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Pb-Pb, p-Pb and pp

Pb-Pb collisions p-Pb collisions

e 2.76TeV « 5.02TeV 900 GeV
e 5.02TeV « 5.02TeV (2016) e 2.76TeV
« 8TeV (2016) e 5.02TeV
e 7TeV
e 8TeV
e [3TeV
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Anisotropic Flow

¢ Spatial anisotropies in the initial state converted to momentum

anisotropies
* known as anisotropic flow J. Y. Ollitrault, Phys. Rev., D46 (1992) 229
* its magnitude sensitive to details of initial state and transport properties of QGP

V(1™ cosnp)? + (rm sinnep)?
(r")

coordinate space Anisotropy

8"’1/:

system expansion @

vp, = (cosn(p — ¥,))

momentum space Anisotropic Flow

Sept. 19%,2016 You Zhou, Flow@CPH
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Centrality dependence of vj

ALICE Collaboration: PRL 107, 032301
IP-Glasma+MUSIC: PRL 110, 012302

Vo — ALICE data vn{2} p-|->0 2 GeV |
n/s=0.2

centrality percentile

% V,,v3and v, are nicely described by hydrodynamic calculations with IP-

Glasma initial condition & shear viscosity over entropy density ratio /s =
0.20.

% QGP: a state of perfect liquid
* liquid: described by hydrodynamics; perfect: /s is close to the quantum limit /41T
* more precise information can be obtained from differential measurements

Discovery
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.107.032301

Transverse momentum dependence of v;

¢ More detailed information are carried by transverse momentum or
pseudorapidity dependence of anisotropic flow vi

Y. Zhou for ALICE Collaboration,
Nucl. Phys. A931 (2014) 949

[ Pb-Pb {5 =2.76 TeV | o v,{2,AN>0.8} | — v {2} (MC-Glauber, /s=0.08)

[ Centrality: 20-30 % L m v, {2,]An1>0.8} v,{2} (MC-KLN, 1/s=0.16)
o[ M<08 L % v,{2,|An>0.8} L — v {2} (IP-Glasma, 1/s=0.20)

[
./

[ / ALICE Preliminary

¢ comparisons of data and hydrodynamic calculations show:
* calculations with IP-Glasma initial conditions give the best description of data

* Neither calculation with MC-Glauber not MC-KLN (CGC) initial conditions can
reproduce the data.

* strong constraints on the initial state and n/s of QGP.

Sept. | 9th’ 20 | 6 YOU ZhOU, FIOW@CPH Discovery



Pseudorapidity dependence of v;

08 |_Pb-Pb s =2.76 TeV

20-30%

Sept. 19t 2016

ALICE Collaboration, arXiv: 1605.02035
submitted to PLB
Hydrodynamics: PRL 116,212301 (2016)

“* We find that the shape of va(N) is largely

independent of centrality for the flow
harmonics n = 2, 3 and 4,

* v3 and v4 have weaker dependence on eta
than v,

% hydrodynamic calculations:

* tuned n/s(T) to fit va(N) at RHIC

* do not reproduce the data well, new
challenge to the theory community

You Zhou, Flow@CPH Discovery


http://arxiv.org/abs/1605.02035

de-correlations of flow-vector V,

New hydrodynamic picture, better constrain the initial conditions and n/s
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pt and/or NN dependent flow-vector

¢ Traditionally Flow analyses look for correlations w.r.t common
symmetry planes over a large range in p; or N.

% However, hydrodynamic simulations show p; dependent flow angle and

magnitude fluctuations
= Further constraints on the initial state and n/s.

¢ 2 particle correlations probe these predicted effects in experiments.

Discovery
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2 Particle Correlations

F

=V

< Type <aAll >
One particle from p, the other from entire p;
= d.{2}

oV

oV

< Type <AIlLAIl >

Two particles from entire p;
= {2}

* Type <ab>

One particle from p-?, the other from p°
= Vol pr°)

EE EE EE
EE EE EE

% Type <aa>
Two particles from p
= V,[2]
s VoalpA b)) = v [2]

Sept. 19,2016
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v {2} and v_[2]

@ v,{2} = d {2}/c {2}
« <aAll >for d {2} and <All, All > for c {2}
= Contributions from possible pr dependent flow angle and magnitude fluctuations, in
addition from non-flow

o v [2]:

[ <aa->

s Contributions from non-flow

& Ratio of v {2}/v [2]: <a, All > ® <AJl, All> & <a,a >

Pb + Pb 0-5% @ LHC '\ % _ Pb + Pb 0-5% @ LHC

PRC 87,034913

— MCGlb. /s =0.08 _ — MCGlIb. /s =0.08
- MCKLN 75/s=0.20 --- MCKLN 7/s=0.20

0'8.0 0‘.5 1.0 1‘.5 2.0 2.5 3‘.0 3.t 0'8,0 0.5 1.0 1.5 2.0 25 3.0 3.k
pr (GeV) pr (GeV)

» Hydrodynamic calculations: v _{2}/v,[2] < | => p; dependent flow angle

and magnitude fluctuations.

Discovery
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MC-Glauber & PRC 87, 034913 <a, All > B <All, All> & <a,a>
NPA931 (2014) 949
| Centrality: 0-5 %

I
/-IZ-E- —-:-.{

| Centrality: 20-30 % | Centrality: 40-50 %

= =g B -E-E L - = = = =BT T AT o == = = = =
s S ol iy
~
~y

L/ i
I | -
- i

L

[
| m v,{2,1An[>0.8}/ v,[2,]AnI>0.8]
[
\ " o = V{2}/v,[2] (MC-Glauber, 1/s=0.08)
Pb-Pb ‘ENN =276 TeV | : ALICE Preliminary i V{2}/ v,[2] (MC-KLN, 1/s=0.16)
I [ 1 1 1

C NI S PR N ] | I | I S VT W N SR SR T N T T S NN U |
0 1 2 3 4 0 1 2 3 4
: p. (GeV/c) p. (GeV/c)

]
]
]
]
)
)
)
'
)
!
L

% vo{2} 1 v,[2]

= Significant deviation for p; >2 GeV/c in most central collisions.
¢ Hydrodynamic calculations (no non-flow) already overestimate the

deviation of v,{2}/v,[2] in most central collisions
=  Calculations with MC-KLN describe the data better than MC-Glauber.

