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Heavy-ion collisions

<+ Explore the deconfined state of QCD matter
-> Quark Gluon Plasma.

< Lattice QCD calculations indicate hadronic matter exhibits
phase-transition at high temperature.
<+ QGP -> QCD at high temperature and density.

<+ Measurements in heavy-ion collisions used to probe different
stages of the evolution.
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1.Initial parton scattering processes

2. Thermalization and formation of QGP
3.Hydrodynamic expansion & cooling of QGP
4.Hadronization to hadron gas

5.Chemical freeze-out - inelastic collisions cease

6.Kinetic freeze-out - elastic collisions cease




ALICE eecor “

Central barrel coverage: |n| < 0.9
Muon spectrometer coverage: -4 <n<-2.5

Time of Flight

 PID Electromagnetic Calorimeter

e Trigger and PID

Inner Tracker Systq
° Trigger _ LTI RTRCSTS
e Primary vertex recony

e Event topology
e Tracking
e PID

Muon Spectrometer
oo e Trigger, tracking and
s P muon identification

VZERO
» Trigger and eve o~
topology
ZDC
e Trigger and event
topology

Time Projection Chamber
* Tracking and PID




__Run 2 data taking

__ ALICE Performance - Run2 - pp Vs = 5.02 TeV
[ Diy, single w high-p_: 1.3 pb”

- Single p low-p_: 0.17 pb’’

[ EMCal stdalone: 1.0 pb™

- PHOS stdalone: 0.81 pb’

| Min bias, full barrel: 0.010 pb' (486 M evts)

[~ Min bias, fast cluster: 0.023 pb'1 (1114 M evts)
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Successful data taking in Run 2

o
o

e pp@ 13 TeV: ~ 59 pb-1
e Using EMCal trigger to collect large statistics for rare probes

o
o2}

Integrated luminosity [pb]

PP /s = 5.02 TeV

e High multiplicity triggers 0.4
@5 TeV: ~ 1.3 pb-t v
* pp ev. ~ ] p - B | | | |
e Reference data sample -> no QGP formation. Oy Moy Moy, Mg,
015 <015 1 <07 > 1 <0y >

e Pb-Pb@ 5.02 TeV in 2018: ~ 0.9 nb-
e 9 x larger sample of central collisions in 2018 compared
to 2015.

ALICE Performance Run2, PbPb ﬁ =5.02 TeV
Min Bias: 315M

3001 Gent. 0-10%: 149M
Mid-cent. 30-50%: 149M

250

 p-Pb @ 5 and 8 TeV: ~ 3nb-1, ~ 25nb-
e Study initial state effects

Pb-PbVsnn = 5.02 Te
200

Recorded triggers / 10°

150
e Xe-Xe @ 5.14 TeV pilot run: ~ 0.3 pb-1
100
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__ ALICE physics output
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e Total No of papers : 262 Z e 3
| | 30 =

e 2 Nature Physics articles osE- =
e Nature Physics 13 (2017) 535-539 = N i

e Nature Physics 11 (2015) 811-814 205 E
15/ =

e 27 papers submitted unto 10E- — E
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_ Highlights (biased selection) _

e Charge particle multiplicity and particle production

e Signatures of QGP in heavy-ion collisions

e What about small systems (pp & p-Pb) at similar multiplicities?
 Probing QGP with heavy-quarks
e Probing QGP with jets
e Looking forward

e Summary & Conclusions

Deepa Thomas _




Partlcle productlon related to the initial parton and energy denS|ty
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e dN/dn vs N participants shows a strong dependence.
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 Charge particle multiplicity in AA collisions shows a steeper rise vs v/s than pp and p-Pb (no universal scaling).
* Follows similar trend as lower energy.

PLB 790 (2019) 35
PRL 116 (2016) 222302

| |

I I I ! ! I I I I ! I I !

o

ALICE
m Pb-Pb, |s, =5.02 TeV
+ p-Pb, |5 = 5.02 TeV

0 Pb-Pb, |s,y =2.76 TeV (x1.2)

5 pp, Sy = 2.76 TeV (x1.13)

| | | | | | | | | | I | | | |

Particle production in AA collisions driven by geometry (Npart)
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Particle production vs multiplicity
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* Signature of collective radial expansion.

