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Quarks and gluons are usually confined inside hadrons,
But what happens if they collapse in a wide space region
as during the Big-Bang ?
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Require

* Energy density >»> 1 GeV/fm3
* Lasting for >1fm/c

* In a volume much larger than a hadron , ~10 fm3 3
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Where to look for QGP :

The Phase Diagram

High temperature and low
baryon density (RHIC + LHC)
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http://urgmd.org/~weber/CERNmovies/alice.mpg

Freeze-out

(~ 10 fml/c)
(no more elastic
collisions) T,

A Hadronization
particle composition
Is fixed (no more
inel. Collisions) T,

QGP (~ few fm/c)

Hard Scattering + Thermalization

Spacé (< 1fm/c)

Pb Pb



http://urqmd.org/~weber/CERNmovies/alice.mpg

Present Ion Colliders

PHENIX",
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S e o Ly LHC Collider
Protons — 7000 GeV
Pb — 2500 GeV/N

BODSTER
P v~ L

RHIC Collider
Protons — 250 GeV
Au — 100 GeV/N




How Lead beam is obtained at LHC

Lead Pb32* accelerated
up to 2.5 TeV/N

neutrinos

Lead Pb8%*stripped via Gran Sasso
Tk carbon foil and accelerated
2 AD up to 177 GeV/N

ot ) LINAC 2 PSexa Lead Pb>**accelerated
BN < \ to 5.9 GeV/N
7(\ LEIR up to ev/
LINAC 3

ons Lead Pb>** stripped via
carbon foil and accelerated
up to 70 MeV/N

Lead vapour is
ionized via
electron beam




Lead and proton beam inside LHC

. _ \.} \\»& — ﬁ'ﬁ Lead ions are 208 times heavier and

have 82 times more positive charge
than protons, but in the same magnets.

LHC magnets: two beam
W pipes within the same

structure

Use the two separate radiofrequency
systems and their carefull tuning of the
two beam orbits to reliaby collide the
two beam in the four interaction
regions.

Collisions with asymmetric and different beams :
PB =158 TeV,p=4,0 TeV — 5.02 TeV/N c.m.s.
LHC world premiere | 9




All 4 LHC exper'imen'rs involved
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CMS Experlment
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Centrality definition

N_ . : Number of nucleons

part *

Pt o Example LHC:
participating to the collision Centrality 0-1%
N, - Number of binary mpgﬁ i} i'ggl
collisions between nucleons S

CenTr‘aliTy = fr‘aCTion Of OppPb

participants

Neie o %o s
before collision after collision @ 60-80% @0_5%
A\

PhysRev(.88.044909 (20 /

w =276 TeV
(o 10
=
10° ber fi
£ +(!I-1}Nm|] o
10.4 =080, p =293, k=186
b -
i " D s
10°
1 =2
1L IRER B E
- uh
S [0 = S I R O I TP S P S N | I I
0 5000 10000 15000 20000

VZERQO amplitude (arb. units)
11



How to characterize the hot medium I:
Hadrochemistry based on thermal model

n|K:|[K[K*|p|p|[A]Z]|Q]|d[H|He

o ap o0
T

s
}

3

- ALICE Preliminary

dh/d

107 el ol . PbPD (5, =276 TeV,0-10%

£ Mot in tit

© Exfrapolated E

9 ;
= SHARE 3 156 = 4 | 4364 + B48 1 (fix) 1 {fix) 12,406 |

i3 -+ SHARE 3 155+3 |4406 +766 1.07£0.05 1 {fix) 965 | T
== SHARE 3 138+6 [3064+1319 198068 163038 3.1/4 | PR ]
10 . SHARE 3 {with nuclei\ 152 +8 / 4445+743 1.16+020 106+0.12 9.07 |: :

102 Model (Me v (fm) 1, v ¥3/NDF| : 1

=

on

:
==
o |

:

b

o ,

L b b AQreement over 7 orders
. of magnitude !

e T Temperature ~ 150 MeV

I-.I..I - —

(mod.-data)lo,,, (mod.-data)/mod.
o
cth
'

BN O N R
——

[]

[]

T SR S S S R NS SO SR SRS SO S -
L N R N R H H H H . R H ] 12




T
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How to characterize the hot medium II
Particle production

T
.

|

Relativistic hydrodynamical models
describe reasonably well particle
production validating the assumption of
a matter which has reached thermal
equilibrium after the collisions
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How to characterize the hot medium IIT :
Nuclear Modification Factor

@@}

Pb Pb

Neoil X ?

