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Heavy lon Physics i
GOAL.: apply Standard Model to complex and dynamically evolving

systems under extreme conditions of density and temperature

— Transition from hadronic matter to a deconfined matter:
Quark Gluon Plasma

Why heavy ions:

-larger volumes w.r.t pp collisions
-larger lifetime To ~ 150 MoV
-system with more degrees of freedom

13.7 billio? yrs -Z

Quark Gluon Plasma:
Quarks and gluons
behave as free over
longer distances

Early universe: ~10 us
after the Big Bang

1 billion yrs
380,000 yrs L

Hadron gas

Nuclear matter:
P~ 0.17 nucleons/fm3

Temperature

( Neutron stars )

>
Baryon density p ~5 - 10 nuclear

Atomic
Nuclei

Galaxies

E.Bruna 2
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ALICE uniqueness: low p+ (thanks to tracking+PID) especially at y=0
ATLAS/CMS: large rapidity acceptance, high-p reach
LHCb: large p; coverage at forward rapidity

Complementary coverages and measurements
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What have we learned from Pb-Pb and )
p-Pb collisions? -
* Soft probes:

— Observables: multiplicity, energy density, collective flow
—>access to the global properties of the system

 Hard probes:
— Observables: jets, EW bosons, heavy flavours, quarkonia

—>access to initial state effects (shadowing) and to final state
effects (energy loss), access to transport properties

Elena Bruna (INFN) 5
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Factor of 2 rise in multiplicity at the

10 10° 10°
Centre of mass energy \j Sy (GeV)

LHC compared to RHIC

Energy density ~ 3 x RHIC
&\103||||\\1|\|||||1||\\|r|||||\
O
30 0-40% PDb-Pb, {syy = 2.76 TeV
5 10 ALICE
NZQ.'_ " PRELIMINARY
O°_ 4 —+¢— Direct photons
Q% —— Direct photon NLO for pu = 0.5,1.0,2.0 P, (scaled pp)
'—‘Z 107 —— Exponential fit: Ax exp(-p/T), T = 304+ 51 MeV
& L]

102 Q)
.
10°
10*
10°
10°
107 P R | ol b by Ly
0 2 4 6 8 10 12 14

From direct photon measurements

P, (GeVic)

Global properties N

__Phys. Lett. B696 (2011) 328 (L~

£ f 4 E89527,33,38,43GeV
= 350F A NA4987,125,17.3 GeV :
5 | @ CERES 17.3 GeV ]
@, 300F v STAR62.4,200 GeV ]
@ O PHOBOS 62.4, 200 GeV ]
T, 250F @ ALICE 2760 GeV 1
© 200} ]
150f £ %% # ]
100f A°
50F :
0%~ B0 1000 1500 2000

N (dN h/dT])

Lifetime ~ 20% larger than at RHIC

Data: ALICE; 0-10%
10 Thermal model fit, x%/N,=30.9/12
Eoines T=156 MeV, V=5380 fm® (i = 1 MeV fixed)

L ——— T=164 MeV, = 1 MeV, V=44 9 fm? (norm. fo *)

Ll L

102

[
> 10°E 3 - 3
E F s H 3 -U O
Z Pb-Pb (5,=276TeV 7 S Q
° ] )
H - < W
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- .%% = SEO)
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I~ PRELIMINARY jo_oden ] N
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s e )

C ‘ 3 Q)

RN
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N

o

EN

RN

N

™ r K K K K°p p A T T o O d

Hadron species abundances described
by thermal model, “tensions” for protons

Temperature = (304+£51) MeV~ 30% x RHIC  Also other models (PhysRevLett.111.082302)
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Soft probes: collective motion i

In non-central Pb-Pb collisions
—> non-isotropic azimuthal emission can
originate from:

- thermalization/collective motion (low p-)
- path-length dependence of energy loss (high-py)

dN No
dp

(1+2v1 cos(p — ¥q) +@cos ©o—Uy)|+...)

Elena Bruna (INFN) 7



Soft probes: collective motion i

In non-central Pb-Pb collisions
—> non-isotropic azimuthal emission can
originate from:

- thermalization/collective motion (low p-)
- path-length dependence of energy loss (high-py)

dN N
T = 0 (1 + 2v; cos(p — ¥q) + @COS (p—Wy)|+...)
> O-ZSLVEZ(iP,IAnM} Pb-Pb \ sy +—+2+V2 -40%
- Bk - ALICE:

0.2

5 Elliptic flow (v,) for identified particles

0.15—

0.1

i Mass ordering at low-p+

— K

= described by hydrodynamics:
o e VoV, (K)>V(p)>V,(Q)
p. (GeV/c)

Elena Bruna (INFN) 8



Soft probes: collective motion o\

PRL 109, 022301 (201 2)

CMSL,, =150 ub" 0-10% centrality

PbPb |5, =276 TeV  [n|<1
0.2

— L2, Glauber
- L%, dcge1.2

0.1

| | L1

L1 l 11

P, (GeVlc)

— . —
CMS L, =150 ub" 40-50% centrality

-’ PbPb S =276 TeV  [n|<1
0.2 o

|®

e o

3 LS — L2, Glauber
[ - L?, dcge1.2
r -’-“\_

o-_—-——————-— - — —

R I e L T R (|

1

p- (GeV/c)

CMS

v, measured at very high p;!

Can study geometry-dependence

of high-p; probes

0.25
0.2 t
¢ 015
SR
0.05 |
0
ATLAS

(@

JHEP11(2013)183

ATLAS 30-40%, EP

Narrow: tgyicn = 0.4 fm/c
wide: tgyitch = 0.2 fm/c

More Fourier harmonic measured besides v,.
Info on initial-state fluctuations.

Viscous hydro able to describe ATLAS v, data.

Elena Bruna (INFN)
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Hard probes oy
Detector -

Hard processes make
perturbative QCD applicable
- high momentum transfer Q2

CMS CMS Experiment at LHC, CERN

% v | Data recorded: Sun Nov 14 19:31:39 2010 CEST
\| Run/Event: 151076 / 1328520
Lumi section: 249

Leading Jet
P14

Subleading Jet Jet 0, pt: 205.1 GeV.

pT2
Jet 1, pt: 70.0 GeV

Elena Bruna (INFN) 10



Hard probes: high-p, particles INEN

Nuclear modification factor If Raa=1 = no nuclear effects

1 dN,,/dp, ifRaa#1 > binary scaling broken.

