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The LHC Heavy Ions Programme

QCD predicts a deconfined medium at high temperature, the Quark-
Gluon Plasma (T = 155 MeV)

Basic paradigm for LHC HI programme:

Collisions Pb-Pb nuclei creates the conditions for the phase transition
The system gets close to thermal equilibrium and expands collectively

Precise measurement of macroscopic properties
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Collisions in p-p used as reference data for the HI measurements
Collisions p-Pb as control experiment and to evaluate
“Cold nuclear matter” effects Q— +—

Extremely successful
Formation of QGP with collective hydrodynamic behaviours confirmed

High precision results from CMS, ATLAS and ALICE experiments that describe its
proprieties

But....
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Unexpected phenomenal

A persuasive piece of evidence for collective behaviour in Pb-Pb collision
are large An-small AQ correlatlons for particle pairs (“ridge”)
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Same behaviour found in p-p and p-Pb collision at high multiplicity!
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Paradlgm shlft

Phenomena conS|dered hallmarks of heavy-lons seen in smaller systemsI

p-p and p-Pb collision are no longer reference, but actual field of study
important consequence for our understanding of QCD

Many open questions:

Can the p-p ridge be attributed to collective flow effects?

Can the bulk of the matter created in high-multiplicity collisions be described in terms of
hydrodynamics?

How can thermalisation happen in such small systems?

Initial state interactions Initial stage fluctuation +
L"Yd [0 final stage interaction

| PRD 87 (2013) 0944034

! PRC 88 (2013) 014903 %

Domain of color fields of size 1/Qs, each * Hot spots (domains) in transverse plane
produce multi-particles correlated across boost-invariant geometry shape
full n. Expansion and interaction of hot spots

generate collectivity



v,

Fourier series expansion

Expansion in Fourier series projecting the long-
range component (|n|>2) on the A® axis

dN =
— x 142 Z vhcos(n(p — Wy))
dg& n—=1

Elliptic flow Triangular flow

- (cos(2¢-u)) v =(cos(3(p-y))

Anisotropy harmonic coefficients v, are sensitive
to the full evolution of the collision system

Sensitive to sub-nucleonic fluctuations of gluon
densities (important for precision studies and
small systems)

| JHEP 02 (2014) 088 |
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http://link.springer.com/article/10.1007%2FJHEP02%282014%29088

I\flulti-particle elliptic flow
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range correlations observed in p-p collisions
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Question: Are non-flow effects correctly understood in p-p collisions?
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Template-fits Method

-+ Developed by Atlas to separate the ridge from other sources of
angular correlation, such as di-jets.

Ytempl (A¢) — Yridge(A¢) + F Yperiph(A¢)
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p-Pb shows a clear N, dependence and v; is larger than p-p

Vv, in p-p has only a weak dependence on N, and no dependence on collision energy



v2 harmonics in p-Pb and Pb-Pb
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Results for v, harmonics obtained with multi-particle cumulants agree very
well between ATLAS and CMS

Similar compatibility of ATLAS and ALICE for v2{4} in p-Pb collisions.

For Pb-Pb collisions, the ALICE results on v,{4} are slightly above those
measured by ATLAS.

ALICE



does collectivity turn off at low N, ?
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Different correction methods lead to different shapes between CMS and ATLAS

Large differences in the interpretation when comparing to theg



Flow and non-flow in p-p 0o——0
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Azimuthal correlation (v;) alone can't distinguish flow and non-flow.

Improved cumulant method based on particles from different subevents in r] ranges
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Suppressing non-flow: Symmetric Cumulants

Q

First used by ALICE in Pb-Pb collisions: SC(n,m) = < v >—<V2><V2>

n m

Describes the correlation between event-by-event fluctuations of
magnitudes of two different harmonics

less sensitive to non-flow effects
improve treatment of systematics
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Symmetric Cumulants in small systems
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In p-p collisions
both SC(2,3) and SC(2,4) decrease with N¢,
SC(2,3) compatible with remaining positive

In p-Pb and Pb-Pb
From Nk > 60 clear negative values of SC(2,3)
SC(2,4) are positive

At low Nyk both SC(2,3) and SC(2,4) diverge toward positive values, likely due to short-range
correlations.