Yield .. (p;)

Indicates if in HI collisions the

RAA(pT):<

yield of particles, compared with

NCOLL>AAYie|d pp( pT) pp Yield , scales with the number

of collisions or not

xpected if nothing happens

RAA

R4 =1 simple scaling
Expected at high p;

At low p; Ry, <1 dominated
by soft interactions with
the medium

P+

14



Nuclear modification factor R,,: a compilation

Muller et al Annu. Rev. Nucl. Part. Sci. 2012.62:361-386. b
T e e 2T ' | |
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0 5 10 15 20 0 20 40 &0 % 100
pr(GeVic) pr(GeVic)
Pb4PbVsyy =276 TeV Theory (charged particles) Pb+Pbvsyy =276 TeV Theory (charged particles)
1T#*— Charged particle 0-5% (CM5S w— YalEM-D —o— Charged particle 0-5% (CMS) m— YaJEM-D
e Charged particle 050 (ALICE — JEWEL —e icle 5% (ALICE) — JEWEL
—4— J/yw from B 0-109% (CMS) — a+K+p (VISHNLU) MS) HT-W
D" 0—209 (ALICE) HT-W —= 7001005 (CAMS) mm GLV

—— K°0-5% (ALICE) . GLV b W 0-10% (CM3) HT-M
—— A 0-5% (ALICE) HT-M

Hadron traversing a hot and dense medium loose substantial energy
via gluon radiation and elastic scattering P




How to characterize the hot medium IV
from inside via hard probes

C: Hot medium tomography
using hard probes produced in
the collision

Heavy Flavours ,Jets ,
high p, particles: we can
calculate how many are produced

16
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Jet quenching in PbPb
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How to characterize the hot medium V:
Elliptic flow v2

Hot medium with thermal equilibrium reached
in very short time, mantaining the shape.

Momentum space

dN/dA®
4u11E'=E _ i‘h" ii

2
d’N__ N [1+ 20, cos(2¢) + 2v, cos(4¢) +.....]
dptd¢ dpt =T 0 &LP=¢'-."FEP T
v;=10% 1 v,=10% 1 v3=10% -}

ﬂ *\ e Magnitude de;ends on the
N L e 0 | . | viscosity/entropy (n/s) ratio of
. | \J ™ S - B the medium and on the p, of the

particles considered
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Muller et al Annu. Rev. Nucl. Part. Sci. 2012.62:361-386. EI I ip."ic flow vz
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http://en.wikipedia.org/wiki/Pitch_drop_experiment

Date Event
(months)
1927 | Hot pitch poured -
Cctober
Sem cut ]
1930
December
16t drop fell s
1938
February
2nd drop fell 99
1947
April 1954 | 3rd drop fell &6
May 1962 | 4th drop fell arv
August
Sth drop fell a9
1970
April 1979 |6th drop fell 104
July 1988 7ih drop fell 111
Movember
&th drop fell 146
2000
17 Apri
9th drop touched &th drop {156)
2014
24 April|9th drop separated from funnel during 156

2014

beaker change

Duration Duration

(years)

0.0

6.1

6.2

7.2
8.1

8.3

6.7
o2

123

(13.4)

13.4

20



PLANCK Cosmic Microwave Background
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Understanding universe structure
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HI collisions QGP
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- o® J-Ldt'B b’ :
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= ® _
SO | W PO
5 10 n

Understanding initial QGP
conditions and transport theory




But are we observing effects related to the
creation of a hot, dense new QGP state or these
are reflections of the presence of a Heavy Ion
projectile ?

