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Introduction

Hot dense matter (QGP) created in Heavy lon
collisions

* Nearly ideal hydrodynamic expansion
— Collectivity
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Evolution of QGP
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Evolution of QGP

* |In HI collisions
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oPb and pp as Reference

K N * In small system
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\ 2 collisions
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oPb and pp as Reference
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pPb and pp as Reference

K time * |In small system
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\ 2 collisions
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Where do we look?

Hydrodynamic
Evolution Pre-Equilibrium
Phase (< 1)
-
a) without QGP/( \\ b) with QGP z
A B
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K, p, .. .time “’K,p,f_,_ fT

* Jet quenching
* Collectivity

— Flow harmonics

Hydrodynamic
Evolution Pre-Equilibrium
Phase (< 1)
-
a) without QGP b) with QGP z
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Flow Harmonics

AN 1420, cos[2( -0,

d¢

Flow harmonics v, ~ initial geometry + pressure gradient
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Flow Harmonics

AN 14 2y Jeos2(¢ - W)

+2l£cos[3(¢ -]
+2,lcos[4(¢ - W,)]

Quan Wang ISMD 2016 12 K! '



CMS /|

2-Particle Correlations

AI’] = Nassoc ~ r]trig
Ad) = cIDassoc B d)trig

' Quan Wang
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CMS PbPb |s,, =2.76 TeV, 220 <

1< p'Trig <3 GeV/c

< p:”“ <3 GeV/c

ffline
fine < 260
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2-Particle Correlations

CMS PbPb |s,, =2.76 TeV, 220 <

1< p'Trig <3 GeV/c
1< p:”“ <3 GeV/c

ffline
fine < 260

X
’/
A

AI’] = Nassoc ~ r]trig
Ad) = cIDassoc B d)trig

e Jet contribution
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2-Particle Correlations

ffline
fine < 260

AI’] = Nassoc ~ r]trig
Ad) = cIDassoc B d)trig

e Jet contribution

* Ridge

cMs, !
4 Quan Wang
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CMS PbPb |s,, =2.76 TeV, 220 <

1< p'Trlg <3 GeV/c

< p:”“ <3 GeV/c
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2-Particle Correlations

CMS PbPb |s,, =2.76 TeV, 220 <

1< p'Trig <3 GeV/c
1< p:”“ <3 GeV/c

ffline
fine < 260

AI’] = Nassoc ~ r]trig
Ad) = cIDassoc B d)trig

* Long range (An>2)

e Jet contribution
e Extract flow harmonics

* Ridge
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2-Particle Correlations

CMS pPb \/sy, = 5.02 TeV, N'|"* < 35
1<p, <3 GeV/c

CMS pp |s =13 TeV, N
1< pT<3 GeV/c

CMS PbPb s, =2.76 TeV, 220 s NJ¥' "™ < 260

1< p'Trlg <3 GeV/c
1< p:”“ <3 GeV/c

* PbPb: Ridge
* pPb and pp: No Ridge
v’ Perfect reference?

ISMD 2016
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Perfect Liquid

0-5% 10-20 % 30-40 %
[ CMSPbPb |s,, =276 TeV | | o 2® o .
_ 0.2_— v, —+ + . .
& V3
> =V, R
01 v, oA
i 5 i
. f
p_ (GeV/c)
Phys. Rev. C 89, 0449076 | CMS results Phys. Rev. Lett. 110, 012302 | IP glasma + MUSIC

 Hydrodynamic describes data well

* 1/s close to quantum limit 1/4x (perfect liquid)
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Mass Ordering
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e Common velocity of the medium
* Heavier particles boosted to higher p;
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Mass Ordering
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* Heavier particles boosted to higher p;

* Splitting of identified particle v,
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-~ Quan Wang
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Ridge in pp

2010: Ridge observed in high multiplicity pp events  cus poprb |5, = 2.76 Tev, 220.< N < 260
CMS N> 110, 1.0GeV/c<pT<3.0GeV/c

1< p‘Trlg <3 GeV/c
1< p:”“ <3 GeV/c

=

< i3

g o5

= -
JHEP 09 (2010) 091 -4

* Unexpected ridge in high multiplicity pp collisions
* Collectivity in pp?
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CMS pPb \[Syy = 5.02 TeV, NoI'™

cMs}a“

1<p, <3 GeVic
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Ridge in pPb
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Tassoc
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Enhanced ridge in pPb
Lots of interests

