Azimuthal correlations and mixed higher order
flow harmonics from CMS at the LHC

Excited QCD, Sintra, 2017
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Lenticular overlapping region — space anisotropy - momentum space anisotropy
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System symmetry — elliptic flow
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Motivation

System symmetry — elliptic flow Fluctuations = non-zero higher order flow
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» Particle distribution over azimuthal angle: dN x 143 2v, cos[n(¢ — T,)]
n

dg

»v_ coefficients driven by:

¢ Initial geometry;
¢ Medium properties.
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» Particle distribution over azimuthal angle: dN x 143 2v, cos[n(¢ — T,)]
mn

dg

»v_ coefficients driven by:

¢ Initial geometry;

 Medium properties. 1.Can flow harmonic correlations give

us additional constraints?
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» Particle distribution over azimuthal angle: dN x 143 2v, cos[n(¢ — T,)]
mn

dg

»v_ coefficients driven by:

¢ Initial geometry;

 Medium properties. 1.Can flow harmonic correlations give

us additional constraints?

» Two methods:
¢ Mixed order harmonics,
¢ Symmetric cumulant.
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» Particle distribution over azimuthal angle: dN x 143 2v, cos[n(¢ — T,)]
mn

dg

»v_ coefficients driven by:

¢ Initial geometry;
¢ Medium properties.

1.Can flow harmonic correlations give
us additional constraints?

CMS
> Two methods: e \s= 13 TeV v z;::{}z, |An|>2}—-l pPb | Sy =5 TeV ol F’be\SLN=2-76TI.eV....Io -
¢ Mixed order harmonics, : e : ."
¢ Symmetric cumulant. o S e LR |
0.05-— B mt}'.f 38 7 ..ll#m Q;# . T ]
L ) s s J ..++ -
: o 0.3<p <3.0 GeV/c: 0.3<p <B3.0GeV/c 0.3<p,_<B3.0GeV/c
» What about small systems? DRI DT T b ST I DI b NI
0 50 100 150 0 100 200 300 0 100 200 300
Ntorfgline Nﬁfgline N;:rfgline

¢ Long range correlations observed in both SRS :
pp & pPb collisions. { PLB 765 (2017) 193 |
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» Particle distribution over azimuthal angle: sz—g x 1+ 3 20, cos[n(¢ — ,,)]
n
»v_ coefficients driven by:
¢ Initial geometry;
¢ Medium properties.

1.Can flow harmonic correlations give
us additional constraints?

CMS
> Two methods: e \s= 13 TeV v z;::{}z, |An]>2}—-l pPb | Sy =5 TeV ol F’be\SLN=2-76TI.eV....Io -
¢ Mixed order harmonics, - e : "
¢ Symmetric cumulant. o S e LR |
T g abaga s ] ol gt b T
L ) s s J ..++ -
: o 03<p <3.0 GeV/c: 0.3<p <B3.0GeV/c 0.3<p,_<B3.0GeV/c
» What about small systems? TN LG Lo T T bk AT I TP bk ST
0 50 100 150 0 100 200 300 0 100 200 300
Ntorfkmne Ngf;line N?rfgline

¢ Long range correlations observed in both SRS :
pp & pPb collisions. { PLB 765 (2017) 193 |

2.Do the flow correlations can give us
better understanding of collectivity
in small systems?
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Mixed order harmonics

+00
» Azimuthal distribution one can write: P(¢) = 2i Z Vne‘i”‘ﬁ’ where V,, = vnemq’”
T

n——o
» The response is linear (v_=k *€ ) for n=2,3.

» For higher harmonics (n > 3) there are both, linear and nonlinear part:

Vi = Vi + xan(V)?

Vs = Vs + x53V2V3

Vo = Ver+ xe22(V2)° + xe33(V3)*
= VoL + x7203(V2)? V3,

3
|

Phys.Lett. B 744 (2015) 82
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Mixed order harmonics

+00
» Azimuthal distribution one can write: P(¢) = Qi Z Vne‘i”‘ﬁ’ where V,, = vnemq’”
T

n——o
» The response is linear (v_=k *€ ) for n=2,3.

» For higher harmonics (n > 3) there are both, linear and nonlinear part:

Vi = Vi + xam(V0)?
Vs = Vsi 4 xs503V2 V3
Vo = Ver+ xe2(Va)® + xe33(V3)?

Vor + x7003(V2)? V3, 1
- Phys.Lett. B 744 (2015) 82

3
|

Linear response (from € )
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Mixed order harmonics

+00
» Azimuthal distribution one can write: P(¢) = Qi Z Vne‘i”‘ﬁ’ where V,, = vnemq’”
T

n——o
» The response is linear (v_=k *€ ) for n=2,3.

