: =t =

. )l
| v I
] e )
ey 953
{ N e N —

LHCP 205



In this talk:

* Anisotropic flow of identified particles vs. transverse momentum
* Scaling properties of v, and v, with number of quarks

* Flowin p-Pb?

Focus on LHC results (ALICE and CMS)



Motivation

Anisotropic flow is a response of the system created in a heavy-ion
collision to the anisotropies in the initial geometry
and multiple interactions in the created medium.

Angular distribution of reconstructed charged particles can be
expanded into a Fourier series w.r.t. reaction plane Wg:

dN c
% ~1+2;vn cosn(p—W,)=1+2y, cos((p—lP1)+2@0082(90—11’2)+2@os3(q0—‘113) +...

v, — elliptic flow, v, — triangular flow, v,, v, ...



Motivation

Anisotropic flow is a response of the system created in a heavy-ion
collision to the anisotropies in the initial geometry
and multiple interactions in the created medium.

Angular distribution of reconstructed charged particles can be
expanded into a Fourier series w.r.t. reaction plane Wg:

dN c
% ~1+2;vn cosn(p—W,)=1+2y, cos((p—lP1)+@COS2(¢—W2)+2@OS3(¢—W3) +...

v, — elliptic flow, v, — triangular flow, v,, v, ...

Anisotropic flow of identified particles is sensitive to the partonic
degrees of freedom at the early times of a heavy-ion collision.

v, (p;) allows quantification of:

1. rate of hydrodynamic radial expansion (mass dependence of v, vs. p;)

2. properties of the deconfined phase (e.g. viscosity)

3. details of hadronization mechanism (e.g. coalescence, fragmentation at high p;)
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Elliptic flow of identified hadrons at ALICE*

Pb-Pb, Vs, =2.76 TeV
T[I KI p 4 KOSI AI EI QI (I)

*based on ALICE paper
JHEP 06 (2015) 190

(arXiv:1405.4632) ALICE




ALICE experimental setup

(" Strip )A ( Drift ) ( Pixel )

ACORDE

-

=Y
--

Inner Tracking System (ITS) B " {'j ===\
(-0.9<n<0.9) s . Gips
Tracking + triggering ™ oy ¥

Time Projection Chamber (TPC)

Tracking + particle identification (PID) N N |

Time Of Flight (TOF)
(-0.8<n<0.8) ;
PID

ABSORBER

VZERO detector
Two forward scintillator arrays

(-3.7<n<-1.7, 2.8<n<5.1)
centrality + triggering

Analyzed data samples:
* Pb-Pb at Vsy, = 2.76 TeV (2010 data, 10M events)
* p-Pb at Vs, = 5.02 TeV (2013 data, 100M events)



JHEP 06 (2015) 190; arXiv:1405.4632

Particle Identification of t, K, p

200

ALICE Pb-Pb VsT‘N =276 TeV
4r 35<p_<3.75GeV/
v 1

Use of TPC & TOF information i;
p; ranges:
m: 0.2 < p; < 6.0 GeV/c
K:0.3<p;<4.0GeV/c

p: 0.3 < p;<6.0GeV/c

Pb-Pb {S5=2.76TeV ]

TPC dE/dx (arb. units)

C L L L L [ R | 7
0.2 03 1 2 3 4 5678910 20
p (GeV/c)



Particle Identification of t, K, p

JHEP 06 (2015) 190; arXiv:1405.4632

2 200 " T
Use of TPC & TOF information S 10l A\ K 1 I
& > Pb-Pb {5y=2.76TeV ] <
p; ranges: § o0 :
3 140 ol
m: 0.2 < p; < 6.0 GeV/c 0
K: 0.3 < p;<4.0GeV/c £ o
p: 0.3 < p;<6.0GeV/c o
_ 4+
02 03 5 3 4567800 20
O o . p (GeV/c)
K°,, A, E, € and ¢ reconstruction
K.>nn A(A) 2 p(p)n
. . x10° S x10°
T°p°|°g|ca| cuts: %3015_ 0.6<p_<0.8GeVic g 6 1.0<p_<12GeVic q) bv Kaon PID
« Secondary vertex 8 | (a ’ 3 A+R - kY
. . 40
* Decay kinematics o - o>KK
s 20 g 0.6<p <12GeVic
0.05 8 0.6 (C)
ol 1 1 0 1 1 1 0.4F
04 045 05 055 11 112 114 1.16
m,,, (GeV/c?) m,,, (GeV/c?) 02
,:x103 Ei 9 ATCi x10° Qi- 9 1\Ki .
o % 15 1.0<p_<15GeVic ~"§’ 15<p_<20GeVic . '
rapidity range: 8 [ @ 3=+ §1s () | Q4@ 1 105

