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N— What 1s flow ?

Less particles

More particles
>

Reaction Plane

.- 2V,

dN = Vs
** Flow harmonicsv, — «1+2 Z v, cos n(¢p — ®@,) (8.0
¢ n=1 S,
“*General interpretation ™

» Vv, : hydrodynamic flow phenomena (Collectivityi
» vj:initial geometrical fluctuations
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Low p+ Flow

e v,(ALICE) m V,(ALICE) 4 v, (ALICE)
O v, (ATLAS) 0 V, (ATLAS) A V,y, (ATLAS)
v v, (CMS)
* V, (STAR) PLB 719 (2013) 18
®
o ®

% QY? ¢++

L ALICE Pb-Pb | s, = 2.76 TeV

_o 1 | I | I l | I 11 1 I | l | I 11 | l 11 | I 11 | I 11 1
' 2 4 6 8 10 12 14 16 18 20
p. (GeV/c)
. . dN T
*»* Flow harmonics V, —xl+2 Z v, cosn(¢p — ®©,)
“* Good agreements with other experiments V2 ] V3

n=2

» v, : Collectivity (hydrodymics)
2 v, : Geometrical fluctuations
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— LOW P FIOW PbPb 5.02 TeV
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n=1

“* Good agreements with other experiments

% v, : Collectivity (hydrodymics)
** v; : Geometrical fluctuations
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_— High p; Flow
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n=1

“* Good agreements with other experiments

“ Path-length dependence (energy loss)
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High p Flow

—
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. suppression
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“* Good agreements with other experiments Lo

suppression

“* Path-length dependence (energy loss), Ry, (average energy loss)
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—— CMS Detector

Inner Tracker
(Silicon Strip & Pixel)

| Hadron Forward
Ll » ’ Calorimeter (HF)

Muon Chaber

(DT, RPC)

il
>

uon Chamber

T W& " csc, rec)
HCAL Inl< 5.2 <
ECAL Inl< 3.0 | \
Tracker i< 2.5 ‘/
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—

20135 Data Taking

“* 2015 PbPb Run at LHC
- Collision energy : 5.02 TeV
- Integrated luminosity : 404 ub
-  Minimum bias (pr <14 GeV/c)

“ Trigger : high py track trigger
- |n| <1.0,14 < pr <100 GeV/c

PbPb, |/sy= 5.02 TeV
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Flow harmonics v, in PbPb
- Scalar Product Method

PN
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—— Scalar Product Method

Tracker
e BT e
-5<n<-3 1 0 1 3<n<5

b -
Qi Q,
< Q-vector for nth harmonics < v, measured from scalar product
_ ing. Q-0
0, = EW,-e ’ v {SP}= (2.°Qu)
J

R

% Applied large 1 gap (| 4n|>3.0)
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- Scalar Product Method

Tracker
— o
-5 <n< -3 1 0 1 3 << 5

S g g —
Qs Q. Q, Qs

< Q-vector for nth harmonics < v, measured from scalar product

Qn — 2 wjei"¢j v {SP} = <Qn ) Q;A> :
] (01015 )(Qus Qi)
(05" Qic)

Two sub event method
PRC 87 (2013) 044907

% Applied large 1 gap (| 4n|>3.0)
“* Non-ambiguous measure of RMS v,
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_—Results : v,{SP} at Low prreigon
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“* v,{SP} in low py increase from most-central to mid-central.  PAS HIN-15-014
% v,{SP} increase with p .
“* v,{SP} peak at ~3 GeV/c, decrease while increasing pr.
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_Results : v,{SP} extended to High p

[ 0-5% 5-10% 10 - 20% 20 - 30% |
0.2 i
= 0 .
v 0.1 B K. -
S 1
> 1 L ® o °

CMS Preliminary
[ PbPb ys,, =5.02 TeV

v{SP}

T e v{SP} ]

PRI [T TR T NS T SR T N N RN
20 40 60 80
P, (GeVlc)

PAS HIN-15-014

% v,{SP} measured up to 100 GeV/c at first time.
% V,{SP} remains positive at very high pr.

