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QCD:An apparently simple lagrangian hides a wealth
of emerging phenomena

Asymptotic freedom; confinement; chiral symmetry breaking;
mass generation; new phases of matter;a rich hadronic spectrum; etc

High-energy nuclear collisions are the experimental tools to access
(some of) these collective properties - high density states of matter
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Some of the questions accessible with
heavy-ion collisions

nucleus A

What is the structure of hadrons/nuclei at high energy?

— color coherence effects in the small-x partonic wave function

Initial State — fix the initial conditions in well-controlled theoretical framework

Is the created medium thermalized? How?
— presence of a hydrodynamical behavior
— what is the mechanism of thermalization in a non-abelian gauge theory?

What are the properties of the produced medium?
— identify signals to characterize the medium with well-controlled observables
— what are the building blocks and how they organize?
— is it strongly-coupled? quasiparticle description? phases?
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Newest questions

How (&1?& g "Iax?e"7

- S-H«Jul " Swall Systous ”
 Podon - hudls Clivery |

Hﬁg Aspen - January 2016 Heavy lon Theory 4



nucleo B
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Nuclear PDFs

Nuclear PDFs extracted from global fits / DGLAP
» New constraints from the proton-lead run at the LHC
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Excellent description of pPb LHC data by existing sets [RHIC data already in fits]
» Better control on systematic uncertainties needed for stronger constraints on nPDFs
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Non-linear egs. - Multiparticle production

Screening leads to non-linear terms. E.g. Balitsky-Kovchegov egs.

0p(x, ki)
0log(x/xo)

~ K@ ¢z, k) — o, ky)?

Splitting [BFKL] Merging [restores unitarity]

(unintegrated) gluon distributions fitted to HERA data reproduce pp

[Albacete, Dumitru 201 1]
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Non-linear egs. - Multiparticle production

dN/dnd?py (1/GeV?)
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Non-linear egs. - Multiparticle production
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Does not address the question on how thermal equilibrium is reached
— Far from equilibrium initial state needs to equilibrate fast (less than |fm)

Most of the theoretical progress in the last years:
— Viscosity corrections
— Fluctuations in initial conditions
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C Elliptic tlow - a strong signal of hydro behavior

J
: 2
Remember the Euler eq. L}
0p c? Transverse plane
E - e+ P vE of the collision

e=3P = 0,P>09,P

Make a Fourier decomposition
> Elliptic flow is the second component
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(Anisotropies in the initial spacial distributions - geometry - translate into
anisotropies in the momentum distributions

» Impossible with instantaneous, point-like, interactions unless initial- or final-state correlations

HotLHC

~N

/)

Aspen - January 2016 Heavy lon Theory 10



Fluid behavior tfrom hydro: viscosity of the QGP

L HC flow similar to RHIC

)
<

ot

N
>

-

HotLHC

0.3 e
® 10-20%
- | = 20-30% :
0.25 | ez 10.30% (STAR) -
B 20-30% (STAR)
" |3 30-40% (STAR)
0.2
3 P
015 o
- ‘ ‘/+‘¢
AE i
0 [ i:)};”ﬁ 3
= % W 3 -
0.05 ¥ [ALICE 2010] -
X -
I I T S T P P P BT T
0 05 1 15 2 25 3 35 4 45 5
pt(GeV/c)

Lowest viscosity known
» “Perfect liquid”: sQGP
» AdS/CFT bound
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Well described by hydro

0.16
0.14
0.12
0.10
0.08
0.06
0.04
0.02
0.00

_—I—I n/s :|0.20
| —— n/s=paraml
n/s =param?2
n/s =params3
n/s =param4
RP

4 ¢

¢ ALICE v, {2} e

ALICE v, {4}/2
| | | | |

| | | | T
LHC 2.76 TeV Pb+Pb

pr=[0.2...5.0] GeV

0O 10 20 30

40 50 60 70 80

centrality [%]

[Niemi, Eskola, Paatelainen 2015]