ly|<0.5

164 166 168 1.7 1.7

1
1.3 132 1.34 1.36
m._ (GeV/c?)

inv

m.  (GeV/c?)

inv

Pb-Pb \s,\ =276 TeV
Centrality 10-20%

)

my,, (GeV/c?)



JHEP 06 (2015) 190; arXiv:1405.4632

Extraction of v, by Scalar Product method*

Q-vector is computed from “reference flow particles” Q, =

Three sub-events A, B and C:

VZERO-C ITS, TPC, TOF
—37<n<-17 y| <0.5
QC unit flow vector

’LLB — eingoB
(for n~, K=, K2, p,p, ¢, A, A, E™

(8- S0 S0

\ %.Q_S*>
My Mc

V2

wiem(p,-

ic

VZERO-A

28<n <51

0
Qn

=t

2T, Q and Q)

|An| >0.9

*S.A. Voloshin, A.M. Poskanzer and R. Snellings,
Collective Phenomena in Non-Central Nuclear
Collisions, in Relativistic Heavy lon Physics,
Landolt-Bornstein series, Springer-Verlag, Berlin
Germany (2010), pg. 293 9



v, in Pb-Pb for different centralities

0.3+ 0-5% @

0.2

- 5-10%

ALICE
Pb-Pbysyy=2.76 TeV
ly] <0.5

0.4

0.3

0.2

v, 1Anl > 0.9

0.1

. ot

Particle species

o 4 K=
K2 = p+p

0 * A+A

*E+E TO40

04 30.40%

0.3~

0.1+ C_ 3

of %

[« )

[l
0 2

pr (GeV/c)
v, for m, K=, p, K°, A, E and Q:

4

* Mass ordering observed for many species

* Stronger in most central collisions 2>

JHEP 06 (2015) 190; arXiv:1405.4632

stronger radial flow

* Crossing between proton and pion v, around p;~3 GeV/c in the most central events

* Particle type dependence persists out to high p;
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. . .. JHEP 06 (2015) 190; arXiv:1405.4632
v, in Pb-Pb for different centralities

0.3+ 0-5% @ - 5-10% i ALICE

0.0 Pb-PbySy = 2.76 TeV
' ly] <0.5

Particle species

© 4K
K =pb

-0 * A+A

* E+E +Q+Q

Look closer at 10-20%

centrality class... @

I
6

1 1 11l
0 2 4 60

2 4
pr (GeV/c)

v, for m, K=, p, K, A, E and Q:
* Mass ordering observed for many species
* Stronger in most central collisions = stronger radial flow

* Crossing between proton and pion v, around p;~3 GeV/c in the most central events
* Particle type dependence persists out to high p; 11



v, in different p; ranges

v{SP,IAn > 0.9}

0.4

0.3

0.2

0.1

— ot K= ALICE
Pb-Pb \/s =2.76 TeV
K =p+p NN
10-20%@

JHEP 06 (2015) 190; arXiv:1405.4632

The three momentum ranges:
low (p; < 3 GeV/c)
intermediate (3 < p; < 6 GeV/c)
high (p; > 6 GeV/c)
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JHEP 06 (2015) 190; arXiv:1405.4632

v, at low p-
0.4 — On* K: ALICE
K2 =p+p Pb-Pb \/ST,N =2.76 TeV
10-20%
5 @
o
o o
A . . . ......
= 0.2 Am%
ﬂ 2 o LT
&
0.1 .
——
>C\l
0 | I
4 6

P (GeV/c)

Radial flow pushes particles to higher p;, heavier particles “feel” the boost more
— the higher the mass the larger the low p; depletion