Discovery
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Factorization ratio r_

PRC 87,031901(R)
_ VnA (p%vpg”)
Vo (0%, 72) - Vs @, P8

= r probes<ab> gp<a a>&<bb>
= r < |, Factorization broken

MCKLN 7/s=0.20 MCKLN 7/s=0.20

ﬁ ---------

pr €[0.25,0.5] ||
Pr e[o 5,0.75]
€l0.75.1] [
1,1.5]

S
pr E[
€[1.5.,2]
pr 6[2 2.5]
2.5.3]

' PRC 87,034913

0.5 1.0 15 2.0 . . . . ] l 2.5 3.0
p; (GeV)

% r, < | observed in hydrodynamic calculations
= indication of p; dependent fluctuations of flow angle and magnitude.

Discovery
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Centrality dependence of r,

Centrality: 0-5 % Centrality: 20-30 % Centrality: 40-50 %

_—ooo..‘ ;-ooooo.. ;—ooo...

o ; ;
: + : : NPA931 (2014) 949
"} 02<p' <06GeV/ic | Pb-Pb \s, =276TeV | Mi<08

Fama-e- g A MC-Glauber &

i o :

; + - -r,(MC-Glaubern/s=0.08) | @ r,(lAnl>0.8) (ALICE) PRC 87. 034913
OF 1.5<p! <20GeV/c | [ -r,(MC-KLNn/s=0.16) [ O, (1An>2) (CMS) ’

;gdbaﬁ + l.u_,,.,... +5&M“¢

' 25< p. <3.0 GeV/c ALICE Preliminary

: + CMS,
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4 JHEP 02, 088
pi (GeV/c) pj (GeV/c) pj (GeV/c)

% Breakdown of factorization more pronounced in central collisions.
“* Hydrodynamic calculations also show that the factorization is broken.
% CMS r, quantitatively agrees with our measurements

Discovery
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Factorization ratio r_ vs I

V., (m2n®)
|

vV, A(na,nb)
|

1 ! 1 ! !
-3.0 24 24 3.0 n 5.2

Voa(—=nn") _ (U (=, (n”) cos{n[W,(—n?) — ¥, (n")]})
Via(m®,n?) (v, (), (nP) cos{n[¥,(n*) — W,(n")1})

ra(n®,n’) =

¢ rn < |, indication of N dependent flow-vector fluctuations
o (vn(—n") vn(nb»
(Un () vy (77")>

Ccos |1 —n) — b
. <<COS[ [é?gj(nz))— \Ii%(;)i])y <1 1 dependent flow angle fluctuations

<1 N dependent flow magnitude fluctuations

Discovery
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Factorization broken in n

CMS, PRC 92 (2015) 03491 |

L cMS Pbe \sNN =276 TeV 1
1 i

: T g J . 1
- O W

- W 44<n®<50 [I * 1
[ O 3.0<n®<4.0 I 03<p]<3.0GeVic
- — — Exponential fits 3 P> >0 GeVic

5002% centrality 03 I s } 10-20%
1 | | SRS B A AN N AR N A A AT N AN A A A 1

1 30- 0% : o (50-60%
LV - T N =R B XV Y-S N =R X R - R -

n?

¢ Deviation of r; from unity, increase as An increasing
* further non-flow suppression in 2-particle correlations with large An gap?

* indications of N dependent flow-vector fluctuations (angle and magnitude)

Discovery
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Correlations of flow-vector V,and Vi,

*» Correlations between ‘7n>and V?n

« Correlations between P and
n m

* Correlations between v, and v

Discovery
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Symmetry plane correlations

W _is measured here Y _is measured here

n<o

n>o0

1 1 1 1 1 1 1 1 1
ATLAS Preliminary ] ATLAS Preliminary ] ATLAS Preliminary ]
Pb-Pb [s,,=2.76 TeV] Pb-Pb {5,=2.76 TeV]

- o - ‘ ! Pb-Pb ys,=2.76 TeV: ATLAS
L T Lot} b PRC 90, 024905 (2014)

(cos12(® -@,))

PP PP B

200 300
(N
e
ATLAS Preliminary ]
Pb-Pb fs)=2.76 TeV]
l—int=8}/lb'1 ]

PRI ST S N PRI R S
200 300 200
ot B (N

ot (N
——
ATLAS Preliminary ]
Pb-Pb {sy=2.76 TeV]
Lin(=8|-1t"1 ]

part’

¢ nonlinear hydrodynamic response

in higher flow order flow

Sept. 19%,2016 You Zhou, Flow@CPH 18



VISH2+1, PLB 717 (2012) 261 ATLAS: PRC 90, 024905 (2014) PRC93, 024907 (2016)

0.9 T T T 1 T T T

cos (4(W2—0y))) (cos (8(W2—Wy))) . 0.9 L R E e e p
0.8 & 0. 5 0.8 @ 0.8
07 08r 1T =o 0.7 0.7

06|, i 0, 0.6 ;0.6
| o6 T . 0.5 0.5
S 0.4 v 0.4

04r 1 04f . ‘ . 0.3 0.3
0ak i % 0. LHC 2.76 TeV 2 0.2 = 0.2

Pb+Pb 0.1 S 0.1

0.5

0.2+ 021

ob L L 1 1 1\ oo 1 11 T g )
0.1 7 o 10 20 30 40 50 60 10 20 30 40 50 60 70 10 20 30 40 50 60
0 bel centrality [%] centrality (%] centrality (%]
06F :

05k 4 osf 1 ) ' [T T T T 1

7| —1)/5=0.20

0.4} 0.4r B < | m—7)/s =paraml
— 7/ $ =param?2
0.3, 4 03F —

m— 7/s =param3

02+ 2k - n/s =param4
o1l | ¢ ATLAS

. S ) S 22— 7 . .