SIS
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0-5%

v {SP}
5
be
®
0
.

v {SP}

I CMS Preliminary
[ PbPb |s,, =5.02 TeV

1 o v,sP}
O v4{SP}

% v3{SP} measured up to 100 GeV/c at first time.
% v3{SP} doesn’t depend on centrality.
% v3{SP} ~ 0 consistently for p; > 20 GeV/c.
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. Results : v,{SP} vs v;{SP} at Low py
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% v3{SP} has little dependency on centrality in low p; region.
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Flow harmonics v, in PbPb
- Cumulant Method
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—— Cumulant Method

Tracker
—- - -
-2.4 +2.4
% J
Ref

% 4-, 6-, 8-particle Q-cumulant PRC 83 (2011) 044913
% Reference particlesin || <24,1<p;<5GeV/c C, is in BackUp

(@ = (o) v, {4} ={=c,{4}

((4)) = <<ei"(¢1*¢2—4’3—¢4)>>

((6)) = <<e‘"(¢1—¢z—¢3—¢4—4>3—¢6)» vn{6} - Q/cn{6} /4

(@) = ((enoopoeoe)) y {8} =8—c {8}/33
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o~ Cumulant Method

Tracker

— - S . -
-2 4 -1 +2.4
Ref ;OI

)
% Reference particlesin || <2.4,1<p;<5GeV/c
Cumulant Method

% Particle of Interest (POI): || <1.0 - No need Event plane
a4 « Remove non-flow
vV, {4}(PT) = —d,, {4}/ (‘C,, {4}) ™ contribution

v,16}(py) =

d {6} /(c {6} 6 > d {m}: 1 particle from POI
within given p; range,

4 (8) () g m-1 particles from Ref.

- —C

v {8 =_n n PRC 83 (2011) 044913

ROSEES ( o ) J
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__Results : v, {SP} and Cumulant at LOW Pr

[ CMS Preliminary
0.2k PbPb \s,, =5.02 TeV ]
= o1 oo .
Zﬁ ”H“*,*
: teg 4 1 1 ]
0.0 ----------------mmm oo i o .
I 5-10% 1 10-20% | 20-30% |
————
.‘. 1 .“. .VZ{SP}
0.2F oils® T o0 = v,{4}
‘#‘; 1 ? ° 1= v.{6}
° 1 &e & g0 Fv (8 ]
o ° e 2
> oo ***& T TN *4 e 4 L
& g Y
0 ---eerreeeerr e T, oo :
L 30-40%  ~ ~~ 40-50% + ~~ 50-60%
5 10 15 5 10 15 5 10 15
p_ (GeVrc) p. (GeVrc) p, (GeVic) PAS HIN-15-014

% V,{SP} in low py slightly higher than v,{4, 6, 8}.
% Expected in hydrodynamics. V2 = v, + 02/(2V))

V»{4,6,8} = v, - 0%/(2V,)
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__Results : v,{SP} and Cumulant at H1gh Pr

[ CMS Preliminary
0.2k PbPb \Syn = 5.02 TeV

> 01—'&
I Ll F ] # % %
0.0k ¥ % w1 L. SR + _______ i
L 30-40% | o 40-50% " 1 . B0-60% |
20 40 60 60 80 20 40 60 80
p (GeV/c) = GeV/c) pT (GeVl/c) PAS HIN-15-014

“* Multi-particle v,{4,6,8} measured up to 100 GeV/c at first time.
“* Multi-particle v,{4,6,8} are good agreement in high p; region.
“* Indicate collective nature of high pr particles.