Larger “push” in-plane than out-of-plane as a function of mass
Larger low-p; depletion in-plane than out-of-plane
— lower v, in @ mass dependent way 13




v, at intermediate p;

v{SP,IAn > 0.9}

0.4

0.3

0.2

0.1

— ot

K

ALICE
Pb-Pb \/ Sy = 2.76 TeV

10-20% @

JHEP 06 (2015) 190; arXiv:1405.4632

intermediate p; (3 < p; < 6 GeV/c):
~grouping based on type
(mesons/baryons)
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Behavior of v, for ¢-meson

0.4

0.3

0.2

0.1

v{SP,IAn > 0.9}

0.4

0.3

0.2

— ot

K

ALICE
Pb-Pb \/ Sy = 2.76 TeV

JHEP 06 (2015) 190; arXiv:1405.4632

intermediate p; (3 < p; < 6 GeV/c):
~grouping based on type
(mesons/baryons)

d-meson:

At low p; (p; < 3 GeV/c):
* mass ordering

At intermediate p; :

the ¢-meson follows
* baryon band for central events

* meson band for peripheral
events

Behavior of ¢-meson challenges
the coalescence picture

15



Test of scaling properties

Number of constituent quark (NCQ) scaling approximately holds at RHIC
» quarks coalescence as the dominant mechanism of hadron formation?

* NCQ scaling was considered as “evidence” of quark degrees of freedom
which dominate in the early stages of AA collisions, when collective flow develops

Eur.Phys.J.C62:237-242,2009

(L]

[ ey
[L]] IIIIIII’I”II 17777779 l";'I’I’I'I' I’I'l’l’l'l'l' 2
/]

7777777777711771177777717 7%
1 1 111711118 'l’l’l’l:’l’l’l’l’l’l’l’l’l’l’l’

Ed’s/d’p (mb.GeV-2c?)




v{SP,lAn| > 0.9}

Test of scaling properties JHEP 06 (2015) 190; arXiv:1405.4632

Number of constituent quark (NCQ) scaling approximately holds at RHIC
» quarks coalescence as the dominant mechanism of hadron formation?
* NCQ scaling was considered as “evidence” of quark degrees of freedom
which dominate in the early stages of AA collisions, when collective flow develops

0.4-on S ALICE on  +K
0 .;5 @ Pb-Pb |5, = 2.76 TeV |:> pip e vz/nq VS. pT/nq
0.3Led  *A4x 10-20% é:; o1 *A+R TE4E +
if b0 |2
ALl LI
&6 , ! 5 0.05
e & @ N
0
0 2 g 6 0 1 2
p (GeVic) p Jn; (GeVic)
ﬂ -
4 e K =p+p
15 ‘ iﬁ '¢_ _:A+K‘E'+§+
n, —number of quarks per s §§;9+9
meson/baryon ¢ | ) K
S i b F
s
0.5— .

p I, (GeVIc)
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v{SP,lAn| > 0.9}

Test of scaling properties JHEP 06 (2015) 190; arXiv:1405.4632

Number of constituent quark (NCQ) scaling approximately holds at RHIC
» quarks coalescence as the dominant mechanism of hadron formation?
* NCQ scaling was considered as “evidence” of quark degrees of freedom
which dominate in the early stages of AA collisions, when collective flow develops

0.4op: - ALICE on* K on* K _
K -zﬂ? @ Pb-Pb sy = 2.76 TeV |:> 4P o0 VZ/nq VS, pT/nOI "p+p o0 Vz/nq Vs (mT mo)/nq
) - 10-20% - *A+R TE4E [ . AR FEAE
0.3*"1’- _+“‘A+A_+ % 0.1 + % 01 g gt é
TEAE 4Q40 % ' 2 3 _
z C " A
0.2 Q'Q? i‘,}i g i' 5 5
P et , % 0.05 6 0.05(—
0.1+ e & 0 > >’
0_I ¥ | | | ° L L J I
0 2 4 6 0 1 2
P, (GeV/c) p/nq (GeVic) (m; - my)/n, (GeVic?)
¥ _ .
4 e K =p+p ! on B K
i ) *A+A T ':'+E+ | 4 - p+p_ M ¢_
1.5 5 == 15— AR TEHE
n, —number of quarks per R o
meson/baryon g &
> S b BeRAREREETE ¢
— transverse kinetic energy o5l L #
0 . 05 1 15
p./nq (GeVic) (my - my)/n, (GeV/c?)