0 - "1l pr=[05...5.0] GeV S . Z o

-0} . ' Ole o o000 0 o s o=t ¢ ; .
b . Y | I Y O E R B _ B | BN

|
-0.2 L L L - L L L L 0 10 20 30 40 50 60 70 ' 10 20 30 40 50 60 70 0 10 20 30 40 50 60
0 100 200 300 400 0 100 200 300 400 : . o
s MC-G1b., /5 = 0.08 MC-KLN, n/s = 0.2 centrality [%)] centrality [%)] centrality [%)]

¢ symmetry plane correlations are sensitive to initial conditions and

detailed setting of n/s(T)
* using multi-particle correlations instead of event-plane methods

Discovery
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vm and v, correlations via ESE

, PRC 92,034903 (2015) L I L BRI LU S N

Centrality interval with q_ selection: --0-5%
T r T T L (b) 2 -=-10-15% -
ATLAS Pb+Pb L g +§8§ng i
[ N —4—0U-907
N \S\w=2.76 TeV L o 40-45%
S Lint = 7 1b” - &  —=-50-55% -
—£—60-65%

(a) Centrality 0-1% '
-

ry

0.05-0.075

0.075-0.1
- 0.025-0.05

1 I IV%I - |2.|76 ITeIVI
0.05 0.1

©0.06
FCal q,

) _ ). p—ime;
lm\l/Obs Zu,je LI I B Y N N N Y D B D B Y I B B B

qdm — dm€ " Z—wj - (qm>e\’[5‘ m =2 or3, " (b

ATLAS Pb+Pb
VS = 2.76 TeV

% Using Event-Shape selection with qy,
V2 increases

—-—0-5% i
= 10-15%

-> v3 decreases (anti-correlations) [ oopeee B0 o]
o 4 30-35%-

. . - —&— 40-45% 1
-> V4 INCreases (Correlatlons) i Centrality interval with q, selection: zgg:z::f:

-> qualitatively study the correlations of L
vn and vim V2

Discovery
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Vm and v, via SC

“* New observable: SC(m,n), measures the
correlations of v_and v_

"SC(m,n) = (v, vn) — (Vi) (v)

m n

* Details see: Phys. Rev. C 89, 064904 (2014)

* Itis found that (v2,v7) > 0 and (v2) (v2) >0
in HIJING, but SC(m,n) are compatible
with zero

* SC measurements are nearly
insensitive to non-flow effects.

* ALICE data shows
* positive SC(4,2) -> correlation
between v, and v,
* negative SC(3,2) -> anti-correlation
between v, and v3.

ALICE,
arXiv:1604.07663, accepted by PRL

T I LI I B | I LI I B | I LI I B | I UL T I LI I B |
—  ALICE Pb-Pb Vs, = 2.76 TeV

E SC(4,2)
|:| SC@3,2)

>(I1OI_? T I

w

—

N

—_

|
—

——

R o
o_lIIIIIII|IIIIéIIII|IIII|III

IIIIIIIlIIIIIIII|IIII|IIIIlIl

30 40 50 60 70
Centrality percentile
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http://journals.aps.org/prc/abstract/10.1103/PhysRevC.89.064904
https://arxiv.org/abs/1604.07663

Correlations between vy and vy

ALICE, arXiv:1604.07663, accepted by PRL PRC93, 024907 (2016)

- Escm,z)/(vjxvg)
[ ESC(s,z)/<v§><v§>

Hydrodynamics 3
mm— SC(4,2), n/s=0.20 B .
m1m1 SC(4,2), , , =0.
— SCE;,E;, :l];z(;l(-))ggram4 i )/<V ><V >! Y]/S(T) param1 !2!374
SC(3,2), n/s(T) param1 )/(v§>(v§), 1/s=0.20 7
L )V 0V,), ws(T) param1,2,3,4 J
'EEEE EEEEE N [ PR FEETE FEE T |
10 20 30 40 50 60 70 10 20 30 40 50 60 70

centrality percentile

% Comparison of SC and Normalized SC (NSC) to hydrodynamic calculations

e Although hydro describes the v, fairly well, there is not a single centrality for which a
given NN/s parameterization describes simultaneously SC and NSC.

SC(4,2

( o | SC(3,2

w1 w1 SC(3,2), n/s(T) param4 SC(3,2
1

centrality percentile

e NSC(3,2) is insensitive to parameterization of n/s(T)

-> direct constraints on initial conditions.

e SC and NSC measurements provide stronger constrains on the /s in hydro than
standard v, measurements alone.

Sept. | 9th’ 20 | 6 YOU ZhOU, FIOW@CPH Discovery
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https://arxiv.org/abs/1604.07663

|dentified particle flow

¢ ldentified particle flow

= further constraints of the initial state and collision dynamics
« Anisotropy €, EoS,n/s

= (multi-)strange particles: small hadronic sections
* insensitive to final hadronic interactions
* additional information from early stage

= indication of partonic collectivity
* Number of Constituent Quark (NCQ) scaling

partonic

Sept. 19%,2016 You Zhou, Flow@CPH
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identified particle v, in Pb-Pb

ALICE Collaboration: JHEP 06 (2015) 190
VISHNU: Phys. Rev. C 89, 034919 (2014)

ALICE 20-30% Pb-Pb /s, = 2.76 TeV

=
(o)
o
A
=
<
o
w
RS
>

4

>
Py (GeV/c)

% p1 < 2.5 GeV/c: mass ordering

% pt>3 GeV/c: baryon-meson grouping

Discovery
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http://link.springer.com/article/10.1007/JHEP06(2015)190

identified particle vy in Pb-Pb

ALICE Collaboration, arXiv:1606.06057
submitted to JHEP

ALICE Pb-Pb |5, =2.76 TeV

20-30%

\
b ALICE P

20-30%

I I I
b-Pb |(5,,=2.76 TeV

e TT*

* K*

* mass ordering for pt < 2.5 GeV/c

* baryon-meson grouping for pt >3 GeV/c

Sept. 19t 2016

You Zhou, Flow@CPH

\
ALICE P

20-30%

I I I
b-Pb |(5,,=2.76 TeV

e T*

* K*

% Similar results observed for higher harmonic flow v3 and v

Discovery



https://arxiv.org/abs/1606.06057

low pT: Vi mass ordering

ALICE Collaboration, arXiv:1606.06057
submitted to JHEP

Pb-Pb \s\=2.76 TeV

ALICE
e *

* K*

iEBE-VISHNU

20-30%

ALICE
o Tt
* K*
m p+p

T
Pb-Pb \s\=2.76 TeV

iEBE-VISHNU
-

Kt

—p+p

T

20-30%

T T

T
Pb-Pb \s,,=2.76 TeV

ALICE
o Tt
* K

iEBE-VISHNU

20-30%

:........&.*g-l!.l.g;.’.l.gt

05 1 15
P, (GeV/c)

