Heavy flavour physics in heavy
ions collisions at LHC

Giuseppe E Bruno INEN
N Dipartimento di Fisica and INFN - Bari -Italy (-

La Biodola, May the 9t" 2018



Heavy flavour physics in heavy
ions collisions at LHC

¥ Giuseppe E Bruno INFN
~-\. Dipartimento di Fisica and INFN - Bari -Italy

Outline:

Introduction to heavy ion collisions
B Heavy Flavour probes of the QGP
Recent Pb-Pb results: a selection
The intriguing “small systems”
Summary and outlook

La Biodola, May the 9th 2018



The QCD phase transition

Lattice QCD calculations indicate that, at a critical temperature around
160 MeV, strongly interacting matter undergoes a phase transition to a
new state where the quarks and gluons are no Longer confined into

hadrons hadrons Y4

® 9

[
o ° °
°oo. o P,
° 0? g

o0& o
05-%-‘
o’..

Oeo; %

o0
%, ©

quarks and gluons

EXPONENTIAL HADRONIC SPECTRUM AND QUARK LIBERATION

‘ N. Cabibbo and G. Parisi, Phys. Lett. B59 (1975) 67

The exponentially increasing spectrum proposed by Hagedorn is not necessarily connected with a limiting tempera-
ture, but it is present in any systéem which undergoes a second order phase transition. We suggest that the “observed™
___ exponential spectrum is connected to the existence of a different phase of the vacuum in which quarks are not confined.

Fig. 1. Schematic phase diagram of hadronic matter. pp is the

T The phase diagram of QCD, in 1975

density of baryonic number. Quarks are confined in phase I
and unconfined in phase II.
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The phase diagram of QCD, today
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Space time evolution of A-A collision
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Space time evolution of A-A collision
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Space time evolution of A-A collision
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Space time evolution of A-A collision
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Space time evolution of A-A collision
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Space time evolution of A-A collision

Elastic interactions
cease

Particle dynamics
g“momentum spectra”)
ixed

7 K, p. .. f [0 Thermal freeze-out
T

O Chemical freeze-out

B Inelastic interactions
cease

B Particle abundances
("chemical _
composition”) are fixed

m T, ~ 150 MeV

Pre-Equilibrium
Phase (< 1)

Thermalization time

B System reaches local
A B equilibrium

B ~ 0.5 fm/c

qu
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Heavy flavours: hard probes of QGP
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[0 Hard probes in nucleus-

nucleus collisions:

produced at the very
early stage of the
collisions in partonic
processes with large Q2

CD can be used to
calculate initial cross
sections

traverse the hot and
dense medium

can be used to probe the
properties of the medium
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from pp to Pb-Pb collisions at LHC

The paradigm

Pb-Pb Collisions (/sw =2.76, 5 TeV)
e Core busmess create and characterize the QGP

e Centrality

before collision after colision

©0——90 pp Collisions (Js=0.9-13Tev)
e Reference data

to be revised
later on !

p-Pb Collisions (/s = 5, 8Te\/)

o Control experiment
“Cold nuclear matter” effects ( ’ {
(e.g. modifications to PDF) | reesp—

Hard CoII |||||| Evol uuuuu
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Nuclear modification factor

[0 Production of hard probes in A-A expected to scale
with the number of nucleon-nucleon collisions N,
(binary scaling)

[0 Observable: nuclear modification factor

R - 1 dN,,/dp; 1 dN,,/dp; QCDmedium@ é @
AA T ~

N, dN_/dp, T,, do, /dp, QCD vacuum  sween

o%o
O If no nuclear effects are present > R,,=1

[0 Effects from the hot and deconfined medium created
in the collision > breaking of binary scaling > Rj,=1

B Parton energy loss via gluon radiation and collisions in
the medium

B Quarkonium melting in the QGP
[0 But also initial state effects (e.g. nuclear modification
of PDFs) may lead to Ry,=1

B Need control data: medium-blind probes (photons, W, Z) +
p-A collisions
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NUucClear modification or unidentiried

particles

[0 The easiest way to study “jet quenching”

EP] C 74 (2014) 3054

] o 2T IS Stk A _
] thSICS oy [ u b, Pb-Pb (ALICE) ® N" pr Sy _502TeV NSD(ALICE) :
interpretation . T 1.8F 41 PoPb(CMS) . * v,Pb-Pb s, =276TeV,0-10% (CMS)
] d . o 1 6:~ Sy =276 TeV, 0-5% | & W', Pb-Pb s, =276 TeV, 0-10% (CMS)]
Scattered parton % T | ¥ 2%, Po-Pb s, =2.76 TeV, 0-10% (CMS) ]
(high p,) looses C 4l I ]
energy while il | :
traversing the 1.2} | ]
medium | fl ______________________ %} _____ ___ﬁ
[0 collisional energy - il 1
IOSS 0.8 i ]
0 radiative energy | N o :
loss 06§ S " I A i
(gluonstrahlung) 0.4 "y é‘g .% ' ]
/ 0.28 .
. - 3 0 NP EPEPEPEP BPEPITE PRI BT EPEPEPET BRI PP
: 0 10 20 30 40 50 60 70 80 90 100
’ p. (GeV/c) or mass (GeV/c?)
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NUcClear modirication or identiried
particles

light flavour vs. charm vs. beauty hadrons (or jets)

[0 quenching vs. colour charge of partons
® heavy flavour hadron comes from quark (Cy = 4/3)

B light flavour from (p-dep) mix of quark and gluon
(Cr = 3) jets

[0 quenching vs. mass of partons L f

B heavy flavour predicted to suffer less energy loss

Ogluonstrahlung (dead cone effect)
Ccollisional loss pp poA

B beauty vs charm

Expectations: AE>nAE>AE>AE, —
naively: Ry" < RyaP < Ry\B
considering different p, distributions and fragmentations:
h ~ D B
RAA ~ RAA < RAA
9/05/18 G E Bruno
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Mass effect of energy loss

arXiv:1708.04962
-lHEP 11 (2015) 205 Runl 27.4 pb™" (5.02 TeV pp) + 530 ub' (5.02 TeV PbPb)
ITTTT

1.

