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Outline: A journey through QCD
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The ALICE experiment:

—® Dynamical Properties A journey through QCD

of the QGP

—P Parton interactions
with the QGP

—® ALICE in Run 3 and
beyond!
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https://arxiv.org/abs/2211.04384

QCD Phase Diagram

ALICE

When temperature becomes hot enough QCD
matter becomes a deconfined state of quarks and
gluons called the Quark-Gluon Plasma (QGP)

g ” Similar conditions are thought to have
 fposso® .'.,tx - % LR existed just a few us after Big Bang.
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Lattice QCD predicts smooth crossover at
P— pg = 0and 7. ~ 150 MeV.

Baryon density

Can experimentally reproduce these extreme conditions with heavy-ion collisions at RHIC
and LHC!!
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Evolution of a Heavy-lon Collision

ALICE

QGP follows a
hydrodynamical evolution,
expands and cools, then
hadronizes.

These hadrons free stream

and are measured in the
ALICE detector!

Time: 0 fm/c <1fm/c ~10 fm/c ~101%° fm/c

arxiv:2211:04384

Use different probes to collect information about each stage of the collision!

Full picture allows us to characterize the QGP and provides a rich lab for studying QCD!
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A Large lon Collider Experiment

Located 56 m below surface at P2 of the LHC. ALICE

Optimized for precise tracking and PID in high-
multiplicity environments!

The Large Hadron Collider, CERN A

Many sub-detectors! -
Inner Tracking System
Time Projection Chamber

Transition Radiation Detector
Time of Flight

Electromagnetic Calorimeter

ALICE Schematic (Run 2)

Hannah Bossi (Yale University) Lake Louise Winter Institute 2023
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ALICE Collision Systems %

ALICE studies both small and large collision systems! ALICE

8- - '.
Xe—Xe: Xe!?” collided at 4 /sy = 5.44 TeV

$- -

—® Study the system-size dependence of QGP effects
@ — < ‘ p—Pb: collided at , /sy = 5.02 , 8.16 TeV

—p Study cold nuclear matter

®@ —» <« @ p-—p:colided at\/g =09,2.76,5.02,7,8,13TeV
—p Precision studies of QCD

Focus today on Pb—Pb, but some other results also shown!

Pb—Pb: Pb*"® collided at | /sy = 2.76, 5.02, 5.36 TeV
—» Study the QGP
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Probes of the QGP

. & 5 Y Soft Probes: hadronization products of ALICE
| ‘.,’;'& the QGP medium
PG Rty 2 —P collective properties of QGP
. 1‘*" :
ML S R S Hard Probes: products of early-stage hard

..

-y
:

GO RE, T scattering that interact with the QGP
medium.

— dynamical properties of QGP

Electroweak Probes: probes that have a long mean free path relative to the size of
the QGP (negligible interactions)

—p effects of different stages of QGP formation

Common to use pp collisions as a reference system,

® & «— ¢ where difference is attributed to the QGP.
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Geometry of a heavy-ion collision

parameter b.

.........................................................................................................

l“....'... o W S A RS D CON ;. vary depending on b.
‘i\.\./././ Participants ) ”".7 BN
. . arXiv:2211:04384
Before collision After collision "g 106. R ALICE Pb-Pb (s, = 5.02 TeV
8 10 %\ - \Cgcl)ai\l/i:ei?:fliBD it :
o —
L -
Want to analyze events with similar b. -
b 10
In experiment, use charged particle 18t = 8§ &
multiplicity eis a proxy for b - group 0 8000 10000 15000 20000 o oo 0
into “centrality classes”. >
Peripheral

More particles produced

Specitors < lons will collide with a random impact

ALICE

Characteristics of the QGP expected to

Central
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Effective temperature of the QGP

