Collisions: Rapid Expansion S| %@
D
collision evolution particle s
expansion and cooling detectors
kinetic distributions and
freeze-out .1\ correlations of
_— hadranization/ produced
lumpy initial cluster formation G
a energy density
‘ | b e AR .T asymptotic
‘) ) P confinement freedom —
’} large momentum transfer (Q%) —
3 - QGP phase
‘“ ' quark and gluon
\ 'J degrees of freedom
non-pQCD

CO“ISIOI"I quantum
overlap fluctuations
Zone

t ~ 0 fm/c t~1 fm/c
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Heavy-ion Collisions: Rapid Expansion

collision evolution particle
expansion and cooling detectors

kinetic distributions and
freeze-out . 1.\ correlations of

- hadranization/ produced
lumpy initial cluster formation ey
a energy density -

R

1&

.

overlap fluctuations
Zone

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

L. Apolinario 23

re) e
& | Gaep(Q)
5‘8
.T asymptotic
confinement freedom —
large momentum transfer (Q°) —
non-pQCD pQCD

How to probe the QGP @ lab (v2)

probing small distance scales (x) —
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How to probe the QGP @ lab (v2)

probing small distance scales (x) —

L] ] L ] L r 2
Heavy-ion Collisions: Rapid Expansion S | %acp(@)
k)
collision evolution particle °
expansion and cooling detectors
kinetic distributions and
freeze-out £ 1.\ correlations of
- hadronization/ produced
lumpy initial cluster formation By particles
a energy density
‘ A e U B o T asymptotic
W | confinement freedom —

large momentum transfer (02) —

non-pQCD pQCD

overlap fluctuations
Zone

Caveat: need to rely on self-

v~ 0l 1 fmlc { < ~ 10 e} ‘ generated probes

. Apolinario 23 LIP Internship Program



Hard Probes

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

L. Apolinario

(usually pp)

iR

P*P

Example: jets in pp

(well known and theoretically

understood)

24

Caveat: need to rely on self-generated probes

Example: jets in PbPb

(modifications related to the

QGP microscopic properties)
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Hard Probes

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

(usually pp)

Caveat: need to rely on self-generated probes

Lumi section: 14
Orbit/Crossing: 3614980 / 281

A®D 002 1d ‘| 18r |

67 :UOIVSS 1WNT .

0¢G8c¢El /1 9201GL JuaAaguny |\ .
1530 010¢ 6€:LE:61 YL AON UNS :papJodal BleQ
NY3D ‘OH1 e uswuadx3 SO

O/ N

Example: jets 1n pp Example: jets in PbPb
(well known and theoretically (modifications related to the
understood) QGP microscopic properties)
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Hard Probes

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

(usually pp)

Caveat: need to rely on self-generated probes

\'| Lumi section: 14
Orbit/Crossing: 3614980 / 281

|A®9D 1’502 3d ‘0 3er

/
A

%

/
7

4
..}\\\\\\W’/Z/ +

!
7

[A29 0°02 1d ‘) Jer |

PRSP SR ib
Example: jets 1n pp Example: jets in PbPb
(well known and theoretically (modifications related to the
understood) QGP microscopic properties)
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Hard Probes

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

Caveat: need to rely on self-generated probes

\| Lumi section: 14 CMS Experiment at LHC, CERN
N Orbit/Crossing: 3614980 / 281 C | Data recorded: Sun Nov 14 19:31:39 2010 CEST
o~ Run/Event: 151076 / 1328520

an Lumi section: 249

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

Jet 1, pt: 70.0 GeV

Example: jets in pp

(well known and theoretically

understood)
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Hard Probes

L. Apolinario

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, ...)

25

q: fast colour triplet >
@QQ Induced )
gluon |
g: fast colour octet 99% radiation <(>
U RUG Qo >
— ng
Q: slow colour Energy dy
triplet > tgz:’—» loss /
QQ: slow colour " Tc
singlet/octet \_\\i)ISSOCIatlon } e
C
QCD medium
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Hard Probes

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

and propagate through the QGP:

q: fast colour triplet >

High momentum coloured objects: ’@% Induced )
gluon |
- . : fast col tet 93 L diats <{>
Single particle measurements (B-meson, 9 TERTEO °‘.'2°§;.2qu&_ radisfion \ “
, e
quarkonia,...) dN,
Q: slow colour | Energy dy
: : Ce : triplet > QE > loss ./
Jets (Inclusive jets, b-initiated jets, ...)
QQ: slow colour " Tc
. - Dissociation}
singlet/octet ~ gc
Theoretical description of ﬁ . . a1 Dat Probing the microscopic properties of
xperimental Data
interaction with QGP P the QGP
QCD medium
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Hard Probes

e Expected effects from interaction with the QGP:

Ooe
‘_ - N 1‘1.'."' < \\ /
QO000000000 Yk
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Hard Probes

e Expected effects from interaction with the QGP:

‘_———— 000000

Fast evolving medium
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Hard Probes

e Expected effects from interaction with the QGP:

Medium-induced @)L// 4 — @
energy loss Ty O/ = @
| E .