< T 7T ] TT 17T I TT 17T I TT 17T ] TT 17T
< - -1 _ 0 0
@ | Pb-Pb, sy =276 TeV 1 16-CMS [=]D°+D
r NN T M e charged hadrons
1o = D mesons (ALICE) 8<pT<16 GeV/ce, |y|<0.5 a C ., 9
"L @ Non-prompt Jiy (CMS) . 1.4F [¢ ]Bly|<24
- 6.5<p_<30 GeV/c, |y|<1.2  EPJC 77 (2017) 252 . L
= (empt)I) filled boxes: (un)correlated syst. uncert. 1 C nonprompt J/y (2.76 Te . S L
L R Diomiiovic ot i, Pioms o goress ] 1.2 + 16<lyl<24 i | '
I~ jorajevic et al. ys.Lett. ( . 4N . L -
- — '13] mesons - - Iﬁé:rrt]girletJ;% *  lyl<24 1__ATLASPreI|m|nary ,,,,,,, H ]
b — = Non-prompt J/y . co uncernainty ] L
08— W Non-prompt J/y with ¢ quark energy loss— < 1 [ W Z,0-10% (mAsConF017o1o)
- - < - +—+— 0 8; + non-prompt J/y, 0-80% (ATLAS-CONF-2016-109) b
i 10 0 8; "k ® jet, 0-10% (ATLAS-CONF-2017:009) N +
0.6 CHE== -— :a: H | : [+ I, 0-5% (ATLAS.CONF-2017-012) [ "
or e . T i C 0.6 ﬁo*ﬂ‘l..o¢
L \tt\ ........... -~ S~—— 0.6 T :]]] e o= +
I 50-80%* e, e, ~—_ [ ¢® ErCC ~ o
0.4 H ‘H.\ S, E = 04F * 047" @E@M et +_+1 7
- ~ S, e : C L oo
: 40-50% \:\"H. - — |y| < 1 0 2; E)] .i ! b
0.2~ 30-40% [ i 0.2p Cent. 0-100% “r L Pb+Pb 5.02 TeV, 0.49 nb™
. ° 20-30% =~ C ent. (e r OO + . eV, 0.49nb
i 10-20% "] - i pp5.02TeV, 250" ]
= (*) 50-100% for non-prompt J/y 0-10% | 0 11 1 Lol I Lol 1 1 0 M| | MR
Okl 111 I 1111 l 1111 l 111 I 11 11 I 111l l 1111 I 111 IA 1 10 102 1 10 102 103
0 50 100 150 200 250 300 350 400 p_ or my [GeV]
N P, (GeV/c) T

O Indication of mass dependent suppression Rya(b)>Ra(C)

o (Dc-plﬁse)son Raa (ALICE) significantly smaller than the RAA of non-prompt J/y

m confirmed by more precise Run2 data by ALICE, CMS and ATLAS
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Azimuthal anisotropy

=\ Pb + Pb, b =7 fm

Reaction plane

Normalized Counts

_10.: ..... L L 0.4 L s s " L .
0 0.5 1 1.5 2 25 3
X (fm) <I>Iab-‘PpIane (rad)

Almond shaped overlap ‘ strong in-plane expansion ‘ anisotropy in
region in geom. space 7 due to pressure gradients T 7 momentum space

d((pd_NwRP) oc 1+ ZZvn cos(n[e -y, 1) v, = <cos[2(q0 = I/}RP)]>

100ps 600us 1000ps 2000us

. A S s = ’d' " ~, /- » “, 'i. » ., ,"- . S, - e . o b -od il
B A ! L ] ' } :-v » :: » :: S T . l'; % ‘lm% S L
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¥

M. Gehm, S. Granade, S. Hemmer, K, O’Hara, J. Thomas - Science 298 2179 (2002)
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Elliptic flow at 5 TeV: light flavour
d(qﬂd_NwRP)oc1+ZZVHCOS(n[€0—¢RP]) 5@’%‘9 .’ = é_‘

v, ={cos[2(@ - y,)]) -

5 T — .
2 031 10-20% i e 40-50% ALICE Preliminary
g i Ky IS Pb-Pb /S, = 5.02 TeV
") I I ERLY 0.5
S 02f #5 [ ¢ Lf ¢ Iyl <
Fin A -
A . L
01F &4 H: o - & *’ o 1§ K
h: ff { ° 3 'l ? 85+
! i Wit i I A I T W T S T T

" PRI PRI PEEPETE B E PR P P
0O 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
P, (GeV/c) P, (GeV/c)

Mass ordering at p;<2 GeV/c - hydro-dynamic flow, very small viscosity

More precise Run-2 data (esp. ¢ meson? reveal baryon vs. meson grouping at
higher p; (2-6 GeV/c) > quark-level flow + recombination?
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V,{EP, 1an>0.9)