It is mandatory to check the magnitude of Cold
Nuclear Matter Effects (CNM) using p-Pb collisions.

22



Uncertainties in the Parton Distribution
Functions (PDF) for Nuclei: nPDF

gluonpy Anit-shadowing -
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Raapa With jets

{ \ _Y.Lee QM2014
é ALICE Preliminary\ Pb-Pb\ s,,, = 2.76 TeV 2 . e
T _ anti-ky A =U- 18- ¢ CMSTuljet-05<n <05 E
| . ALICE 10-90% 1-65 o ALICE charged jet, 0.5<1_ <05 |
[« CMS 05% ] L o ATLASfulljet,-03<n_<03 :
., CMS 10-30% l 1.4 B
o.2F =
1 L
0.5 ! l N IIO.B;— h
0.6 H
CMS: Read from HIN-12-004-PAS 04 5
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D|||||||||||||||||||||||||| %:' Lo I IIIIII:
50 100 150 200 250 30C 0 30 100 20
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In Pb-Pb R,, jet suppression extends
down to 30 GeV and up to 300 GeV

In p-Pb no CNM effects from
25 up to 800 GeV
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R,4 with Z Boson

Data / CT10 (NLO)
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Z production proportional to n_, : no suppression
Rapidity asimmetry -> sensitivity to nPDF
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Heavy Flavour/D meson R,, and R

PRL 113 (2014) 232301 )14) 232301
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5 10 15 20 29
p, (GeV/c) p, (GeVic)

; —— 1 . POWLANG
b =mmee BAMPS el -
3 IIEElIEnn i
-_.\ . - 0.8
- }-". ] :
E'i;_.-" —“'s'i:~:_; G-E i
| — 0.4 E

[==]

Cold Nuclear Matter effects cannot
explain D meson suppression in Pb-Pb
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Nuclear Modification Factor

Heavy Flavour/Beauty R,, and R

PRL 113 (2014) 132301

35 nt:- [pF‘b 5.02 TeV), 150 ub [FbF'I:r 2.76 TeV)

25
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CMS-arXiv:1508.06678
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4r N’
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Q 2'5; |:|S¥st. int. Iumi&pB
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Z L
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e ): I
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Cold Nuclear Matter effects cannot explain
Beauty hadron suppression in Pb-Pb
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Conclusion I

At high p, CNM effects in p-Pb collisions are not
present in jets, hadrons, HF.

W/Z production are in agreement with pQCD scaled
by the number of collisions.

\

What measured in Pb-Pb collisions at high p; reveals
the presence of a hot, dense QGP medium with low
viscosity.

p-Pb data allow important informations on the nPDF

28




Production of quarkonia (cc) (bb) in Pb-Pb

Statistical regeneration

g

Colour screening
sequential suppression

D .
. @‘ @ Energy Density

4' ®
¢
C
-
J/ W Production Probability

Low pt enhanced

Matsui T, Satz H (1986) Expected mainly for charm °

PHYSICS LETTERS B 178(4): 416-422.



Production of quarkonia in Pb-Pb

arXiv:1506.08804

1.4
g Inclusive Jiy — 'y Pb-Pb n=2.76 TeV, Au-Au |s,, -ﬂZTe‘J
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At LHC higher production than RHIC:

statistical regeneration at work ?

Phys. Rev. Lett. 107(2011) 052302

Y(Zs)

I a
Y(35) 2l PbPb fit
qE ¢ --- background
HIE T :_-'E

PbPb ; ------ pp shape
v (R,, scaled)

-

-

IIII|IIII|IIII|IIﬁl|llll|llll_
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Y(ls) w i
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pp i Vic

IIII|IIII|IIII|IIII|IIII|IIII|IIII
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Sequential suppression
observed in Pb-Pb




Production of quarkonia in p-Pb

p-Pb \s\,= 5.02 TeV

ALICE (JHEP 02 (2014) 073): inclusive J/y—u*ur, 0<pT<1 5 GeVie
Lint (-4.46<y _ <-2.96)= 5.8 nb”, L, (203<y_ <3.53)=5.0 nb™
ALICE (arXiv:1503.07179): inclusive J/y—e*e’, pT>0

L. (-1.3T<ymn<0.43]= 51 ub?!

o
a
j= 8

o

global uncertainty = 3.4%

GC (Fuijii et al.)
Loss, q°=0.075 GeV%fm (Arleo et al.)