p-Pb values lower than Pb-Pb at high multiplicity

trk

Different magnitude of v,harmonics?
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Normalised symmetric cumulants

(o} o o o o] o C
CMS Preliminary CMS Preliminary
B L L L D I LR | N B B
12 1.0 + % pp 13 TeV 5 | 'T' +ppi13Tev
B : ® pPb8.16 TeV - o0k ® pPb8.16 TeV |
120 7= ¢ m PbPb5 TeV L B PbPb5 TeV
o | N>oo 0.5+ — N><r +
0 < g 0.3 < p_< 3 GeV/c T = i 0.3 < p_< 3 GeV/c -
; = ‘ (\I/\(\I B ‘ T - RN T ]
rol S I ] > T :
g: 0.0 | . = .+. : =
% I #.. .Il.“llll 8, - *. | -
D _osl = o | |
0.5_ ‘ CMS 1] i .... e
: + | ol o IR
—1.0_111111 P T T TR TN S NN TN N TN N N W PN S SN TS S T T ST T T AN S T S
0 100 200 300 400 0 100 200 300 400
Noffline Nofflme
trk trk
SC(2,3) is linked to the nature of * System size dependence
initial state fluctuations - Larger values for smaller system
Compatible values at high Nch! - SC(2,4) sensitive to initial and final states
Valid also for p-p, with large - Difference between p-Pb and Pb-Pb can come from

uncertainties different contribution of initial state correlations

transport properties of the medium



Transverse Momentum Distributions
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Mean Transverse Momentum
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(pt > shows a dependence on N

almost independent of Vs

Vs-evolution provides information on the
“saturation scale” (Qsat) of the
gluons in the proton

Connecting Qsat to the impact parameter
of the hadronic collision, give a natural
dependence of {pt) on the multiplicity

p-Pb behaves very similarly to p-p for
Nch s 40 (peripheral collisions)

Highest multiplicity p-Pb and p-p
interactions yield higher (pr) than in
central Pb-Pb collisions

Even the most central Pb-Pb collisions contain
a mix of soft and hard

In case of p-p or p-Pb specifically the most
violent interactions are selected



Bolaost Wave Fits
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Blast Wave Parameters
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Studied by ALICE and CMS for different species
Parameters depends on the fitting range

Precise meaning of the Ty, and {Br> parameters is model dependent:
Not to be interpreted literally!
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-+ Comparing the parameters of different systems at similar dNcn/n

Tkin values are similar
(Br) larger for small systems:

larger radial flow in small system as consequence of stronger gradients
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Enhancement
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Three regions:
low-py: depletion

mid-p:
enhancement:
boosts of heavier
particles from radial
flow?

high-pr:
unchanged, no
effect of Ng, on
hard fragmentation

1 + prmaximum has

similar value for
all collision
processes in the
same multiplicity
range.

| PLB 768 (2017) 103 A
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Nature Phys. 13 (2017) 535-539 |
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INEL>O

(h/m)/(h/7)

cement

One of the first proposed signs for QGP

Enhancement is driven by the
strangeness, not by the mass of the
particle

2.0
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| | O
Quarkonia Production “| vas)
) ) o ) o ° ) o ) o o o ) ) o o [ : e
+ Quarkonia production important in understanding QGP o
. Xb
formation . (1P)
Y'(3S)

color screening from a deconfined medium w(2S)

suppression linked to the bounding energy
PbPb 166 ub™, pp 5.4 pb VSpy = 2.76 TeV

< _|||||||||||||||||||||||||||||||||||||||||||| <[ _|_IIII|IIII|IIII|IIII|__ |
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Inclusive Jhp  wu’ : 1.4F Y(nS) D% | EA.
g  gem 25<y<4,03<p_<8 GeVlc . - m 1 ]
& : 2 & T o
if il
C L Y (19) T
0.8 e Y (2S) T ]
i Y(3S) 1 i
0.6 H H v T ]
] 0.41 b T
e _ Transport, p_> 0.3 GeV/c (TM1, Du and Rapp) ] i H H H T i
0.2 = | Transport (TMZ, Zhou et al.) - 0.2+ - .
B istical hadronization (Androni ; . B T T
:jg:)a-tr;:)\iilrs ?Igt{r)reirzt)o (Ancre Clet o) : : I I ’ O:| | | B | H | 1 oo :I;:
OIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII L1 | | L1 1 1 T — L1 | | *
0O 50 100 150 200 250 300 350 400 450 0 100 200 300 400
N (N .
Compatible with a combination of . Suppression of excited

suppression (high pt) and regeneration

(low pr) in the QGP states over the ground state.
.
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— ALICE Preliminary

: pp, \s=13 TeV

18- Inclusive J/y — e*e (|y| < 0.9)
— 10% normalization uncertainty

16 e
R Ferreiro et al.