Phys. Lett. B 754 (2016) 235-248 arXiv:2211:04384

At low pr the direct photon spectrum T ef —eeteTa oaman i 200 Gev T
: . S 10 - T« = 239 + 26 MeV T« = 260 + 34 MeV
IS dominated by thermal photons 5
i . . =l PG
radiated during QGP evolution SE
20 i
§103 L
Can be used to get an effective 0 e e may ;;%m
temperature via exponential fit (solid 107 T %o, L s
. 106 = Vv. Hees et al. °e°e K %, t{?
I In eS) 107 L 0-20% Pb-Pb |5, = 2.76 TeV . 20-40% Pb-Pb {5, = 2.76 TeV et
[« ]ALICE ass [+ ]ALICE ==
10°8 | ITerf=IC?OI4Ii41 MeVI o = | .Teff=.4.0.7li114MeY o =
1.8F o S + Fl’b—Fl’bIVsl_Wl=l2l.76TeV | h -
i = I ETerox nPoriEpsos o 1]
= 14E Bt ol - L
In central collisions, T8 omeBTT et g B
I+ = 304 £ 41 MeV well above L S B 3 1 o S e O AC T L34 T

p. (GeV/c) P (GeV/c)

critical temperature (7. ~ 150 MeV)
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(5

Radial and Anisotropic Flow
ALICE

Probe of the bulk viscosity of the QGP.
Greater pressure at the center of the QGP than
the outskirts results in radial flow.

—» Quantified with the (p)

Bulk Viscosity Radial Flow

Probe of the shear viscosity of the QGP.

< >b

Spatial anisotropies in the initial state create
strong pressure gradients that result in

anisotropic flow.

—» Quantified with the Fourier coefficients (v,)

. . dN -
Shear Viscosity Anisotropic Flow x (1+2 Z vacos(n(p —¥,)))
dAg -

Hannah Bossi (Yale University) Lake Louise Winter Institute 2023



Radial and Anisotropic Flow

Radial Flow

<—>b

Anisotropic Flow
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arXiv:2211:04384

— T T —
Pb-Pb v syy =5.02 TeV

Xe-Xe VSyn =5.44 TeV

0.05

Centrality (%)

‘ ‘

Centrality (%)

ALICE

Higher mass particles

have higher (pr) due to
boost from radial flow

Comparing with Xe—Xe
probes system-size
dependence

Global radial and
anisotropic flow described
by hydrodynamics.

Hannah Bossi (Yale University)
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The most vortical fluid

Angular momentum of incoming nuclei results in polarization with respect to the ALICE
reaction plane direction.

arXiv:2211:04384 Phys. Rev. C 101, 044611

Measure average global hyperon

g _ A K . . :
Sl ) - e ace | POlarization, Py, using angular
i 0.2] § || PoPo1SS0% distribution of (anti-)protons from hyperon
2__ o# ________ 0.5<p <5.0GeV/c deCayS

Sw (GeV) | Au-Au 20-50%

lyl < 0.5
O *
1-5_‘ *I 4 02 T |
i i ; 10° 10 07| "= STAR - Values consistent with 0 at ALICE,

0.5 " 0s<n <soceve CONfirms general trend of polarization
ol T 5--..! ..... 1 <08 decreasing with increasing collision
T 1] Lol IR Lol
10 10° 10° 10° energy.
(S (GEV)

Will benefit from increased statistics available in Run 3 of the LHC!
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Parton energy loss via jets

(5

ALICE
\ f Hard scatterings during the collision

form high-p+ partons that fragment

then hadronize to form a narrow cone
of particles called a jet.

In heavy-ion collisions, parton loses
energy via QCD interactions with QGP

— Jet quenching

\

p+p A+A

Hard scattering process happens early in collision before QGP formation.

Jets probe the full evolution of the QGP!