4 3 2 4 0 A 3 4

y cms

CNM suppression for J/y only at
low pt

Lower effect for Y(1s)

Effect in the nPDFs shadowing
region

Other possibilities : comover

L 1 ] T T T T T T ]
1.4 LHCb =
] 2-'»_ pPb s, =5TeV
E NN Y(1s) |
t \\ O \\\\\\\\ \\\ -
0.8 -
0.6F —_—
C J/y
0.4[-EPS09 at NLO in Ref.[3] ~®~ LHCb, Y(1S,
0_25 SN Y(1S) ~+ LHCb, Prompt J/vy :
e Promptlle ' —#— LHCb, J/y fromb 1
-4 -2 0 2 4
arXiv:1506.08808v1
& peoing
Raa | ]
Eloss (Arleo et al.)
1.5+

1 CEM + EPS09 NLO (Vogt et al.) E
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Conclusion II

At high p, CNM effects in p-Pb collisions are not
present in quarkonia

However at lower p, effect not negligible.

\

Contribution of regeneration in Pb-Pb very important
expecially for J/y

Quarkonia suppression in medium is observed

Shadowing in nPDFs is a possible explanation for
suppression at low p, in p-Pb
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LHC as the highest energy yp , yPb, yy collider !

J/y production in untraperipheral collisions »

With nuclei very high flux of Y (e« Z2)

~

gy ut

~

Pb+Pb—Pb+Pb+Jfy s, = 2.76 TeV
lvl<0.9

Ny
s
o

[a+]
=]
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180 - Opposite sign muon pairs

i —Like sign muon pairs

N,, =291+ 18

160

140
m,,,, = 3.096 + 0.002 GeV/c*

| Oy, =25+ 1 MeV/c?

120
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vy — Iy Yp—Jdy

100

80

60

Cross section sensitive to gp,°> at low-x
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J/vy production in UPC

z 10 ety | Preference of LO-pQCD models with
- P
= ST <i P 2780 e moderate gluons shadowing and nuclear
2 sk —— ALICE modifications for gluon nPDFs
= L =umoe AB-MSTWOE
% u == AB-HKMNOT |
? - =— = STARLIGHT ] . " . .
sk E Strikman: “ . .provide the first
: E direct experimental evidence for the
: 3 strong nuclear gluon shadowing in
4F E lead” |
3E =
: ] Phys. Rev. Lett. 113 (2014) 232504
2f ] S —
- 3 = N :
1 - = ¢ " g
. ¥ 0 ALICE data e =
0= > 0
- o v ;
)r' T .....
ALICE: EPJ C73, 2617 (2013), PLB 718 (2013) 1273-1283 &
CMS: HIN-12-009 ®

s

Data in line with and extend HERA |:: JMRT LO

measurements : no change in PDF
with energy

x & 1072 .
- STARLIGHT parameterization

_____ - JMRT NLO
— — b-Sat (eikonalized)
- b-Sat (1-Pomeron)

P | N

10

10?
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Conclusion III

LHC as yp , yPb, yy collider reach of important data
for comparisons with different nPDF and gluon pPDF.
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Flow and correlations:

The ridge
Trigger
Particle
Associated
Particle
Ad, An

trigger trigger



The "ridge " as measured at RHIC

STAR AuAu data STAR AuAu Data
el avonpl Higger Without a high pT trigger

. e

r -
)

Interpreted as a collective behavior in the dense hot medium
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Unexpected observation of a "ridge '

CMS JHEP1009:091 (2010)

in pp

0GeVic<p <3.0GeVic :

Collective phenomena
connected to multiplicity ?
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The near side ridge in Pb-Pb and p-Pb
PbPb / 1\ 30-35%