* Trends similar in pp, p-Pb and Pb-Pb collisions

Collective radial expansion in high multiplicity pp & p-Pb collisions??

[ ALICE, pp T ALICE, p-Pb | ALICE, A-A
| @ (s5=13TeV [Preliminary] | ® 5, =8.16 TeV [Preliminary] 1 ¢ XeXe Y5, -544TeV [Preliminary]
O fs=7TeV O Y5y, =502TeV + Pb-Pb, |s,, = 5.02 TeV [Preliminary]
PRC 99, 024906 (2019) 7, K, p, A: PLB 728, 25-38 (2014)
i € Pb-Pb, s, =276 TeV
- [ K p Oa 0 EPJGC 76, 245 (2016) K, p: PRC 99, 044910 (2013
O . - = Q:PLB 758, 389-401 (2016) + ®hF | (2013)
L Lo E Q o: PRC 91, 024609 (2015)
N A ] - T ]
o O
'«JV!G ® w [m >
~e o? L] ‘
2 g o 2 ++
B <5 ® B O T ]
o
Be
u e s
B N 1 P i 2
E_/,I:!:ﬂu'!@&!u areoattattet e

1 1 ||||||| 1 | IIIIII| | | IIIII“|II| | IIIIIII| | IIIIIII| I-

1 2 3 4567 10 20 3040 3 4567 10 20 30 40 710 20 10%2x10? 10°2x10°
<chh/dn>|n <05

Increase of <pt> with multiplicity; with steeper increase for heavier particles (mass ordering).
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Ratio of yields to (n*+m")
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Nature Physics 13
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ALICE
® pp,\s=7TeV
¢ p-Pb,\syy=5.02TeV

(1 Pb-Pb, \Sy=276TeV |
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Strangeness enhancement

(2017) 535

Increase in the abundance of strange baryons —> effect increases
with strangeness content.
e Signature of QGP in AA collisions.

Relative abundance of strange quarks increases with
multiplicity in small systems.
e Values and evolution trend independent of collision
systems or energy.

PYTHIA do not reproduce the data.

Enhancement in small systems associated to jet production or
soft processes?

e ¢-hadron correlation studies ongoing to further understand it

ALICE Preliminary
p-Pb ys, =5.02 TeV
0-20% Multiplicity Class (VOA)

40<ph <8.0GeV/c
T,trig

<4.0GeV/c

sssssss

dzNassoc/dA(pdAn

trig

1/N..




- Resonance production

Resonance production vs multiplicity
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Looking at hadronic phase: Yields modified ¢ o
by hadronic scattering after chemical B +\-ﬁ E*/Z (x0.08) —

|
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Particle Yield Ratios
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* Re-scattering of decay daughters I S e TV R T- R A

scatter -> signal loss 1/3
(chh/dn>

* Regeneration: resonances formed in
hadron scattering

Lifetime(fm/c): Tp(1.3) < Tk*(4.2) < T=+(5.5) < Ta*(12.6) < T=+(21.7) < T (46.2)
p, K*, A* reduced yield: final state scattering of decay particles
®, =*: longer life time, yield constant

ALICE Preliminary
O pp Vs=7TeV

o p-Pb VSNN =5.02 TeV

O Pb-Pb ys,, = 5.02 TeV
ok Xe-Xe |5, = 5.44 TeV
ALICE

® pp Vs=2.76 TeV

¢ pp Vs=7TeV

X p-Pb |s, = 5.02 TeV

B Pb-Pb |5, =276 TeV
STAR

* pp Vs =200 GeV

Y& Au-Au s, = 200 GeV

— EPOS3

- = EPOSS (UrQMD OFF)




* Azimuthal distribution of particles in the plan perpendicular to beam axis -> sensitive to dynamics

at the early stages of collision.