*¥ $ $ ; PRL. 120 102301 (2018)
0:_ ______ ——— P [V} L L T 1T L ]
04— D D D** average |y|<08 —
b bbb bbb -  ALICE o V,{EP, [An>09}, (5, =5.02TeV
0.2 Prompt D B /5.02 T ® V2 EP |AT]|>0} \ =276 TeV ]
0.3 PRL 111 (2013) 102301 —
0.1 $ +— $ - ]
0_ _D_SF’IT(HT(EA_ __‘$____ T B .-"‘-i“"rw'"!l?". ‘$; n* |}’|<05 SN =276 TeV ]
o Syst from B foed-down 02— & L6 , 0 V,(SP, |An[>0.9}, JHEP 06 (2015) 190
K SARLAAMAMMLARALAAALAAMLAAMLAAALAARMLARALARMLARALS Bl ol 0 Vo{EP, |An|>2}, PLB 719 (2013) 18 -
— O —
— D —

Evidence or charm rtiowing with
the medium at LHC

0.3F T T T T e
"t  ALICE  30%-50% Pb-Pb, \s,, =5.02 TeV

02 +¢+¢¢ ++i°" Prompt 0°

5
| = 1
==
T
—H—

O ___________________ R

01 l l r — _

- [ Syst. from data o _

0'4 Prompt D 1 - \ Syst. from B feed-down 30-50% Pb-Pb .

03 .D E _0.1_]| 1 | L1 1 I 11 1 | L1 1 I L1 1 | 1 1 | 1 ITl L1 1 | L1 1 I 111 | L1 1 I 11 I-'_

0,2 e D’ D,D* average J 0 2 4 6 8 10 12 14 16 18 20 22 24

0. i $ E p. (GeVic)
oL —— ___h‘_’____
0 B VI P TR T T VR T

Py (GeV/c)

O D9 v, < pion/charged particle v, (see also next slide)
0 in agreement with CMS results (next slide)
O ALICE: also first ever measurement of D, flow (large uncertainties)
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Evidence or charm rtiowing with
the medium at LHC

CMS has also measured the 3™ harmonic (v3)

B sensitive to the initial geometry fluctuations and to
the interaction strength between charm quarks and
the medium

CMS arX|v 1708 03497 Pbe\s =502 Tev

025F  Prompt D, Jy| < 1.0

Syst. from nonprompt p°
- [JOther syst.

Calculations for prompt D 5
—=.«LBT  ---SUBATECH ]
PHSD CUJET3.0 T
TAMU ]

o I fiiane i e ]
0.05 V% . = 3 et T . F
-y X o lg- o L] B iy ! -

-0.05F T k: E

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

5 10 15 20 25 30 10 15 20 25 30 35 40 10 15 20 25 30 35 40
p, (GeVic) p, (GeV/c) p_ (GeV/c)
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Constraining models with charm

05 803 e e e R R SRR E e R e e
< . TTT T T T T[T T T T[T T T T [TTT [TT T T T T T T T TTTT [TT T T TTTTT] o R . o, — _ —
& ALICE 7 g 7 30-50%Pb-Pb, |s,,=5.02TeV ALICE
: 0-10% Pb-Pb, |, = 5.02 TeV ] g [ W08 ]
1.8 ly|<0.5 ] n__ ™, e D° D', D" average
16 TAMU =iimi LBT 4 w 02 [ syst. from data
it = wessi PHSD BAMPS el.+rad. : =z
T — AMPS el . N Syst. from B feed-down
1.4% — POWLANG HTL B - E
10k MC@sHQ+EPOS2 e Average D°, D', D** = B
N = 0.1 ="
Filled markers: pp rescaled reference - £)
0.8 \ Open markers: pp pT»extrapoIated reference = _ 3¢
061§ =
0.4% il B 0
TE 2 ] — PHSD -mn LBT .
0.2 % - — POWLANG HTL BAMPS el.+rad. -
: % n - MC@sHQ+EPOS2 BAMPS el. -
0"'11"‘1""I\) by o Ly Lo L Lonan beua o] Coo o b o by by v b by v b bww o by bww o bww o by 19
5 10 15 20 25 30 35 40 45 50 0 2 4 6 8 10 12 14 16 18 20 22 24
P, (GeVic) p, (GeVic)

[0 Models where charm quarks pick up collective flow via
recombination and/or subsequent elastic collisions in
expanding hydrodynamic medium do better at describing
both R,, and v, at low p; (BAMPS elastic, LBT, MC@sHQ
+EPOSA, TAMU, POWLANG, PHSD)

[0 Models that describe that data use:

B Diffusion coefficient 2n7TD_(T) = 1.5-7 at critical temperature T,
B Charm thermalization time t,,~3-10 fm/c
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Constraining mod

< 22T T
c ALICE
g 0-10% Pb-Pb, | =5.02 TeV
- ) - s SNN = 9. e
1.8 ly|<0.5
16 TAMU wimi LBT
it = wess: PHSD BAMPS el.+rad.
1.4% — POWLANGHTL " BAMPS el.
MC@sHQ+EPOS2 e Average D°, D*, D**

l!!llII]IIIIlII|IIIIIIIlIII|IlI|IIl]II

5?;, """"""""""""""" Filed markers: pp rescaled reference I
11 \ Open markers: pp p_-extrapolated reference

0.64%]