[N (GeV/c)

% Hydrodynamic model (iEBE-VISHNU:AMPT-IC & n/s = 0.08)

* reproduces the observed mass ordering of v, for pt <2 GeV/c
 describes the measurements for v, within 5%

Discovery
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https://arxiv.org/abs/1606.06057

intermediate pt: v NCQ scaling

ALICE Collaboration, arXiv:1606.06057
submitted to JHEP

\ \ \ \ \ \ \ \ \ \ \ \
ALICE Pb-Pb \s,,\=2.76 TeV ALICE Pb-Pb \s,,\=2.76 TeV 1 ALICE Pb-Pb \s=2.76 TeV

® Tt e T* o Tt

| 20-30% . K 17 20-30% . K® 20-30% e
= p+p

_.:;3"3“ ty

15 2 . : 15 2
pT/ n, (GeV/c) pT/ n, (GeVic) pT/ n, (GeVic)

7/

¢ universal number of constituent quark (NCQ) scaling observed at RHIC

¢ only approximate within ~20% at the LHC, works better for higher
harmonics than v

Discovery
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https://arxiv.org/abs/1606.06057

From 2.76 to

* Pb-Pb 2.76 TeV: 2010, 201 | v "
* Pb-Pb 5.02 TeV: 2015 oMy 500 v

Barycn Chemical Potential

eeeeeeeeeeeeeeeeeeeee
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Theoretical predictions

J. Noronha-Hostler et al.,PRC93 (2016) 034912 H. Niemi et al, PRC 93, 014912 (2016)

T T T T T T

T I !
130 — ,/5=0.20

T

rcBK

Trento 1
KLN

Glauber ‘
L — 7/8 =paraml

1.25
/8 =param?2

1.20 /s =param3

/8 =paramd

% change in v,

% change in €,

20
15
10

5L
0/
! ] ] ! (b)\ ! ]

5 F

35 \
3 \
25 .

2+

1.15

1.10

% change in vy

1.05

=
o
o

n=2

g
w
=
[
ey
=
<
=
o
S

15
| |

1 - -
L 10 20 30 40
10 20 30 40 50 60 70 80 0 0 20 30 40 50 60 70 centr 'dli t v [(A }

centrality percentile

v, {2} (5.023 TeV)/v, {2} (2.76 TeV)

% change in <p>

o
O
wm

centrality percentile

For all centralities and every model, the change from 2.76 TeV to 5.02 TeV is

between -2% and 2% for €2 and between -3% and |% for &.
v2and vs should see the largest increases in peripheral collisions, while in central

collisions they will show little increase
The increasing of v, from 2.76 TeV to 5.02 TeV is sensitive to the detailed setting

_of N/s(T), a new constraint on the n/s(T)

Discovery
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Anisotropic flow at 5.02 TeV

ALICE COllaboration PRL 116 132302 2016 INTERNATIONAL JOURNAL OF HIGH-ENERGY PHYSICS

J. Noronha-Hostler et al., PRC93 (2016) 034912 CERN

week ending

PRL 116, 132302 (2016) PHYSICAL REVIEW LETTERS I APRIL 2016

Anisotropic Flow of Charged Particles in Pb-Pb Collisions at /syy = 5.02 TeV VOLUME 56 NUMBER 3 APRIL 2016

J. Adam et al.”

(The ALICE Collaboration)
(Received 4 February 2016; published 1 April 2016)

We report the first results of elliptic (v,), triangular (v3), and quadrangular (v,) flow of charged particles
in Pb-Pb collisions at a center-of-mass energy per nucleon pair of \/syy = 5.02 TeV with the ALICE
detector at the CERN Large Hadron Collider. The measurements are performed in the central
pseudorapidity region [7| < 0.8 and for the transverse momentum range 0.2 < pr <5 GeV/c.
The anisotropic flow is measured using two-particle correlations with a pseudorapidity gap greater than
one unit and with the multiparticle cumulant method. Compared to results from Pb-Pb collisions at rrrryrTTrrTTrTTTTT T T T T T T T T rrrTTTTTT
VSaN = 276 TeV, the anisotropic flow coefficients v,, vs, and v, are found to increase by (3.0 + 0.6)%, - ALICE Pb-Pb Hydrodynamlcs -
(4.3 +£1.4)%. and (10.2 4 3.8)%, respectively, in the centrality range 0%—50%. This increase can be —
attributed mostly to an increase of the average transverse momentum between the two energies. The 502 TeV 502 Tev
measurements are found to be compatible with hydrodynamic model calculations. This comparison T mv, {2, | An|>1} =V, {2, |AT]|>1}
provides a unique opportunity to test the validity of the hydrodynamic picture and the power to further - —vy {2 IAn|>1 }
discriminate between various possibilities for the temperature dependence of shear viscosity to entropy [ ] V3 {2, |A'l’]|>1 } 3 )

density ratio of the produced matter in heavy-ion collisions at the highest energies. i ’ V4 {2, |A,r||>1 }
DOI: 10.1103/PhysRevLett.116.132302
hysRevLett.116 N +V2{4}
L ¢ v, {6}
- KV, {8}

% Anisotropic flow vy
: : - o ¢ |

v ey by by by b by b

* agrees with hydrodynamic predictions TR T R

conditions and n/s. . 0

) . . g1 TETRAQUARKS ' ACCELERATOR
provides a unique opportunity to test tegenecain )" MILESTONE

its final position ;

the validity of the hydrodynamic b0

framework.
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.132302

vn from 2.76 to 5.02 TeV

ALICE Collaboration  Ref [27]: J. Noronha-Hostler et al., PRC93 (2016) 034912
PRI 116, 132302 (2016)  Ref [25]: H. Niemi et al, PRC 93, 014912 (2016)