* Initial state spatial anisotropies are transferred into final state momentum anisotropies vn by
pressure gradients —> flow of the QGP

100 us

200 us

400 us

600 us

800 us

1000 us

1500 us

2000 us

dN/d

A

10

anN

— o 1 + 2v; cos(A@) + 2v, cos(2A¢) + 2v; cos(3Ap) + . ..

do

vo: elliptic flow




v2 in Pb-Pb and p-Pb collisions

Pb-Pb

¥ 0.3 ALICE Pb-Pb |5 = 5.02 TeV
ﬁ;_— |y|<05,1020/o

o

0.2 g 54 B

JHEP 09 (2018) 006

Pb-Pb:

* p1< 2 GeV/c: hadron mass ordering -> hydro-dynamic flow.
e p1> 2.5 GeV/c: baryons v2 > mesons v2 -> quark flow + recombination effects

p-Pb:

e Similar mass ordering observed in high multiplicity collisions.
* Medium in high-multiplicity p-Pb??
e Some differences between systems observed.

Deepa Thomas




% Azimuthal anisotropy

Vn in pp, p-Pb, Xe-Xe and Pb-Pb collisions

dN
— o 1 +2v; cos(A@) + 2v, cos(RQA@) + 2v;cos(BAp) + . ..

do
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N, (nl <0.8)

PRL 123 (2019) 142301
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New technique to measure via: multi-particle
correlations in n ranges —> removes bias
from non-flow.

V2, vzand va in pp, p-Pb, Xe-Xe and Pb-Pb
collisions vs Nch.

Similar ordering of v2 > v3 > v4 seen in all
systems.

Weak multiplicity dependence of vz in pp and
p-Pb.

PYTHIA8 cannot describe the measurement
In pp.




Heavy quarks (HQ): Charm and beauty quarks \/“\/\
e Massive - charm ~ 1 GeV/c2 o f/i).
beauty ~ 4 GeV/c? o e

e Produced in hard scattering processes in the initial stages of the collisions before QGP is

formed.
charm ~ 0.07 fm/c,
QGP ~ 0.1-1 fm/c

 Production well controlled and calculable with pQCD —> Calibrated probe.

e Undergoes elastic (collisional) and inelastic (radiational) collisions —> sensitive to transport
properties of QGP.

* Lose less energy in QGP compared to light quarks.

* Not created or destroyed in the medium —> identity is preserved in the medium, thus tagged
up to hadronization

Deepa Thomas _



Nuclear Modification Factor i*«i

ALICE Preliminary
Pb-Pb, s, = 5.02 TeV
Average D°, D*, D**, lyl<0.5

¢+ 0-10%
30-50%
e 60-80% JHEP 10 (2018) 174

D meson

= Peripheral
i v L 1]
RAA - 44 IL?"}' H
<N, ;>Y HBHHHH
ot 0.6 % J&Li | ®
0.4 H?%%{HP Z[
0.2 HEIWN-EI—EF 4 .
O:IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII_ @ Central
5 10 15 20 25 30 35 40 45 50
P, (GeV/e)
Raa <1 -> charm undergoes energy loss in QGP
Raa (0-10%) < < Raa (60-80%) at intermediate and high pr

Hotter and denser medium in central Pb-Pb collisions compared to peripheral collisions.

DeeaAomas - 5



ALICE

Study mass and flavor dependence of energy loss.

AE(g) > AE(uds) > AE(c) > AE(D) < z?> Ry 4(m) < Ry 4(D) < R, 4(B)

:((2.0_,.,..] e e
@« , g | ALICE Preliminary cbe :
F 0-10% Pb-Pb, {5, =5.02TeV -~ In|<08

WL

1.6 ©-|n]<0.6 -:
s b(=c)—e o
b->e 14 - |7]<0.8
b+C'>e 12 - — 8- |n|<0.6 -
1.0 E-d-- 4 heeeenn I [ SRR o]
ET Af‘ + . 5
0.8 44 W
" T 4 $ L ]
0.6 R Y - ]
: py—f + = + :
04 o) N |
: ool e :
0.2 F *| -
OO PP . . et dbteded
1 10
p_ (GeV/c)

Raa (b->e) > Raa(b,c->e) for 2 < pt <6 GeV/c

Hint of beauty losing less energy than charm




% Heavy-quark hadronisation s

Investigating hadronisation mechanisms with A+

* Expected enhancement of baryon over meson yield in if hadronization
via coalescence.