deviations from an exact scaling at the level of £20%

2 V,/n, vs. pi/n, and KE;/n, shows that the scaling is only approximate



Comparison with hydrodynamic calculations (VISHNU)

VISHNU model:
hydrodynamical evolution
+ hadronic cascade

v,{SP,IAn| > 0.9)

arXiv:1201.5026 [nucl-th]

v,/ v,(hydro fit)

0.4—

0.3

0.2

0.1

ALICE

VISHNU 10-20%

Pb-Pb |5,y = 2.76 TeV

ALICE VISHNU

. -6
- Z4E
A
£ -
& -
e
S
|

10-20%
Pb-Pb |5y =2.76 TeV

JHEP 06 (2015) 190; arXiv:1405.4632

)

centrality 10-20%

1
P, (GeV/c)

* VISHNU gives a qualitatively similar picture as in experiment
* the model does not preserve observed mass ordering for protons, A\, E

This could indicate that the implementation of the hadronic cascade phase and the hadronic
cross-sections within the model need further improvements.
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ALICE v, results: comparison with RHIC

0.4

JHEP 06 (2015) 190; arXiv:1405.4632

@ centrality 10-20%

+

T[_
o m* ALICE v,{SP,lAn| > 0.9}

o a* PHENIX v{EP, A > 1.0}

Ki
¢ KALICE v{SP,|An| > 0.9}

0 K* PHENIX v{EP,|Anl > 1.0}

protons
= p+P ALICE v{SP,lAn| > 0.9}
| 0 p+P PHENIX v,{EP,An| > 1.0}

0.3 B
o 7 STARV,{2} sxn = 200GeV | o K*STAR v,{2) o BSTAR v,{2}
~0.2 - - ﬁﬁ“ 4 *
508 880 i
gnmh g 8 )
0.1 / 190 ﬂﬁg"’“ i IR
| o
o
O ! | ! _Iﬂ | | L[ | | |
0 2 4 6 0 2 4 6 0 2 4 6
P, (GeV/c)

* Atlow p; (p; < 1.5 GeV/c) the v,(p;) from STAR and ALICE exhibits qualitatively similar
behavior.

* For p; > 1.5 GeV/c for n*, K* and for p; > 2.5 GeV/c for p,
the v, at the LHC are significantly higher than at the lower energies.
* Warning: measurements are done with different methods
o different sensitivity to non-flow effects = difficult to make quantitative comparison
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v, at high p; (p+> 6 GeV/c)

Probing the path length dependence:
- particles flying in-plane have to travel through less amount of medium
- one expects to see an azimuthal dependence of jets and high p; particles

p*p

A+A

21



v, at high p; (p+> 6 GeV/c)

Probing the path length dependence:
- particles flying in-plane have to travel through less amount of medium
- one expects to see an azimuthal dependence of jets and high p; particles

PP A+A

r*and p at high p;:

N
> - ALICE WOW h*+h (10-50%)
0.3—Pb-Pb\s =276 TeV W w+m (10-50%)
- A p+P (10-50%)
i A‘AA v n° PHENIX (10-50%)
- By == n’ WHDG LHC
0.2 o 4 Extrapolation (20-50%)
- ve ©_ i
- '.@
Fohey ! 4]
- ®
| ®
0.1 4 Ve A #
sFoSN—— L R 2
o e b
5
- ALICE, Phys. Lett. B719, (2013) 18
PR | P | | I S NS N NS T T T SN S |
0 2 4 6 8 10 12 14 16
P, (GeV/c)
* Significant v, for all particle species
at high p;

* No significant particle species

dependence for p; > 10 GeV/c
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v, at high p; (p+> 6 GeV/c)