T T I . . . .
- ALICE Pb-Pb Hyarogynamics -« The anisotropic flow coefficients v,
|_5.02 TeV 2.76 TeV 5.02 TeV, Ref.[27] |

Favmibn ovgiel Zugiid {1 vsand vaare found to increase by

D AL A ) (3.0+0.6)%, (4.3+1.4)% and

e (10.2+3.8)%, respectively, in the
centrality range 0-50%, mainly due to
the increase of <pt>

T I T 1T 1 | T

None of the ratios 5.02 TeV/2.76 TeV
" eamice ez |- of flow harmonics exhibit a

weLoBg e significant centrality dependence in
the centrality range 0—50%,

Changes of anisotropic flow are
L compatible with theoretical
Centrality percentile predictions.
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.132302

| Pb-Pb 5.02 TeV |

The Phases of QCD

| '9,
e ALICE | 8
v STAR ’ k?-"‘,_;;_ Quark-Gluon Plasma

= PHOBOS
0 PHENIX - -- 170 My SRR, e/

O CERES 7
+ E877 Cnfical Point -g%; . ‘:’--._____
¥ EOS SR Superrﬁ::;ucmr
A E895

v FOPI

Temperature i

900 W
Barycn Chemical Potential

’ 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 |
10 102 10° 10*
\'syn (GeV)

¢ ALICE has measured the largest hydro-like flow so far!
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pt differential flow

ALICE Collaboration
PRI 116, 132302 (2016)

[ ALICE Pb-Pb 0-5% (@)« For the 0-5% centrality class, at
5.02 TeV 2.76 TeV

e V{2, IAn>1} VA2, [An>1} PT > 2 GeV/c, V3{2} is observed to be

m v.{2, |IAnI>1} []va{2, IAnI>1} . .
o V2 Ani1) VA2, IAni=1} larger than v2{2}, while v4{2} is

compatible with vo{2}

o
hS)

~
Q
~—
A
=
<
C\j‘
G
>

o
—

For the 30—40% centrality class v2{2}
is higher than v3{2} and v4{2} for the
entire ptrange measured: no crossing

v.{2, 1A nl >1.0}
o
(M)

o
—

Comparable results to Run | results,
increase in integrated flow can be
attributed to the increase in radial
flow
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.132302

Comparisons between experiments

[ CMS Preliminary 1 T ALICE, Inl<0.8

i PbeV =5.02TeV 7 T A V{2 lAnl>1
[ SN © 1 [ —*— V.2 1ani> 1
N [ —=— v, 4

. I cms,iqi<10
A

T V-

HEf 1w F&r@ao%ﬁ}ﬁ 1 —e—v {2 1an>3
s % o [ ” Q'Qw O 2 ]
A ® o »®

__MM

| —— V3{2}, IAnl >3

30-40% | —*— V4
———t—t—+—t+—+—1—+—t+——f—t——+—

oy !
T e

10-20% | 20-30% |
> —
pT (GeVlc) pT (GeVlc)

% Good agreements between ALICE and CMS.
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v2 at high pr

| CMS Preliminary
2 PbPb |5, =5.02 TeV

TR |
LA B L B B B B

e V,{SP}
m v.{4}
== V{6}
#V(8)

30-40%

—20 60 80
P (GeV/c)

¢ measure multi-particle v,{4,6,8} up to 100 GeV/c
* v2{4,6,8} seems converge with vo{SP} at high pT

* Collective nature of high pr particles

Sept. 19%,2016 You Zhou, Flow@CPH
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v2 from low and high pr

T T T T | T T T T | T T T T T T T T T T T T T T T
L CMS Preliminary ® v,(SP} T VW 10< p, <1.25GeV/c
| PbPb |5, = 5.02 TeV - Ov,e
Slope

- Slope Slope
| = V,{SP} 0.52+0.04 1 = V,{SP}0.39+0.03 1l = v,{SP}0.27+0.03
===1V,{4}0.47+0.06 ===V,{4}0.47+0.06 ) === V,{4}0.24+0.07

® 20<p <26Gevic . 26 <p <35 GeVic |
I 1 1 1 1 l 1 1 1 1 I 1 1

AT' 1 I 1 1 | - I 11 1 1 I 1 1 1 11 1
0.05 0.10 0.15 0.05 0.10 0.15

2" 1.0< p; < 1.25 GeV/c V2"

14<p <20 GeVic

R I T T R A I R
0.10 0.15

low
Vo

¢ High pt v2 strongly correlated with low pt1 v2

* Suggest on of same origin of the correlations (?)

¢ Slope decrease while increasing pr
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QGP in small systems?

Pb-Pb collisions p-Pb collisions
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multi-particle cumulants in AA

x10°
ALICE Preliminary, Pb-Pb at \'S—NN =276 TeV

QC{2} = v,
QC{4}

QC{6} %™16"20"30 40 50 60 70 80

centrality percentile

Q.Q, (1an]> 1)
o

(2]
T

charged hadrons

QC{8} = —v}
]
05F iHl
** Lesson from AA collsions, l
Flow signal:

OI 10 20 30 40 50 60 70 80
centrality percentile

+, -, *, - signs for cumulants
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T ALICE Preliminary, Pb-Pb at \[sy = 2.76 TeV

| ALICE
| ® p-Pb |5y, =5.02TeV

O Pb-Pb |5, = 2.76 TeV ; 1 g
.01F \SNNG e . O Pb-Pb |5, =276 TeV — " #
L 02< P, < 3.0 GeV/c O@%) B r 0.2<p, <3.0Gevic ] charged hadrons

CO 10 20 30 40 50 60 70 80 ) 10 20 30 40 50 60 70 8

| y il B I ] lity percentile centrality percentile
A L I C E | | r ] central

10°

PRC 90, 054901 (2014) I - ] ., |
) [ s :

—
ALICE
® pPb | sy =5.02TeV

Q.Q, (1an]> 1)

