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Heavy lon Collisions at the LHC
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Hard processes (heavy flavours, jets, direct photons):

> probe the whole evolution of the system

Soft processes (bulk particle production, correlations):
decouple late, indirect signals of QGP

beam beam * Particle composition fixed at T, = 160 MeV

* Momentum spectra fixed at T;, = 110-130 MeV
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Heavy lon Experiments at CERN

Pb+Pb @ sqrt(s) = 2.76 ATi
2011-11-12 06:51:12
90

Fill : 22
Run : 167693
Event : 0x3d94315a

CMS Experiment-at the LHC, CERN

ed: 2010 03:55:57.236106 GMT(04:55:57 CEST)
20

LHCb joined
since the p-Pb
run of 2013

13.9.2012 1:48:03
|Run 128262 Event 100499354 bld 1886
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LHC Run 1 and Run 2

Runl Run 2
Colliding Vs (Wsyy) | Year(s) Vs (Wsyy) | Year(s)
System NN NN
Pb-Pb 2.76 TeV 2010, 2011 5.02 TeV 2015*
5.02 TeV 2016**
- t 3
p-Pb 5.02 TeV 2013 2 Tey (upcoming]
2.76 Tev
op 7 TeV 2011, 2012 >-02 Tev 2015, 2016
13 TeV
8 TeV

* First time for LHCb in Heavy-lon collisions: p-Pb 2013, Pb-Pb 2015
** November-December 2016
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Quark Gluon Plasma study

Cold Nuclear Matter effects,
Reference for Pb-Pb

Reference for p-Pb and Pb-Pb;
13 TeV: onset of collectivity?



Centrality determination

ALICE: Phys. Rev. C 88, 044909 (2013)

Central collisions Peripheral collisions
VZERO (scint. hodoscope) amplitude = determine
centrality percentiles from 0% (most central) to 90% Par(t[ifl?ip&)‘”ts
part
2 CAUCEPbPOal [y =276 eV p
A S Sinary rucleon- :
5 PuacX PN+ N T nucleon collisions
%10_4 \\ f=0.801, 1 =29.3, k=16 1 (Ncou)
L%’] \WW 0 500 7000
10° 7 v a Spectators @
E - E T T Tt T L 3
0t 8 g8 B g 2 . —~ 3 F| —oae ATLAS -
s 8 e o B . S N Pb+Pb |'8,=2.76 TeV —
107kl e b e e TR o ; \"‘“"“*%—-m,. Lint:200mb_1§
0 5000 10000 15000 ) 20000 ) \g 1018 -
VZERO amplitude (arb. units) =z g E
2 e | 2| R ]
2* 102RoB| T | B =
Centrality characterized by impact parameter = PsF e § :
‘L 10° 5 E
b, number of nucleon participants N, .,
number of N-N collisions N, 10 5
* related to observables like multiplicity, 0 1 — 3 T

transverse energy via Glauber model FCal 2 [TeV]
ATLAS: PLB 707 (2012) 330
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Charged particle
multiplicity

dN_/dnin [n[<0.5 for 0-5% most central

collisions [ATLAS, PHOBOS: 0-6%)]

Power law fits a-s¢:
* A-A central collisions, c =0.155 + 0.004
* Min. Bias pp, pA coll.,, c=0.103 £ 0.002
steeper rise for A-A central collisions wrt
pp collisions

Results at /syy =5.02 TeV (highest energy

so far) confirm trend from lower energies

Luciano Ramello
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Centrality dependence of dN_./dn at mid-

rapldlty e [Tp<os " 777 L
;% 10— *jt

O - *j* )

* N, from Glauber model RO m 1l
* Similar evolution with centrality N‘ g | W i
between 2.76 and 5.02 TeV < g- - -
 20% increase going from 2.76 to 5.02 - i 1
TeV T om ]
AN -

i é ALICE i

i m Pb-Pb, |5, = 5.02 TeV ]

. + p-Pb, s, = 5.02 TeV |

45#' 0 Pb-Pb, s =2.76 TeV (x1.2)

i T pp, Sy = 2.76 TeV (x1.13) -

0 H00 2000 B0 400

PRL116 (2016) 222302 (N ot
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Bulk particle production in central Pb-Pb

T T
% g = —o— ALICE, Pb-Pb @:2.76 TeV o T
S L —#— STAR, Au-Au, |s, = 200 GeV N \ S In a thermalized system the radial
= ? .~ PHENIX, Au-Au, |5, = 200 GeV - YL expansion is driven by the
o S NN P —
- 10° — =gm o, — | pressure gradient from inside to
\\'8/‘ in R ol X / AW outside, resulting in boosted p;
< 1 1 l spectra
o 10 [ = Sosmgans .. —]
%'_ Iy e (x 10)
- X -
=gl I 1) Blast-wave fits to extract:
3 i ...,x.;,h;,gﬂ N, * kinetic freeze-out temperature
= F 0 l
M ‘ s i . :
10° | AN Krakom: | 0|-5% Centrlal collisionsI : * radial flow Ve|OC|ty
T 2 S S
8 ok o o nt+w
= o~ SRR .. ] o
s oL h Tiin ~ 95 MeV (similar to RHIC)
= I T K*' ” = <B;>~ 0.65 (10% larger than at RHIC)
- " . \
I = larger radial flow than at RHIC
0
2 Spectra become harder with increasing centrality (from
1 peripheral to central) and more so for heavier particles, as
0l — . . . .
e B Tamas expected by collective expansion (see backup slides for details)
ALICE: PRC 88, 044910 (2013) p. (GeV/c)
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Bulk particle production in p-Pb