e A+./DO measured. N+c/DO vs pr
OD B I I I I | I I I I | I I I i
— 147 pp, Vs=7TeV p-Pb, |5, =5.02TeV ]
+<° - ly]<05 -0.96 < y < 0.04 i
1.2 —e— ALICE —=— ALICE —
| —— PYTHIA8 (Monash) - - - Shao et al. i
10 IRRRRE PYTHIA8 (CR Mode0) with EPSOONLO nPDF 7]
N TETEY DIPSY (ropes) _
G HERWIG7 PP }
C _ 0
o p-Pb : D? meson
JHEP 04 (2018) 108 i ]
o2r | -
0.0L B
0




Investlgatlng hadronlsatlon mechanlsms W|th A+
* Expected enhancement of baryon over meson yield in if hadronization via coalescence.
e A+:/D0 measured.

A+o/DO Vs pr Pb-Pb collisions
C
CDQ 15 I I I I | I I I I I I E OD 3 B T T T T | T T T T T T ]
>, 09 ALICE Preliminary = ~ [ ALICE Preliminary §
- =5.02TeV, lyl <0.5 . LT .
< 0.8 VS “hYs 3 < 251 0-10% Pb-Pb, \[s,, = 5.02 TeV ]
- . B lyl <0.5 5
0.7 —e— 0-10% Pb-Pb = ol B
0.6 H —=— 30-50% Pb-Pb = - —e— data .
TE O . L Catania, fragm.+coal. ]
C Pp ] L% eeeaaeas Catania, coal. _
0.5 i H Pb-Pb ] 1.9y e SHM (A. Andronic et al.) —
0 4 :_ _H_ 0—1 00/0 _: : Open marker: .., calc. with P, -extrapolated pp reference :
: 0 : I —
0.3 I 30-50% = e Pb-Pb 7
- PP . - ’
0.1 = . ]
— Open marker: ., calc. with pT-extrapoIated pp reference . N | a | i
C ! ! ! ! | ! ! ! ! | ! ! N L L L L ! ! L L L L
0 45 50 0 10 20
p_ (GeVic) p. (GeV/c)

A+c/D0 in Pb-Pb collisions higher than in pp and p-Pb collisions -> model calculations with
fragmentation and coalescence is favored by data.

] DeeaAomas - 8



ALICE

e Elliptic flow of light flavour hadrons at low pt (< 2-3 GeV/c) explained by hydrodynamical models.
e Heavy quarks with large mass interact enough that they thermalize (equilibrate)?
e Expected to take longer than light quarks

Deepa Thomas

HQ production is

isotropic (v2=0) ??

I

Heavy-quark collective flow

HQ production is
anisotropic (v21=0) ??

I




_Heavy-quark collective flow i1

Charm quark >(.\j 1 11 1 11 T 11 T 11 | T 11 | T 11 T 11 |_
0.4 ALICE Prellmlnary _

" 30-50% Pb-Pb, |/s,, = 5.02 TeV i

- e PromptD’, D+, D*" average, ly1<0.8 -

] B v, {SP, IAnI>0.9} 7

Charged particles 0.3 = Jip, 2.5<y<d -
i v, {SP, [AnI>1} JHEP 02 (2019) 012 |

D mesons . v = lyl<0.5 i
LI v, {SP, IAnI>2} JHEP 1809 (2018) 006 _

J/¥ 0.2+ i o  charged particles, Inl<0.8 —

- ‘fl’ * v, {SP, IAnI>2} JHEP 07 (2018) 103 :

L ¢ # _

¢ _

~ | i
ot ey g
i ey

o? —————————————————
[ ] Syst. from data
I Syst. from B feed-down

) 10 15 20 25 30 35
P, (GeV/c)

-0.1

e Charm quarks interact strongly with the medium.
e Charm quarks participate in the collective expansion of the medium

e D-meson vz possibly from charm quark flow + hadronisation via coalescence with the light-flavour
quark

g o
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Heavy-quark collective flow

3 = (cos[2(6 — o))

Beauty quark
J/¥Y
c, b ->e
b-> v

[aV) 0.3 [ I I | I I I | I I I | -I Ie I | I I I I I I I I ] >N I ALlCE Pb_Pb V?W = 5.02 TeV ]
© F mi E 0.15 -
- ALICE Preliminary = YL : 1