@ ---- | : O\" @

Fast evolving medium

L. Apolinario 20
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Hard Probes

e Expected effects from interaction with the QGP:

Medium-induced
enerqgy loss

‘_____

Collisional energy

L. Apolinario

Fast evolving medium

20
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Hard Probes

e Expected effects from interaction with the QGP:

Medium-induced
energy loss

‘_____

Collisional energy
Re-

L. Apolinario

4 e 0.0

4 o’ ‘.~~):7>> e O > @ - @

ttering? O O T«

.“g») — () O+:

Fast evolving medium

20
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Hard Probes

e Expected effects from interaction with the QGP:

Medium-induced
energy loss

‘_____

Collisional energy
Re-

L. Apolinario

4 e 0.0

4 o’ ‘.~~):7>> e O > @ - @

ttering? O O T«

.“g») — () O+:

Fast evolving medium

20
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Hard Probes

e Expected effects from interaction with the QGP: RAA =

# Particles in PbPb
(#Particles in pp) x (#pp collisions)

| | I I I I 1 | I ] I I 1 | I 1 | I 1
ALICE, charged particles, Pb-Pb
@)L// \$,y=2.76TeV, || <0.8

-1l

I:{AA

Medium-induced
D E ©
energy loss O/\: 1 RAA < 1

‘_____ A 3 O\‘O .

Collisional energy ‘- = - . o
: — O ~— o O
Re- ing? O —

040-80%
\.\ 0'1_|||||||||||1|||11|1

® 0 10 20 30 4‘)

Fast evolving medium p. (GeVic)
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Color Neutral Probes

Colourless objects (Photon, W-boson,...) do not interact with the QGP

L. Apolinario

Reference (without the need to compare to pp collisions)

27

q: fast colour triplet >
@QQ Induced "\
gluon |
g: fast colour octet 99% radiation <(>
-&_;u;'_u,qz?q%@ >
. ng
Q: slow colour Energy dy
triplet > tqz:’ > loss /
QQ: slow colour " Tc
singlet/octet \_\\i)ISSOCIatlon } e
'C
QCD medium
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Color Neutral Probes

e Colourless objects (Photon, W-boson,...) do not interact with the QGP

e Reference (without the need to compare to pp collisions)

Color neutral objects| }

1.5

RAA:1/5—/-'---+-¥---v--—r—---*--‘___f

I & |
0'5_; ‘“ i o ! ' ’ ’ " ’ * ?
"

L. Apolinario

2

OOLLAJILleqlllllLllll

" g "B Jiy (0-100%) |y] < 24

I
1

4

20 40 60 80 100
p, (m)[GeV]

27

’

q: fast colour triplet —

m(\& Induced

gluon _
99° ragiation | <>

g: fast colour octet

020G )
¢ ng
Q: slow colour Ener
. - ‘e'e'f‘ - Eneroy | dy
triplet loss
| T
QQ: slow colour — C
. <"  Dpissociation
singlet/octet .y e
v*: colourless
[ 1 {
y: colourless Controls
r-—_._».
QCD medium
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And more on Hard Probes

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

Lots of new opportunities to test frontiers of QCD and unveil QGP characteristics
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And more on Hard Probes

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

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

How fast 1s the energy deposited by the jet thermalized?

Looking inside of (large radius) jets to check
energy/momentum deposition

L. Apolinario

ratio of D(pT)

TTYTIII T T T T T T
{ y-tagged jets 5.02 TeV._

'- ,-azjj;iii?”f""f'j; inclusive jets 2.76 TeV -
(0-10%) :

- ATLAS Preliminary :
0.6~  0-30% Pb+Pb / pp .