G 10" T U ALICE Prefiminary, p-Pb, | Sy = 5.02 TeV |
— z ry, p-Pb, sN_502TeV . . . . .
S VOA Multiplicity Class\(PNb side): 0-5% A combined BW fit describes spectra fairly well also in p-Pb
—4— 1 + 7 (100x) . ..
3 —e— K + K (50) The T, - <B> correlation shows similar trends for pp and p-Pb
= —— K3 (25x)
— —@— p+p (1x)
%\ --1‘- A+A(0 1X) o 0 2 T 1 17T LI L L T T 1 1 UL LI
— | =" —® E +% (0.05x) S <t ‘ I I B
_8. 10 ‘545% —B— sle +ﬁ;v(o .01x) 8 0180 E
- . Ll Ten D ast-Wave = V.- 1er i
S 107 ) | %%%-5- global fit s F % ¥y %R%%%“ .
'_ T — - -
10 i N 0.14 =
gnr < : ¥y % | ALICE p-Pb and Pb-Pb:
a SSee <™ N 0.12[ =
= 408 - N 1 %%% : PLB 728 (2014) 25
> <~ L -
< 107 e e NN L " C  Global Blast-Wave fit to ]
A S 0.08~ 7 (051 GeVic), K (0.2-1.5GeV/c) , p (0.3-3.0 GeVie)
1-55 fit range: 0.5-1.0 GeV/c _E 0 06:* e ALIGE Preliminary, pp, \s =7 TeV E
1E U UL = ALICE, p-Pb, 15 = 5.02 TeV ]
15E 0.215GeVic 0.04F + ALIGE, Pb-Pb, \s = 2.76 TeV -
1F o T N B B B B B e P - n e e e n s AR ASE SRS RRAS RaRAS RARSS RARAE AR
g 15F 0.0-1.5 GeVic 3 00501 02 03 04 05 06 07 2 o4aE 3
......... - S S g . ]
8 15 0.3-:3.0 Ge:V/c — b '\5 0'16;" i ‘ *ow Y "
~ : 3 0.14F 2 % E
© 2 3 e - . : : E
w °F 0632Gevic 3 Qualitatively PYTHIA with Color 042F 7 oom x
o 1 E @RI 3 . .. 3 " V0. I
15E ST e S Reconnection shows a similar 01F e L
1F b . 008F = P-Pb, {8, = 5.02 Te 3
5E e naae: trend as the data: other final : VOA Mulipiicty Classes (Po-side) ]
D E 0.8-3.8 GeVic 3 0.06 |- ALICE, Pb-Pb, {5, = 2.76 TeV T
1E —_ state mechanisms can mimic the 004:_ —a— PYTHIAB, /s « 7 TeV (with Color Reconnection) 3
0- 1 5 3 4 5 6 7 8 9 1_0 S - n - PYTHIAB V5= 7ToV(w1homColor Flocomochon) ]
H 002" ........ | WY P | T FTETE PETEE FRWTS PR FTee -
effect of radial flow 9.2 025 0.3 0.35 0.4 045 0.5 056 0.6 065 0.7

PLB 728 (2014) 25 (hyperons excepted) p. (GeV/c)
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Strangeness enhancement

a historical probe for QGP formation

Rafelski and Muller, PRL 48, 106 (1982)

Rafelski and Hagedorn, in Statistical Mechanics of Quarks and Hadrons

Main idea: in the QGP there is (almost) no penalty for ss

formation relative to light quarks

e Multi-strange baryon production should be
enhanced with respect to single-strange
In pp collisions the production of strangeness relative to

pions is larger at LHC than at RHIC

From pp to Pb-Pb (or Au-Au) strangeness production

increases
For N

part

> 150 the ratios =/m and Q/mt saturate and match

the grand-canonical thermal models prediction:

— GSI-Heidelberg T, = 164 MeV

... THERMUS T, = 170 MeV

Luciano Ramello

Hyperon-to-pion ratio
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10

ALICE, PLB 728 (2014) 216
corrigendum: PLB 734 (2014) 409
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Strangeness from pp to p-Pb to Pb-Pb

—+

£10° y ALICE: PLB 758 (2016) 389
? T TTT I T T T T T 17717 | T T T T T 17717 | X1 0 3
S | GSl-Heidelberg model THERMUS V3.0 medel : f'_-"‘ — T I T T TTT I I T T T TTT | I [ T T TTT | [
.+ 1= T Pb-Pb-T,=156MeV ~~ " Pb-Pb-T,=156 MeV ] = - -
Bl T we precictions - pp 1s=7Tev : F 7 GSlI-Heidelberg model THERMUS V3.0 model —
=) [ ohvmwmemenamoch . . : ‘B | [ = PoPb-T,=156MeV "7 Pb-Pb-T,=156 MeV -
C110.8— ... DIPSY Color Ropes : ] - —
+ [ e EPOSLHC 1 H . —~ 6 H |
e L : £ B i
106 H HH HH B el E H H H -
) R L
.41~ ALICE ] ~ - . i ]
L H H ﬁ Ep—Pb V5 = 5:02 TeV i B E . —
L VOA Mult. Evt. Classes (Pb-side) - B . ]
02 H’/‘:I—_;f" Eph-?b VS = 2.76 TeV — 4__ H,-H s B
B ‘."' ' us%h:ﬂsl\ilzuzTEe\x Classes . : H'%. _
B T Lol ! Lol ! Ll |_ I .’ ‘."‘. ]
’ 10 10 10° 3 - H ]
(chh/dn>m|< 05 E .... ALICE E
: e 2 ' T = p-Pb ys,, = 5.02 TeV —]
In high multiplicity p-Pb at 5.02 TeV: - MG predictions - pp fe=TTeV [*1\0a ne Evt. Olasses (Pb-side)
* Z/m compatible with central Pb-Pb N T PYTHIAS Monash WithCR L] Pbo-Pb \'SNTN =V2-76 TeV n
. . - ---- DIPSY Color R pp¥s=7Te —
* Q/Tl'. compatlble with 60-80% Pb-Pb — EPOSLH%Or opes EIVOIVI Mult. Evt. Classes .
Also in high multiplicity pp multi-strange oL . L L] L] ]
. : g 2 3
production rises significantly 1 10 10 10
. (dN _/dn)
PYTHIA8 does not reproduce the values nor the trend of the data ch nl< 0.5

 MC models as DIPSY (color ropes) and EPOS LHC exhibit a trend with
multiplicity but may still need tuning
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Particle yields and Thermal models