<N__>=117

Event class U-3%

LHCb-CONF-2015-004 .~

(6))
dz
dAn dA

Collective phenomena

CMS, JHEP 1009 (2010) 91 connected to multiplicity
p+Pb =502 TeV

c =5.02 TeV, N""™* > 110 X A
0.5 °<4 GeV
1< P /c
213 1.8 =
g5 171 b
Qb% . _e_
3
= “2 167 e
- o
CMS, PLB 718 (2012) 795 ATLAS, PRL 110 (2013) 182302



The unexpected "double ridge " in p-Pb

2< Pryig < 4 GeVic
Py <2GeVic
,asS0C

p-Pb |5, = 5.02 TeV
|\ (0-20%) - (60-100%)

ALICE PLB 719:29 (2013)

2P, <4 Gl p-Pls | s, = 5,02 Tl 2ep, . =4 GeVie p-P |8, = 5.02 TaV
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o — \\_ o o - \-\\
< 0-20% < 60-100% .

2
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Where is the ridge in p-Pb ?
LHCB-CONF-2015-004
. =5
[ Cyyan=1.42 (p+Pb)
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the Pb outgoing region
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Idea of using effective activity/energy to
compare different collisions: an old idea

M. Basile et al :
Universality Features in (pp), (e+e -) and Deep-Inelastic.Scattering Processes.
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The ridge in theory
Hydrodynamical models

Analogy with Pb-Pb suggests a formation of mini-QGP with later
hydrodynamic expansion

OK for PID flow
BUT  is there enough time to thermalize the system ?

v, 018F p-Pb5.02TeV ALICE Data 0-20%

4 T

PRL 111 - 172303 (2013)
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The ridge in theory
GLASMA + BFKL models

Colour reconnection and gluon saturation in the framework of a colour-glass
condensate

Ok for double ridge
BUT  not clear if it can explain mass hierarchy behavior observed in flow(s)

Yield + ATLAS PRL 110.182302

0.16 . i i i i i
ATLAS Central —83—
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012 |

2.0 -\:pﬁ-\:ﬁ,u Gav; 2.0 -cp.ll.“:-:,}_nlz.e\f

010
0.08
0.06
0.04
0.02
0.00

-0.02
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But is "the ridge " the only measurement where
collective phenomena appear in high multiplicity events ?

Several other analysis show similar behavoir between
high multiplicity p-Pb events and Pb-Pb collisions
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Baryon/meson ratio in p-Pb
events at high/low multiplicity
show a behavior similar to Pb-
Pb collisions
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- ao_ St
ATLAS Preliminary 0.5<p°<v. ﬂew
[E=13TeV, L_~14nb’ S/

CO"CIUSion Iv PP et 2015

A\ -

Multiplicity/activity is an important parameter in the
comparison of different processes, allowing the
appearence of similarities and common features among
systems of different sizes.¢

It suggests a new approach in understanding QCD using
different collisions as inputs and gives constraints on
the dynamics of the collisions.
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HF pr'oduc'rlon vs event multiplicity/activity
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Charm production show and increase with multiplicity faster than
linear : presence of MPI or other QCD processes related to the
high multiplicity enviroment.




Particle ratio vs event

multiplicity/activity

Continuos evolution across
different system size
Multiplicity as a system
temperature monitor ?
Need different variables
(energy density ..)?
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Conclusion V

Analysis as function of multiplicity/activity across
several type of collisions and system sizes are

fundamental to better understand QCD processes and

particle formation.

A new challenge for RUN II.
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Cold Nuclear' Maﬁer' effec'rs cannot explm r-esul'rs fr'om lead-
Lead collisions - LHC has produced a hot dense medium (QGP)
with low viscosity

Importance of shadowing effects in the nuclear Parton
Distribution Functions

Strong similarities among lead-lead collisions and high
multiplicity events in pp and proton-Lead collisions — Evidence
for similar collective effects and QCD dynamics

Proton-Lead collisions has opened a window on new interesting
QCD studies crossing different collisions systems using the
multuplicity/activity variables.