28

10 10°
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And more on Hard Probes

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

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

How fast is the energy deposited by the jet thermalized? How fast 1s QGP evolution? How 1s the
temperature/density evolving?
(:'\ 800_—r L L L I L I L
L [ o daa CMS PbPb {5, = 2.76 TeV - T 1/(r)
S "0 — popbifit || Cent 0-100%, ly| <24 ® Iy 450 mev | Y(15)
DR R pp shape || L. =150ub™ - ] —>
S 600 | —
= - pi >4 GeV/c bb - ‘ %(1P)
n - -
CIC) 500:_ * H —: lllustration: A.Rothkopf 90 Mev J/lp(IS)
Z F 1l & - T=0 T<T
400 B — 200 MeV %(1P)
300 = Measuring rate of quarkonia state can give map of
poof . the QGP temperature evolution
- -
100’_‘—"“ &
:l | .| | I I | I I I | | I I | I I I | | I I | I | I | I:
% 8 9 10 1 12 13 14 ,
L. AC 28 LIP Internship Program

Mass(u*y’) [GeV/c?]



And more on Hard Probes

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

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

How fast is the energy deposited by the jet thermalized? How fast 1s QGP evolution? How 1s the
temperature/density evolving?
Are heavy-quarks modified by the QGP? 27.4 pb™" (5.02 TeV pp) + 530 ub™' (5.02 TeV PbPb)
1 6. CMS =] D"+ D
r e charged hadrons
- ¢ |Bly|<24
1 '4: nonprompt J/y
12:_ T um + 18<|y|<24
Flavour dependency (QGP does not alter flavour, but e ity * <24
can affect phase space for medium-induced g T S el
processes) = 0.8~ |
0.6
0.4
I yl <1
0.2 Cent. 0-100%
O_||| | Ll | Ll
1 10 10°
p_ (GeV/c)
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And more on Hard Probes

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

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

How fast 1s the energy deposited by the jet thermalized?

Are heavy-quarks modified by the QGP?

QZ

L. Apolinario

P+ Initial Parton

Scattering from
Point-Like Bare

pQCD

Color Charges

What scale sets

this transition?

o

Scattering
from Thermal
Mass Gluons?

What scale sets

this transition?

pQCD Scattering

Strong Coupling

From Quasiparticles No Quasiparticles
with size ~ UDebye (g UDebye >0
/”a~\\ & ? 142 ig =
%% ¢¢” / /
@0 €6 €9, 77
6’&@%% /
e @ AdS/CFT

‘_,MD

TC

aeﬂ(Qz)

How fast 1s QGP evolution? How 1s the

temperature/density evolving?

What 1s the intrinsic constitution of the QGP?

probing small distance scales (x) —

0t QF)

AQCD

T

_ . asymptotic
confinement

freedom —

large momentum transfer (Q°) —

28
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And more on Hard Probes

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

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

How fast is the energy deposited by the jet thermalized? How fast 1s QGP evolution? How 1s the

temperature/density evolving?
Are heavy-quarks modified by the QGP?

What 1s the intrinsic constitution of the QGP?
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probing small distance scales (x) — ;
S : . s
u = Qep(Q) a’QED(Qz):.: ":'
s ' -
=
o
: a
® Quantum Chromodynamics (QCD): £
- -
conﬁﬁeT,e_.T ............................... zzgg:gtl:
® Wide, rich and active field! arge momenturm transfer (GF)
L. Apolinario 29
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probing small distance scales (x) — % 2008 m
S u m m a r 1) @ ool @) = | a3
= g e -3 iti int?
® = 2 Critical point?
S B o‘°¢‘o,,,\
-— ”n,
© e,
D 400} l = Hadrons /&,
R - %
Quantum Chromodynamics (QCD): = S
. = < L
T asymptotic st} %
confinement e froedom s N
. . T / Color Super-
VV lde, rICh and aCthe ﬁ@ld! large momentum transfer (Q°) — , N"U"O";‘;'S conductor?
0 1
Nuclei

Net Baryon Density
Heavy-lons:

Heavy-ion Collisions: Rapid Expansion

collision evolution
expansion and cooling

particle
. detectors
kinetic distributions and
freeze-out 1,"\ correlations of
hadronization/ il produced

cluster formation RN particles

Unique opportunity to study the Quark-Gluon Plasma

lumpy initial
energy density

Test theoretical description of the interaction from
QCD first principles;

)
R
:
)

2

()

O %' QGP phase
A quark and gluon
4t degrees of freedom

¥

-

o &

R

Development of simulation codes and analysis;

=

N\

CO[USiOI"I . " quantum
overlap fluctuations
Zzone

Identification of the ‘right’ observable...

t~ 0fmle =~1fmic
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