Heavy Ion Theory i



4 : : :
~ Higher harmonics and event-by-event fluctuations
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Higher harmonics and event-by-event fluctuations
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The ridge

STAR Au+Au 0-10%

l__rST seen (2008) in AUAU, STAR @ RHIC.
| Generated lot of discussion

@ 4701 7
S0
o 4507
420
Mo

» Long-range (in rapidity) angular correlations
iIndicates collective phenomena
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The ridge

STAR Au+Au 0-10%

- —Hirst seen (2008) in AuAu, STAR @ RHIC.
- | Generated lot of discussion

wi » Long-range (in rapidity) angular correlations
A

iIndicates collective phenomena
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Characterizing the ridge
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Suppression in one plot (ILHC)
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Reconstructed jets - plenty of data now
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Reconstructed 1

Pythia
AA

HotLHC
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Reconstructed jets - plenty of data now
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Reconstructed jets - plenty of data now
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Reconstructed jets - plenty of data now
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( .
~ Reconstructed jets - plenty of data now
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Qualitative description: jet collimation

Lessons from experimental data on jet reconstruction
» Suppression similar to inclusive hadrons for similar pT
» Fragmentation functions are mildly modified - more in soft
> Jet shapes have mild modifications
» Azimuthal decorrelation of di-jets as in proton-proton
» Energy taken by soft particles at large angles

A
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4 .
~ Coherence and decoherence in the antenna )
4 )
L Antenna in the vacuum
A TJ_N@tformN% rL >N <— 0 >0
1 1 Coherent emission
AL T
c Lo
Antenna in the medium
» Decoherence parameter 5
A =1—exp|— L 7
med — P 19 A?ned | /]
1 A 3L
V T OL
Amed ~ 1A
qL
» The medium color-rotates the antenna which eventually looses color coherence
J
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Medium-induced gluon radiation
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[Zakharov, Baier, Dokshitzer, Mueller, Peigne, Schiff, Wiedemann, Gyulassy, Levai, Vitev, and many others...]
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Medium-induced gluon radiation
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Medium-induced gluon radiation
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A resummation scheme

Factorization possible for ¢; ., < L

[Blaizot, Dominguez, lancu, Mehtar-Tani]

d?o
a0y, A, = 2¢° 2(1—2)
lr
/ dt/ —p,tr —t) Pk — q+p,tr — 1)
to Po,q,P
IC<p ZQazapa_)P(q_p()at_tO) dgg};ard ’
Po

Simple probabilistic interpretation - rate equations

( (qu t ( {MS‘U-L
&Oacl!iu\ﬂ, J:Qm Bro s
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i
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A new picture ot jet quenching

The parton shower is composed of un-modified subjets (vacuum-like)
> With a typical radius given by the medium scale
» For medium-induced radiation each subject is one single emitter

M\w - qu\a,;l radiakm

( Uou;wa)r(rr

W fur
i R
Ml(l-mcluhé YO i xtw

Also, |st calculation of |->3 splitting performed in SCET and |st order in opacity expansion
» [Fickinger, Ovanesyan, Vitev] - [also Arnold, Igbal 2015; Casalderrey-Solana, Pablos, Tywoniuk 2015]
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http://arxiv.org/find/hep-ph/1/au:+Fickinger_M/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Ovanesyan_G/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Vitev_I/0/1/0/all/0/1

Extracting the jet quenching parameter from data

-

HotLHC

Different modeling of the splitting probability and the multi-gluon
emission studied by the JET Collaboration to extract ghat
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Summary

Nucleus-nucleus data

— Good description by hydrodynamical models - viscosity
— Remarkable progress on the theory of jet quenching
— Many other observables not covered here - see next talks

New questions open by the proton-lead run (small systems)

— Soft regime presents AA features - thermal system? Initial state? both?

ard processes in good agreement with nuclear PDFs

— Fully consistent picture still missing - strong activity at present

— From a dilute system to a hot and dense medium
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