----- EPOS3 (D, 2 < p_<4 GeV/c)
 B=——— PYTHIA 8 (Monash 2013)

I:l Kopeliovich et al.
O——0O

Data

III|III|III|III|III|III

22IIIIIIIIIIIIII]IIIIIIIII]Illlllllllllll]llll
l

11IIII'IlllIIlIIIIlIlIIIIlIIIIIIIIIlIlIIl

g

|IIIlllllIIIIIIIlllllIAIIIIII|III|III|II

OO
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| Ferreiro, Pajares, PRC86 (2012) 034903
i EPOS3, Werner et al., Phys Rept 350 (2001) 93

7

O 11

Clear increase of relative J/y yields with
a slope larger than 1

Trend described by different theoretical models

Indication that the slope grows with the J/yp pr

Charmonium in Small Systems

21 O:| | | L | L | L | LI I L | L I L I [ |—
g g ALICE p-Pb |5 =5.02 TeV =
o 85— Inclusive J/ E
S _F *203<y_ <353, p-going direction | .
O 7 =-446< Y. <-2.96, Pb-going direction =
, BE. ¢+ -137<y <043 E
= -
| F O *@ t :
[4E ] E
13 i E
; 2:_ o ;ﬂ e [$] E
— - = F ™ E
1= +* + 3.1 % normalisation unc. not shown —
O:| | | | 111 1 | I I | | I I | | | | | I | | I I | I | I | | 11 1 |—

O 05 1 15 2 25 3 35 4 45
dN/dn/ (chh/dn)

Behaviour in rapidity regions similar up to
1.5-2 Xx<Nc>

At Higher multiplicities:

grows continues like in p-p for mid
and backward ycms

at forward rapidities signs of
saturations (enhanced suppression)
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Bottomonium in Small Systems
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3 | - Additional study with a larger 7 TeV p-p

| - Y(nS)/Y(1S) decrease
a‘ sample

W|th Nch

21+ Decrease confirmed, effect starting
" from low Ncn

| - Similar effect both in
. p-Pb and in the

control p-p sample :
PP P - mass dependent increase of <prt> Vs Nch
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Muon Correlations in Pb-p T A

o (o] 2 o o o] 2 = Q
If QGP is produced in p-Pb collisions, then partial T, [ s rrmmany | oaapraaer
thermalization of heavy-flavor is expected ST P (5,816 TeV, 171 b7 N">100

h-u Correlations

Muons with 4<pt<8 GeV come primarily from heavy-flavor
decays

@

?
understanding of the long-range correlations involving ~ 0.04 I
heavy-flavor quarks !
- Significant v, values are observed 0.02
* no N¢, dependence in the studied range N AT
4 4.5 5 5.5 6 6.5 7 7.5 8

- presence of azimuthal anisotropy for heavy-flavor p" [GeV]
particles produced in p+Pb - Muon-v2 values decrease with increasing pr.
N IIII|IIII|IIII 1T 1T 1 r 1T T 1 T T 1 >N IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
‘D | ATLAS Preliminary _ 0.2 ATLAS Preliminary | N $°>100
~ i | ) | p+Pb \5,,=8.16 TeV, 171 nb 0.5<p"<5 GeV
> o p+PDb | 5,,=8.16 TeV, 171 nb”’ ) hu Correlations 4<p b GoV
il O.5<pT<5 GeV ] 0.15 o Template Fits
g © © © ©c 0 0 0 o0 g © o Fourier Transform
I o © - ] 0.1

(0]

®
®
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‘ (o)
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005 ii%i%iii‘:}%i: 0.05
i o 0.5<p$<5GeV(h-hCorreIations):\ B -7 my—

- O 4<p‘T‘<6 GeV (h-u Correlations) 4 |A_1"l|
) P N I S R AR - Weak dependence on An—long-range correlations

0 >0 1000150 200 230 Nrggo Strong bias from dijets removed in the template fits.
ch
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- Long way since the discovery of the “ridge” in p-p collisions
- Signs of collective phenomena appear in all collision systems

- Common underlying physics mechanism?