22

S
L 9 , R  Qooset]
1 ’ 102 3 01

10 IR T TR I
N 0 1 N |<1) 0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
ch(ln‘ab‘ < ) lab centrality percentile centrality percentile

ﬂiﬂh

CMS
rrrirtrrrtrrrjrrrrrroqgqrrr 1| rrr 1|11 1 [ T T rr1r 1| rr 1| 1T 1T 1T T[T

1oF PP Vs=13TeV o vs(2 |An>2}- PPb {5y, =5TeV L PbPb ys, =276 TeV .
CMS: vA(4) i g B -

v,{6} 1 1 .® . .."Q - J
1606.06198 v5{8) ® y

4 1 [ ] Q
vALYZ} 1 e 0 ® 0000, | 30

°?
, obgepa s | oREtERggat ¥ ]

k
) +
03< P, < 3.0GeV/icT 03< p, < 3.0GeVic | 0.3< P, < 3.0GeV/c |
nl < 24 | | | i < 2|.4 | 1 | Wl < 2|.4 | 1
100 150 0 100 200 300 0 100 200 300

offline offline offline
Ntrk Nlrk Ntrk

{2} = vo{4} = v2{6} = v2{8} = va{LYZ, o0}

* Collectivity in any hadronic systems (?)
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identified partlcle V2 in pp, PA, M

ALICE,
JHEP 06 (2015) 190
PLB 726 (2013) 164

CMS:
1606.06198

V,{SP, |An|>0.8}

ALICE pp F 7 TeV, i<0.8

PRI B
35 4
P, (GeV/c)

" ALICE

[ p-Pb |s,,=5.02TeV
“0 (0-20%) - (60-100%)

ALICE 20-30% Pb-Pb |s,, =2.76 TeV

A—en K
i e0

Bi*A+A TE4E

- |

'__'K(s)

T T [
L pp Vs= 13 TeV
[+ h* 105 < No'"e < 150
minus
10 < NOP™ < 20

L o A/A

;

& % ++
r

Jf }

+

+ b arxivi1606.06198 7

T F T T I T
1 pPb Sy =5.02 TeV

| PbPb |5 = 2.76 TeV

t
+-|-:-|- *

g e

120 < N < 150

2 4
P, (GeVl/c)

“* Anisotropic flow of identified particles
e mass ordering at low pt
e NCQ scaling at immediate pt
» Evidence of collectivity in small system ?
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http://link.springer.com/article/10.1007/JHEP06(2015)190
http://www.sciencedirect.com/science/article/pii/S0370269313006503

Summary

* The anisotropic flow measured at the LHC open new possibilities fo
investigation of the initial conditions
in heavy-ion collisions.

MC-Glauber MC-KLN MC-AMPT IP-Glasma EKRT
V2 v v v v v

Vn v v

X v
Vn-Vm X X ? X
X ? v v

Wn-WYm

¢ The LHC RUN2 program provides new opportunities
* Pb-Pb 5.02 TeV, p-Pb 8 TeV, 5.02 TeV, pp |3 TeV

 the anisotropic flow measurements will shed new light into the properties of
produced QGP. Thanks for your attention!

Discovery

Sept. 19,2016 You Zhou, Flow@CPH 41



Summary

* The anisotropic flow measured at the LHC open new possibilities fo

investigation of the eta/s of the created
matter in heavy-ion collisions.

= Kinetic theory
= |attice QCD
-+ AdS/CFT limit

= viscous hydro

viscous hydro + flow data

l_o
Lo
©
o
c
n
~
e

¢ The LHC RUN2 program provides new opportunities
* Pb-Pb 5.02 TeV, p-Pb 8 TeV, 5.02 TeV, pp |3 TeV

 the anisotropic flow measurements will shed new light into the properties of
produced QGP. Thanks for your attention!
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MC-Glauber MC-KLN MC-AMPT IP-Glasma EKRT
v v v v v

v
X
?

v
?
v
?

v
X
v
?

?
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(%)

ALICE

i41 countries, 159 institutes, 1665 members

ALICE Collaboration

Re
LS : t
of

e :
v

T "

—

% Detectors used:

{ % Data Samples:

= Inner Tracking System
(trigger, tracking and vertexing)

centrality determination)
= VO detectors
(trigger, centrality determination)

e 2.76 TeV: |12 million M.B. events
5.02 TeV: 140 k M.B. events

{ % Questions:

* What has been learnt in Pb-Pb

collisions at 2.76 TeV (Run 1)?
* What'’s new in Pb-Pb collisions at
5.02 TeV (Run2)?




Anisotropic flow at 5.02 TeV

ALICE Collaboration AMPT: Z.Feng et al. (Wuhan group),
arXiv:1606.02416

PRL 116, 132302 (2016) PHYSICAL REVIEW LETTERS g >C 0.15 _—élblg'El'eP\;)-Pb ?%ﬂzp-l-l:ev

m v, {2, IAni>1} vgg, :ﬁnﬂ%
J. Adam et al. .V3{2, IA'Y]|>1} 3 ) T‘|>
(The AILI\CIE Collak:oralion) : ’ V4 {2, IA'Y]|>1 } Ej V4 {2, IAT]I>1 }

(Received 4 February 2016; published 1 April 2016) J—
L+ Vv, {4} L u

Anisotropic Flow of Charged Particles in Pb-Pb Collisions at ,/syy = 5.02 TeV

We report the first results of elliptic (v, ), triangular (3), and quadrangular (v4) flow of charged particles
in Pb-Pb collisions at a center-of-mass energy per nucleon pair of |/syy = 5.02 TeV with the ALICE L V2 {6}
detector at the CERN Large Hadron Collider. The measurements are performed in the central
pseudorapidity region |7| < 0.8 and for the transverse momentum range 0.2 < pr <5 GeV/c. B % V2 {8}
The anisotropic flow is measured using two-particle correlations with a pseudorapidity gap greater than L
one unit and with the multiparticle cumulant method. Compared to results from Pb-Pb collisions at
/Sy = 2.76 TeV, the anisotropic flow coefficients v,, v3, and v, are found to increase by (3.0 £ 0.6)%.
(43 £1.4)%, and (10.2 £ 3.8)%, respectively, in the centrality range 0%-50%. This increase can be
attributed mostly to an increase of the average transverse momentum between the two energies. The
measurements are found to be compatible with hydrodynamic model calculations. This comparison
provides a unique opportunity to test the validity of the hydrodynamic picture and the power to further
discriminate between various possibilities for the temperature dependence of shear viscosity to entropy
density ratio of the produced matter in heavy-ion collisions at the highest energies. ‘