Hannah Bossi (Yale University) Lake Louise Winter Institute 2023 12



High-p+ hadrons and jet suppression

dN N\ ALICE
dp, Overall energy loss leads to a suppression of
. . . 2 a7PbPb
jet yields in Pb—Pb. | 4N
< AE N, event ded,\"
pp R — cent —
. —» Quantified with 24 o\ Lol
' \¢ < AA> dprdy o—» <« O
< 2r .
N = 1g[ ALICE s, =5.02TeV -
o. (GeV/c) - = Charged particles Jets, anti-k;, R =0.4 -
! ~E 0-5% 0-10% :
AT 4L W ALICE ® ALICE -
Observed o oF [JCMS O ATLAS ]

- 0 T WO U :
suppression of o %] [% I _
charged hadrons ol Mslla

: 0.6 F A ] WI}O 5 O

and jets over broad 0akb Lo o g0 e 8 :

| 4f . L
range in p 02l gim@ ™ -
O oo L
10 107 10°
arXiv:2211:04384 p_ (GeVic)
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Dependence of jet suppression on R

o0 FANN arXiv:2208.14492 ALICE

1.4— ALICE, 0-10% Pb-Pb |5,

- Ch-particle jets, anti-k

—h

Jets are defined with a given cone-size R, %0.8

<08
controls how much of the shower is contained Tl
Ciy : 0.6
within the jet -
0.4 —
Can compare the suppression of wider jets :-E‘E)'T%E bata EM&C}?{ %22: gi gi 3” -
(R = 0.6) to narrower jets (R = 0.2). 02~ mmJEWEL wio Recoils mm ggrl?ergglelew/anke —
— mm Factorization 'SCAPE v3.5 AA22 -
i -MARTINI ]
] [ | | | | | | | | | | | | | | | | | | | | | | | | |
General agreement with theoretical 720 40 60 8 100 120 140
predictions! Pr e jor (GEV/C)

Wider jets lose more energy in the QGP!

Hannah Bossi (Yale University) Lake Louise Winter Institute 2023 14
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Resolution length of the QGP

QGP is expected to have a resolution length over which it could resolve the ALICE

color (sub)structure of the jet Phys. Rev. Lett. 128 (2022) 102001
Ol M3 T pp ALICE |5, =5.02TeV -
©|T 3.5- mPb-Pb0-10% Charged-particle jets e
= 3L [ Sys.uncertainty A =0.2, anti-k, |17jet| <0.7 -
1B 25f o 60<p, ., <80GeV/c _

°© / Soft Drop 2. .=0.2, f=0
2:_ / A?// cut . ]
15F v -

E u 7///

17/)2}// 775 -
] ] i 053_ /?/ ////// ////// _:
Probed via looking at suppression of angle between =g
: = ! ablos = 1

SUbJetS, 9 DI_ 2 : :éizfe?lAPE :Eag:os, tres=g/n7_
5 [= () ) f 2 1.5 Yuan, med q/g Pablos: Lii:oo -

i—ik (&
I { )6
¢
k

Wider jets are more suppressed, could be indicative of QGP resolving prongs within the jet!
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https://arxiv.org/abs/2107.12984

Mass dependence of energy loss

Measurements of heavy quarks and their decays can probe the mass dependence ALICE
of energy loss!

arXiv:2211:04384 g arXiv:2208.10908
Prompt: JHEP 01 (2022) 174 Non-Prompt: JHEP 12 (2022) 126 025 " ALICE Preliminary -
< P 18" 0-10% Pb-Pb |5 = 5.02 TeV -
x n - - charged jets, anti- 3
181 Pb-Pb, Sy = 5.02 TeV, 0-10%  — 4 chargedjets, antirky o ot p_og -
1.6 Prompt D |y|<0.5, ALICE — 1 .2:— 3 <Prp<36GeVic —
1_4: JHEP 01 (2022) 174 _: i ® Inclusive jets, R = 0.2 ]
: Non-prompt D° |y|<0.5, ALICE ] . L -
1.2 arXiv:2202.00815 = :_ _:
1f ................................................................................................................................................ I_: RAA — e 0.85 . E
- - 0.6/
08, E o—> —0o | 1 I |
06 - 04— — 19T¢ ‘H H+
. o | - 5E|—_+_ —f-‘f'H_H H -
0.4 o H ~ 0.2 . —
- Y i - i
0.21 — ob——1 1 1 | ! ! T B R
ST BRI B B AR i 10 10°
% 10 20 30 40 50 S p_ (GeV/c)
[ (GeV/c)
D mesons from bottom less D" tagged jets (mostly charm quark
suppressed than those from initiated) less suppressed than
charm. inclusive jets (mostly gluon-initiated)