Energy loss gives rise to R,,<I at high p;
Ncoll> dep /de - Hot nuclear matter effect

RAA(pT) = <

Elena Bruna (INFN) I



Hard probes:

Nuclear modification factor

1 dN,, /dp,
<Ncoll> dep /de

RAA (pT) =

<< | T T T T I T T T T I T T T T | T T T T | T T T T I
o ALICE, Pb-Pb, |'s,, = 2.76 TeV

charged particles, |n| < 0.8 norm. uncertainty
B =il --—
-
i = AR '.;
L * ,-r""‘/‘ R : _

R ol P e et
= ,“-):.\/ T e ==« HT (Chen et al,) lower density

AR == = HT (Chen et al.) higher density
107\ w7 = HT (AM) —
C ~7 o ASW (T.R.) 7]
C R e YaJEM-D (TR.) i
L === elastic (T.R)) large P e |
L ® ALICE (0-5%) === €lastic (T.R,) small P i
L AMeamosy  memmm WHDG (W.H,) n° upper limit |

moMS(05%) WHDG (W.H.) 2° lower limit
AN T T T N T T T T A T M T T T T ST AN O T S

0 10 20 30 40 50
P, (GeV/c)

high-p, particles N

(G
If Ro\a=1 = no nuclear effects
if Ryo7 | = binary scaling broken.

Energy loss gives rise to R,,<I at high p;
—> Hot nuclear matter effect

IIIIIIIIIIIIIIIllllllllllllllllIIIIII

ALICE, charged particles
" e p-Pb \s, =5.02TeV, NSD,|n_ |<0.3

\Syy = 2.76 TeV, 0-5% central Im|<0.8
A Pb-Pb \s, =2.76 TeV, 70-80% central, | n| < 0.8

—
Qo
T

—
CD
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I
n)
o
T
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Illlllll
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C e
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]
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1511
:IE
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m
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0
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0 2 4 6 8 10 12 14 16 18 20
pT(GeV/c)

Strong suppression of charged hadrons in Pb-Pb up to very high momenta

p-Pb vs Pb-Pb: Strong suppression in Pb-Pb due to hot nuclear matter effects

Elena Bruna (INFN) 12



Hard probes: Jets ,UN/?

Goal: measure the parton energy in heavy-ion collisions 2
How: modern jet-finding algorithms optimized for high-multiplicity environments//,é?'

%
="

What to expect in A-A collisions? .
-jets are hard processes and scale as N, (n. of binary collisions) Qa<\°
-if the jet energy fully recovered in the jet cone even in case of quenching
Jjet
> Rl =—M ]
" <Nbin>(7]et

pp

Elena Bruna (INFN) 13



Hard probes: Jets Yy

C
Goal: measure the parton energy in heavy-ion collisions 2
How: modern jet-finding algorithms optimized for high-multiplicity environments /I§'
— ©

What to expect in A-A collisions?

. \\
-jets are hard processes and scale as N,;, R
-if the jet energy fully recovered in the jet cone even in case of quenching
o’ Phys. Lett. B 719 (2013) 220-241
R_]et_ AA — 2_|||Illw]l|u]llw]llulllwlllulllwll_
- jet s | ATLAS Pb+Pb |5 =2.76 TeV
<Nhin>0nn 2 5 T @ 15} anti-k, R = 0.4 det:?gb"
} 1.5 I Pb-Pb /s = 2.76 TeV [ CMS *PRELIMINARY PbPb |5, = 2.76 TeV i | e e LI L L -
o | 0-10% Centrality B f Ldt=7-150ub™” ] w
| Charged+NeutraI Jets 2= *Inclusive jet (0-5%) Il <2 - 0.5 —
I Anti-k; R = 0.2 |n|<0.5 [ B et ©10% b <2 ] 50 - 60 %
1k Leading charged track p_ > 5 GeV/c = E 0>Illlllllllllllllll'lllllll'lllill-
pT'mns‘>O.15GeV/C T 15-_ _- 1-| I.II.I I.T IV*IIIOIII.T] LI ||II-T]I I |[IIT|I
Biased pp reference b C ] 055_./_”— S
o B 30-40 %
pReLIEEICNgERY 1-_ _______________________ - Or-l|1|111]||1|111]||||111]|||[111||~
: 1—IIIIIITIIIllIITlllllllTlllllllTll
i I P S S R~ —— ——— I
" .“h“*'u* |" obirilii ittt linet et ]
it il e L L » 1-IIT[IITIIIT[ITTIIIIIIITIIIIIITTII
%0405060708090100110120 | I R B BN B —
Tje 0-10%
N by.[GeV] | | I [ 400 [ |
Reconstructed inclusive jets are modified by the medium R T EE T RET R
Strong suppression down to ~30 GeV/c (ALICE) up to 250 GeV/c (CMS) p, [GeV]

Suppression depends on collision centrality (ATLAS): stronger in central events
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Hard probes: jet structures INEN

PbPb/pp

N
C
Is the jet energy redistributed in particle p;?
Is the jet energy redistributed in radius?
Ratio of Fragmentation Functions: Jet Energy profile:
PbPb/pp PbPb/pp
"'CMS Preliminary [ gt=150ub’ — — S
anti-ijets:'I[l=0.3 " 1 o 1 5L Ttﬂitpbi’sb(; {?:2.76 TeV i
B 100 < p" <300 (GeVic) ¢ | - =0 n .
"o 0.3 < ™| <2 + _ - anti-k; jets: R=0.3 = :
plreck >1 GeVic ——
1_—‘*"""; """"""" o ~ REEEEE ] 1 O B _
I © e e e
—o—
l ] pi' > 100 GeV/c |
Chews ] ! 03<m<2 |
0 : 4 Fractional radial 0.5~ 0-10% Pyt >1GeVie A
§=1In(1/z) energy distribution (') — '0'_1' L '012' — '013'

r

Depletion at mid p; and radius; enhancement at low p+
and larger radius
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Hard probes: Jet azimuthal anisotropy . ,NFN

dN No
(1 + 2vy cos(p — ¥y) + os[2(p — Ua)| +...)
dp
jets arXiv:1306.6469
5 | 5-10% anti-k, R=02]| 10-20%  ATLAS
0.06 1F .
0.04 . I I + *
o.ozl ot 4 1t
ATLAS, Phys Lett. B707 (2012) 330-348 +
O- < -
>N0.3_I L L L ° A77.A$h’Pb+Pb\/sf_w=2.76TeV40—50% [ EPEPEPEN B B PE | | PR NP RPN |
- > ' T v T T I T v T T [ T T T T l I v T T Ls l T T T Ll l T T T T I
q] O ALICE I Pb+Pb \[5,=2.76 TeV 40-50% S 20 - 30 % det:O.Mnb" 30 - 40 %
- Y¢  STARN: AutAUINS =200 GEV 40-60% 0.06 1r .
i é A PHENIX 7 AusAu\§ 5200 GeV 40-50% 004:‘ [ Pb“PbVS_w:zJSTeV_ H =
0.2__ i{ . I . S
00d} t it T