0.25F = 2<p_<15GeV/c
£ 20-40% Pb-Pb : : ' " Inclusive Jiy
0'25__|y|<0.8 E . 25<y<4 ® Y(15) i
0.15f— = 0.1— ]
- Ql_s_I - I =2 |
| D E ™ e :
“E R T ! E 0.051- 5
OHF————— -t —— — I |
~0.05- = i * ]
E - s -~
P« b(so) e 5y =502TeV E - . i
015 o bc e, |5, =276 TeV, JHEP 09 (2016) 028 I (@] 1
: 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 : __ __
02 2 4 6 8 10 12 14 ‘0'05_ i
P, (GeV/ce) - | | N

5-60% 5-20% 20-60%

Centrality

e Open-beauty v2> 0, while bottomoniav2 ~ 0

* Impact of collisional energy loss and coalescence on b->e?

Deepa Thomas



% Heavy-flavor transport coefficients

D meson Raa and v2 measurements provide constraints to models

Diffusion coefficients Transport coefficients
— MC@sHQ, elastic K=1.5 e Duke-LGV, median = = c-quark, pQCD
= = MC@sHQ, elat+rad K=0.8 Duke-LGV, 90% C.R c-quark. LBT
— PHSD [Z c-quark T-matrix U-pot oty )
20 | == QPM(Catania), BM ® c-quark lattice Ding et.al Duke-LGV, median 3
= = QPM/(Catania), LGV ‘} HQ lattice Banergee et.al Dllke-LGV, 90%& C.R ~—
o 4 JET(light quark) %
15 S
: H
o | |
S 10 Q,
Qv: >y
5! P
=)
0 Y. Xu et al, PRC 97, 014907

0.2 0.4 0.6
T [GeV]

Constraints on T and p dependence of ¢ and Ds




_ Probing QGP withjets 2.

Jet cross-section in pp collisions

% 102 = T T T T | T T | T T | T 11 | T T | T T E
3 - ALICE preliminary ]
G 10 pp, \s=13TeV, L, =4 pb" -
3 SR Jets, Anti-k -
E [« piec* > 0.15 GeV/c, E** > 0.3 GeV -]
= = * - E
Lo F ek < 0.7, sl < 0.7, *'1 < 0.7 - R
ol Q - -
S107 *a* —4— R=02 .
= ¢ E
o™ o R=0.3x 3 -
R + _g
E +Roaxio
-3 = e o =0 ]
107 = e " 4 A=05x30 E
- " o & .
10_4 §_ mc‘:.]l:lﬂ mm I*li,mm _+_ R=0.6 x 100 —§
= = T o = 3
- e s & = =] -
10_5 B m.;.:. m oo _
= . = 4 3
— e CEHo % =
0 e e
E :‘:::E l:l:llz:l E
. - Correlated uncertainties e — ]
10 & —e— =
= ; Shape uncertainties -
10—8 B I | [ | | I | | I | | [ | | I | I i

0 50 100 150 200 250 300 350
P, (GeV/c)

Jet cross-sections for different R -> study sensitivity to the jet transverse energy profile.
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Probing OGP with jets

Jet quenching in Pb-Pb

<
Q:<
. Jet
P (Y
-— A e %
‘l.h. 2P ﬁ‘\
Ny \"ﬁu A/"
) ) L QLLALLLLAR,
Wil \
| A
i i
v \y
4> Pb

In medium parton energy loss
-> “Jet quenching"”

arXiv:1909.09718

1.4

1.2

0.8

_ALICE R=02
- Pb-Pb 0-10% s, = 5.02 TeV

~pp Vs =5.02 TeV

(1 <05 p':ad’Ch>SGeV/c ]
e F
- W ALICE0-10% [ SCET,

i Hybrid Model, L, =0

. i
B | Correlated uncertainty BB Hybrid Model, L= 2/(xT) ]

Shape uncertainty @ JEWEL, recoils on, 4MomSub |
m JEWEL, recaoils off

0.6 =
g /W ® B &
0.4 E - .
0.2F .
O: I I I I | I I I I | I I I
0 50 100
pT’jet (GeV/c)