» For higher harmonics (n > 3) there are both, linear and nonlinear part:
Vi = Va4 xan(Va)?

Vs = V51 + x523V2 V3 . ,
Vo = VoL + )cezzz(Vz)z + Xx633(V3)
Vo = V- Vo)< V3, ;
7 #_'_ X7223(V2)"Vs r\\ Phys.Lett. B 744 (2015) 82
Linear response (from € ) Nonlinear response (from €,.€,)
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Mixed order harmonics

+00
» Azimuthal distribution one can write: P(¢) = QL Z Vne‘i’”"i’ where V,, = 'Unem%
T

n——o
» The response is linear (v_=k *€ ) for n=2,3.

» For higher harmonics (n > 3) there are both, linear and nonlinear part:
Vi = Va4 xan(Va)?

Vs = V51 + x523V2 V3 . ,
Vo = VoL + X6222(V2)2 + Xx633(V3)
Vo = V- Vo)< V3, ;
7 # + Xx7223(V2)" V3 V“\\ Phys.Lett. B 744 (2015) 82
Linear response (from € ) Nonlinear response (from €,.€,)

» Non linear part can be studied from flow harmonics measured with
respect to the lower order event planes (mixed order harmonics):

v (W, 1L v V) v iV} vV} v{V, L where, for example, v {V .} is:
Re (VaVyVy Vs 1 Was
vs{Waz} = < 522 32> , and nonlinear response coefficient: X523 — { 5 2}
VAVal Vi) (v3v3)
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Mixed order harmonics

» Standard scalar product approach (linear + nonlinear part):

Re(V,V*)  (v,v, cos(n¥,, —n¥,))
v iU, = DL — =/ (v2
WS e ) o

v_measured with respect to their own event plane ( \Ugl
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Mixed order harmonics

» Standard scalar product approach (linear + nonlinear part):

o, {T,} = Re(Van) _ (U Up, cos(nlIf;L —n¥,)) _
L (IVal?) (v7)

(v72)

v, measured with respect to their own event plane ( \Ing

» Mixed order harmonics:

_ Re(V5VST V5 (vsvau3 cos(HW5 — 2Wy — 3W3))
v5{ W23} = A 2.0
V(122 V3]?) (vyv3)

v, measured with respect to the lower harmonics reaction planes (V)
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Mixed order harmonics

» Standard scalar product approach (linear + nonlinear part):

o, {T,} = Re(Van) _ (U Up, cos(nlIf; —n¥,)) _
L (IVal?) (v7)

(v72)

v, measured with respect to their own event plane ( \Ing

» Mixed order harmonics:

v (a3} = Re(Vs Vs Vo) (vsvau3 cos(HW5 — 2Wy — 3W3))
51Wo3y = =
V(2|2 V5)2) (v3v3)

v, measured with respect to the lower harmonics reaction planes (V)

» Nonlinear response coefficient:

523 = Re(T/g,VQ*V3*) _ <U5U2U3 008(51115 — 2\1’2 — 3‘1’3)) _ “1)5{\];’23}
(IV2]?|V3]?) (v303) (v3v3)

Milan Stojanovic Excited QCD 2017 16



Mixed order harmonics

Sub-events, divided by pseudorapidity range,
with [An1> 3.0 gap to avoid short-range correlations.

HF- Tracker HF +
—- -
-5<n<-3 -24 0 24 3<n<5>5
| Y ] L r J \ Y ]
QnA Qn QnB
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Mixed order harmonics

Sub-events, divided by pseudorapidity range,
with [An1> 3.0 gap to avoid short-range correlations.

HF- Tracker HF +
I“ n
-5<n<-3 -24 0 24 3<n<5>5
L ] L J \ J
| T T
QnA Qn QnB
Deriving procedure: L. Yan, J. Ollitrault Phys.Lett. B744 (2015) 82
» Flow vector: Q,, = E w,e " = |Qn| e "
2w =
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Mixed order harmonics

Sub-events, divided by pseudorapidity range,
with [An1> 3.0 gap to avoid short-range correlations.

HF- Tracker HF+
I-‘ n
-5<n<-3 -24 0 24 3<n<5>5
L J L ) \ J
Y T T
QnA Qn QnB
Deriving procedure: L. Yan, J. Ollitrault Phys.Lett. B744 (2015) 82
1
> Flow vector: Q,, =

> wie™ i = Q| e
j

RG(QE)Q;BQ;B)
\/RB(QQAQ?,AQEBQ33>

> Wj

> Flow harmonics: Us {\IIQS} —
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Mixed order harmonics

Sub-events, divided by pseudorapidity range,
with [An1> 3.0 gap to avoid short-range correlations.