BT ERENE

i ok
1 & | s0-50% = f;s0-s0%
| a 1 # * + i ~ 0.06} #
* smgle hadrons - | g
ob, e e B oo m + 1t »
0 5 0 15 20 0.02} T iF
pT [GeV] o-l 1 1 l. 1 1 1 1
50 100 150 __ 200 50 100 150 __ 200

o , _ e .
V, jet IS similar to magnitude seen for high p; hadrons. Py (GeV] P, [GeV]

—> access path-length dependence of jet energy loss
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Heavy Flavours INEN

Heavy quarks are produced in high-Q? processes in the initial stage of the
collision
—> Pb-Pb: initially-produced probes exposed to the medium evolution

Vs
®7//%4 How do partons interact with the medium!?
——(0)
% * Radiative gluon emission
TN

e Elastic collisions with the constituents

energy loss in
the medium

What does the radiative energy loss depend on?

* Medium density, path-length > <AE> o OCSCR@L2
* Colour-charge, Mass (‘“dead-cone”)—> AE, >AE,, >AE > AE,

Dokshitzer and Kharzeev, PLB 519 (2001) 199.

See E. Meninno’s talk
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D meson R, , N

N

T

T

—h
©

Raa Prompt D
o

»

]llllllIIIIIIII*II]IIII!II]I[IIII

—
n

0.8

0.6

0.4

0.2

TTT

1

C

AR AN LARRS AR LRARE LAY LA RS D
Ap° _: RD (p ) _ dNAA /de
®D" |y<0.5 ALTCE . AANFT/ — < >
ep* PRELIMINARY ] T x dOD /d
+D; 0-7.5% centrality ] AA pp pT

‘ Pb-Pb, | s = 2.76 TeV -

Filled markers : pp rescaled reference —:

o Cnmeesep oo 1 | arge suppression in a wide pr range:

-

—>factor of 4-5 in 5<p <15 GeV/c

First measurement of D_ in Pb-Pb collisions with
2011 Run

—>suppression of 3-5 in 8-12 GeV/c
co b b b b e e oo =>morre statistics needed to conclude on the

—
l[lll[lllllllllllll

OO

~ N

35
P (GeV/c

Kuznetsova & Rafelski, EPJ C51(2007)113;
He et al., arXiv:1204.4442;
Andronic et al., arXiv:0708.1488

5 10 15 20 25 30 0
expected enhancement of low-p; D,

Elena Bruna (INFN) 18



Raa and v,

ALICE JHEP 1209 (2012) 112

INFN
C

ALICE, PRL 111 (2013) 102301

!‘ \ | T T T I T T | T T | T | | T [ T | L | L I T T | L I LI I L | T T | _]
<

- \/ \ ALICE DO D* D average, |y|<O0. 5 . " =  ALICE D° D', D* average Pb-Pb, \ s =2.76 TeV N
0.4 [T ] Syst. from data .
13\‘\ ............................................................................................................................ | _:I Svst. from B feed-down Centrality 30-50% i
e Pb-Pb, |5\ =276 TeV 0.0 y E
i "\ [ \ Centrality 0-20% . T ]
0.8/ ;4 - - -
-OF s WHDG rad+coll i - —
E — - POWLANG ] 0.2 - B
L, Cao, Qin, Bass _ Co ]
- = Aichelin et al, Coll+LPM rad — Eoa 5
0'6—, - BAMPS i 0.1 =/, 5
= o TAMU elastic oy b — C & 4 i
0 4__ N \~—— UI'QMD,-:'::”¢\ RN _— O:,f;'( _:
A0 R SaneoorroZ? ] N WHDG rad+coll 1
L/ ] i - = POWLANG .
L AN - 0.1 Cao, Qin, Bass ] 7
0 oL/ Rl =y . ‘ TR nEnE ] "' === Aichelin et al, Coll+LPM rad - - TAMU elastic ]
<l R TR T - C -~ BAMPS — - UrQMD ]
— - Simmm — C 1 1 1 | 1 1 1 I 1 1 1 | 1 1 1 | 1 1 1 I 1 1 1 | 1 1 1 | 1 1 ]

0 = | | | l | | UL 0 2 4 6 8 10 12 14 G 1\2
1 1 1 1 1 1 1 Il e C
0 2 6 8 10 12 14 16 Py (GeVic)

Theoretical models reproduce reasonably well open charm R,, but

are challenged by simultaneously reproducing results from heavy-

BAMPS: Fochler et al., ]. Phys. G38 (201 1) 124152
flavour RAA and V2 POWLANG:Alberico et al., Eur.Phys.] C71 (2011) 1666

UrQMD:T. Lang et al, arXiv:1211.6912 [hep-ph];

T. Lang et al., arXiv:1212.0696 [hep-ph].
TAMU: Rapp, He et al., Phys. Rev. C 86 (2012) 014903
WHDG: Horowitz et al., JPhys G38 (201 1) 124114

Reducing statistical and systematic errors and
introducing new differential observables will help

. . Aichelin et al.:Phys. Rev. C79 (2009) 044906
to disentangle among different models |, Phys. G37 (2010) 094019
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Charm vs beauty suppression INEN

8<p;<16 GeV/c

<1.4TwTTITTIT]IIIT]II]T]T]T]]’TTTTITTIIII[II

o L = ALICE Preliminary D mesons i
B 8<pT<1 6 GeVlc, |y|<0.5 |
1.2+ Correlated systematic uncertainties —
Charm . prom pt B [ Uncorrelated systematic uncertainties i
D mesons S oGNS Proliminary Nom prompt J/y |
(A|_|CE) - 6.5<p_<30 GeV/c, ly|<1.2