Hannah Bossi (Yale University) Lake Louise Winter Institute 2023 16
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Dead-cone effect e@ —» <« e

—p QCD effect where the pattern of the parton shower is expected to depend

ALICE

on the mass of the initiating parton.
Pb—PDb results could be sensitive to the dead-cone effect.

PYTHIA 8 LQ / inclusive pp Vs =13 TeV

pch,leading track >928 GeV/c

Sl ALICE Data === no dead-cone limit Tnelusive jet g
—— PYTHIA 8 charged jets, anti-k;, R=0.4 k; > 200 MeV/c H _______ .
— SHERPA  --- SHERPALQ/inclusive C/A reclustering n_ <05 6 (rad) .:::::._1:‘..’” ’&J
0.37 0.22 0.14 0.08 0.22 0.14 0.08 0.22 0.14 0.08  0.05 ..........
§ - i | I I I I I I | I I I 1 11 | 1 11 I I 11 | I 1 1 | I 111 | I 11 | I 1T 11
s 5 < Epyao < 10 GEV 10 < Enygier < 20 GeV 20 < Ep_yoor < 35 GeV : :
e e — Vacuum emissions suppressed
) N L L L L L | :::f:: ---- § ; INn a cone of HO — m/E
05} — Could help isolate medium-
. . | | Induced emissions that would
s 2 25 s 2 25 5 2 25 3 not be suppressed! arxiv:2211.11789
Nature 605 (2022) 440-446 In(1/6)

Direct observation of dead-cone in pp collisions!! Could play a role in Pb— Pb.

Hannah Bossi (Yale University)
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Quarkonium suppression

T L Quarkonia (bound gg states) expected to melt in a ALICE
450 Mev [~ | Y(15) sequential fashion as the temperature increases.
%p(1P)

—p Results In states with lower binding energy being more

240 mev Ml T/%(15) suppressed. (Quantify via R »)

%(1P)

200 MeV
Phys. Lett. B 822 (2021) 136579

s [T T T T [T T T T
T 1.2~ ALICE (0-90%, p. < 15 GeV/c) « Y(1S) = Y(2S) — : T o
= L v .
Image Credit: Agnes Mocsy -~ CMS (0-100%, p, <30 GeV/c) « T(1S) = T (2S) - B ottom O.n iarm (b b) Si:ates eXh / b It
e o =] sequential suppression!
- Pb-Pb\s,,,=5.02TeV  Hydrodynamics .
0.8 - r4n n/s =3 ]
e Sl4n n/s=2 -
- —4n n/s = 1 -
0.6 - -
0.4 _—¢§_+*_§L {lL - - _L_j‘__ e AA
: t oO—> «— O
0.2 B rren ettt AR AAAAAAAMAAAAAA 54425588 e e -__*-—: ''''' =
¥ * | + ) | b
O | TR T T TN T T O TN U U U AT A N A | T B B AR e
0 0.5 1 1.5 2 2.5 3 3.5 4
y
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Quarkonium suppression and regeneration

aXivo210.088e3 J/W — /4 /4

< ] I rTr [ rrrrjpi | | EREEEE
o 16k ALICE inclusive J/vy, ‘V(ZS)%M w

L Pb-Pb, (S =5.02TeV,25<y <4

1.4F TAMU  SHMc B
C My —Jhy @ JAy,03<p <8GeVic (PLB 766 (2017)212)

1.2F CIv(@S) —v(2S) e y(2s),03<p <12GeV/c .