Probing the path length dependence:
- particles flying in-plane have to travel through less amount of medium
- one expects to see an azimuthal dependence of jets and high p; particles

p+p A+A
s : _ e _
r*and p at high p;: Nuclear modification factor R,,:
N < LI UL LI LI L LI L L LI LI
> - ALICE WOW h*+h (10-50%) I< C I ] I ! ' I ALICEI,arXiv:I1401.1£5 ]
0.3—Pb-Pb\s =2.76 TeV m 7w+ (10-50%) 1 —-I:l PLB 736 (2014) 196-207 E
- 1 A" p+p (10-50%) - ALICE 0-5% Pb-Pb |5,,=2.76 TeV ]
i Ata, v n° PHENIX (10-50%) . — ]
- T e n” WHDG LHC 081~ = KWK B
0.2— o) i Extrapolation (20-50%) - A p+p -
L @ A B 7
L év.' @ 0.6 -
| JKC : ]
B b® ¥ i® L + l _ ]
- ® 0.4 -
013 Tveop 4 - '+
e e s %’ s b N 4]
— """"""" o 0.2 =~ S= .
—® ALICE, Phys. Lett. B719, (2013) 18 | l : l : I : l I :
P SR TN S TR SRS (NN SN SR SR ST SR ST S ST S ST S NS SR NSNS Ll T e L e —L e e —L
0 2 4 6 8 10 12 14 16 0o 2 4 6 8 10 12 14 16 18 20
P, (GeV/c) [N (GeV/c)

* Significant v, for all particle species
at high p;

* No significant particle species
dependence for p; > 10 GeV/c

* Large suppression of high p; particles
e Suppression does not depend on
particle species for p; > 10 GeV/c
23



Adding v, into consideration

™ 0.2

K i Pb-Pb |5, = 276 TeV 10-20%| & 06
n K p RE
B >
[«] o] v @
05— ___ ___ __ Glauber (/s = 0.08)
0.04
| mee  ee= === KLN(n/s=0.20)
0.4l VISH2+1 PLB 707, 151 (2012)
] 0.02
-!:!""‘
0.05 --n"
0
o ALICE
’ PRELIMINARY
0 Z |
05 1 1.5 2 2.5 3
P, (GeV/c)

* Low p;: mass ordering as expected from
the hydro picture

* v;of mand p cross at intermediate p; as
expected from coalescence

* NCQ scaling of v, works better than for v,
but it is still only approximate

Pb-Pb sy, = 2.76 TeV
centrality 10%-20% V3/ Ny Vs. (mT‘mo)/ N,
fov,{2} n* b* .
Wvaf2} K* ifge t
_ L
[wva(2) P . ¥
T
]
g
.. .A
.AI
% u
° ..A.
...I-.
PR@[‘;&ICNRERY
I 1 I 1 I 1 1 1 I 1 1 1
0.2 0.4 06 0.8 1

2
(mT-mo)/nq (GeV/c)

Physics Letters B 719 (2013) 18
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Adding v, into consideration

o 02 _ 5 Pb-Pb |s\ = 2.76 TeV
= Pb-Pb |5\, = 2.76 TeV 10-20%| = (o6l NN
. r K P @ K | centrality 10%-20% V3/nq VS. (mT‘mo)/nq
(o] [o] vtar [ v 5
015~ . = Glauber (n/s = 0.08) i ’ + » 6
. 004 [Avy{2) K X *‘# s N2
| mee  ee= === KLN(n/s=0.20) L o1 5
_ [mvy2} p L )
01— VISH2+1 PLB 707, 151 (2012) i .’ I“. °
0.02 |- o
IPPTY I Ll I oA
gzz222ieT ° A. e
0.05 .- o *y" n %
Pt PReLlez(rinERv i P'ﬁll;gg“ER"
| ! | L | 1 1 1 I | 1 1 I 1 1 1 I 1 1 1 I 1 1 1
0=="35 1 15 2 25 3 0 0.2 0.4 0.6 0.8 1
2
P, (GeV/c) (mT-mo)/nq (GeV/c?)
. Physics Letters B 719 (2013) 18
* Low p;: mass ordering as expected from i
h h d . 0.15— WOW h'+h (10-50%)
the hydro picture - L B (10-50%)
* v;of mand p cross at intermediate p; as i o A B p+p (10-50%)
0.1 ® 4% + ALICE
expected from coalescence F 2 g Pb-Pb sy = 2.76 TeV
. ) = ® ®
* NCQ scaling of v, works better than for v, S .
but it is still only approximate 00T 8 - ¢*¢
* High p;: v, of p are larger than O e e
that of m out to p;=8 GeV/c -
T | | | | | | | |




p-Pb also flows?.. .