DOI: 10.1103/PhysRevLett.116.132302

10 20 30 40 50 60 70 80
Centrality percentile

 AMPT with string melting calculations

* parameters tuned for Pb-Pb collisions at 2.76 TeV, details see: G. Ma, Z.WV. Lin,
Phys. Rev. C 93 (2016), 05491 |

e calculations of v, v3 and v4 are compatible with ALICE data
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.132302

pt differential flow (1)

ALICE Collaboration
PRI 116, 132302 (2016)

[ ALICE Pb-Pb 0-5% (@)« For the 0-5% centrality class, at
5.02 TeV 2.76 TeV

e V{2, IAn>1} VA2, [An>1} PT > 2 GeV/c, V3{2} is observed to be

m v.{2, |IAnI>1} []va{2, IAnI>1} . .
o V2 Ani1) VA2, IAni=1} larger than v2{2}, while v4{2} is

compatible with vo{2}

o
hS)

P
<
—
A
=
<
C\j‘
G
>

o
—

For the 30—40% centrality class v2{2}
is higher than v3{2} and v4{2} for the
entire ptrange measured: no crossing

v.{2, 1A nl >1.0}
o
(M)

o
—

Comparable results to Run | results,
increase in integrated flow can be
attributed to the increase in radial
flow
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.132302

L 020-30 %

pt differential flow (ll)

ALICE Collaboration

PRL 116, 132302 (2016)

ALICE Pb-Pb (c)
L 5.02 TeV 2.76 TeV

L 01020 % 10-20 %

L [20-30 % 20-30 %

[ 30-40 % 30-40 %

g~

1 @%%
E@@O

[ v, {4} (5.02 TeV) / v,{4} (2.76 TeV)

e
.
[ HH - :

Sept. 19t 2016

% v2{4} decreases from mid-central to
central collisions over the entire pt
range

“* ratio of v2{4} (5.02 TeV)/v2{4} (2.76 TeV)
indicates there is no change in the pr
dependence between both energies
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.132302

Correlations between vy and vy

ALICE Collaboration,
“* New observable: SC(m,n), measures the arXiv:1604.07663

correlations of v_and v_ Sl AR AR AR RS RS R

ALICE Pb-Pb Vs, = 2.76 TeV
"SC(m,n) = (vg, ) — (vg,) (vy,)

X

—

<
[}

w

SC(4,2)

N

SC(3,2)

oja

—_

* Details see: Phys. Rev. C 89, 064904 (2014)

* Itis found that (v2,v7) > 0 and (v2) (v2) >0
in HIJING, but SC(m,n) are compatible
with zero

|
—

——

|
N

IIIIIIIlIIIIIIII|IIII|IIIIlIl

30 40 50 60 70
Centrality percentile

0

—
o
oF
o_

* SC measurements are nearly
insensitive to non-flow effects.

* ALICE data shows
* positive SC(4,2) -> correlation
between v, and v,
* negative SC(3,2) -> anti-correlation
between v, and v3.
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http://journals.aps.org/prc/abstract/10.1103/PhysRevC.89.064904
https://arxiv.org/abs/1604.07663

Correlations between vy and vy

ALICE Collaboration, arXiv:1604.07663

ALICE Pb-Pb {s,,, = 2.76 TeV

_ - [m]sc@2r0)
[m]sc@2) 4 [ [®]sceanded
E SC(3,2) = =L

Hydrodynamics

m SC(4,2), n/s=0.20

= m s« SC(4,2), n/s(T) param1
m1 w1 SC(4,2), n/s(T) param4

- . .
L Hydrodynamics

SC(4, 2)/<V§><V5> w/s(T) param1,2,3,4
3,2), v/s(T) param1 | SC(3,2)/{v ){V,), 7/s=0.20
w1 w1 SC(3,2), n/s(T) param4 N SC(3,2)/{v, )(v ) n/s T) param1,2,3,4 i
'R EEEEE FEEEE P (I P |
40 50 60 70 10 20 30 40 50 60
centrality percentile centrality percentile

% Comparison of SC and Normalized SC (NSC) to hydrodynamic calculations

E - SC (4,2)/(v2)(v?), 7/s=0.20
— so(s 2), 1/s=0.20 [

SC(

(

e Although hydro describes the v, fairly well, there is not a single centrality for which a
given N/s parameterization describes simultaneously SC and NSC.

e NSC(3,2) is insensitive to parameterization of n/s(T)

-> direct constraints on initial conditions.

e SC and NSC measurements provide stronger constrains on the /s in hydro than
standard v, measurements alone.
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https://arxiv.org/abs/1604.07663
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https://indico.cern.ch/event/469857/contributions/1978362/attachments/1278244/1897959/IS2016LargeSmallSystems.pdf

particle identification

Projection Time of Flight (TOF)

dE/dx : the specific energy loss B=Track length/arrival time
Resolution: 0dE/dx = 5% Resolution: 6 TOF = 86 ps

ALICE

PERFORMANCE
18/05/2011 ]
Pb-Pb {Sy=2.76 TeV ]

2
5
S5
S
P
S
>
0
g
©
O
o
|_

Il Il Il Il Il Il Il Il ‘ 1
2 3 4 5678910 20
p (GeV/c)

Bayesian PID (arXiv:1602.01392):

* Input quantities: <dE/dx>, B
* Identification Probability > 90%
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Pseudorapidity dependence of v;

- 25-50% . 0-40%: event average PHOBOS v{EP}

i %H% i [+ ] Au-Au 200 GeV
ﬁ . [ o ] Au-Au 130 GeV

H @ ﬁ I [¢]Au-Au 62.4 GeV
H H — i ‘ [0 ]Au-Au 19.6 GeV

ALICE v{2} Pb-Pb 2.76 TeV
CMS v{EP} Pb-Pb 2.76 TeV
ATLAS v{EP} Pb-Pb 2.76 TeV
PHOBOS v,{EP} Au-Au 200 GeV

“* We find that the shape of vn(N) is largely independent of centrality for the flow
harmonics n = 2, 3 and 4,
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Pseudorapidity dependence of v;

[ Pb-Pb |5y = 2.76 TeV

5-10%
ALICE AMPT

Sept. 19t 2016

ALICE Collaboration, arXiv: 1605.02035
submitted to PLB
AMPT:

“* A multiphase transport (AMPT) model
with a so-called string melting scenario
is used for comparisons.

