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High energy heavy ion collisions:
Collectivity and new phases of QCD

QCD: first levels of complexity at the most fundamental level
at scales easy to reach in collider experiments

forza forte

quark up (gludns)

quark down

proton

[Confinement; chiral symmetry breaking and mass generation; new phases of matter; hadronic spectra;
non-trivial vacuum structure; asymptotic freedom...]

Hard processes in HIC — Theory — HP2023 Aschatfenburg Carlos A. Salgado



High energy heavy ion collisions:
Collectivity and new phases of QCD

QCD: first levels of complexity at the most fundamental level
at scales easy to reach in collider experiments

forza forte

quark up (gludns)

quark down

proton

[Confinement; chiral symmetry breaking and mass generation; new phases of matter; hadronic spectra;
non-trivial vacuum structure; asymptotic freedom...]

Hard processes in HIC — Theory — HP2023 Aschatfenburg Carlos A. Salgado



SO N e
S \

®
€MS Expériment at the LHE, C\ERN

« “Rata recqrded:’.m-Nev-Q,S 1&22:(%828203 GM¥11 22

- Run/Event 150431 /541464 ™ & © ba a8
[ . % -, % R »

| - ® ~
8 B .,
.. = LR -
~ '_’ 5

.
-

iz
------
—"'.‘
-

-------

Ls ﬁ/hLmS@/L'C w B S@%
LMJ& l&omnq MCQQA]

(c) CERN 2009. All rights reserved. // l
= 'y -

Hard processes in HIC — Theory — HP2023 Aschatfenburg Carlos A. Salgado 3






~oene 1 IME evolution of a HIC
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In contrast to usual HEP, time and distance are relevant variables in heavy-ion collisions
Building collectivity in extended (macroscopic) systems
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Hard processes

plasma de
quarks e gluons

4

Exce"ent 2 Produced very early ~ 1/Q — production computed in pQCD
* 2 Many different probes and scales
prO esS P Jets are extended objects that evolve in times 1/E;,, <t S 1tm/c
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Hard processes in QCD

dGAB—>C+X dgi,j—ﬁc
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perturbative expansion of dé/dt possible

Diskybuch ,
DME\: ﬁ%\\odﬂk N /. Non-perturbative contributions:
WCTNOW N / DDFSfA(X 2)
< l » 1

Hadronization D, _, ~(z, u*)
...but evolution is perturbative (DGLAP...)

Short- and long-distance
contributions factorize.
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The hadron structure

A proton seen in a lepton-proton

DIS (same applies to other hadrons or nuclel)

Bjorken-x
2
X = &
2p - q

Can be written in terms of the
lepton kinematics alone
[x=1 for elastic scattering]
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‘Dilute” regime - usual DGLAP

Nuclear PDFs extracted in DGLAP global fits - as usual proton PDFs
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One of the most standardised methods in HEP
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NNPDF4.0 set

Parton Distribution Functions for the proton from NNPDF global analysis
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Huge number of data needed to achieve this degree of precision
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Nuclear Parton Distribution Functions |

Nuclear PDF analyses have remarkably improved with LHC proton-lead data - new sets
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[Several different teams: EPPS, nNNPDF, nCTEQ, TUJU, DSSZ, HKN, KA]
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Nuclear Parton Distribution Functions ||

Two new analyses EPPS21, nNNPDF3.0 Proton PDF uncertainties
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More on nPDFs: Thomas Jezo Plenary Thursday \
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Saturation of partonic densities [small-x]

Pb-Pb, \s,, =5.02 TeV -
. ALICE _
HIJING 2.1, S, = 0.28 |
- EKRT, n/s = 0.20
-rcBK-MC, MV
- EPOS LHC

- Armesto et al. —
- Kharzeev et al.
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Saturation of partonic densities [small-x]
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§ Large occupation numbers - classical fields

o Quantum Corrections - evolution egs.

e

= Color Glass Condensate provides a general

framework to compute Initial stages
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A picture for equilibration

Bunyoljyos uslios

—13/5

" Similar to jet
(1) quenching

p”@uf(x,p) = Cocsolf] + Cro2|f]

[Bottom-up thermalization — Baier, Mueller, Schiff, Son 2001]

—_— — —_—

Dz

Pz ™ a?Qs (QST)