0.4 S ﬁ

0.2 LR NN\
0 B iy ,,m\:w{,, A1l 1 L1 TR FENENETE ETRT ST AR |:

5 10 15 20 25 30 35 40 45 50
p, (GeV/c)

with charm

els

LA B

LA LA L B L L B

through Bayesian analysis

to calibrate model

parameters via model-data

comparison

Ongoing: theoretical effort

> T
o) [ ” Al
S 03[7 30-50% Pb-Pb, | 5, = 5.02 TeV ALICE )
E - |y|<0.8 .
- i N, e D° D', D" average ]
& 0.2f— ~ [ syst. from data —]
Ny B Syst. from B feed-down 1
0.1 — &‘ _
/4 SELT7 P o — i
v/ i i
o~ g ——— ——— % —— L ——— —
E eeenes PHSD s LBT .
- —— . POWLANG HTL BAMPS el.+rad. -
- MC@sHQ+EPOS2 i BAMPS el. 4
Eo b b b b b b b b b b b 1
0 2 4 6 8 10 12 14 16 18 20 22 24
P, (GeV/c)
16
prior
[ AuAu, 90% CR
12} == pbpb, 90% CR
&~ BN Au&Pb, 90% CR
S
a8
s
4

B Find the optimal parameters
that describe R,, and v,

i)

5 1.0 1.5 2.0 2.5 3.0
T/T,
S. Bass et al. NP A 967 (2017) 67
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What about Beauty ?

non-prompt J/y

Energy loss measured well at high p;
B non prompt J/y, B meson, B jets, B 2 e+X

JHEP07(2015)051 ATLAS-CONF-2016-109 PRL 113 (2014) 132301 PRL 119 (2017) 152301 HEP 07 (2017) 052

< : - cMS Sy = 2.76 TeV
Pb-Pb, Sy, =276 TeV #020%  cye 110y o 1.4~ ATLAS Preliminary ] 12— T 71 1Sy ] 28.0 pb"(pp 5,02 TeV) + 351 b (PbPh 5.02 TeV) 3 e e e
TN 1x20-100% (<24 [ PbPb, sy, =5.02TeV, 0.42 nb’" ] [ 0-100% m<2 [ CMS TAMU 8 b(oc)se |y, |<08  ALICE
-~ 0-50% ALICE (ly|<0.8) 1 2; pp, Is =5.02 TeV, 25 pb™! J 1 [ 3 145 o Ran == Djordjevic g = 0-20% Pb-Pb, | 5, = 2.76 TeV
15 \\ Alberico W. M. etal.  Vitev . etal. Aichelin J. et al. =1 Non-Prompt Jiy, lyl <2 ] [ 1, 2’ [ corretated syst. uncert CUJET3.0 oc 2.5 FONLL + EPSOSNLO shad! ]
. HTL 5% w/o Coll. Diss. Coll [ 0-80% centrality ] £ PbPb, 150 pub™' i 2 Uncorrelated syst. uncert AdS/CFT HH D(p) +ess MC@sHQ+EPOS?, Coll+Rad(LPM)
\ LatacD ' with Col. Diss Coll-+LPM Rad kot SV —— 0gl P.53p0" 1 . AT HH Do ot - BAMPS, =10 1
\ 7/ WHDG HeM.efal  \ Diordjevic M. et al. [ ] . A % IWHDG
A 0.8 4 2 L - 1 TAMU
] AIS/CFT == UphoftJ. etal. ’ : —_— —— + s1s+ POWLANG-IQCD (T,,.=155 MeV)
B . 0.6 4 S - 1.5F — POWLANG-HTL (T,,.=155 MeV) ]
0.6 N [ — B q E [JAdS/CFT
g 104l T S E 1 S '
0444 b4y 4 —H—+— “t PQCD:PLB 726 2019251256 | g $EE S $ o
r ] [ Bl oe-18 ] 3
[ + 5
0.2 B 0.2 B o~-20 71 o2F B* 05
5§ 1 L med _ 1 F 24 - e
o L \ L . , . [ | -9‘ =22 ‘ ] bt . R ‘Mim T TETEY PO AP PYA Ewwws swwws awwwn s PRIV
0 5 10 15 20 25 30 910 20 30 40 0 100 150 200 25 10 p. (GeVic) o o2 es e (8663//61)(:
p,(GeVic) p, [GeV] bt p, (GeVi/c) T P;
CMS POPb {syy = 2.76 TeV
[ n ? 0251
Collectivity of beauty
» [ ]
0.2 T

+16<|y|<24 x|y|<24

m likely answer only with LHC run3 ..
B more statistics and low p; 0

Yy

o
o
a
L B
——
I
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A,/ D°

Hadronisation by quark coalescence ?