Good agreements of anisotropic flow
from AMPT and data are observed in
40-50\% centrality class, except v2{4} at
forward pseudorapidity.

In more central collisions, AMPT
overestimate v> and v3 nevertheless
agrees with v4 measurements.
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http://arxiv.org/abs/1605.02035

T T T _ T T T
| O PPb sy =5TeV

| O PbPb \sy =276 TeV
- lAnl>2

®pp s =13TeV
S pp Vs=7TeV

0.3<p_<3GeVic O pp Vs=5TeV

! I I ' I t } } T [

[Anl > 2

0.3<p <3 GeVic

R L
200 300
ff;"”e arXiv:1606.06198
q

Discovery

Sept. 19,2016 You Zhou, Flow@CPH 55



multi-particle correlations: p-Pb

ALICE Collaboration, p-Pb collisions

Phys. Rev. C 90 (2014) 054901

T Illl\fll T I\Illlll . ||| 1 1 T T T T T 117

T
. ALICE ALICE
- ® p-Pb |5, =5.02TeV ® [-Pb|s,,=5.02TeV

O Pb-Pb | s\, =276 TeV O Pb-Pb | sy =2.76 TeV

- 02<p_<3.0GeV/c 0@0@% 02<p <30Gevic

"""""""""" Q.Ouo..+
O
QC{4} = —U2 Oo oCQ
L1 el : ‘OQ?;@..I
10 102 10°
(In

10
Nos(fn_| < 1)

% Positive QC{2} and negative QC{4} observed in p-Pb collisions
* signature of collective behavior
* hard to reproduce in models without QGP
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http://journals.aps.org/prc/abstract/10.1103/PhysRevC.90.054901

- CMS PbPb |5, = 2.76 TeV L CMS p-Pbys, = 5.02 TeV

| 0.3< p. < 3.0 GeV/c; | < 2.?) 500 ') . 0.3«< P, < 3.0GeV/c; n| < 2.4

V,{2, |An|>2}
V,{4}

v,{6}

V,{8}
V,{LYZ}

100 200 300 O 100 200 300

off-line off-line
Ntrk N'(rk

¢ Flow signal from multi-particle correlations in p-Pb collisions
* very similar with what observed in Pb-Pb, v2{2} > v2{4} = v2{6} = v2{8}
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identified particle v, in p-Pb

ALICE Collaboration,
Phys. Lett. B 726 (2013) 164

o
no
32

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

v.{2PC, sub}
o
[p]

p_ (GeVie)

p-Pb collisions

K. Werner, et. al.,
Phys. Rev. Lett. 112, 232301 (2014)

EPOS3.074 1n/s=0.08
mm@s JT
K ./'
[!./
V4

A o~

|||[||||i|||
o =

I

o
N,

I

I|III
- -9

o
n

% ldentified particle v, shows mass ordering in high multiplicity p-Pb collisions

= similar feature as observed in Pb-Pb collisions
» indication of anisotropic flow (?)
A = EPOS (hydro+transport model) reproduces similar feature
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http://www.sciencedirect.com/science/article/pii/S0370269313006503

multi-particle correlations: pp

pp 7 TeV (2010) 10°  CMS: 1606.06198 cwms x10°

'O' PP B pp \s=13TeV
il - m\s=13TeV 1
; A0 O pPb \sy =5 TeV
\s=7TeV NN
| \s=5TeV 0.3<p_ <3 GeVic

02 g | Inl < 2.4

[J1+ pPb

T 0 sy =5 TeV

0.3< P, < 3GeVic |

ALICE preliminary

offline offline
Ntrk Ntrk

QC{4} = —vy QC{4} = —v3 QC{6} = v§

Multiplicity (uncorr.)

* Anisotropic flow produced in (high multiplicity) pp collisions?
= negative QC{4} and positive QC{6} -> signal of flow in pp (QGP in pp?)
= other mechanism?
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multi-particle cumulants in AA, pA and pp

CMS
I 1 r T I LI I I LI | I I I I LI I LI | I LI | I I I LI I I I I LI | I I I I

| 1 1 T 1 I 1 1 1 T T
1oF PP Vs =13TeV o vsi(2 |Ay>2}+ PPb |5y =5TeV 1 PDbPb |5, =2.76 TeV
m v,{4}
V,{6}
O Vv,{8} 1
ovilyzy | oo ® 00806, |

o
Rl L ,;;"*H paztt |

M <24 Ml <24 | ml <24
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v2{2} > v2{4} = v2{6} = v2{8} = v2{LYZ, oo}

* Collectivity in any hadronic systems (?)
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smaller fluctuations in pp ??

Fluctuation-driven €
P(e)=2ae,(1-¢)*" a=(N,-1)/2
N=18
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Yan, Ollitrault, PRL 112, 082301 (2014)
v {2} e{2} \1+N_ /2

suggest smaller Ns in pp !
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identified particle v, in pp

p-Pb collisions  pp collisions

ALICE, Phys. Lett. B 726 (2013) 164

ALICE pp, Vs=7 TeV, mi<0.8

Q vector: 0.2<p T<20 GeV/c
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* Anisotropic flow produced in (high multiplicity) pp collisions?
= will PID vz in high multiplicity pp collisions show any indication?
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http://www.sciencedirect.com/science/article/pii/S0370269313006503

identified particle vz in pp, pA,AA
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CMS: 1606.06198

“* Anisotropic flow of identified particles
e mass ordering at low pt
e NCQ scaling at immediate pt
 Evidence of collectivity in small system ?
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