~ s
[Arnold, Moore, Yaffe 2001; Kurkela, Zhu 2015; Keegan, Kurkela, Pz ™ Q)7
Mazeliauskas, Teaney 2016; Kurkela Mazeliauskas, Paquet,
Schlichting, Teaney 2019...]
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A picture for equilibration
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U Can hard processes measure this =
\ (or other) time evolution and check ¢
_ the Initial stages; how Is equilibrium
/] reached; and the later stages when
e QGP is equilibrated...?
i P Z Similar to jet
o s Y v time g . ) quenching
—olution of bo 17 A ~ More on early time dynamics |
€ 1.5 Kirill Boguslavski plenary Monday
p" O, f(z,p) ) — .
Pz
[Bottom-up therma EUME -
[Arnold, Moore, Yaffe 2sT)
Mazeliauskas, Te

Schncntng, Teaney 2019, ]

Hard processes in HIC — Theory — HP2023 Aschatfenburg Carlos A. Salgado 14



HARD PROBES

Mo bifenhons —o Masure OGP

0 Jet quenching

0 Quarkonia suppression
0 Open heavy flavor

0 Electroweak probes
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Quarkonia suppression

S [ e data " CMS PbPb /s, = 2.76 TeV ]

Simp\e Intuitive pictu Fe [Matsui & Satz 1986] Vs / 9— oo | Con 0100 <2+ : T/Te 1)t
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o .. .
S I | 2 Induced transition between quarkonia states
'
S
o
=’ Quarkonia as an open quantum system
° I "
= 0 0.5 1 1.5 [Bambirilla, Soto, Escobedo, Vairo, Ghiglieri, Petreczky, Strickland, Blaizot,

Rothkopf, Kaczmarek, Asakawa, Katz, Gossiaux, Kajimoto, Akamatsu, Borghini .. .]
[Lafferty, Rothkopf 2020]

Hard processes in HIC — Theory — HP2023 Aschatfenburg Carlos A. Salgado 16



QC D J ETS [INo medium for the moment]
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Gluon (and quark) multiplicatiOn
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Gluon (and quark) multiplicatiOn
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\.JetS Slmple [perhaps too naive] pICture
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\.JetS Slmple [perhaps too naive] pICture

high-pt partons
produced with (this is the short
large virtuality distance part)
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JetS Slmple [perhaps too naive] pICture

virtuality is
reduced by
gluon radiation
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\.JetS Slmple [perhaps too naive] pICture

these radiated
gluons form a

virtuality is ,
cone: jet

reduced by
gluon radiation
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JetS Slmple [perhaps too naive] pICture

these radiated
gluons form a

virtuality is ,
cone: jet

reduced by
gluon radiation

“Parton shower” can be described perturbatively
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Included in Monte Carlo generators
|Pythia, Herwig, Sherpal]
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Jets In hadronic colliders
% ATLAS 2-Jet Collision Event at 7 TeV

EXPERIMENT

2010-03-30, 13:16 CEST
Run 152166, Event 399473

http://atlas.web.cern.ch/Atlas/public/EVTDISPLAY/events.html
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Jets in hadronic colliders

' T |
o ATLAS

EXPERIMENT

Run: 276731
Event: 876578955
2015-08-22 07:43:18 CEST

2 high pT jets
(1.3 and 1.2 TeV)
with invariant mass 6.9 TeV
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A multijet event at the LHC@13TeV

CMS Experiment at the LHC, CERN
Data recorded: 2015-Sep-28 06:09:43.129280 GMT S
Run/Event / LS: 257645 / 1610868539 / 1073 1

TR
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How to identifty jets”

Run : 138919
Event : 32253996

? ﬂ \
Dijet Mass : 2.130 TeV / . ’

by I
Jet 1 Pr: 585 GeV
: «o
-2 m o % “ A I
]et 2 PT a 557 Gev..?ff"

\I\uﬁl{‘A n O ’& A o e -':“,,- ~‘;." - ~‘.“"‘u : tw i ,-%
s t. . Q* *  §
C&U‘ ] R
/\ g “5 2 “‘/\“f.‘--‘“ %
S .;}'s\
\) | gy ¢ ™

4" 2

Iz 2 g Ad

Jets are proxies to quarks and gluons produced in elementary QCD processes
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How to identifty jets”

Run: 138919
Event : 32253996 ﬁ’ e
~— \|Dijet Mass : 2.130 TeV / i /’

—®—— How you define/measure jets is @ !
\f\ crucial for interpreting data 9 l
;