[0 hadrons can be formed by coalescence of quarks from
the QGP

B in the light sector: observation of baryon/meson
enhancement

B enhancement of strange particles

O D. and A, production relative to DO sensitive to this
mechanism

B A.: preliminary results from STAR in Au-Au at 200 GeV
arX|v 1804 09083

+ 240 T
STAR Q, 50 ALICE |y|<0 5 E
T T T~ T T T o F e 0-10% Pb-Pb, |s,, = 5.02 TeV ]
| AutAu @ 200 GeV | R T o T T T 25 o 30-50% Pb-Pb, S = 5.02 TeV E
STAR Preliminary (D"+D%) o N A LI C E : 1.8F e 60-80% Pb-Pb, m =5.02 TeV 7
I — | < - & pp, Vs=7TeV
._]_(_'Q_._"di—quark B O pp, \s=7TeV,|y|<0.5 (arXiv:1712.09581) T 1 6; Eur. Phys. J. C77 (2017) no.8, 550
1 5% T L, 10-60% ol ® PPb |5y =502TeV, 096 <y <004 (arkiv:171209581) 1.4 E
: Ko: three-quark ._"_T-L:-.;,"._‘,v:_‘?. i B - 1.2F 3
L .“::"""'l:.::,,_ ] : —_ 1 = E
! I Pb-Pb results to come | 0.8k E
i 1 out soon at the LHC ] F 1
r 0.61 3
L sum Greco (A/D) 1 T : E E
ﬂ»@% g . 0.4 ]
PYTHIA :S: # 0. 2i_ E
10—16 4 . 2{ . é s 4&- . é ‘ é - [ +43/ BR uncertamty not shown ]
R A I T I T I N I I
G0 5 10 b 2746 810 12 14 16 18 20
Transverse Momentum P, (GeV/ P, (GeV/c) ,D (GeV/c)
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Quarkonia

W Uy
colour (Debye) screening in QGP T K P, .
and cc recombination (charmonium) .

T/Te oy 1ir) [fm)]
2 F|Y(s)
= X.b(lp)
12 [l Iv(1S)
T(ZS) Pre-Equilibrium
< TC Y'(35) 1, (2P) Phase (< 1) _

(1P) ¥(29)



Upsilon sequential dissociation

PRL 120 (2018) 142301

. x10* — '|°*|3P|bl 3|6|8|u|b'|‘ (I5|-0|2|Tle}/) - PbPb 368/464 ub”, pp 28.0 pb™' (5.02 TeV)
N E E Q_ - _I 1T | 1T | 1T | 1T | 1T | 1T | LI | LI I 1
<§ 4.5F p, <30 GeV/c CMS - (D’:Q 1 4:_ p, <30 GeVi/c CMS I ]
() 4:_ lyl <2.4 = -— holyl<2.4 Krouppa and Strickland
E " PbPb = - 4 /s = 1 ]
° 350 ProdGeVe et S 1.2 Preceve s =2 T 7
S Cent. 0-100% —g?tal {It 3 D) C 4n v/s =3 T
O B gnal 3 Ak £
~ -.-.Background ~ =
- E ] >\_—4/ +
2 2.5¢ pp E =508 .
r RN - - Overlaid el X
e 2z L 06 g
W 158 n 5
. T 04 .
15— = ; *
0.5F = n 02 B
C E S ] Al B
O O TR VOO VOO TOPP VOO TOUT T % WO HUN TOU OO JOU TOUE DOU JOU OO TOUJOUTOUTOU OO T T OO ; 0 B
8 9 10 11 12 13 14 <~ 0 50 100 150 200 250 300 350 400
2
m,, (GeV/c?) Noar

[0 double ratio measured to be less than 0.26 at 95% CL for the Y(3S)
OO0 no p; dependence for the Y(2S) double ratio

- Krouppa and Strickland: model with color-screening effects and feed-
down contributions from decays of heavy quarkonia, plus hydro

description (initial T of about 630 MeV) well describe data
- Du et al.: kinetic rate equation (regeneration important for 2S state)
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J/y production at Vs, = 5.02 TeV
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ALICE, \s,,,= 5.02 TeV, |y| < 0.8, (Preliminary)
ALICE, \s,

NN

=2.76 TeV, |y| < 0.8, (PLB 734 (2014) 314-327

PHENIX, | $,,,= 0.2 TeV, ly| < 0.35, (PRC 84 (2011) 054912)
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At 2.76 TeV a significant suppression w.r.t. pp was measured: expected as
an effect of colour screening (melting of the charmonium state)

The suppression is smaller than at 0.2 TeV, in central collisions and low p;:
described by models with re-generation from c quarks in the QGP

New results at 5.02 TeV: similar R,, as at 2.76 TeV
B significantly increased precision at 5.02 TeV
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Inclusive JAp — p*u’, 0-20% centrality

® ALICE, Pb-Pb |5, =5.02TeV,25<y <4

® ALICE, Pb-Pb |5, =2.76 TeV,2.5<y <4

® PHENIX, Au-Au |5, = 0.2 TeV, 1.2 <lyl <2.2

i H ALICE, 5.02 TeV

LR ALICE, 2.76 TeV |

' W ® PHENIX, 0.2 TeV

] ¥ E e g o U

- [l

W w @ :+1 ' . U .
pT(GeV/c)

J/y production at Vs, = 5.02 TeV

< 2_111

T T T T

< L
@ 18F ALICE, Pb-Pb |s,, = 5.02 TeV, 0-20%

16F

14 F
1.2F

o Jy = ptu 25<y<4, (PLB 766 (2017), 212)

O Jy — e‘e |yl < 0.9 (Preliminary)

o e =

I T T T I T T T ] T T T

I T T T

0.8 Z—B o -
0.6 o =
- * g . ]
04 [ -
r izl ! B ]
02F _H =
0 : 1 1 1 l l l 1 1 1 1 1 1 1 ]
0 2 4 6 8 10 12
P, (GeV/c)

At 2.76 TeV a significant suppression w.r.t. pp was measured: expected as
an effect of colour screening (melting of the charmonium state)
The suppression is smaller than at 0.2 TeV, in central collisions and low p;:
described by models with re-generation from c quarks in the QGP

New results at 5.02 TeV: similar R,, as at 2.76 TeV
m R, at low p, much larger than at RHIC energies
m  at low p; lower reduction (or even enhancement) at mid- than forward rapidity

- consistent with regeneration scenario
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J/wp elliptic flow at 5 TeV

O Unambiguous observation of non-zero J/y v, in semi-central (20-40%)
Pb-Pb collisions at 5.02 TeV for J/p with 0 < p; < 12 GeV/c

O  J/w v,(py) increases with p; up to about 0.11 at 4 < p; < 6 GeV/c

E 0.25 N L} T I T T T ' L) T L} I T L} L) I T T T l 1 L} _

w - ALICE 20 - 40% Pb-Pb, \ Syn = 9.02 TeV ]

Y C Inclusive J/y -

>t 02 - e‘e, |yl < 0.9, v,{EP, An =0} B

- o', 25<y<4, v(EP, An=1.1} 7

015 li} - global syst : 1% —
01F z @H # HP 34 PRL 119 (2017) 242301

0.05 :— ?