(Maybe low and high pt v, have same origin ?)
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__Results : v, {SP} and Cumulant at Low Pr

[ CMS Preliminary
0.2k PbPb \s,, =5.02 TeV ]
o o1ﬁ* l&** . i
f bee o 4 i 1 e ]
0.0rtg--------------------- --—t d--—teh----mm e 2o - -
i 5-10% 1 1 20-30% |
-:::}::::}::::}:::::::I::::|....|.::::::I::::I::::I:::
i .cn. B e v,{SP}
0.2F g 4 G @ B = v,{4} B
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o ) [ ] * V2{8}
> 0.1 *3 . 22 L %
1. L ¢ 2
00 --eereerr e
o 30-40%  ~ ~~ 40-50% + ~~ 50-60%
5 10 15 5 10 15 5 10 15
p_ (GeVrc) p. (GeVrc) p, (GeVic) PAS HIN-15-014

“* For further investigation, let’s have a correlation between the low py

(dominated by hydrodynamics) and high p; (dominated by jet
quenching) v,.
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Low & High p v,
L L L DL L DL L L L L e e e D D O O O LY
. CMS Preliminary ® v,{SP} t v'2°W1.0<pT<1.25 GeV/c :
0_10— Pbe m= 502 TeV q:] - DV2{4} .
: | [ |
| 4% |
2. |
0.05

) | 0 ¢
. | get ]
® . @ A
s

o %] ﬂ{]bé -
| ‘djgj _
14 <p_<20 GeVic ®® 20<p <26Gevic | g= 26 <p_ <35 GeV/c
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0.05 0.10 0.15 0.05 0.10 0.15 0.05 0.10 0.15
V|20w V!éaw VI20w
Low p; : 1.0 < pr < 1.25 GeV/c PAS HIN-15-014
< High pr v, is strongly correlated to low py v,.

< Hint of same origin of the correlations
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T T T T | T T T T | 1 1 1 1 | 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1

. CMS Preliminary 1 ©@v,SP} v 1.0 < p,<1.25 GeV/c

0.10} PbPb ‘SNN =5.02 TeV L ] V2{4} . -

- Slope Slope T Slope
—— Vv,{SP}0.52+0.04 1l —v,{SP}0.39:0.03 L] 1l — v,{SP}0.27+0.03
- - - v,{4}0.47+0.06 , - - - v,{4} 0.47+0.06 *
'_E>N |
0.05 Q

- - - v,{4}0.24=0.07

L+

14 <p_<20 GeVic 047® 20<p_<26GeVic 26 <p_<35 GeV/c:
. 005 od0oms ‘('o.é)s' oo e o
viow viow viow

Low pr : 1.0 < pr < 1.25 GeV/c PAS HIN-15-014
< High pr v, is strongly correlated to low py v,.

< Hint of same origin of the correlations

% Slope decrease while increasing pr.
%Dong Ho Moon
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Summary

% Measured v,{SP}, v;{SP} and v,{4,6,8} up to pr of 100 GeVc in PbPb
collisions at Vsyy = 5.02 TeV for the FIRST time.

—

% Non-zero v, still remain at very high p; region.

* Observed zero v;{SP} in pt > 20 GeV/c.

¢ High pr v, is strongly correlated with low py v,.
v' Suggestion of same origin for the correlation.

¥ For more detail information
v' https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIN

'Dong Ho Moon ISMD 2016 @ Seogwipo in Jeju
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... Scalar Product Method

Tracker

— o L
-5<n<-3 1 0 1 3<n<5

S 2 .
Qa Q. Q, Qs

* Q-vector for nth harmonics

ing
Qn = ije j
J

AE~LC

P 0
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e Scalar Product M oo omw
0.9} CMS PbPb |s,,=2.76 TeV

Tracker Sosf ="TTE,

“o7f ¥ o E

c— s f 5
- HF- §0.6; m :
50.5F E

) - i

-5<n<-3 1 0 1 2 0af . ?
S03f © HF-(5<n<-3) E

‘—'—' 3 _F * HF+(3<n<5) N E
‘_'_:" §0'22 * 2 Subevent ]

0.1F .