HF- Tracker HF +
m n
-5<n<-3 -24 0 24 3<n<5>5
L J L J L J
| T T
QnA Qn QnB
Deriving procedure: L. Yan, J. Ollitrault Phys.Lett. B744 (2015) 82
1
> Flow vector: Q,, =

w-eméj _ |Qn| ein‘lfn
> W, ; !
Re(Q5Q55055)

\/R(?(QQAQSAQ;BQ;B)

a3 = Re(Q5Q55Q55)
o Re(()2Q3Q55Q%5)
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> Flow harmonics: Us {\IIQS} —

» Nonlinear response coefficient:



Two-particle correlations

» For v_{V } measurement two-particle correlation method has been used.

1. Signal distribution: 2. Background distribution:
1 d2 N same 1 d2 Nmim
Ntrig AT]ACb B(A??, Agb) B Nt'rig AT]A@

" rd

1 dQNpai'r‘ S(A'I], A¢)
2D correlation function: =P
correlation function Nirig dANdAG (0,0) x B(An, A¢)

S(An, A¢) =
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Two-particle correlations

» For v_{V } measurement two-particle correlation method has been used.

1. Signal distribution: 2. Background distribution:
1 d2 N same 1 d2 Nmim
Ntrig A’UACb B(Aﬂ, A¢) B Nt'rig AﬂACﬁ

" rd

1 dQNpai'r‘ S(A'I], A¢)
2D correlation function: =P
correlation function: Nivig dAndAd (0,0) B(An, Ag)

S(An, Ag) =

1D correlation function - |AQ | projection for 2 < 1An| < 4.
. W
1 AN Nagsoe | " 4

Fourier fit: — 1 2V, A
Norig dAG o { 2, 2Vna cos(nAg)
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Two-particle correlations

» For v_{V } measurement two-particle correlation method has been used.

1. Signal distribution: 2. Background distribution:
1 d2 N same 1 d2 Nmim
S(A1n, Ag) = B(An, Ag) =
Nirig A’Zﬁcb ( \7\7’ ?) Nirig AnAg
- " 4
1 d2NPer S(An, Ap)
2D correlation function: = B(0,0) x ’
Y Ny dandng 200 X By, Ag)

1D correlation function - |AQ | projection for 2 < 1An| < 4.

. . 1 deaiT Nassoc '\\
Fourier fit: — {1 + Z 2V COS(nA¢)}

Ntm’g dA¢ 2T

%
‘ reff

Flow harmonics extraction: v, Vaa (P, pr ")
N
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Mixed order harmonics vs centrality

CMS Preliminary

0.3<p.<3.0 GeV/c
—— L ——————

|n|<2 4

T ™ LI T T T 1 I 1 1 I
102k qem=® ® ® ; Ebe 5.02 TeV ! | Gauss+hydo.
.® bPb 2.76 TeV =-=2.76 TeV,n/s=0.08
1030 aaaﬂa ° pummEEes o _esee®
Gauss + hydro. ° @ & "\
ni — 2.76 TeV, 1/s=0.08
107 ¥ i
@y O)v{¥o T(c) R R AL Yo VAP
10 20 40 60 20 40 60 20 40 60 20 40 60 20 40 60
Centrality (%) Centrality (%) Centrality (%) Centrality (%) Centrality (%)
L. Yan, J. Ollitrault Phys.Lett. B744 (2015) 82
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Mixed order harmonics vs centrality

CMS Preliminary 0-3<|OT<3-0 GeV/c mi<2.4 e
-~ 1~ - T 1§ " " "1 " " " T 7~ " " T1Ff " " T " " 1 1 T T T T T
_2 [ JPP —e— PbPb 5.02 TeV Gauss + hydro.
107¢ " - —&- PbPb2.76 TeV ¥ § =2.76 TeV,1/s=0.08 ]
| °® o L
=103 ﬂaaﬂ RENREReS 5 07 _ges®e " :
: Gauss + hydro. o &E,
A —2.76 TeV, 1/s=0.08 -
10 E3 4 E3
doe)  ewen  Hewrs  lewa/ f Rews
10 20 40 60 20 40 60 20 40 60 20 40 60 20 40 60

Centrality (%)

» Strong centrality dependence, except for v {W

Centrality (%)

Centrality (%)

L. Yan, J. Ollitrault Phys.Lett. B744 (2015) 82

Milan Stojanovic

Excited QCD 2017

33}'

Cepfrality (%)

Centrality (%)

25



Mixed order harmonics vs centrality

CMS Preliminary ~ 0-3<p <3.0 GeV/c mi<2.4 e
s e

T 1 T L I LA AL ELANL LA DAL I SR LR B
: —e— PbPb 5.02 TeV
102k eo®® . | I Gauss + hydro. ]
-! —— PbPb 2.76 TeV ==2.76 TeV, 1/s=0.08
3[®
= 10°F
F Gauss + hydro.
104k ==2.76 TeV,n/s=0.08
(@) v, (%) (b) v {¥o

20 40 60
Centrality (%) Centrality (%)

» Hydro. with n/s=0.08 describes the shape of v _{y,.}, but not v_{y,,.}

L. Yan, J. Ollitrault Phys.Lett. B744 (2015) 82
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Mixed order harmonics vs p,.