0f= =

C X. Du et al. K.Zhou et al. (25 < y < 4) ]

~0.05 - Inclusive J/vy, |y| <09 Inclusive J/y w non-collective _]

R Inclusive J/y, 25<y <4 Inclusive J/y w/o non-collective -

= Primordial J/y, 25<y <4 Primordial J/wy —

_0'1 C L l L L L l ' L 1 l L 1 L l L ' L l A 'l L N

0 2 4 6 8 10 12
P, (GeV/ce)

[0 Possible explanation: the large v, values measured can be achieved b
including a strong J/y regeneration component from recombination o
thermalized charm quarks in the QGP

B Dominant at low p; (< 4 GeV/c), dying out at high p;
O The large values of the J/yp v, at high p; are a challenge to models ...
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Small systems: pp and pPb

The paradigm

O——©0

Pb-Pb Collisions (/sw =2.76, 5 TeV)
e Core business: create and characterize the QGP

e Centrality  f TR

before collision after colision

pp Collisions (/s =0.9-13 TeV)
e Reference data

p-Pb Collisions (/s = 5, 8Te\/)
o Control experiment
“Cold nuclear matter” effects -
(e.g. modifications to PDF) | IAE——"

Evolution
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Two examples within the paradigm

[0 Upsilon production in p-Pb by ATLAS

O Prompt DY and prompt J/y at forward and backward
rapidity with p-Pb and Pb-p by LHCb

JHEP 10 090
.-O 2 5 | ! ! ! T T
N LHCb
EPJ C (2018 78 171 = f +LHCb promptD i
S rrrrTrrrrTTrRTTTRrT ( ..... ) ,,,,, , , , a o1 LHCb prompt J/y |y =5 TeV 1
- ATLAS p+Pb 5.02TeV,L=28nb" ] m ATLAS p+Pb ;?zsoz TeV,L=28nb" n EPSO9LO E
L ‘y”osl . po. | ‘5027 /,L=25pb" : ;‘l'i'mc . o f;iébzrev L=25pb" ; K — EPSOONLO P <10 GeV/e ]
e ] e ~ |55  ---nCTEQIS -
[ e e RN Z ] g A i
A e v P T =] N S Bl CGC i
I (¢ % [ --- 5: > N E
j 4] 1 i “-- ] 15.’77’:‘**,{"7:—7 ]
0.5 ] 0.5 1 = “‘.;.\-\QLQ_:;; -7::::7:’:"7"’;"’*‘ ST~
; ‘ : : O e =
s 0 s 20 25 30 35 40 A o 0 T 2 0.5 r T TR S -
p, [GeV] v . Pb-><p p >< Pb
O 1 | 1 | | | |
—4 -2 0 2

[0  Reduction of particle production in the “p-going” direction, where small-x gluonsin
the Pb nucleus are probed

B Described by models with nuclear-PDFs or gluon saturation (CGC), or energy loss
O Essential reference for the role of these effects in Pb-Pb

Hydrodynamic
Evolution
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Small systems: pp and pPb

Revisiting the paradigm

striking properties observed in very high
multiplicity p-Pb and pp collisions at LHC,
which resemble those due to collectivity/
QGP-like properties of the Pb-Pb systems

one of the major surprise at the LHC so far

low multiplicity pp high multiplicity pp
(majority of events) (very rare events)
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for instance

[0 CMS famous papers of 2010 (pp) and 2012 (pPb)

’__________\

(a) JHEP 09 (2010) 091
P P

—_— ®— NCT™° > 110

PEEN N NN I S S S S S S -y
- e e e e e e e e e e

long range in An indicates early time origin
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0
S

AlTK

The intriguing small systems

Azimuthal modulation of particle production, that &

could signal onset of collective expansion (previous of

L : ELoss (Arleo et al.)
EPS09 NLO (Vogt et al.)
=== EPS09 LO (Ferreiro)

slide)

Baryon/meson ratio increases with multiplicity 1-52
Reduction of relative yields of excited/ground ——— .

quarkonium states
strangeness enhancement (next slide)
but no sign of parton energy loss in a small QGP

0.5

1.6F
1.4F

1.2

0.8f
0.6f
0.4f
0.2f

_IIIIIII T ||||III| T T TTTTT ;IIIIIII T T TTTTT ;IIIIIII

- ALICE Preliminary pp (s =7 TeV T ALICE p-le YSyy = 5.02 TeV T ALICE Pb-Pb ys\, =2.76 TeV

- =—J VoMClass|, @N_/dp =213 I [=— 0-5%, (dN_/dn) = 45.1 T = 0-5%, (dN_ /dn) = 1601.0 1
L =] VOMClass X, (dN_/d) =23  J [==— 60-80%, (dN_/dn)=9.8 F = 60-80%, (dN_/dn) = 55.5 3

(VOM Multiplicity Classes) f (VOA Mult. Classes - Pb side)

= PP

Lol L Lol STl 1 Lol L T

P, (GeV/c)

——
[ ALICE, p-Pb |s=5.02TeV, -4.46 <y _ < -2.96
Inclusive J/y, w(2S) - n'w

— J/y: EPS09 LO + comovers (Ferreiro) 7]

— y(2S): EPS09 LO + comovers (Ferreiro) ]
J/y: QGP+HRG (Du et al.)
y(2S): QGP+HRG (Du et al.)