0 8; [] Systematic uncertainties N
Tk m CMS-PAS-HIN-12-014
Beauty : :
0.6 H -
non-prompt J/p - 4 . ]
(CMS) 0.4/ Iﬂ E o -
0.2 (4] O |
- Pb-Pb, \s,,, =2.76 TeV .
i L1l l 111l I L1l ] L1 l L1 l L1 11 I L1 I L1l 1

00 50 100 150 200 250 300 350 400

( Npa " weighted with NCO”>

- S &
.) Centrality .)
Indication of a difference between charm and beauty suppression in

central collisions, expected from hierarchy in energy loss:
AE>AE 4 >AE>AE, 2 Rpa(B)>Rpa(D)>Rpn(TT)
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Charm vs beauty suppression

8<p+<16 GeV/c

§1.4_IIII|IIIIIIIIllllllIIIIIIIIIlIIIIlIIII—

o L m  ALICE Preliminary D mesons -

’ 2"_ 8<pT<16 GeVlc, |y|<0.5 ]

Charm: prompt L ® CMS Preliminary Non-prompt J/y .

B 6.5<p_<30 GeV/c, |y|<1.2 r

D mesons A VS PAS HIN 12014
- — + — BAMPS, D

(ALICE) [ . Do e D Ly N

— + — WHDG, D 7

08— o ||| = ceeeeeen WHDG, B — J/y m

—  — Vitev rad+diss, D I

Beauty T, v:tez rad:d:ss, BoJy ]

non-prompt J/y 0.6 e R H ............................ E

CMS i SR @ ___________ ]

( ) 04 ' @...':@ .............. ""‘hn@ N

0.2 '~ = e T e -

| Pb-Pb,|s=276Tev ~ — — — |

O_IIllllllIIlIIl[IIlIlIIIIIIIII|IIII|IIIl—

0 50 100 150 200 250 300 350 400
(N_ weighted with N )
part coll

>
.) Centrality .)

Indication of a difference between charm and beauty suppression in

central collisions, expected from hierarchy in energy loss:
AE>AE (>AE>AE, 2 Rya(B)>RAA(D)>RA(TT)
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Hard Probes: Quarkonia ,Nﬁp
What happens to a qq pair in the Quark Gluon Plasma?

The binding of the qq pair is subject to the effects of the colour screening

‘0

If resonance radius > screening radius Ay(T)
—>No resonance can be formed
—>suppression of J/y as a signature
for the QGP (Matsui, Satz, 1986)

T/T ]
Differences in the binding ¢ 1/r) tfm]

energies of qq states 2
—> sequential melting of the

states with increasing -
temperature S|@| I/v(1S) Y'(25)

'(2P) Y"(3S)
=T WP wize)

Y(1S)

Xb(lp)
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RAA

1 4 i Inclusive Jiy — p*w’, Pb-Pb \ s, = 2.76 TeV and Au-Au \ s, = 0.2 TeV
10 ‘.1. W ALICE (arXiv:1311.0214), 2.5<y<4, 0<p <8 GeV/c global syst.= + 15%
gl [ PHENIX (PRC 84(2011) 054912), 1.2<|y|<2.2, p >0 GeV/c  global syst.= +9.2%
1 L
0.8l arXiv:1311.0214
-
0.6 @ Ej |
04f Elé =
Bl @ &
0.2 ER & & E
O_ILIII llllllll Illlllllllllllll llllllll
0 50 100 150 200 250 300 350 400
<Npart>

Hard Probes: Quarkonia N

Difference in J/y suppression ALICE(LHC) -
PHENIX (RHIC).

Could it be recombination at LHC energies?
-i.e. quarkonium formed by statistical
recombination of cC quarks close in momentum
-if so, it should be at low p;

Elena Bruna (INFN) 23



RAA

RAA

Hard Probes: Quarkonia N

J/p suppression smaller at ALICE (LHC)
then at PHENIX (RHIC).

Could it be recombination at LHC energies?
-i.e. quarkonium formed by statistical
recombination of cC quarks close in momentum
-if so, it should be at low p;

1.4
r Inclusive Jiy — p*w’, Pb-Pb \ s, = 2.76 TeV and Au-Au \ s, = 0.2 TeV
1 2 \-1. W ALICE (arXiv:1311.0214), 2.5<y<4, 0<pT<8 GeV/c global syst.= + 15%
"“ | 5 PHENIX (PRC 84(2011) 054912), 1.2<]y|<2.2, p>0GeV/c  global syst=+9.2%
1 g
0.8l arXiv:1311.0214
i []
0-6 i @ H |.]
SNGIRE
0.2 ER & & E
0 i § I I - I llllllll I L1 1 1 I 111 1 I 11 1 1 I llllllll
0 50 1 00 150 200 250 300 350 400
N
< part>
1.4
I Inclusive J/y — p, Pb-Pb {5 =2.76 TeV
1.2 ®  ALGE (arXiv:1311.0214), centrality 0%—90%, 2.5<y<4 global sys.= + 8%
i % Transport model (X. Zhao & al., NPA 859 (2011) 114)
1 2
L eee- Primordial JAy (w/ shadowing)
0.8

0.4

------- Regenerated J/y (w/ shadowing)

Strong dependence of J/y suppression vs p-!

Models: ~50% of low-p; J/hp are produced via
(re)combination, while at high p; the contribution is
negligible

See M. Leoncino’s talk
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Hard Probes: Quarkonia

INEFN
C
PRL 109, 222301 (2012)
— T I T | —T ] T | —T | T I — T é _I T I TTTT I rTTT I rTTT I ITTT I rTTT I TTTT l ITT I_
°§1200_— : CMS POPD (5= 2.76 TeV ~ @ 14— CMSPbPb ys,, =2.76 TeV =
8 Cent. 0-100%, Iyl < 2.4 . B m Prompt J/y (Preliminary) PAS HIN-12-014 |
1000 oL, =150 - 120 4 y(s) B
= s aGevie | o r@s)  PRL109(2012) 222301 |
» i P 1

g 80 . PP ] - ]
2 = / o data N |
t P , 0.8 -
600 i i1 — total PbPbfit ] B + .
T/Te 1/(r) [fm1] E ;i ——— background 06" * + + + -
[ H— pp shape N “F By .
2 |- | Y(s) 400 R,, scaled) B & L # + ]
— | . —
- | xtP) [ 0.41 . _ -
L4l 200 - + . .
2wl T/p(15) Y'(25) 0.2 m
|- | Ll 1 | 1 1 l Ll 1l | L1 1 | Ll 1 1l | L1l I_ : :
%'(2P) Y'(3S) - + g

STC XE(].P) IIJ'(ZS) 8 9 10 11 212 13 14 0|||1||||||||||||||1||||||||||||+||||||

Mass . (GeVic?) 0 50 100 150 200 250 300 350 400
Npart

RAAY(ss) < RMY(28)< RAAY(1S)

Y(1S) suppression might be compatible with feed-down suppression (50%).
Possibly Y(1S) dissociation threshold still beyond LHC reach
—> wait for LHC full energy!
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p-Pb collisions:
just a control experiment?