3 317
tr K'+K 0 K*+R* p+p E+ET 0+0° AH+H 5
2 2 K T3 ¢ 2 A= > 7 He
LHIE ¢
> F : : ' ' i i ' : ' ' 3
g 10° Feos . ALICE Preliminary .
T 2 F UGN G . Pb-Pbusy =276TeV,0-10% ] ® Deseribes hadron production
fr ' el AT VO ’ : ] assuming chemical equilibrium
10 ¢ L e : E over seven order of magnitude
1 g- ‘{"N.Otiﬂfit : H H . el . H _g n H
107" F 0 Extrapolated : : e 4 ) Measured E.lb.solute yields {dN/dy)
F : ' : : : D : : : : : E in Pb-Pb collisions are well
1072 F Model T(MeV) : E described by a thermal model with
3 F — THERMUS 2.3 1556+ 2 24.5/9 3 2 temperature T= 156 + 2 MeV
10° F |-+ GSl-Heidelberg 156+2  18.4/9 | : : : : : E P
104 b [r'SHARES 156+3  15.1/9| § : : T YO 3
_ E i i i i i ; i i 1 i BR = 26% 3 = Deviations for
é 0.5 Frrerremrborsmmmmisnene s *I:J ........... : - Protons: incomplete hadron
s : so0. a0g L oo - 1+ ] spectrum, baryon annihilation in
NRTITTE TR RN W Ry N S 8 [ R e N N ECILLE T ITreTT, R R L L L L L L TR T Ty ——p— LRI = L A T . Dx —
"5 0 Fo-o W 4 (= I = 1{1i : +I 3 hadronic phase, ...7
<3 Y- T NS SO U SN S S SRS SR 0L Lo W S NUE R =
E ~E : 3
e S |- K¥resonance: re-scattering in
TSR 0PN U S Wt MO 1% SONNNE AU NN SN SN S the late hadronic phase?
% 0 E_ .............. n 3 _n 2 SRCUN m..__é_:_ ....................... PPN TR SRR “-” ................... J_.&M_?
é ) z_'...'...:..'...l; ..... e TR LT _;
g’ _4 L O S A S S i

THERMUE: Wheaton et al, Comput. Phys. Commun, | B} B4
GEl-Heidelberg: Andronic et al, Phys. Lett. B 673 142
SHARE: Petran et al, Comput. Phys. Commun, |B5 |ssue ¥ 2056
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Collective expansion: Anisotropic flow

* Basic idea: space anisotropy of initial fireball
= momentum anisotropy in final hadron
distributions

directed flow
coeff. v,

A\

elliptic flow

Reaction plane xz
P coeff. v,

1 d*N
2w prdpedy

d*N
d®p
Several methods to extract v, : event plane, cumulants...

... each with different systematics from ‘non-flow’
Luciano Ramello

E

e
1+ Z Qupcos(nag)]
=1
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Figures courtesy F. Prino




Elliptic flow vs. centrality

>N _I_IIII|IIIIIIIII|IIII|IIII|IIII|IIII|||||
012~ ATLAS
- Pb+Pb
0.1 \5,,=2.76 TeV
0.08
0.06 TKT method: L = 1pb”

PXT method: L_, = 0.5 pb™

e  ATLASTKT p >0.07 GeV, fn|<T
o ATLAS PXT 0.1<p <5 GeV, n|<1

0.04

o—|III|III|III|III|II

0.02 v ATLAS PXT 0.3<p_<5 GeV, n|<f
&b CMS 0.3<pT<3 GeV, n|<0.8
O | I | | | I | | 11 1 1 | I I | | L1 1 1 | | I I | | I I | | 11 1 1
10 20 30 40 50 60 70 80

ATLAS, EPIC 74 (2014) 2982 Centrality [%]
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Strong collective flow
observed at LHC

Integrated values of elliptic
flow coefficient v, sensitive to
the p; range, since v, increases
(initially) linearly with p;

15



Elliptic flow vs. p;

0.35E o CMSPbPDb sy, =276 TeV T ;
0.3 * STARAuAu(s,, =200 GeV I 3
opsE.  CMSfit : :
il - g TV I * 3 :
«0.2F éz *‘.“\\. = Y =
E ~ 5 A .
0.15 =g A T i *.#“.\\+ -
; p’? ¥ £ T 3
01 & E 3 i ¥
0.05 —f 20-60% v,{2} k3 f 20-60% V,{4} 3
q“*%‘v‘“#*‘“%‘“‘%“"%““#““}"“::Al/eee%HH%HH%HH%HH}HH%HH%HH
141 —+ i
o 1.2Fum + .
© [ PR & 5 o T #% o
m« 1@ o6 *v#‘** g o) @%ﬁg $"$++ O
> H N : 1
0.8F © CMS fit/ CMS data T &
[ % CMSfit/ STAR data # ]

1 24 3 A4 SAA 6 7 ...1 2..;.3....4[.‘;.5 6 7
p

P, (GeV/e) " (GeV/c)

CMS: PRC 87, 014902 (2013)

Moderate increase of v,(p;) at low p; from highest
RHIC energy to LHC energy, for a large increase in
c.m. energy

The integrated v,, thanks to a harder p; distribution
at higher c.m. energy, increases of 20-30% from RHIC
to LHC

—_IIIIIIIl T T IIIIII| T T IIIIIII T Illllt
0.07 - Mid-Central Mid-Rapidity .
0.06F- 20-30% =
0.05 \. ﬁ} =
0.04 + -

o r e CMS (PbPb) 1

C 4 O ALICE (PbPb) 1
0.03 - 4 STAR (AuAu)

: o PHENIX (AuAu)
0.02F » PHOBOS(AuAu)

- o CERES (PbAu) -
0.01 s NA49 (PbPb)

- v EB77 (AuAu) ]

C IIIIIII| 1 1 IIIIII| 1 1 IIIIIII 1 IIIIIII_

10 102 10°
sy (GeV)
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Elliptic fIOW N Pb Pb 5.02 TeV compared to 2.76

<

>

0.15

0.1

0.05

| ALICE Pb-Pb
—5.02 TeV
| mv, {2, [An|>1)
- @V, {2, |An|>1)
| ¢V, {2, |An>1}
+V,{4)
v, {6}
KV, {8}

2.76 TeV
0 Vp{2, |An|>1}
o Vvg{2, |An|>1}
O v4i2, [An[>1}
> Vo {4}

Hydrodynamlcs

5.02 TeV, Ref.[27] —

=V, {2, |An|>1}
=V, {2, |An|>1}

= . #‘
i a
PTIRe JKe o %4 o ¢ (@)

M T S A I A I I I I M I B
— I Vs I v, Hydrodynam|cs Ref [25] t I +—_
- [ n/s(T), param1 -
= s /s = 0.20 —
4 B2 B F 3
NPT AP AP RN R BN B .|.(I:)I._
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— I I«..;‘::::ﬁ;::::::::&:%‘:‘:-:‘w#ﬁi‘i‘x‘i‘i‘; _E
_+ + | | | | | | | (©) _f
0 10 20 30 40 50 60 70 &0