B. Abelev et al. (ALICE Collaboration: Phys. Lett. B726, (2013) 164
0,25 IIIIIIIIIllIlIllllllllllllllll]lll]lll

o)

> N ALICE .
w B —
- [ p-Pb s, =5.02 TeV .

O 0.2 NN
o “L  (0-20%) - (60-100%) ]
N B -
Smygd | .
= | ®h AT .
0.15— ]
’g 0188 e h-z 3 § 00385 " auce h-p 3 = .
‘5' 0.156 [-P-Pb \S =5.02TeV  15< P, <20 GeVic ] ;‘3: : P-Pb |5, =5.02TeV  15< P, <2.0GeVic - .
FRE Lo KN WU B B SR S 01k N
S oisef-onst -in2 Thonss 3 2§|§ 00345 F L ns 3 B -
i e ‘ilz‘,’ 0.034 = + 3 = .
B 0.0335 - _-é - .
Y] S AR WIS SRELEEPD .3 - B
0.0325 |- E 005 __ _—
0032 B -
1 0 1 2 3 - .
A (rad) K 1

05 1 15 2 25 3 35 4
P, (GeV/c)
Fourier coefficient v, was extracted from two-particle correlations

with subtraction using low multiplicity events
In high-multiplicity p—Pb collisions:
o p:<2 GeV/c: v, is larger for it than for protons
o at p; 3—4 GeV/c, v, for protons is higher than for it
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p-Pb also flows?.. ..

B. Abelev et al. (ALICE Collaboration: Phys. Lett. B726, (2013) 164
0,25 IIIIIIIIIIIIIIIIIIIIIIIIIIllll]ll]]lll

—~

= X ALICE .
0 - -
5 [ p-Pb |s,, =5.02 TeV B
x 92 (0-20%) - (60-100%) B
& i )
>N — mph AT ]
015 -
3 o®F Alee h-n E T oomssk | AUCE h-p 3 ~ -
‘:5‘ 0.156 -T:.:nﬁ;i?:;;;’ 15<p, <20 GeVic ] ;ié s :::ﬁ;:.‘::n:;l 1.5<p'<2.ueevu:_ - -
53 :.::::--.njm “—"_;V;gzu,::nm fit : ;lg 0.1;345—_._‘1_‘:-“ :2a0+);z-f: nAg fit 3 0.1 __ __
E, ‘ i ) . = ,Zi[; 0.034 - i i + - - —
E 00335 Fr— : :
bl NN ¢ 0.05— -
1 0 : 2 3 o a) : :

0 1 1 L L I ' 1 L 1 I 1 il 1 L I 1 1 L L I L L 1 1 I L 1 L 1 I 1 L 1 ' l L L L 1 l

0.5 1 1.5 2 2.5 3 3.5 4
P, (GeV/c)

Fourier coefficient v, was extracted from two-particle correlations

with subtraction using low multiplicity events
0.4-ox= K= ALICE
In high-mull‘iplicity p—Pb collisions: K wpsp @ Pz-:;V?W=2.76TeV
- 10-20%
o p:<2 GeV/c: v, is larger for it than for protons 03¢ »add

o atp;3—4 GeV/c, v, for protons is higher than for mt 0d

o b
§-§:g “igé
R

0.1

T

V,{SP,IAnl > 0.9}

Qualitatively similar picture in p-Pb as in Pb-Pb

—> Flow not only in A-A but also in smaller systems? o Wt
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Explore pPb further:

CMS pPb \s,, = 5.02 TeV, Phys. Lett. B 742 (2015) 200
v, and v, of strange hadrons from long-range two-particle correlations