Q Q Q g .l
O-Al‘lllllllllllllllllll l‘Allllllllllltllllklll‘ll
A c 0 10 20 30 40 50 60 70 80 90 100

Centrality (%)

< Q-vector for nth harmonics < v, measured from scalar product

0, = we"™ v,{SP} = (©0.-CL)
] (01015 )(Qus Qi)
(Qus Qi)

Two sub event method
PRC 87 (2013) 044907

% Applied large 1 gap (| 4n|>3.0)
“* Non-ambiguous measure of RMS v,

P N
g - >
A

Manonk-
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—— Cumulant Method

Tracker
_ n
-2.4 +2.4
% J
Ref
% 4-, 6-, 8-particle Q-cumulant PRC 83 (2011) 044913

% Reference particlesin || <2.4,1<p;<5GeV/c

(@) = (@) v, {4} = {f-c, {4}
((4)) = <<ein(¢1*¢z—¢s—¢4)>>

((6)) = <<ein(¢r¢z—¢3—¢4—4»a—¢6)» Vn{6} = g/ cn{6} /4
(8) = ((enetoopoeol)) y {8} = %/_Cn {8}/33
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Cumulant Method

Tracker
- n
-2.4 +2.4
% J
Ref
% 4-, 6-, 8-particle Q-cumulant PRC 83 (2011) 044913

% Reference particlesin || <2.4,1<p;<5GeV/c

an{d} = ((4)) —2-((2))*,
{6} = ((6)) —9- ((4)((2)) +12-((2))°,
cn{8} = ((8)) —16-((6)){(2)) — 18- ((4))* +144- ((4))((2))* — 144((2))".
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—— Cumulant Method

Tracker
_ n
-2.4 +2.4
% J
Ref
% 4-, 6-, 8-particle Q-cumulant PRC 83 (2011) 044913

% Reference particlesin || <2.4,1<p;<5GeV/c

v,{4}(p,;)=-d, {4} / (—c 431)%* ™
v {6}(p;) = d”i6} / ( cni6}) >' d,{m}: 1 particle from POI

within given p; range,
m-1 particles from Ref.

-d {8} (—cn{S})”*

v, 18}(pr) = 23 3 )
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__Results : v, {SP} and Cumulant at LOW Pr

[ CMS Preliminary
0.2k PbPb \s,, =5.02 TeV ]
= o1 oo .
Zﬁ ”H“*,*
: teg 4 1 1 ]
0.0 ----------------mmm oo i o .
I 5-10% 1 10-20% | 20-30% |
————
.‘. 1 .“. .VZ{SP}
0.2F oils® T o0 = v,{4}
‘#‘; 1 ? ° 1= v.{6}
° 1 &e & g0 Fv (8 ]
o ° e 2
> oo ***& T TN *4 e 4 L
& g Y
0 ---eerreeeerr e T, oo :
L 30-40%  ~ ~~ 40-50% + ~~ 50-60%
5 10 15 5 10 15 5 10 15
p_ (GeVrc) p. (GeVrc) p, (GeVic) PAS HIN-15-014

% V,{SP} in low py slightly higher than v,{4, 6, 8}.
“* But expected in hydrodynamics. w2} = v, + 02/(2V))

V-{4,6,8} = v, - 0%/(2V,)
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—— Systematics

Table 1: Sources of systematic uncertainties and range of uncertainties in percent.

Source v2{SP} | v3{SP} | v2{4} | v2{6} | ©v2{8}
Vertex Position <1 <1 <1 <1 <1
Tracking Efficiency <1 <1 <1 <1 <1
Track Quality Cuts 2-50 | 2-50 |2—-12|2-12|2-12
Non-flow contribution | 1—-50 | 1 - 100 - - -
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- Theory Comparison

0-5%
0.2
~N 0.1
g s
0.0k- - - . _‘ ...‘_...‘_'.'.‘.' ''''''' é_ ..... .. ............... '

CMS Preliminary

e ,30-:‘0% Ce e .
0.2 T
PbPb \ISNN =5.02 TeV

>N 0.1 -—s L 1
® * 1 .0&& . é o § 4 o vz{EP}2.76TeV

Y g Rk X S !]'z.-.-é.-.-,+h-------_---} +{ * v(SP}

=== CUJET3 5.02 TeV

p, (GeVic) p, (GeVic) p, (GeVic) p, (GeVrc)

Figure 2: The v; results from SP and EP method as a function of pt in seven centrality ranges of
PbPb collisions at /5 =5.02TeV and 2.76 TeV respectively. Shaded boxes represent systematic
uncertainties and dashed lines are predictions from CUJET3.0 model [26, 27].

¢ CUJET3.0 model
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