[

4" 2
- 0

7oA 2 e AP

Jets are proxies to quarks and gluons produced in elementary QCD processes
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QCD jets are fundamental tools at the LHC
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[PANSCALES - G. Salam et al - Simulation of the events are produced with Pythia 8
times estimated by clustering algorith - see details in the web page]
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Jet substructure

Find different substructures in identified |ets

[very active area, lots of results in the last years]

decluster & @ repeat untll @
discard soft junk fmd hard struct SOftdrop

[Dasgupta, Fregoso, Marzani, Salam 2013]

[Figs from G Salam]

Recluster % discard subjets
ﬁ

on scale Rsup Wit h < Zcut Pt

Trimming
[Krohn, Thaler, Wang 2009]

E.g. to identify two-pronged jet structures - boosted H/W/Z
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Jets are extended objects - ideal to probe different times and scales
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IN-medium parton propagation

Eikonal |
St it Lws Medium is a background field: color rotation
() \ [Energy of the parton unmodified]
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Scattering amplitudes

A useful picture: color
domains in transverse plane

Color dipole - The simplest configuration

O * X%
p P Ot
Bﬂ-ﬁk?{wa ,]Q.D,LA
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INtra-jet color coherence

[Mehtar-Tani, Salgado, Tywoniuk; lancu, Casalderrey-Solana, ... 2010-]

QCD antenna - classical calculation including color Coherence [angular ordering]

«*< L 1 @ ]
AN + A M’NQCF -
oy g

= ¢ Wg[ “@”“S&X%'Sﬂj % |

L. } Survival probability
g - jet quenching parameter
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INtra-jet color coherence

[Mehtar-Tani, Salgado, Tywoniuk; lancu, Casalderrey-Solana, ... 2010-]

QCD antenna - classical calculation including color coherence [angular ordering]
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The QCD med

1 L, Survival probability
S(x,y) = Te (W (x YW (y, ~ ex {—— 92L3} A . .
([@1,91) NZ -1 W@ LIWHL)) e Pl 197 g - jet quenching parameter
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Vacuum-like emissions

Hard splittings with small formation time 7/ << 7, cannot be resolved by the medium
First hard splitting + DLA — most of the cascade is vacuum-like (with energy loss on top)

A
<

D
9

outside
medium

/(D

ps
K(“
D
[Caucal, lancu, Mueller, Soyez 2018]

v

In the DLA approach, the relevant jet structure is formed very early in the cascade
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Viedium-induced radiation

[Zakharov, Baier, Dokshitzer, Mueller, Peigne, Schiff, Wiedemann, Gyulassy, Levai, Vitev, and many others... starting in the mid-90’s]

For tluctuation with #, ~ 7, the gluon is
resolved: medium-induced radiation

ty ~ 1; < L: democratic branching

[Balizot, Dominguez, lancu, Mehtar-Tani 2013; Jeon, Moore 2005]

Probabilistic treatment: Jq“nyJ
A In-medium parton shower

.q I — Static (soft), nPDF+VLE, §, =0.15 GeV® |
0.2- Static, NPDF+VLE, §, = 0.2 GeV3
— Expo, nPDF+VLE, §, = 0.08 GeV®

t’ : _ ﬁ
(199 A - 3
/ ) L - 2 : — BJ, nPDF+VLE, §, = 1.8 GeV .
IC(t 7Z7t7},) — /Dr CXp / ds < 9 I — —n(S)O'(I')> 00 —"""%0 a0 0 80 1000
t

[Adhya, Salgado, Spousta, Tywoniuk 2022]
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Viedium-induced radiation

[Zakharov, Baier, Dokshitzer, Mueller, Peigne, Schiff, Wiedemann, Gyulassy, Levai, Vitev, and many others... starting in the mid-90’s]

For tluctuation with #, ~ 7, the gluon is For fluctuation with £, > 1,
resolved: medium-induced radiation LPM suppression

©
@)
I ‘ T

0.4

wdl/dwdk*

0.3
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A picture of iIn-medium |ets

[Casalderrey-Solana, Mehtar-Tani, Salgado, Tywoniuk 2012]

Color coherence provides a clean picture of parton shower in medium
Medium induced radiation by subjets defined by resolution scale of the medium

:
Ka?
}Z)\}%/‘)é(}w
//C'
/
9>9@

_l ¥ 2 (I(J(>
A uj 1 .
J Inner core of the |et
CE)=0t > [ B .~ G (subjet) is mildly modified
q(é
Oosalifow ij@r Medium-induced radiation
] at large angles
Av == —
ﬂ Qs

Subjets are effective emitters
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Medium averages

A recoil-less medium ~ a collection of static scattering centers

Disclef ohow

' s | 1 [’
> % & % gé Nz_lTr<WA<x>WA<y>>=exp{—5qun<s>a<x—y>}

E\A\meto\m Ve
%Hefiu(:) cownters

, \ ne)se) 2 L g
S(x,y) = ! Tr<W(xL)WT(yL)> Nexp<—lcjé’2{jL3> <5 > ‘(‘> 2 ﬂ

N2 -1 med ~— 4 q

C \ /

harwewe ostllato?