: | I I L1 11 I | I . | I | I . | I L1 11 I | I . | I | I I L1 11 I 1 :
OO 50 100 150 200 250 300 350 400
)

(N

part

Charmonium (cc) states exhibit
sequential suppression!

< 1.8
<

QC

ALICE

_l_ —_—
Jly — eTe arXiv:2211:04384

Jhy ]
1.6 o ALICE, Pb-Pb |5, = 5.02 TeV Iyl <0.9 p_>0.15 GeV/c "
14 STAR, Au-Au |s,, =200 GeV lyl <0.5 p_>0.15 GeV/c (PLB797, 134917_);

® NA50, Pb-Pb |s,, =17 GeVO<y <1
1.2 l1

M S— P I—
o8k f . n ‘ i) u

0.6 * dN,/dn  _ Au-Au \5,,=200GeV
0.4 ¢, (PHOBOS, PRC83(2011),024913)
' ©
* % dN,/dn _ Pb-Pb |,,=5.02TeV
0.2 (ALICE, PRL116(2016) 222302)
OO 200 400 600 800 1000 1200 1400 1600 1800 2000
(dN_/dn)

Comparing degree of suppression to
RHIC, indicates regeneration effects at
LHC where un-correlated quarks
recombine.
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ALICE in Run 3

2010-2013 2015-2018 2022-2025 2029-2032 2035-2038 H L I C E

ALICE 1 ALICE 2 ALICE 2.1 ALICE 3

New Inner Tracking System (I/15)
- 7 barrels, 10 m? silicon tracker
based on MAPS (12.5 G pixels

New GEM-based TPC

We are here! i cotinaous tado

New Muon Forward
Tracker (MFT) - 5 disks
based on MAPS

Pb-Pb 5.36 TeV
% LHC22s period

18th November 2022
ALICE 16:52:47 893

New Trigger and Readout

Upgrade of readout
electronics of all detector,
new Central Trigger

Processor

New Beampipe
smaller diameter (36.4 mm), first
detection layer at 20 mm

New Fast Interaction Trigger (FIT)
- 3 detector technologies:

First heavy-ion collisions of Run 3 iyt Y
recorded in November 2022

Hannah Bossi (Yale University) Lake Louise Winter Institute 2023 20



Upgrades in Long Shutdown 3

2010-2013 2015-2018 2022-2025 2029-2032 2035-2038
ALICE

ALICE 1 ALICE 2 ALICE 2.1 ALICE 3

ITS-3 Forward Calorimeter (FoCal)
' Cal-H Explore gluon

Cylindrical

e S/ __FoCal-E saturation at low-
Half Barrels \\ 3 4 5 8 X With forward
‘ <A<, direct photons

(baseline design @ 7m)

FoCal Letter of Intent

Complements
future studies at
the Electron lon
Collider (EIC)!

ITS 3 Letter of Intent

More precise tracking with less
material budget. Good for heavy-
flavor measurements.

High-x

Hannah Bossi (Yale University) Lake Louise Winter Institute 2023
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https://cds.cern.ch/record/2719928?ln=en
https://cds.cern.ch/record/2703140?ln=en

ALICE 3

2010-2013 2015-2018

ALICE 1

ALICE 3 Letter of Intent

Superconducting HICH
magnet system

FCT ECal/Preshowel

2022-2025

TOF

Muon

2029-2032 2035-2038 H | T C E

ALICE 2 ALICE 2.1 ALICE 3

New detector!

—P Superconducting magnet

—® Much larger acceptance |7 | < 4

—P New silicon-based Time of
Flight detectors for PID

Muon
absorber

chambers

Hannah Bossi (Yale University)

Lake Louise Winter Institute 2023
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https://cds.cern.ch/record/2803563?ln=en

Physics of ALICE 3 %

2010-2013 2015-2018 2022-2025 2029-2032 2035-2038 H 1 T C E

ALICE 1 ALICE 2 ALICE 2.1 ALICE 3

How do partons transition to What are the mechanisms

hadrons as the QGP cools? for chiral symmetry
restoration in the QGP?
What is the nature of

parton interactions in the

Is the hadronization at the QGP?
QGP-hadron phase boundary What mechanisms drive the
different from pp collisions? QGP toward equilibrium?