Centrality percentile

* Anisotropic flow coefficients v,, v, v, integrated over p;
range 0.2-5.0 GeV/c as a function of centrality

* Average increase of (3.0+0.6)% for v,, (4.3+1.4)% for v,
and (10.2%3.8)% for v, from 2.76 to 5.02 TeV

* Results compatible with predictions from hydrodynamic
models, ratio viscosity/entropy density n/s can be
constrained by data

dZN

1+ Z Qv cos(nao)]

n=I1

T prdpedy

ALICE: PRL116 (2016) 132302
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The ridge(s) in two-particle correlation
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2< Prig < 4 GeV/c
<2GeV/c

IIIII
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p-Pb\s,, =5.02 TeV
L 1<p <2 GeVic
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<]
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y ”ﬁ
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0 (ot

Unexpected collective behaviour in
high-multiplicity events at low p; even
in the small p-Pb system

Described either by colour glass
condensate (initial state) or
hydrodynamics (final state)

Physics in Collisions 2016 — Quy Nhon, Vietnam

. J(0-20%) - (60-100%)

ALICE, PLB 719 (2013) 29;

See also:

ATLAS PRL 110 (2013) 182302,
CMS PLB 718 (2012) 795,
LHCb arXiv:1512.00439
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The ridge in

low multiplicity

0.5<p>"<5.0 GeV
N 10N <30

ATLAS
V5=13 TeV

3 \\\

\\\

C(an.A¢)

ATLAS, PRL 116, 172301 (2016)
See also: ATLAS-CONF-2016-026
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e pp collisions: no energy dependence observed C g ey ]
015 —
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 Similar shapes (but not magnitudes) of v,(p;) o & e} § ", .
. P = o ]l .‘FE . ]

in pp and p-Pb collisions F S ‘_L : 1

* Inp-Pb, v, (also v;, v,) increases with v [ i : ]
multiplicity T S S S
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op and p-Pb collisions

fitting procedure

high multiplicity yoerion( AD), Nares < 20
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More on the ridge in p-Pb

LHCb, arXiv:1512.00439

LHCDb \syy=5TeV 1.0< P, < 2.0 GeV/c

Activity bin 1 Activity bin 11 Activity bin III Activity bin IV Activity bin V

E(}.lsll"l'_'.'l"'l'""l'_-"l"'|'.."l;"l"'|'.-"l'_"l"'l'.."l'_-"l'"l
g Cryam=1.21 (p+Pb) Coyam=1.32 (p+Pb) Cryam=1.42 (p+Pb) Coryam=1-31 (p+Pb) Cryam=1.64 (p+Pb)
6‘10 10 Cyyam=1.04 (Pb+p) Cryam=1.16 (Pb+p) Cryan=1.27 (Pb+p) Cryan=1.38 (Pb+p) Coyam=1.54 (Pb+p)
7 0.10} { ] . .
=
g
> 0.05}

0.00

4 0 2 4 0 2 4

0 2 4 0 & A 0 & AG AG

* Yield integrated over pseudorapidity in the range 2.0-2.9 as a function of A¢

* 1.0<p;<2.0GeV/c (where near-side ridge is most pronounced)

* Five activity (multiplicity in preudorapidity range 2.0-4.9) bins compared in p-Pb and
Pb-p

e Correlation structures in the near and away side are compatible in both samples and
grow stronger with increasing activity
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Hard Probes in HI collisions

* Hard probes (vector bosons, direct photons,
heavy flavours, jets) produced early in Hl
collisions, with production cross-section
unmodified wrt pp collisions (pQCD)

* Yields expected to scale with number of NN
collisions, N

coll

* Typical observable: nuclear modification
factor Ry, (also R )

e extract info on nuclear PDFs from pA collisions and
on medium properties (transport coefficients)
from AA collisions d°N* | dp.dh

Yield in AA

RAA =
<Ncoll>d2Npp ldp,dh pp reference

(Nooit) =(T1i xS, "
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High p; hadrons
25.8 pb™' (5.02 TeV pp) + 404 pub' (5.02 TeV PbPb)

'ﬂ Pb‘Pb 1o ® | CMS 5.02 TeV

- CMS
Strong suppression in central Pb-Pb - V. ATLAS 2.76 TeV
collisions wrt pp collisions 1.2~ ¢ ALICE 2.76 TeV
Nice agreement among the three B Tas and lumi. uncertainty
experiments at 2.76 TeV Unn

Similar suppression between 2.76
and 5.02 TeV
* does not necessarily imply same
medium temperature at both
energies

CMS 5.02 TeV (prelim.): CMS-HIN-15-015
CMS 2.76 TeV: EPJC72(2012) 1945
ATLAS 2.76 TeV: JHEP 09 (2015) 050
ALICE 2.76 TeV: PLB 720 (2013) 52
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High p; hadrons in p-Pb

ATLAS, arXiv:1605.06436

and centrality

Cold nuclear matter effect negligible above 8 GeV
(relevant for Pb-Pb results in previous slide)

Luciano Ramello

0
S 1.6 ATLAS
o | 1
p+Pb 1ub

Ropp VS - prfor |y*[<0.5 in p-Pb: "\ 5,=5.02 TeV

* peak at about 3 GeV, flat behaviour 1.4 % ATLAS |y*|<0.5, Glauber, 0-90% e
above 8 GeV, also in 8 centrality " % ALICE In_ |<0.3, MinBias - ® o
classes (not shown here) - % CMS I, |<1

* peak magnitude depends on rapidity

| I |

[

| | | | I | | I | | |

lllllll‘ 1 llllllll
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Single Jets in Pb-Pb

E:
iy

0.5

40

Luciano Ramello

ATLAS: PRL114 (2015) 072302

LI R B B
"

ATLAS anti-k, A =04 jets | 2011 Pb+Pb data, 0.14 nb"’ -
\S, =276 TeV 2013 pp data, 4.0 pb’ i

. [@ ] Datal0-10%, |y | <2.1 PRLII4 (2015) 072302 ]

- Theoretical calculation, He, Vitev and Zhang, g =2-2.1 i

&0 100 200 400

The single jet nuclear modification factor shows no p;
dependence
Also it is flat in rapidity, despite changing spectral
shapes and quark fraction in jets