Jets per trigger

2 1.3p

S1.2f

1 mlig

0-1
© . =

ZNA 0-20 % /5
© o o
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o
»

~

ALICE Preliminary

L L

- p-Pbat sy =5.02TeV g
[ Anti-k, charged jets,

E TT{12,50} - TT{6,7}
E 7-Ap<06

F[]Syst. uncert.
|- [ IS AT A

R=04

15 20 25 30 35 40 45 50

h
p%jet (GeV/ce)

9/05/18 G E Bruno

34

coll>
hadron



Strangeness enhancement in pp!

OO0 Among first proposed P - &--9
signatures of the QGP
B Rafelski, Mlller, -
PRL48(1982)1066 i
[0 Observed in A-A at SPS,
then at RHIC and LHC 3
Nature Phys. 13 (2017) 535-539 .l
New ALICE experiment results show s TR
novel phenomena in proton collisions s B
oo
%I ALICE
’ ® pps=7TeV
| i 4 O p-PbSyy = 5.02 TeV
:' [[] Pb-Pb,Ysyn=2.76TeV
e GEOSIG
10"3-7“’[ Y 1 I T

<chh/d'7>|q|<O.S
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V, OT AF hadrons In high multipliCity
p-Pb events

0 3CMS pPb 8. 16TeV 0 3CMS arXiv: 1804_09767’be 5.02TeV
BF T T T T T T T BF T 1
[ @ D° 185<N:>fﬂme i Centrality 30-50%
B 0 - | | Pb_Pb O offline |
[ OKg & B 14$<ycm<054 i i g Ny =919 1
ooFoA ¢ Q g 4 +— 0.2 DB g Vo<1 5
- o - - . -
_%C\J I % . @ ] i = &8 i . [ = o ]
> L B % D# (@) 4 R O & oe P i
0.1_— DD'&' ‘ ® O Q B 0.1_— - ‘DO O o
i EPD%@' o " ¢ " 0@ OKg = B ]
| [TO i i OA ¢ Q i
i D® meson - oo _
0.0 . . . . . | 0.0 . L : O
0 2 4 6 8 0 2 4G v 6 8
ol V.1 pT ( ) nDh Q 12TA\/ ol V.1 pT ( © ) DhDh & N2TA\/
ATLAS-CONEF-2017-006 T T
I - a = o) “E
\%0.08— ATLAS Preliminary . 0. i:pT<5 Gev | (% 0. 18: ALFI’(bDE Prehm;ng;y-rev e (0b) > &, A7 < 12
~ - P+Pb\s=8.16TeV, 171 nb N 2°>100 i S mk p-Pb, {5, a- Charg. particles, 0.8 < |A7] < 1.6
i h-u Correlations | a Il <0.8 PLB 726 2013 164
0.06- © QL 014F (0-20%) - (60-100%)
i 5 N 0a2 &
0.04]- - 3 H:E:
- 8 s 0.08F ful
i o i o.oe:—E’_E}
0.02__ ] 0'046 é
u from HF decays | o € from HF decays E
O 45 5 55 6 65 7 75 8 e T S
P [GeV] p. (GeV/c)

[0 open HF hadrons show collectivity in small systems
B hints of smaller v, for charm quarks than lighter quarks
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Collectivity also for J/y in pPb!

PLB 780 (2018) 7-20 >
2N | p-Pb, (0-20%)-(40-100%), | 5,,,=5.02,8.16 TeV ALICE
0.2 ——e—— 2.03<y"¥<3.53
E F F — J/
5% [ —— ALICE p-Pb ® |5,=5.02TeV C B \s,,=5.02 Tev & ——=—— -4.46<y""<-2.96
i o (0-20%)-(40-100%) VOM 203353 | [ -4.46<y""<2.96 I y
! V2 "{2,5ub}, 1.5</An|<5.0 L Pb-Pb, 2.5<y"¥<4, | 5,=5.02 TeV
- 3 - —oe—— 5-20%
Gl N L ———— 20-40%
 th "”[ﬂ $ - d B 0.1 )
(1) A - - PRI 1) 4 =) sy N &« N R L L L r T e —_ L
C $ Global syst. uncertainty 7% : Global syst. uncertainty 5% :
S [ —e— ALICEPb-Pb 4 15,,=8.16 TeV L # 18,,=8.16 TeV L
0.2 | 5yy=5-02 TeV, 5-20% VOM C |

‘ 2,03<y’"<3.53 3 -4.46<y”"<-2.96 = - ey US| SO
r VIVERY, IAnl>1.1 s r A 0
i o 2.5<yJN<4 3
r r Transport model, Pb-Pb, 20-40%, 2.5<y‘""<4, s,,=5.02 TeV
r ca r 101 \ Snn
C m r [ Inclusive Jiy

P
I L’=-"q - ['E] ........................... Primordial J/y

a

K

#
o
N
o
o
N
b
of
4+
(0 0]

Global syst. uncertainty 5% L Global syst. uncertainty 5%
| 1 1 1 1 L

C 1 1 1 1 1 Il
R B S B R s o L R R R R S SR pJ/w (GeV/c)
T

similar J/w v, coefficients as measured in
Pb-Pb collisions

B suggesting a common mechanism at the origin of
the J/y v,.
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Summary, open questions and outlook

LHC is already providing precise measurements in

the HF sector

B stringent constraints on the models describing the
properties of the system (e.qg., transport coefficients,
r]/sg)and its dynamical evolution

B Open questions:
[0 are charm quarks fully thermalized ?
[0 do also beauty quarks take part to collective dynamics?
[0 how relevant is recombination/coalescence for beauty ?