All of this and more will be explored by ALICE 3!

Hannah Bossi (Yale University) Lake Louise Winter Institute 2023 23



Outline: A journey through QCD

—» Introduction to hot QCD
—® Selected Physics Highlights from Run 1 and 2 of the LHC

—® Macroscopic properties of the QGP
—¥» Dynamical Properties of the QGP

—® Parton interactions with the QGP
—» ALICE in Run 3 and beyond!

I'he journey continues!!

The ALICE experiment:

A journey through QCD

arxiv:2211:04384

Hannah Bossi (Yale University) Lake Louise Winter Institute 2023
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Pb-Pb 5.36 TeV

LHC22s period
18th November 2022
16:52:47 893




Jet quenching theory predictions

i

Impact of the medium on the jet ALICE
Weak coupling Strong coupling
Collisional Radiative AdS/CFT drag force

| sEweLwRecols
=N -
e, o
31§ ¢ (ST
o | % O
= I
c | =
°1 o
5 | £ Mehtar-Tani et. al -
(3 - oo
5|08 2 Hybrid model
<2 MARTINETTE
T | O
=
Elwm

o ~ Factorization

c

o

S JEWEL w/o Recolls
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How do you measure direct photons”?

Define y ;.. in terms of easier to ALICE
measure quantities - —— ] ——
RS o[ === Aexp(-p /T ) 0-20% Au-Au |s,, = 200 GeV 20-40% Au-Au (s, = 200 GeV
5 10 51 [o]PHENIX 5 [o]PHENIX
( 1 1 / ) S T = 239 = 26 MeV T = 260 = 34 MeV
@m
1074 .
R — }/ /}/ Pb-Pb |5, = 2.76 TeV gﬁ% =
}/ lnC dé Cdy 10°° Paquet et al. o -
= ==« Linnyk et al. <. o
108 =:: V. Hees et al. °°°e
107 0-20% Pb-Pb |5, = 2.76 TeV e 20-40% Pb-Pb |s,, = 2.76 TeV %
[« ]ALICE ass [+ ]ALICE ==
E . h h 108 T = 304 £ 41 MeV | o Ty = 407 £ 114 MeV | ==
asier to measure than y,,.. where e e
Lr 1.8F =+ Pb-Pb {5, =2.76 TeV E
1.6E =+ - = NLO pQCD nPDF: CTEQ6.1M/EPS09 =
-~ 3 F " JETPHOX nPDF: EPS09 3
c 1'4'_ uupuq _EE (all scaled by N_,,, FF: BFG2) ; ’a‘ _E

— ; I: I - .

. — . 10F- - - - - —=mm=m=="T = === ____7

Vinc ydlr_l_ydecay o I ST
4x10™ 1 2 3 4 5678910 4x10™ 1 2 3 4 567890

p. (GeV/c) P (GeV/c)

2.60 Excess of R}, over pQCD predictions at low py indicated photons emitted from QGP.
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How do you measure flow?

ALICE

llllllillllllill]lllill-

Centrality 0-1%, nl < 0.8 _

gti—, -lllllll
< ()
3 :

Measure the distribution of S 1.01F NS
: : i a nl >
produced pa.rtlclesland fit to a 1.008 - Voo sf2. IATI > 1) :
Fourier series. 1.006 - .

‘ l ~§%1$2 é‘ %ﬂ;'&a ﬁ 5‘;’64
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. :D.- a 'S T ’ :' - s. . :
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How do you measure quarkonia?
JIw, w(2s), Y(1s), Y(2s) = u*u~ ALICE

Measure decay into muons in
the muon spectrometer.

JIhy — eTe”

Measure decay Iinto —_—
electrons In the central
barrel.
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