...Valid for (very)many soft scatterings - but QCD potential has perturbative tails

2
o(r) = J V(@) (1 —e)  y(q) ~ ——2 New resummation needed - with both

q q*(q* + mp) perturbative tails and multiple scattering

Hard processes in HIC — Theory — HP2023 Aschatfenburg Carlos A. Salgado 34



Improving the resummation

[Caron-Huot, Gale; Feal, Vazquez; Andres, Apolinario, Dominguez, Gonzalez-Martinez; Barata, Mehtar-Tani, Ontoso, Tywoniuk, Salgado]

A lot of activity in the last 3-4 years to compute the gluon spectrum with a correct resummation

> Perturbative tails
> Arbitrary number of scatterings

Bethe-Heitler Multiple soft scattering Si”9t|te'.80ﬁ
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Improving the averages

Jet-medium coupling can be implemented for more realistic profiles - gradients/flow tields

| [Sadofyeyv, Sievert, Vitev 2021; Antiporda, Bahder, Rahman, Sievert 2022; Barata, Sadofyey,
| ULT T T Salgado 2022; Fu, Casalderrey, Wang 2022; Andres, Dominguez, Sadofyev, Salgado 2022;
| lpp, Muller, Schuh 2022 — Previous: Armesto, Salgado, Wiedemann 2004]

|

pd
N q@g) B =
| | :
a A 2 —i(q-x+q.2) ra 0
| | — z — .
@y ! gA" (q) =u'v(q) | [ dxdze p'(x,2)| (2m)d(¢" —u- q)
S |
| ! ~ -
| |
| |
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 10} -
7f ~v-jet + Medium { v-jet + Medium Excitation {7 _ L R
0 - ] 5 b - ...
51 f2.8 f 0-6' 1° | i
3t B- ] 4t 13 [ ‘ \
L 2.0 : 8;_ ] /.1=02 GeV 0.100} [.l=1 GeV
1t 116 ] 0.2} {1 § x=1 § | X=3
@1: | : 0.1 | 3 050 R
1 Hos _ ikl
[ [{0. 1 —0.1H | - 0.010}
31 10.4 1 ‘ \ : \ —0.2 _:_3 -« No gradients - . No gradients
. . —0.3 i | cr=0.02, 6=0 cr=0.02, 6=0
B ‘ | | 010 ----- ¢7=0.002 , 6=0 \ cr=0.002 , 6=0
7F =4.8fm/c] r=4.8fm/cl-7 - — ¢1=0.02, O=n | oo — €1=0.02, b=
o) TR fmiel@ "= AE fmje: s er=0.003, for L cmo00s, 6o
-7 -5 -3 -1 1 3 5 7 -7 -5 -3 -1 1 3 5 7 ' 0.05 0.10 0.50 1 ’ T o 05 1 5 10
L X p1 [GeV] p1 [GeV]

Hard processes in HIC — Theory — HP2023 Aschatfenburg Carlos A. Salgado 36



Instead of conclusions..

PRENOD

B
Y
W

[... with two simple examples as illustration]
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Measurements # modifying one “theory” jet

42
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- Energy loss and py—broadening are generic for medium parton propagation and splitting

Narrowing???
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Reconstructed jets:
You are not comparing here

the same quark/g
tion w/ and wo/ medium

[but t

uon

ne result of an analysis on an
ensemble of jets]
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Other [sometimes trivial] e-ﬁ:e CtS

Also:
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N, reconstruction, etc

uon content...

G M

B loss A

—.0.: The slope of the proton-proton spectrum very relevant for suppression

% *\wwfv
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These effects r

>

P

eed to be taken Into account

for a correc

- Interpretation of the data

Hard processes in HIC — Theory — HP2023 Aschatfenburg

Carlos A. Salgado 39



Have fun at HP2023!
THANKS!



Youtube video - QGP (in Spanish)

https://youtube.com/watch?v=JddahywF2_D4
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