* it will be interesting to see the result at 5.02 TeV
Raa is well described by models

<12
[ Antid; A=0.2| [n ] <05 "> 5 GeVic
Y S SR SRS l
- + Data 10 - 30% jConelazed uncertainty
sh i
08} i JEWEL ¥ Shape uncertainty
pak T e Mid-peripheral
[ collisions
04+
02}
L PLB746 (2015) 1
n :_ Il | 1 | | ! | | ! | |
3 1.2
T [ ALIGE Po-Pb 5g=2.76TeV -
1l it r
b ‘ Data 0 - 10% [[JCorrelated uncertainty
-_ Shape uncertaint [
081 __JEWEL Mepey *
L — YaJEM : .
0.6 - - Central collisions
- = — —y
0.4 F = [
[ -
02f ' 1
0 [ L L L 2 | L 2 2 N |
0 50 100
pTM(GeV/c)

ALICE: PLB 746 (2015) 1
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Event Fraction

Event Fraction

Di-Jet Asymmetry in Pb-Pb

_‘-L dt=6.7.b" 1 (c)

—a— PbPb \5,,=2.76 TeV —

T
- (a) cms _‘-L dt = 35.1 pb”

—=—ppyE=7.0TeV P, >120Gevic

S5 PYTHIA

Anti-k;, R=0.5

o
[

P> 50 GeV/ic

2
Ap,, > g rad

== PYTHIA+DATA

Iterative Cone, R=0.5

0.1 | B
1 50-100% 30-50%
1 || L T I ]
' f f I Tt | | T L T I
(e)
20-30% 10-20% 0-10%
b ey ....I.HI_..\ L | e b
0.6 0.8 1 0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1

Ay =Py P V(P P )

CMS: PRC 84 (2011) 024906

Direct observation of jet quenching in Pb-Pb collisions
at 2.76 TeV: dijet less balanced in central Pb-Pb collisions
due to energy loss in the medium

Luciano Ramello

Q, Q Q
op 30-100% 10-30% 0-10%
w 258 pb™ (5.02 TeV pp) 404 ub”" (S.02 TeV POPL) 404 ub” (5.02 TeV PoPt) 404 b (5.02 TeV PoPt)
04 it et A ¢ it i AL o et e
Q) o3k nclusive dipes Inclusive digets X prei Inclusive dijets
p— * Data * Data ks * Daa
O 03 —— Pythias —— ppbased reference - —— ppbassd sference
§ oash i
g g 02 E3
%) l_% 015 -
| 0.1
QO 0.08
.
C [} gl gt ITETURTTT RN TRARTETA ATRRINRANANAT) aialaig e et ool s Losanloeaslosssloasalasachgeligs aiealonnalonas begasloanilossplons o inelipgs IRTARRTRA AT RA ITETH FRARA RTRRA PRAY .
e 0102 03 04 05 06 07 08 08 0102 03 04 05 06 07 08 08 0102 03 04 05 06 07 08 09 0102 03 04 05 06 07 08 09

X X X Xy

e Dijet imbalance

X;= Pra/ P CMS-HIN-16-005

Dijet less balanced in central Pb-Pb collisions also at 5.02

TeV,
effect less pronounced than at 2.76 TeV (different
underlying parton spectrum)
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More on di-jets

ATLAS has unfolded the dijet asymmetry
observable x;:

its distributions are shown for different
selections on the leading jet p;

* for pp collisions

* for 0-10% most central Pb-Pb collisions

The modifications observed in central Pb-Pb
collisions lessen with increasing leading jet p;,
above 200 GeV/c (bottom-right panel) the
maximum at x;=1 is restored

Luciano Ramello

2l ;"o"'1£)'o}"""""""Hbo';'p';H'zééé{/'
—|- 3.5F
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3E 4o
2.5F E
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: e
1 e 3
0.5F -
82703 0.4 05 08 0.7 08 08 1
Xy
- 4
%lg 3 158 < p_< 200 GeV
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1
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ATLAS-CONF-2015-052

ZI—: ................................
3ls

‘_IZ 3'5: anti-k, A = 0.4 jets,ys,,=2.76 TeV
E 2011 Pb+Pb data, 0.14 i b
F 2013 pp data, 4.0 pb”!

2.5F -

P AR RS LS LARLS LR ML RN B
%Ié F p>200GeV
= 35F

25 S

1.5F ® -
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Open heavy flavour production at the LHC

* Heavy quarks (c, b) produced in initial high-Q? scattering process

* calculable with pQCD, actually bulk of HF production in pp collisions well described
by pQCD models

 differential measurements of HF production provide strong constraints to models
e.g. about MPI (multi-partonic interactions), collectivity in small systems

 Measurements in p-Pb collisions provide information on the Cold Nuclear
Matter (CMN) effects

 Measurements in Pb-Pb collisions address heavy-quark energy loss
mechanisms in the QGP:
* colour-charge and mass dependence of parton energy loss
* do c and b quarks participate in the collective expansion?



Heavy quarks produced in initial hard scattering, experience full

system evolution

the number of HQ is conserved = unique tool to characterize the

medium

at LHC HQ are produced copiously = precision measurements

Partons lose energy by:
* medium-induced gluon radiation
* elastic collisions with other partons

Energy loss AE in the medium depends on:
* medium properties (transport coefficientsfl)

e parton properties (mass*, colour charge)
e pathlength L Ax?D
" ° (AE> & aSCRqL

Expectation from radiative energy loss:

AE, > AE, 4 > AE > AE,

Could be reflected in a hierarchy of meson R,,:
Raa(B) > Rya(D) > Rya(m)

* Gluon radiation is suppressed for angles <My /E,

660
g: colour triplet __))’Mnj

u,d,s: m~0, C4=4/3 o

0
g: colour octet Qrzy@'zg‘g\fsﬁ
g: m=0, Cg=3

Q: colour triplet _/

c: m~1.5 GaV, Ca=4/3
b: m~5 GeV,  Co=4/3



D meson and cc total cross-section in pp

ALICE,
-"'6"\- 103 LI LI I LI LI | LI [ LI | LI I LI |E
S pp, \s=7 TeV .
> ]
(D -
L 102 =
2 7 Prompt D, |y|<0.5 3
3 | : ]
L -
S [7] GM-VENS
5 10 [ ] LOK, fact
“o