Charged hadrons

Charged hadrons D meSOnS 2:| ||||| T T T T |||| T T T T \Ill :I
: T r: @] 2'4: A R BN B 1-8:_ ——e—— pPbysy, = 5.02 TeV, charged particles _:
1.8 ALICE charged partlcles 3 5 025 4 Average O, 0", D E :CMS PAS NIN_”N 12 01 7 :
16E® p-Pb \s,=502TeV, NSD, |n_ |<03 E £ _E -pQCDNLO (MNR) + EPS09 shad ] 1.6 ~Tam
6 a Po-Pb |, = 2.76 TeV, 0-5% central, | 1| <08 ] 5 20 -.cac (Fuji-Watanabe) JLICE E " 1 H ]
1 4f-4 PO-Pb \8,=2.76 TeV, 70-80% central, | 1| < 0.8 3 o180 0-P, (S = 5,02 TeV ] — 14 P '::n 3
a Tt 3 g:c'163_ minimum bias A v 1.2F SLLO ST -1 O
s1.2F E = “F 004<y_<096 7 = L o DL EE 0T PR o
¢ HHHHHHEE ...... H ........ E _______________ E 145 E \_:/O 1 e oS SMERAR =
] 120F - C it L ]
B g ¢ g bglgg 3 @ I g o8 g ;
R M7 o Ej - = Bk @ gefass : : 3
e : 1 sz E - Antishadowing? -
= 0.65 3 0.4 . .
s L 3 E CMS Preliminary ]
T L - 0.4 = 0.2~ N,,,=6.9 3
ol b b b b by Ly 02} E O:|||||| | il | Ll :I

6 8 10 12 14 16 18 20 - | | | ‘ 3 2

p (Gev/c) 00 L : L 10 L 16 L 20 IR 5 1 [G1eOV/C] 10

T p, (GeV/c) P,

Elena Bruna (INFN) 26



p-Pb: two-particle An-A@ correlations

- High Multiplicity

1< Py ses s 2 GeV/c

1< L 2GeVic

High - Low
Multiplicity z|

1 2\
L0 muad

p-Pb | s, = 5.02 TeV

0-20%

3

. P-Pbys,, =502TeV

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

2

INFN
C

<p!m'991\e'!ncMUIt|P|IC|ty

<pT,as

p-Pb \ s, = 5.02 TeV

60-100%

<2GeVic
SOC

Remaining An-Acw after
subtracting the jet component

—->two long range structures

le rid
(double r ge)..flow in pPb ?

...Oor other initial/final state effects?
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p-Pb: two-particle An-Ag correlations ,NFN

9h Multiplicity Low Multiplicity
2<p,,, <4Ge p-Pb | s = 5.02 TeV

p-Pb | sy, = 5.02 TeV 2<p, g<4GeV/c
60-100%

1 <p <2GeV/c

1<p <2GeV/c 0-20%
fl; _ TE 0.6
S 144 =~
g e B : . :
213 3| 0.4 "ﬂ‘\’
S ='|S 0.4+ M
= a g I
HIERE 515 /I'\
=) 1 - _E !
-_E 2 / §
= 1.0 0.2 ) ‘l““
2 . 9
2
2 8 !
1 @®
(r2

I | 0 Y

Phys Lett. B 725 (2013)

4o <>:pr< 55 GeV : 25 <2pr< 40 GeV

AJLELELE BLELELEL BN B RLELELELE I |

[ SET°>80 GeV ATLAS [ 55 <SE "< 80 GeV

0.3fp+Pb\s,=5.02TeV 1 @V, (2} 1
i Li=1 ub nl <25 I %* V,{4} [
[ 1 OV,{2PC}

T o

1 «flow in pPb ?

s 12 3 a4 s
p, [GeV]

Do o by oo bea o by s byl

1 2 3 4 5
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Quarkonia in p-Pb INEW
JHEP02(2014)073 C

D:% 1 4L p-Pb| s, = 5.02 TeV

ALICE arXiv:1308.6726: inclusive J/y—u*u, 0<pT<15 GeV/c
L, (-4.46<y_ <-2.96)=5.8 nb", L, (2.03<y_ <3.53)=5.0 nb"
ALICE Preliminary: inclusive J/y—e'e’, p.,>0 GeV/c

Ly (-1.37<y,_ <0.43) = 52 ub”

int

1.2

1

2.03<yys<3.53
o ) 10-5<x<8-10°

0.8

~
=
"amn
.y

0.6
] EPS09 NLO (Vogt)
77 CGC (Fuijii et al.)
0.4 | - - ELoss, q,=0.075 GeV?/im (Arleo et al.)

— EPS09 NLO + ELoss, q,=0.055 GeV?/fm (Arleo et al.)
- EPS09 LO central set (Ferreiro et al.)