220 =< N <260
1< p'Trlg <3GeV
1< p:mc <3GeV

0 .= 220 < N <260
§ KS-h 1< ptTrig <3GeV
1< p:sm <3 GeV

< <
= |3 5 |2
a_|T o |T . R . .
NTZJ s NTZJ £ 32 0 ssd - - ) 2D two-particle correlations
3 3 31l SRS | for high iplici
° o 17227 gh-multiplicity events
'_|2’ '_|2’
2 4 >
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Explore pPb further:

CMS pPb \s,,, = 5.02 TeV

Phys. Lett. B 742 (2015) 200

v, and v, of strange hadrons from long-range two-particle correlations

220 < N < 260
1< p'T”g <3GeV

1< p:55°° <3 GeV

220 < N < 260
1< p‘T"g <3GeV
1< p?_sm <3 GeV

i[5 g N
£l5 £ls 3. Lo -] 2D two-particle correlations
% % 3.1 > \w‘,"‘",’*“";\‘ f h h- “.'I | t t
-2 ]e sosses- | for high-multiplicity events
= = LSRR
NS
|An| > 2
S 4 Y i to remove short-range
0.3[.CMS PPb 5, =5.02 TeV ' ' i ' ] correlations
F = - + Lk 0 o+ 1 — ]
O§ ::ii;é?gs:g GeV h-h +m e z0sn<zm0 Kol ]  — Fourierfits AA-

C T
7 0.2H1< pism <3 GeV

< 0 O 0<N<35

'é . ELongrange(IAnI>2) _/ hlgh multlpI|C|ty
%gm _ :/ low multiplicity
1 i
0 2 . >
A¢ (radians)
Extraction of v, harmonics:
1 dNPpair N. V. VO/ ref
__ Yassoc 1+ ZZVnA cos(nAqb) vn(P¥0) _ nA(pT Pt )
Nug ddgp 2 [° " 5 = Vo (PR, )
tri tri n=273 ’
Vaa(pr % pT*) = 0n(pr °) X 0n(p7)
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0 Phys. Lett. B 742 (2015) 200
V2 results for K and A high-multiplicity events
p-Pb 0‘3CMSprﬁ_502TeV' § S /" ~ 1p Pb
[ Ly =35nb”" —>0 g €—
[ m K _J J ]
0.2 :A/A a OQ . ] . ° ) ~ . ®
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* Inp;<2GeV forall high-multlplluty ranges, the v, values of K% particles are larger than
those for A = mass ordering
* At higher p;, the v, values of A are larger than those of K°..
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* Inp;<2GeV forall high-multlplluty ranges, the v, values of K% particles are larger than
those for A = mass ordering
* At higher p;, the v, values of A are larger than those of K°..

Compare to semi- perlpheral Pbe data with similar mulnp//cmes
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* Pb-Pb data: mass ordering is less evident than in pPb for all multiplicity ranges
—> stronger radial flow in pPb?

(due to higher energy density in system with smaller size) "



Examine the constituent quark number scaling: ~ Phys. Lett. B 742(2015) 200
v,/n, as a function of KE;/n, for K% and A
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vz and vy/n, for K% and A
p -Pb hlgh mulhplluty events
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A similar species dependence of v, to that of v, is observed for K% and A
v3 values scaled by n, match at 20% level over the full KE;/n, range,



Summary

Anisotropic flow of identified particles is measured at LHC
in Pb-Pb collisions at 2.76 TeV and p-Pb collisions at 5.02 TeV.

Pb-Pb collisions:

* Mass splitting is consistent with stronger radial flow at the LHC and is reproduced
by the hydrodynamic model calculations (VISHNU).

* For 3<p;<6 GeV/c, particles tend to group according to their type,
i.e. mesons and baryons.

* NCQ scaling is only approximate (within 20%) at intermediate p;.

* High p;: v, of mand p are consistent within uncertainties for p; >10 GeV/c.

* vy ofm, K, and p has a similar mass dependence as that of v,.

p-Pb high-multiplicity collisions:
* similar features for v, and v, as in Pb-Pb = flow in small systems?..
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Evidence of the collective nature of correlations in pPb!

v,{2} > v, {4} = v,{6} = v,{8} = v,{LYZ, oo}

Phys.Rev.Lett. 115, 012301 (2015)
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