1 1 lIlJJll

L JJIIlIl

+ 3.5% lumi, = 1.3% BR uncertainty not shown

1 1 1 L | L 1 1 I 1 1 L | 1 1 1 | L L 1 I 1 1 L | 1 1 1 I L 1 1 |
0o "2 "4 6 8 10 12 14 16
[ (GeV/c)

arXiv:1605.07569

Measurement down to p;=0inpp @ 7 TeV

Reproduced by theoretical calculations
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ATLAS, arXiv:1512.02913; LHCb, NPB 871 (2013) 1
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Roa OF open charm in p-Pb

0
S
o

[ I I T I | T T I I I I T I T | I 1 I I ] T I 1 T | I T ]

_ ALICE p-Pb, |5=5.02 TeV ]

- Prompt D mesons, -0.96<y _ <0.04 -
1.4 —=— Average D°, D', D* 7]
1.2{H ) |
0.8 I =
0.6 T -
L Models with CNIVH
0.4 " ---. CGC (Fuji-Watanabe) ]
- == pQCD NLO (MNR) with CTEQ6M+EPS09 PDF ]|
0.2 | === Vitev et al.: power corr. + k_broad + CNM Eloss _
|« Kang et al.: incoherent multiple scattering i

B 1 | 1 1 | 1 L 1 | I 1 1 1 1 | | 1 | | 1 1 1 L 1 | | 1 ]

% 5 10 15 20 25

P, (GeV/e)

0
=1
c

ALICE, arXiv:1605.07569

- A

I T || | LI I I I T T | L T ’ LI L | I I

LICE p-Pb, |5, =5.02 TeV -
1.6 —
- Prompt D mesons, -0.96<y  <0.04 -
1.4 —=— Average D°, D', D* 7
il —=—p° ]
1.2 il - -
0.8t o ~
_',' =~ :
06 - .
0 4;_ Models with small QGP 1
"I - Duke ]
0.0 — ' POWLANG (HTL) ]
" ---. POWLANG (IQCD) .
B 1 1 L 1 | L 1 1 1 I 1 1 1 1 | 1 1 1 1 ’ 1 1 L 1 | 1 L a

% 5 10 15 20 25
P (GeV/e)

Rppp Of D mesons consistent with unity, no indication for suppression at intermediate/high p;
Data do not favour suppression larger than 20% at 5-10 GeV/c p;
Rppp described within uncertainties by models including initial- or final-state effects
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DY forward/backward ratio in p-Pb

F *
pPs(PT,¥™)
Reg(pr,y*) = —
Tppp(PT,¥*)
¢ Systematics uncertainties largely cancel
¢« Common rapidity range 2.5 < |y*| < 4
EI.SI"|'I'| | L E1.5'11'|"l'|
- LHCb preliminary . - LHCb preliminary
ot PPb |5ye=3 TeV 25<lyti<4 I PPb |5y =5 TeV
I - . . - —] l -
05 __ —+ stat. uncert. __ 05 -_ —+— stat. uncert.
- [ Ttotal uncert. 4 - [ rotal uncert.
- [ CTEQ6M+EPSO9NLO . [ CTEQSM+EPSDYNLO
U i 1 1 I. A 1 L ] 1 1 I. ' 1 'l U i L 1 'l L | 1 L 1
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&
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LHCb, LHCB-CONF-2016-003

P B

P l_<8 GeV/c

L | LLI 1 L.l 1 I L L 1 1

Mo pr dependence

P, [GeV/c]

Clear asymmetry forward,/ backward

Asymmetry more important at larger y*
Within uncertainties, data are reproduced by pQCD calculations with EPS09 nPDF

W
.

L

B

— tn

Francesco Bossu (LHCb), ICHEP 2016

31



Raa OF Open charm in Pb-Pb

II[lIII|IIII
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ALICE: JHEP 11 (2015) 205
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15 20 25 30 _35 40

P, (GeV/c)

Black points: D°
Red points: charged
hadrons

CMS-PAS-HIN-16-001
CMS-PAS-HIN-15-015

1.41

25.8 pb™' (5.02 TeV pp) + 404 ub™ (5.02 TeV PbPb)

- CMS W] Rys D°
— RAA charged hadrons
Preliminary =3 M. Djordjevic
—— S.Cao et al.
. —— PHSD w/ shadowing
TAA ang lumi. ... PHSD w/o shadowing

[ ] LVitev (g=1.8-2.0)

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

. Centrality 0-10%
L vl<

II|III|'s'III|III|III

102

1 10
P, (GeV/c)

At both energies, strong suppression of open charm at
intermediate p;: indication of prevalently elastic energy loss, but
inclusion of radiative energy loss improves agreement with data
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Beauty vs. Charm

CMS Preliminary PbPb \ sy, =2.76 TeV
$1.4IIIIIIIIIIIIIIlIIII|IIII|IIII|IIIIIIIII §1.4_l|]'IlIl‘IlIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 [ Pb-Pb, 5, =276TeV - L —e—PromptD’ Ry}, SR n e e
L - = 2< < 9.6 GeV/c, <1.0
{ o __ m [ mesons (BLICE) 8=p =16 GeWie, [r]<0.5 __ :((1 2 __ S 8.0<p <16.0GeVic, |yl <1.0 CMS,pETPJC -5 (2012)711945 _-
L e Mon-pmompt Yy (CMS Preliminany) i £ -« [ Syst. PbPb data+ B Total Syst. |
- E.E-:p_r:m GeVle, |Klel. 2CME-PAS-HIN-2-01 4 - L TAA+NMB+BR _
1- rempty) filled boxes: (unjcorreleted syst. uncert. N =[] Er. pp reference -
- Diomljevic etal. PhysLe BT emdg 2 _ I Al
- — = [ iEEns - B —a— Non-prompt J/y Ry, ]|
= —_— J . B 7
(=] S ' P Ngrr:ggmﬂ._lfﬁwithc guark e ey loss — - GSeh- lGRYG j=1a -
i 4 0.8— & Total Syst. N
R g -
: mw:.i::--. ___________ —— %: —— —_— : . i 15 :
oifb S - I i ]
L — 4.;;__;_;“- ............... - 0.4_ + )
i A 5D — gy, —— ] 5 |
— ey = .
D.E_— W% oy mee E - --:__ i . '
- [ B0-1 005 Fiair o -pinciinpt Wy 10-20% o-10% ] 02__ = -—_
[:]IIIIIIIIIIIIIIlIIIIlIIII|IIII|IIIIIIIII ™ =1
0 K0 100 480 20O Z2H0 300 350 400 2 y
(N O I I i | | | | | | I ] O | I | | I [ 5 | I | S i | | S [ S | | ] i [
part> 0 50 100 150 200 250 300 350 400
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Raa(D) < Rya(B—I/ ), hint for mass hierarchy of R, ,; CMS-PAS-HIN-15-005

described by a model including mass-dependent and
collisional energy losses
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Quarkonia in HIl collisions

the historical hard probe for QGP temperature

Matsui and Satz, PLB 178, 416 (1986)
Digal et al., PRD 64,094015 (2001)