IIIIIIIIIIIIIIIIIII.I]

02 ~..- EPS09 LO central set +c,, = 1.5 mb (Ferreiro et al.) m T \
--- EPS09 LO central set + ¢, = 2.8 mb (Ferreiro et al.)
O 11| I ) N T | I | I | I 111 l 111 I | | I 111 l | I | l | I | I 11 1 -4.46<yCMS<-2'96
-4 -3 -2 - 0 1 2 3 4 10-2<x<5-10-2
ALICE-PUBLIC-2013-002, LHCb-CONF-2013-013 ycms

Jp production is modified also in pA because of Cold Nuclear Matter effects:
R, decreases towards forward y.
Reasonable agreement with theoretical predictions (shadowing depends on y)
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Hpr

Quarkonia in p-Pb W

JHEP02(2014)073

Ke} I I I I I I I I I I 1 I I I 1 I I | I
-Pb | s, = 5.02 TeV o — -
1.41 PO S S 1.4 LHCb . -
L ALICE arXiv:1308.6726: inclusive J/y—u*u’, 0<p_<15 GeV/c m TR (b) - LHC b’ JIW from b -
-1 T -1 pr \‘S - 5 Tev

3 Liy (-4.46<y  <-2.96) = 5.8 nb", L;, (2.03<y_ <3.53) = 5.0 nb - NN <14 GeV/ -
1.2 ALICE Preliminary: inclusive J/y—e’e’, p >0 GeV/c B pT evic 7]
\ Ly (-1.37<y, <0.43) =52 b 1.2 . ]
LR s o et .

i 11
0.8 - -
0.6F 0.8 ]
[ []EPS09 NLO (Vogt) n i
L CGC (Fuijii et al.) - —
04 - ELoss, q°=0.075 GeV¥fm (Arleo et al.) — -
[ — EPS09 NLO + ELoss, g,=0.055 GeV*/fm (Arleo et al. 0.6 —]
EPS09 LO central set (Ferreiro et al.) B 7
02 B EPS09 LO central set + Cps=1.5 mb (Ferreiro et al.) : :
EPS09 LO central set + ¢, = 2.8 mb (Ferreiro et al.) 0 4 - EPSOQ Lo _
O_IIlll1lIIIIII|IIIIIIIIIII]lIIIIIIIII]lIIIlIIlIl ._ nDSgLO —

_4 _3 _2 _1 0 1 2 3 4 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1

Y omms -4 -2 0 2 4
ALICE-PUBLIC-2013-002, LHCb-CONF-2013-013

<

Similar dependence found by LHCb, also for non-prompt J/y from B decays

- B hadrons less affected by cold nuclear effects?
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Conclusions INEN
p-Pb: | |

- Not only a control experiment to
Compare to Pb-Pb! .0 2 4..‘6.“-_8_I .1(: 12 14 16 18 2:0

P, (GeVlc)

- Investigate Cold Nuclear Matter I —
3 g o 1-4:—(b) I;:IbQ\I!:_NN=5TeV —#— LHCb, Jiy from b —

Effects, study shadowing and saturation SR
at low x N i

- Collective effects at high multiplicities uf mme
in small systems like pp and pPb! . v

, ZE ®> 80 GeV ATLAS ]

N P-Pb Sy, =5.02TeV !
(0-20%) - (60-100%) 0,3 p+Pby\/ SNN—S 02 TeV

‘ ’ Lt_1ub nl <25
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Conclusions

Pb-Pb: -
- strong coupling liquid created in PbPb i
collisions at the LHC .

- Different probes (soft, hard) enable the
access to the medium properties
(temperature density, transport

LA BN L BN N BRI R B 17 [T LI S B B B e S B B |
P ro P e rtl e S) | =—a— *Z (0-100%) le <2 E F CMS *PRELIMINARY PbPh‘sTm= 2.76 TeV
I —=— W (0-100%) P >25 GeV/c, | <21 4 - _ a
I —=— Isolated photon (0-10%) | <1.44 - - det-7-150ub
2|~ ==e== Charged (0-5%) In| = [~ =—=— *Inclusi (0-5%) mn| =1
F === "B Jiy ( ) lyl <24 1 [ ==— ( ) Inl
15 . - - P, (GeVic)
g 4
& ]
S W ...... }-_-L-L-_ ........................ 1
C +
- * .l -
SR QA
L
ol v Ly 1 1 ey L] PP PRI SRR BRI B
0 20 40 60 80 100 100 150 200 250 300
O ’
Py (m,) [GeV] ricv | See S.Siddhanta’s poster

With future data (Run 2 and Run 3 with LHC and detector
upgrades), smaller statistical and systematic uncertainties and new
differential measurements will help to further constrain theory.
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Thank you!
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Backup

Elena Bruna (INFN)

34



Medium properties

e Significant difference to RHIC
— dN_ /dn ~ 1600 * 76 (syst)
* on the high side of expectations
» growth with Vs faster in AA than pp
— Energy density = 3 x RHIC
— Size: twice w.r.t. RHIC
— Lifetime: 40% larger w.r.t. RHIC
- @ AA(0-5%)ALICE /. pp NSD ALICE
1ol ™ AA(0-5 %) NASO O pp NSD CMS
~~ """ A AA(0-5%) BRAHMS 3 pp NSD CDF
t | ¥ AA(0-5%)PHENIX © pp NSD UAS 0.15
o g [J AA(0-5%)STAR pp NSD UA1 -
< °[" v AA(0-6%) PHOBOS x pp NSD STAR
m B .
S e e
3 T e
\; 4_ ‘‘‘‘‘‘‘
z |
3 L pP(PP)
o— 1 1 lllllllz 1 1 lllllll3 1 1 L L 1 11
10 10
\/S GeV
PRL105 (2010) 252301 w (GeV)

(%
Phys. Lett. B 696 (2011) 328 (valqes scaled)

IN FN

6000 _
A EB9527,63.3,38,4.3GeV ]
A NA49 8.7, 125, 17.3 GeV 1
S000f w ceREs 17.3 Gev
% STAR62.4, 200 GeV
4000+ O PHOBOS 62.4, 200 GeV N
® ALICE 2760 GeV
3000f ]
=
2000} £ } %
4
1000 B ;
% 500 1000 1500 2000
(dN /dn)
ch
- Phys. Lett. B 696 (2011) 328
12F o EB9527,3.3,3.8 4.3GeV .
[ A NA498.7,12.5,17.3 GeV |
jof ™ CERES17.3Gev o 1
L % STAR62.4, 200 GeV -
O PHOBOS 62.4, 200 GeV )
8 ® ALICE 2760 GeV .
et .
6F 5 ]
af A _
2 - -
0 2 1 1 1 2 1 1 " 1 " A |
0 2 4 6 8 10 12 14
(dN_/dn)"

Elena Bruna (INFN)

35



Collision centrality Wi

Central collisions

Peripheral collisions

Participants

Npan
Binary nucleon-
nucleon collisions
(Neol)
Spectators

= T T T 1 = 0
E —Data ATLAS - ] + Data
- Moce! Pb+Pb | 5,,=2.76 TeV — 2 4
Ll =
= s L,, =200 mb" 3 —— Glauber fit
gs 1 - \NM int ]
s 10'E =
=2 z =
5 fldsg 2| 2 | | w2 i : e,
H ) o| © o o
z" 107k Y X o =
= E o|lo| o =) E
Z = < | ™ N - = 1
10°E = &2
2 3 10" 3 3
10°E E &
E | Jd o 1 L 3 10-2 I PRI ) N P YU T | A [T | YT I N ST
0 1 2 3 4 0 5000 10000 15000 20000