Small systems:

B a new laboratory to study QCD in extreme conditions

0 how small can be a droplet of QGP and what are its
properties ?

[0 HF are key probes due to their short formation time

Outlook: how to answer to open questions?

B with next LHC runs and thanks to detector upgrades

9/05/18 G E Bruno 38



SPARES




Strangeness enhancement

WA97/NA57, SPS IPG 32, 427 (2006)

0 Among first Proposed T s s e
signatures of the QGP A
B Rafelski, Miller,
PRL48(1982)1066 3
0 Observed in A-A at SPS, P
then at RHIC and LHC P, i 19 i i
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Evidence of charm flowing with the
medlum at LHC

arXIV 7 7 I5I I T T | | | I I T T | T T |
> = _
04— D D* D average, |y|<0 8 —
-~ ALICE o VA{EP, |AN[>0.9}, (5, =502 TeV ]
i /5.02 TeV °VdEP b0l sy =276Tev ] CMS arXiv:1708.03497
0-3 __ PRL 111 2013 102301 __ : IIIIIIII I Trri I [ I Tt I Trni I LILILIL I LU I:
~ - 0.25 . Cent 30-50% 3
I 7%, |y|<0.5, sy = 2.76 TeV ] : o ;
02— & @ V{SP, [An|>0.9}, JHEP 06 (2015) 190 02fm ® oD’ |
- 7 . Lt V{EP|ANS2), PLBTHO (2013 18" T 11ttt o ::@{... ...... + Charged particle
[ o 2 . . U ‘% CMS-PAS-HIN-15-014
0.1£‘H | ? — 0.1f T, I 3
_S I—k'l + $ 7] >C\l 0.05 % _8.; —a d EI_'
E & 5 ] i 5
0 __ __________________ __ 0 :_ ....................................................... _:
B [__] Syst. from data o 4 3 E
B Syst. from B feed-down 30-50% Pb-Pb 7 —0.05 : ]
_0-1_I 1 I 11 1 | |11 I 11 1 | 11 1 I 11 1 | 1 ITl 11 I 11 1 | L1 1 I 1 1 1 | 11 I-'_ —01:_ _:
0 2 4 6 8 10 12 14 16 18 20 22 24 : 3
pT (GeV/C) _0-1 5 :_I L1l I L1 11 I L1 11 I L1 11 I L1l I L1 11 I L1l I L1l I_:

0 final results from ALICE
B much improved with respect to RUN2 data

O in agreement with CMS results (covering higher p, range)
O DY v, < charged particle v,
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What about Beauty ?

non-prompt J/y

Energy loss measured well at high p;
B non prompt J/y, B meson, B jets, B 2 e+X

JHEP07(2015)051 arXiv:1712.08959 PRL 113 (2014) 132301 PRL 119 (2017) 152301 HEP 07 (2017) 052
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B likely answer only with LHC run3 . _

N

>

B more statistics and low p, |

0.05- + .
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D/D°

Di and A; at RHIC

similar results as at the LHC

T T T T —
1 I T I I 1 T 1 | T T T T 1 1 LI | T LI I | I T 1 | LI 1 1 Au+Au @ 200 GeV N
| @ 0-10% Au+Au @ 200 GeV | STAR Preliminary
- —@— 10-40% STAR Preliminary 1 i 4noy |
08 mm ee/pp/ep average B o | e Ko: di-quark o e
- - o | -
i Bl PYTHIA(ver. 6.4) i -~ 1} v e | -
0.6 Il TAMU(b=7.24fm) | S -
T i . - " Ko: three-quark .
0-4 B T ‘_‘E ‘ E ++ = ™ -
__ L SHM Greco N
0.2 i ”\H\*’")R"i _
P o
i pyrhng
0 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I L L 1 1 | 1 1 1 1 I 1 1 1 L | 1 1 1 1 1 0 1 6‘ A/—‘qr l 21 L é . i . 5[ L é
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TAMU: H. Min et al. PRL 110, 112301 (2013) P; (GeV/c)
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Hidden versus Open charm v2

O.25""| LI LI L L B
- ALICE Pb- Pb\s _502TeV

e
j m |

v, {EP}

= I .
0.05 - ? =
‘ Inclusive J/y — n'u 2.5 < y <4, 20-40%, global syst: 19, arXiv.1709.05280 ]

0.05 ¢ Inclusive J/y > e'e, 0.yl < 0.9, 20-40%, arXiv:1709.05260 -
: W Prompt D°, D', D" aver age, lar = 0.9, Iyl < 0.8, 30 50%, arXiv:1707.01005 =

Syst from B feed-dow

P, (GeV/ce)

Similar magnitude

Consistently suggesting that charm
quark flows!
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The LHC experiments with HI
program
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