Braun-Munzinger and Stachel, PLB 490, 196 (2000)

T/T¢
2

1/(r) [fm1]
Y(15)
= X‘b(lp)
J/(1S)
Y'(25)
1"(35) 1,(2P)
(1P) ¥(25)

figure from A. Mocsy
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Quarkonia production at the LHC

* Heavy quark bound states production and their suppression in HI collisions
are one of the historical signatures for the QGP formation

* Quarkonia production is a perturbative process while bound state
formation is not

e pp and p-Pb collision provide the test of production models and an
evaluation of CNM effects

* |[n Pb-Pb collisions quarkonia should be suppressed due to colour screening
» with different binding energies of various states leading to sequential suppression

* However at LHC, due to the higher HQ production, regeneration of
qguarkonia is expected
 Particularly for charmonium due to the larger abundance of c quarks



J/w and Y nuclear modification factors in p-Pb

ATLAS-CONF-2015-050 (Quark Matter 2015)
see also: LHCb J/y in JHEP 02 (2014) 072; LHCb Y in JHEP 07 (2014) 094

ATLAS Preliminary

0 T T T 1 T 11 T fs] C ]

& 1) " ATLASPreliminary — o 1.6 -
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- # ATLAS Prompt Jiy, -1.5<y* <15 - 0.4 &£LHCD, T(1S), p. < 15 GeV —

0.2 # ALICE inclusive J/y, -1.37 < y* < 0.43 . B ALICE. T(1S T 0 GeV 7

: ] 02 +#* . Y(18),p, >0 Ge =
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Yy

Cold Nuclear Matter effects are small as seen in p-Pb collisions (more details on J/\y later on)
= Quarkonia states are powerful hard probes for the QGP characterization
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J/w and y(2S) in p-Pb at 5.02 TeV

ALICE: JHEP 1606 (2016) 050

Pb-gomg p-gomg
82'5 I 28 ISR 5 0‘?2-5 1 ¥ fu % ¥ ol s Sl
o " ALICE, p- P \'SNN— 5.02 TeV, -4.46 <y, <296 o " ALICE, p- -Pb. ysw— 5.02TeV, 2.08 <y <353
: Inclusive Jiy, w(2S) — u'u : Inclusive JAy, w(2S) — u'u
Z 5 __ ElLoss (Arleo et al.) — J/v: EPS09 LO + comovers (Ferreiro) 3 2 _— “5% ELoss (Arleo et al.) — J/y: EPS09 LO + comovers (Ferreiro) o
EPS09 NLO (Vogtetal) — VI2S)-EPS09LO + comovers (Ferreiro] ] [ EPSOSNLO (Vogtetal) — VI2S):EPS09LO +comovers (Ferreiro) ]
1 5 ~ EPS08LO (Ferreiro) bl bl i 15  EPS09LO (Fereiro) b deiiig sxduabat h
i E w(2S): QGP+HRG (Du et al.) g ~1 w(2S5): QGP+HRG (Du et al.)
1 bnssaa S assanchlid: s st s VvV worronanabhhbsscsscssss .;
05F e ] 05
[ ¢ Jiy ij W%] ] [ e Jiy
L = y(25) L e y(2S)
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col coll

* J/y suppressed in p-going direction (models including shadowing or energy loss mechanisms can
describe the centrality dependence)

* y(2S) more suppressed than J/y, effect stronger in Pb-going direction (only models including
final-state interactions with comovers are able to reproduce the results)
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More on y(2S) in p-Pb

& 2 L 1 | T T T | T T T |
%o. 13 :_ —@— LHCb, prompt y(25)
°F LHCb —H4—= LHCb, prompt J/y
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A 2/ EPS09 NLO
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08F eamame
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02 <14Gevic
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LHCb: JHEP 1603 (2016) 133

—@— LHCb, y(25) from b

LHCb measured in the forward (backward) region the nuclear modification factor separately for
prompt y(2S) and for y(2S) from b decays:
* Prompt y(2S) mesons are significantly more suppressed than prompt J/y mesons (left panel) in

the backward region — not well described by theoretical predictions
* For y(2S) mesons from b, a conclusion cannot be made yet (limited statistics)
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J/y suppression/regeneration in Pb-Pb

214

1.2

Cr

0.8

=
o

=
I

=
[

L)

* Ry, becomes flat (and higher than at RHIC) for N

1

Incdusiva Jhy — wiw, PB-Pb (5,=276 ToV, Au-Au 5, =02 TaV
B ALICE 2.5<y=4, pTcaE- GaVle global syst. =& 15%
O PHEMI, 1. 2<p}<2.2, pro e ghiokal syst=+92.2%

:_ HE | o

B u

: e .