== * Lots of measurements

TR
st
\ )
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ngh I\/IultlpI|C|ty Trlggers
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 Comparable to mid-central PbPb collisions
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Flow Harmonics in Small Systems

CMS | - ® V2
: O pPb \s, =5 TeV l :
0.0 O POPD Vs =276 TeV soo 8- — Little energy
- IA]]|>2 . O 0 O O .
= [ e dependence in pp
_§"' ] _m C @8 @ R B
n o 0 o O . .
e A LR Small but similar
;3’ @ pp s =7TeV to pPb and PbPb
| 03<p_<3GeVic TREHBES T o .
o 10 20 300 — Similar orlgln?
Ntorf;line
arXiv:1606.06198
chs, |
Quan Wang ISMD 2016
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Flow Harmonics in Small Systems
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.Vz

— Little energy
dependence in pp

— Small but similar
to pPb and PbPb

— Similar origin?

.V3

— Little energy dep.
— Initial state fluctuation?

Insights of proton IS
fluctuations
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ldentified Particle Flow
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ldentified Particle Flow
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* Mass ordering in pp, p
* v, splitting pp > pPb >

— More explosive in sma
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! Quan Wang

Ph and PbPb
PbhPb

ISMD 2016

ler system? (Radial flow)
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ldentified Particle Flow
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* Measurements favor Hydrodynamics
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ldentified Particle Flow
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* Mass ordering in pp, pPb and PbPb
* v, splitting pp > pPb > PbPb

— More explosive in smaller system? (Radial flow)

* Measurements favor Hydrodynamics

cms, |
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Multi-particle Cumulant

* 6-particle correlator, per event 1

<6> E<em<¢l+¢2+¢3 Pt ¢6)> Distinctive 6-particle .

u combinations /

L ) : ¢
PM,6 i j=k

=[=m=n

* 6-particle cumulant, all events

¢, {6} = ((6)) -9+ ((N((2)) +12+((2))

M
* Q-Cumulant: decompose = flow vector @, =) w,e""
i=1

+ Cumulant v, = [y, 43 = ¢, @10, (6) = { -, (630, (8} = -, (8}

Quan Wang ISMD 2016 30 K! ’



Multi-particle Cumulant

[ CMS Preliminary 1 1 ]
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* Collectivity in PbPb
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lti-particle Cumulant
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* Collectivity in PbPb
* Hydrodynamics: v,{2} > v,{4} = v,{6} = v,{8}

cms, |
! Quan Wang

ISMD 2016

2 KU

~



Multi-particle Cumulant

CMS arXiv:1606.06198
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* Collectivity in pp, pPb and PbPb
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Multi-particle Cumulant

CMS arXiv:1606.06198
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* Collectivity in pp, pPb and PbPb
* pPb and PbPb: v,{2} > v,{4} = v,{6} = v,{8}
* pp: Vv,{2} = v,{4} = v,{6} = v,{8} why?
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Blast Wave Fit
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* Assuming hydro, Blast Wave fit can be applied
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Blast Wave Fit
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B.) arXiv:1605.06699
T

* Assuming hydro, Blast Wave fit can be applied
* Similar N, °Mine, similar T,
but <B;>: pp > pPb > PbPb (explosive)
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Underlying Physics

* Hydro is successful in AA
 Still valid in small systems?
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Underlying Physics

* Hydro is successful in AA
 Still valid in small systems?

e Alternatives
— CGC, EPQOS, Pomerons, parton escape ...

MS | Quan Wang ISMD 2016 39 [<! ’



Underlying Physics

* Hydro is successful in AA
 Still valid in small systems?

e Alternatives
— CGC, EPOS, Pomerons, parton escape ...

* |nitial states
— Glauber, IP- GIasma eccentrlc proton, pomerons

ecc. proton
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Summary
* Ridge everywhere

CMS pp Vs =13 TeV
offline

105 < N} < 150

1< p:i“, P37 <3 GeVic

(b) CMS pPb |5, = 5.02 TeV, 220 < NJi ™ < 260
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(z S PbPb |s,, =2.76 TeV, 220 <

1< p'Trlg <3 GeV/c
1<p**°<3GeVic

ffline
ffiine < 260
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Summary

* Ridge everywhere

CMS pp Vs =13 TeV
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* New data is coming
— 8 TeV pPb end of the year

 Detailed measurements
* Missing component in small systems

— Jet quenching

e Stay tuned
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