ATLAS-CONF-2011-075

FCal X, [TeV] ALICE, PRL 106 032301 (2011) VZERO Amplitude (a.u.)
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ch. jets
pPb

p-Pb: the control experiment INEN

| Glauber
0.5

2 i —Io— ALICE chlarged jets p-Pt; 5.02 TeV
anti-k; jets R=0.4, |n|<0.5 ]
- Reference: Scaled pp jets 7 TeV 1
1.5 N ==mmm Systematic uncertainty ]

[ Uncertainty reference +

ALICE

PRELIMINARY

%

40 60 80 100
p;"iet (GeV/c)

E p-Pb 15=5.02 TeV  0-20% (VOA)
F 20<p"9%*" <40 GeV/c
T,ch jet

(GeV/c)!

107ER .

& ¢ ALICE p-Pb
3 Systematic
102 == o PYTHIA8pp

dNg, dijet

1

Nch dijet dlkTI

10° 3

Anti-k; R=0.4; |A(pch et

40<p""9%" <60 GeV/c
T,ch jet

-1t| < /3

20<pssC < pmgger

GeV/c F pleadiracks5 GeV/e
T,ch jet T,ch jet L' T

60<p!"9%" <80 GeV/c I 80<p9%" <110 GeV/c
T,ch jet T,ch jet

Data/PYTHIA

_+{+ ﬂ.+++ ......... +{+ +'+‘ + + ﬂ-‘ﬁ

0.6F 3

0.4;— -;-

0.2F +

G:' N N N N N N L F

0 10 20 30 40 50 60 700
k+l (GeV/c)

10 20 30 40 50 60 700
|k;| (GeV/c)

0505040 50 60 70 010 20 30 40 50 60 70
k| (GeV/c) k| (GeV/c)
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-0
Hard probes: EW Bosons INEN
C
Electro-weak bosons are medium blind
- References for modified processes
- Ultimately can help to constrain initial state
| __ATLAS:CONF-2013-106 , 25—<MSPASHINTS-004
: | £ = ATLAS Preliminary : (L [oMs Prelminay L b
1:“L Z5 ] ﬁ=2.76 TeV — Systerrlétic uncertainty
;Z/\ 30:— O _+_ _+_ —: 2__ + 5:2': Minimum bias
Bl PR T T T T O F ~ B i ety
e + .............................................................. . ! T unceraity 1
C ] 1.5 .
201~ = ! + |
T = g " Jﬁ A
1of [0 weDate) [ W'Date) [l W (Data) E 0'5;. -
5[ WE(PYTHIA LO¥) Pb+Pb |s =276 TeV ]
[ — - W(POWHEG NLO) det~0.14 nb” ] - | 1 | | | ]
06165 180 200 280" 300 %60 % 50 100 150 200 250 300 350 400
W yield per binary collisidi_, ) Noar
approximately constant over Raa independent of centrality and
0-80% centrality range. compatible with 1 for Z (and W, not shown)
Data better described by NLO Reference for other processes!
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Hard probes: jet structures .\

(=
= 2F
. 1af Pb-Pb | $y,=2.76 TeV ® PbPb 0-10%
o 1'85 \ v PbPb 50-80%
m" 1.6 ALICE ¢ Pythia .
\b/ 1,4;— IIIIIIII ARY RatIO 0(R=02)/0(R=03)
N K, of jet cross sections in
= g Nl Pb-Pb compatible with
@C o8 —— fragmentation in vacuum
b :_ argea Jets
0.45 :l correlated uncertainty i:]tig_ki‘] t (PYTH IA)
0.2 = shape uncertainty | p‘T""ICk > 0.15 GeV/c
T T W [ SO SN T A S N P S T I S S S N
% 20 40 60 80 100

pS" ! (GeVic)

Is the jet energy redistributed in particle p;?
Is the jet energy redistributed in radius?
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Hard probes: y-jets INEN

C
p Jet
* T . . . .
o Fraction of photons with associated jets
, CMS Preliminary {'s,,=2.76TeV, PbPb 150 ub™, pp 5.3 pb™
‘i 1 | T T T T | T T T T | T T T T | T T T T i
| . O PYTHIA+HYDJET 7 ]
0-9:_ @ pp Data A(I)JY > gt~
ACPJ - [ W Smeared pp reference ]
J Y 0.8 @ PbPbData .
mz; 0.7 :_ @) O @) —:
0.6F ' ' g y =
y z : z
P, 0.5F ¢ ¢ -
: | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 | 1 :
0 100 200 300 400
N

part

Y-jet correlations

The fraction of jets associated to photons decreases from pp to
PbPb collisions
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Beauty: B hadrons and b-jets ,uﬁ

First measurement of fully reconstructed beauty jets in heavy-ion collisions by CMS
Tagging method based on reconstruction of displaced secondary vertices in the jets.

25 i 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 | I i -I 1 I 1 1 1 1 I 1 1 1 1 I | 1 1 1 I 1 1 1 | i
- == "Z (0-100%) ly| <2 - - CMS *PRELIMINARY PbPbys, = 2.76 TeV -
[ S—m—— W (0-100%) p! > 25 GeVic, V| < 2.1 i B ) y ]
L+ Isolated photon (0-10%) I| <1.44 - . _[ L dt =7-150ub -
2[— ==e== Charged particles (0-5%) |n| <1 = [— —a— *Inclusive jet (0-5%) |n| <2 =
: == *B s Jiy (0-100%) |y|<24 : : —a— *bjet (0-10%) | <2 :
15 1 F -
! L - L 4
D: - - - -
e — _
0'5:_ +H + f + ’ + f + _: :_ N T S + |
iR i P - - + 4 -
o Al i N ]
L e i N J
O- L L I 1 1 L I L L L I L L L I L L L I ] [ I L 1 1 1 I 1 1 L 1 I L L L L I 1 L 1 L ]

o/ 20 40 60 100 / =00 150 200 250 300
P, (m o [GeV] p, [GeV]

Indication of less suppression of B mesons compared to charged hadrons in Pb-Pb
collisions. Compatible with mass hierarchy expectations.