- B w B

0" 50 100 150 200 250 800 850
(N2

400

 LHC data at 2.76 TeV are well described by models including

regeneration in the QGP or at hadronization

* Hint of non-zero v, at intermediate p; for semi-central collisions,
qualitatively described by models including regeneration
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J/y suppression/regeneration at 5.02 TeV
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Upsilon in Pb-Pb

PbPb 166 ub™, pp 5.4 pb™ sy = 2.76 TeV
< _T T TT | T TT | T T 1T | T TTT | T TT | T TTT l T T 1T | T TTT
n:< L CMS [Ié I ALICE, Inclusive T(1S) — u'i, 25 < y < 4
1 2:_ |y| <24 L. 1.2:— m Pb-Pb |5, =5.02 TeV, Preliminary global sys.= £ 10%
T Pfe/fmmafy [ m Pb-Pby5,=276TeV, (PLB 738 (2014) 361-372) global sys.= £ 13%
I s
1 \ 0.8}
: L Y(19) ] 81
0.8F % EES) 7 osf '
0_6__ #] ] 0'4;_ + ¥ (]
B L:] ] 02f #*
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NPart
CMS-PAS-HIN-15-001

Raa(Y(1S))>R,A(Y(2S)), suppression is largest in central collisions (no significant p; dependence
in 0-20 GeV/c)
e Clear indication for sequential melting
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Summary & Outlook

 The LHC Run 1 and 2 (ongoing) have provided increased understanding of the
hadronic matter under extreme conditions

 All four large experiments: ALICE, ATLAS, CMS and LHCb have provided a wealth
of coherent and complementary results

* QGP signatures like jet quenching, quarkonia melting, strangeness enhancement
seen at RHIC have been confirmed

* Charmonium regeneration has been established at LHC
* The hydrodynamic picture (with low n/s ratio) has been validated further

* Interesting features of collectivity in p-Pb and high multiplicity pp collisions have
emerged

* The Heavy lon community is looking forward to the upcoming p-Pb data taking in
Run 2 and to the high luminosity Run 3 (2020-) for even more exciting results
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Phase space
coverage

B hadron PID
B muon system
I lumi counters
. HCAL
I ECAL

tracking
ALICE:

= Low material budget, precise tracking, vertexing
and hadron PID in central barrel |n|<0.9
" Forward muonarm-4<mn<-2.5
ATLAS:
* |nner detector tracking |n|<2.5
= Calorimetry |n|<4.9
= Muons [n|<2.7
CMS:
= Inner tracking (14 Si layers) |n|<2.4
= Calorimetry |n|<3.0 (EM) |n|<5.0 (Hadr.)
= Muons |n|<2.5
LHCb:
= Single arm spectrometer (2 <y < 5)
= Designed for HF physics: very good vertexing, IP
resolution, K and u ID
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dN_/dn in a wide rapidity range

T T T T T T T T DhPb, = 2.76TeV
0- 5%

5-10% . -
10208 dN_/dn measured in -3.5 <1 < 5.0 (data

50306 reflected back from -3.5 to -5.0)
A0-40%, * Total number of charged particles
40-50% ranges

20-60% « from 162 + 22 (80-90%)

B0-70%
os0m * 017170 + 770 (0-5%)

B20-20%

PLE 726,610 (2013)
Sym. Comb,
Uneort.avat.une,

—| &g Correystune,
Eeflected

ST ]

102

|
l"l-".

i
RS e EEin =
e i
10 P el S N N AN TN NN T AN TN NN TN AN SO NN A M 1

S04 -3 2 1 001 2 3 -ﬂllﬁ
ALICE: Phys. Lett. B 754 (2016) 373
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Bulk particle production in Pb-Pb

ALICE: PRC 88, 044910 (2013)

EE109IlllllllllllllllllllllllIlllllll_s (\'l—"loﬁgllll||||||||||||||||||||||||||||§ t}'|_'104§""I""I""I""I""I'E
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T B -
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- f_--—-—- individual fit 80-00% " ‘-i ETT individual fit 80-90% . N § - individua fit 30@0%%%% ug
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Spectra become harder with increasing centrality (from peripheral to central)
More so for heavier particles, as expected by collective expansion
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Bulk particle production in p-Pb (2
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differential invariant yields as a function of charged-particle transverse
momentum for several intervals of 1 and y*
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Baryon/meson ratio

ALICE: PRL 111 (2013) 222301

2.2
L’ L Wi<05 ALICE: Pb-Pb at | 5,,=2.76 TeV
2 : o AK 0-5%
1.8 3 —4- A/KS 60-80%
1.6 _ systematic uncertainty
1.4 _ Theory 0-5%
L A U Hydro VISH2+1
1E ‘ ____ Recombination
n A (Fries et al.)
0.8F . s EPOS
0.6 ", .
0.4 . ;
0.2 ;m{ﬁ‘ -
0 5 1 1 1 I 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 J 1 1 1
0 2 4 6 8 10 12
P, (GeV/c)

Hydro (PLB 658 (2008) 279) describes only the rise < 2 GeV/c
Recombination (Ann. Rev. Nucl. Part. Sci. 58 (2008) 177)
overestimates the effect

EPOS (PRL 109 (2012) 102301) describes data well
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- ALICE Pb-Pb, | 5 =2.76 TeV, 0-10%

— Preliminar ~
© ary —&— in jets, p’:t’Ch >10 GeV/c

—+— injets, pf"“ > 20 GeV/c

feed-down uncertainty

inclusive A/KZ, ALICE,
(0-5 %, Iy 4l < 0.5)

17,0l < 0.7
anti-k,, R=0.2
7 |<05

J

et,ch

p\:ading track -~ 5 GeV/c

,ofoack > 150 MeV/c
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Baryon/Meson ratio in jets is

significantly lower than in inclusive
Baryon excess arises from the bulk
rather that from jet fragmentation
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Flow higher harmonics

In|t|al conditions and Vn

initial spatial geometry not a smooth almond (for which all

odd harmonics and sin n{®P-R) are zero due to symmetry)
may give rise to higher odd harmonics and symmetry planes




Flow higher harmonics
Shear Viscosity

Music, Sangyong Jeon
=50 finfe, ideal =E.0 e, nis=0.16

00 10
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400
| 1]
w
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0 -10
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% [fin]

ideal hydro n/s=0 viscous hydro 1/s=0.16

pions
kanns
protons

Larger /s clearly smoothes the
distributions and suppresses
the higher harmonics (e.g. v3)

R. Snellings, Moriond 2012
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Evolution of elliptic flow with c.m. energy

(o]
= 0.08—
+ . The p;-integrated v, (20-30% central AA
0.06— %% ¢ collisions) shows smooth evolution with
| c.m. energy between 10 GeV and 5 TeV
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PRL116 (2016) 132302 | San (GeV)
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extracted v2,2
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CMS
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Observation of significant v, signal with 4- and 6-particle cumulant in high
multiplicity pp collisions:
Multi-particle correlation!

Tiziano Camporesi (CMS), ICHEP 2016
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Soft probe, low p; v, @ 5TeV

Z. Tu (CMS), LHCP 2016
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W bosons: Z bosons:
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= No deviation from N_ scaling.
Martin Rybar, LHCP 2016
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