1.4

1.2

0.6

0.4

0.2

rel

0.8F

R - AA
U N> ¥
I I I I I T | I I I I I I 1]
- Pb-Pb 0-10% R =0.4 ALICE .
B ALICE sy, =5.02TeV [This publication]

ATLAS s, =5.02 TeV [PLB 790 (2019) 108-128]
ATLAS s =276 TeV [PRL 114 (2015) 072302]
VS = 2.76 TeV [PRC 96 (2017) 015202]

A CMS
See publications for: Mg P

| Correlated uncertainty
Shape uncertainty

See publications for full description of uncertainties

I
g
r\>

T

T,lead

* Full jet Raa for R = 0.2, 0.4 measured at low jet pr down to 40 GeV/c.
e Strong suppression of jet yield. No jet R dependence
e Models include jet-medium interactions —> predict similar tried as data.




‘ Jet ubtrucure -

Jet substructure sensitive to modifications in the medium.

Grooming jets with SoftDrop algorithm
e Extract the hard components of a jet by recursively removing large-angle soft radiation to expose 2-prong
structure in the jet.

o 12— 7171 T T T T 1T T T
o b S ~ ALICE Preliminary, pp Vs= 13 TeV, L, = 11.5nb™"
ropped branc S B : ]
--------- — . S 1l Antikr, 30 GeVic < pflt <40 GeV/c N
A S [ pirack 5 0.15 GeV/c, EM** > 0.3 GeV —
I_=f'|—zﬂleg > P> : _
: . — gl <0.7, [ < 0.7, |7 < 0.7 - R _
b SR— MassDr i SoftDrop: z,,=0.1, =0 < R=02 i
o 4+ R=03 A
Groomed momentum fraction - —X¢ +R=04 A
distributions; J \ 1 R=05 -
Pp: - i
e Shape different for small of N
and large jet radii at low pr. - i
e PYTHIA reproduces the trend O e =
very well. = 13F =
c 1.2 =
© 1.1 =
| E
0.9 =
0.8E =
0.7 =
0.6E . . . . L
0 0.1 0.2 0.3 0.4 0.5
Zq
asymmetric symmetric
splitting: splitting:

low zg4 ‘ . high zq4




‘ Jet substructure 4o

Jet substructure sensitive to modifications in the medium.

Grooming jets with SoftDrop algorithm
e Extract the hard components of a jet by recursively removing large-angle soft radiation to expose 2-prong
structure in the jet.

-
n

A L B L S R B
I ALICE Preliminary, pp Vs= 13 TeV, L, = 11.5 nb™| —TrT T T T T T T T T T T T

% 1O;Anti-kT,3OGeV/c<pf1<4OGeV/c h T '. o
Droplpe(-jbranch" ng [ pis> 0.15 GeVic, ESUster 03 GeV B o)) i 0-10% Pb-Pb = -== Smeared HYbrld Model
=7, . B}gz‘mkl <0.7, [ ; 0.7, i <0.7 P _’c\l’ 10 =~ Emb. PYTHIA - Smeared Jewel (w/recoils)
' - | SoftDrop: z,,, = 0.1, =0 coeE =
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* Modification of Z4 in central Pb-Pb collisions w.r.t vacuum.

e Suppression in the rate of symmetric splittings.

e Models capture the qualitative trend of data
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Major upgrade during LS2

All pixel Inner Tracker System GEM based TPC readout Pixel Muon Forward Tracker

pad plane

+ 10_[ I I I 1 T 1 I I T I I 1 [ I I T I I I I I 1 l I A
. . . o : . .
* Faster interaction trigger F o ALICE Upgrade simulation E
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Conclusions

e Several new results from Run 2 data -> improving our understanding of the
nature of QGP

* v, measurements in A-A collisions due to collective hydrodynamic flow of the medium.
* Heavy-quarks and high pr jets lose energy through interactions with QGP.

e QGP in small systems?? —> New puzzle.
e EXxciting times in heavy-ion physics!!
e Looking forward for the restart in 2021

* New detector components.
e X 100 increase in statistics from Run 3 and 4.
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