At high p+, b-jets as suppressed as inclusive jets: mass effects only at lower jet p!

Elena Bruna (INFN) 41



RAA

RAA

Hard Probes: Quarko nia N

14r Inclusive Jiy —>. i, Pb-Pb | 8, = 2.76 TeV and Au-Au | 5, = 0.2 TeV Df:(( 1.4i| LA Pbe Prellrr;lr:a;r;l\l e I2I7|6|_I_Ielvl e ”_— CMS PAS
1 2 i W ALICE (arXiv:1311.0214), 2.5<y<4, 0<pT<8 GeV/c global syst.= + 15% C u CMS: prompt JI‘L]I ]
"“ | 5 PHENIX (PRC 84(2011) 054912), 1.2<]y|<2.2, p>0GeV/c  global syst=+9.2% 1ok 1< 2 4 B H I N - 1 2_0 1 4
GO B m 65 < p, <30 GeVic F
| ] i 0 ]
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Npan
arXiv:1311.0214
1.4 « 0.3
I Inclusive Jiy — p*w, Pb-Pb {5, =2.76 TeV > I ® ALICE (Pb-Pb\s,, =2.76 TeV), centrality 20%-60%, 2.5 <y < 4.0
1.2 W ALICE (arXiv:1311.0214), centrality 0%—00%, 2.5<y<4 global sys.= + 8% L — Y.Liuetal, bthermalized
[ [ ommmne Y. Liu et al., b not thermalized
. 7/} Transportmodel (X. Zhao & al., NPA 859 (2011) 114) 0.2_—_ . X. Zhao et al., b thermalized J/LIJ V2 at LH C|
I — Primordial J/y (w/ shadowing) i ]
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0.6
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0 | I | | | L1 11 ‘ L1110 ‘ I.'\--I"\"l'-\--l--l-.J--u--l- [ ‘ | FOOPR OO o O 1 2 3 4 5 6 7 8 9 10
0 1 2 3 4 5 6 7 8 p. (GeV/c)

P, (GeV/ce)

Elena Bruna (INFN) 42



1 .8:— ALICE, charged particles e

- e p-Pb |5, =5.02TeV, NSD, |n_[<03 ]

1.6 Pb-Pb |5, =276 TeV, 0-5% central, | | <0.8 .
1.4 Pb-Pb \sy, =2.76 TeV, 70-80% central, | n| < 0.8 A

o C ]
51.2F H E B h
= L S
2 ]
% 0.8 R =
< S L PR A L E

LI L L L B

m

m
m EE
"ppgg e mw = @ BE

Roa

ALICE: pPb results

ﬁ a 2 [ —'o— ALICE chlarged jets p-PbI 5.02 TeV
‘:’n:%‘ [ anti-k; jets R=0.4, ||<0.5
I Reference: Scaled pp jets 7 TeV
1.5r mem Systematic uncertainty ]

confirm that PbPb is a |¥se

final state effect

1 -
[ Uncertainty reference + ]

i ALICE 1
PR ] 1 .
020 40 60 8o 100

INF

ATLAS-CONF-2013-105

llllllllllllllllllllllllllllll % y ' ! l*llll ) ': ' I- y IIIII' - ' ! ' IIII:
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o (GeV/c) e iy g
14 3 3
2:_'_'_@M-S—PNS_WH1N_1' T 12017 12 @@B 3 EE%%@ -
1.8 e pPb s, = 5.02 TeV, charged particles = 0; _________________ @ L _ _____________ = EH@ _______ _
1 6E o L~ 0-10% E E
. E n”ﬁhnh“ ] 0~4 e 90-30% E ATLAS Preliminary 4
. 14F - o8 : . iE p+Pb,502TeV L, =31 nb"
= 4L LT gelco08y A 02 —* 60-90% 3 anti-k,, R=0.4 =
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T 08:_ n":ouu”u _: 14 E | - E
o A ] 1.2 - E } M 3
0.6-8 = ) — @ _________ E E@ ..‘..‘-_.i __________ E
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ATLAS/CMS: pPb results indicate R,,#1. antishadowing?
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<N338°C, nearside™

More on p-Pb IN/F{:‘)

C
* High-multiplicity p-Pb events do not have as many
associate particles in the jet peak as in pp
0.4 ~ —e— ALICE
@ - pp @\s=7TeV
p-Pb,| s, = 5.02 TeV _Pb g 14 - PHOJET ml < 09
0351 ofcp o ocave P Bial T DA oem P OOV
03k VOAMuIlipIicin. Classes(Pb-side)' . § 1= PYTHIAG Perugia-2011 (350) Toasses '
I Near side associated yield 2° 08 AL
0.25 ssss B B B o ~ e et
. sasent® 0.6— pp o ,__n.'.”“
0.25_ .0. 0.4 : , . . _A...-»-"“ o |“
015F : =
01F ALICE 5 |
0.05 :_ PRELIMINARY a
r =
o"l PR I Y T S T SN T ST S AN SN T ST SN N ST SO ST S N g
0 10 20 30 4 50 c 0 10 20 30 40 50 60 70
( Ch) Mi<0.9, p_>0.2GeV/c Ncharged, nl < 0.9, p,> 0.2 GeVic
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Goals for Run 2 w?

currently all LHC experiments are consolidating their
detectors

complete the approved heavy ion program, i.e.
collection of at least 1/nb in Pb-Pb collisions at top
energy (13 TeV p equivalent (5.1 TeV)) until LS 2
(mid-2018 for 18 months)

some pp reference running at corresponding top
Pb-Pb energy

likely another p-Pb run
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Run 3 IN

LHC luminosity upgrade — target 50 kHz minimum-bias rate for Pb-Pb

Peak rate of Pb-Pb collisions will be 50 kHz in 2020, i.e. two orders of magnitude
more than the currently achieved 500 Hz ALICE detector readout rate.

ALICE: expects to collect O(10) nb-" Pb-Pb (net gain factor 100)

ALICE Upgrades:

- new, smaller radius,beam pipe

- new inner tracker

- upgrade of TPC woth GEM readout chambers

- upgrades of the online and computing concepts to cope with much higher rates.

Target for installation and commissioning: Long Shutdown 2 (2018)
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Other experiments/facilities i

Towards the exploration of the QCD phase diagram
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