- Particle production strongly
correlated with N, rather than
with the center-of-mass energy

constrained by the amount of
initial parton energy available in

any given collision
- To distinguish QGC or Hydro models from flow studies crucial to clarify whether
collectivity turns off al low N,

- main challenge is to clear up non-flow effects

- Additional ingredients from Pb-Pb to Pb-p and p-p:
- pr distributions = Blast wave description, mass scaling

- Baryon enhancement at mid py in small systems
- Strangeness enhancement in small systems vs. Ng,

- production evolves smoothly from low-N., p-p to high-Ng, p-Pb
- Quarkonia production in small systems
suppression in small system difficult to explain with QGC models
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Hadrochemistry: A
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““““““““ ALICE VO Multiplicity Classes
20 g Pb-Pb \s,,, = 5.02 TeV \s=7TeV
® NN T . |PPYS=/1E
Preliminary Nat. Phys. 13 (2017) 535-539
10 . | PPoys,=5.02TeV [ | Po-Pbys,, =276 TeV —
PLB 728 (2014) 25-38 Phys. Rev. Lett. 111 (2013) 222301 -
0 | | N N | | | | N N | | | | L1 1 111 | | N
1 10 10° 10°
ALI-PREL-132117 | ch = Tlnl< 0.5

e e = -

- Ratio of pr-integrated yield to pions show compatibility among different
measurements

Smooth transition among different systems
No evident energy dependence!
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The <I> ‘meson

The observed enhancement for strange partlcles goes with strangeness content rather than wrth
mass or baryon number of the hadron.

It reaches Heavy Ions values, described by a grand canonical statistical mode for an hadron gas in
thermal and chemical equilibrium

¥ 0.15L ALICE Preliminary | = 0.8 |- ALICE Preliminary
SV V| ppVs=13TeV,|y|<05 ] ~~|

AN E.H.HI HHHIIH

—+ stat. 041 Estat. N
| [sys. | — Sys. 1
0.05 - @ uncorr. sys. | - [ Juncorr. sys.
0ol pp Vs=13 TeV )
® ¢/K?, VOM Multiplicity Event Classes | ! o p-Pb \/ SNN = 5.02 TeV
© ‘ITKK_)’ INEL | o : = Pb-Pb \/ Sy = 9-02 TeV |
0 : : : : : : l l : I I I || 1 | | 11 |||| | | | 11 III| | | | | III| |

0 10 20 30 0 2 3

| i 1 10 10 10
| ALI PREL 130616' rﬁ <dN /dm <chh/dn)hn <05

CD e ws nhancement with increasing dN,/dn

does not behave as a hadron with zero strangeness quantum number
=/® show a light increase with dNg,/dn > 10
d/K is almost flat

the ® meson behaves ~ as a particle made of two strange quarks
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Y(nS) ratios vs charged particle in
different region w.r.t. the Y(nS)
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2 Y(nS) ratios for different number
of tracks along Y(nS) direction

Y direction

CMS Preliminary 4.8 b (7 TeV)
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2 Y(nS) ratios for different underlying
event sphericity

Sphericity->0 Sphericity—->1
0.5 CMS Preliminary 4.8 fb™ (7 TeV)
D Em s
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>~0.35- ! & .
o - " %
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No correlations found with the observed decrease



The ATLAS M, selection has

Particle cumulants CMS-ATLAS

different sensitivity to event-by-event multiplicity fluctuations
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+ This seems the source of the c2{4}
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Elliptic Flow vs p
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No or very weak dependence
on the collision energy.

In higher-multiplicity region, v2 of
K% is found to be larger than
that of A.

similar to what observed for
identified particles produced in
p-Pb and A-A collisions at RHIC
and the LHC.

Mass ordering tends to reverse at
higher pr values