CMS Preliminary ml<2. 4

00T (@) v (¥ Tovig e meve i e e
0.04} L 1 —e—PoPp502TeV | o il -
| I | = PoPb276TeV | I
I . 1 il 1 1
0.02} !!! u E__ !aﬂﬂ - i i i
Og'...'...'..i.f':::'::: —————+ +— "!.a'-.'ﬂ.—'_.!!'!g'.u.
0.08f (1) v, {%,,) T(9) v, {¥25) T v T ) v ¥ TV, (¥
| = Z
0.04f w 0 T ﬂaa E T —®— PbPb5.02TeV 20-60%
SE e 8 . o e —&— PbPb 2.76 TeV
0.02} o I ® X é
| - . [ ]
[ = ]l o s®®e
0;..|...|...|...-i.I...I...I... #I!...I..-;Ia..g.ﬂr.a. .alﬁ..QIq.-JJ%#I!...DIE.I.Q.I%IL.
2 4 6 2 4 6 2 4 6 2 4 6 2 4 6
P, (GeV/c) P, (GeV/c) P, (GeV/c) P, (GeV/c) P, (GeV/c)
» No strong energy dependence. CMSH|N16018
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Mixed order harmonics vs p,.

>

CMS Preliminary In|<24
0.1F(a) ov,{|An>2}1 (b) eVvs{|An>2}1 (c) eVg{lAn|>2}1 (d) eVy{|An>2}1 (e) ev,{|An|>2}4
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| CMS-HIN-16-018 |
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Mixed order harmonics vs p,.

CMS Preliminary |n|<24
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Mixed order harmonics vs p,.

CMS Preliminary n|<2.4
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» And for odd harmonics!
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Non-linear response coefficient vs

trality
LR T SRR I A B (L AL NI e B TSI S i 1R (s L FEvL A e T e L | LS [T | ..I"'I"I
6- (@) X5 ] (B) Xsg (C) Xgz05 ] (d) Xggg I ¥ .’0, (8) X703
| —e— PbPb5.02TeV | Viscous Hydro EBE-VISHNU [t oy
4l = PbPo276Tev 1 AMPT 1 . .1s=008,Gauss] ==+1/s=0.08,Glb [ N\ § ]
: h P, :: 1 T]/S=0.08, KLN #? U "0&
| 1 e SR 6 | e LU
2-0 -m iz .:—l----.... T T iy - + ]
tﬁﬁ.'.l.--ll.. -'.'.l -al' PRI .., '.""f.r,.._r_',- : '~'~’~
| O C— e ey - T W I~
.I...l...l...l...l...l...I..I...I...I...’I”.I...I...I...I
20 40 60 20 40 60 20 40 60 20 40 60 20 40 60
Centrality (%) Centrality (%) Centrality (%) Centrality (%) Centrality (%)
i CMS-HIN-16-018 |
L. Yan, S. Pal, J. Ollitrault, Nucl.Phys . A956 (2016) 340
L. Yan, J. Ollitrault, Phys.Lett. B744 (2015) 82
Q. Jing, U. Heinz, J. Liu, Phys. Rev. C 93, 064901 (2016)
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CMS Preliminary

Non-linear response coefficient vs

centrality

Milan Stojanovic

0.3<pT<3.0 GeV/c n|<2.4
W Y TSN | ESLTENT L BRSO A LTS P LT LS T P | Rl | R
6 [ (@) gz (b) Xso3 () o222 ] (d) Tegg < .’0, ©) X722
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: | AL :: i n/3=0.08, KLN \* l'JI.:| * a '"E
[ o = 7= — '_: " M. —
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» No strong energy and centrality dependence.

L. Yan, S. Pal, J. Ollitrault, Nucl.Phys . A956 (2016) 340

L. Yan, J. Ollitrault, Phys.Lett. B744 (2015) 82

Q. Jing, U. Heinz, J. Liu, Phys. Rev. C 93, 064901 (2016)
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Non-linear response coefficient vs

CMS Preliminary

centrality

» No strong energy and centrality dependence.

» AMPT favored by data.

Milan Stojanovic

0.3<pT<3.0 GeV/c n|<2.4
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L. Yan, S. Pal, J. Ollitrault, Nucl.Phys . A956 (2016) 340

L. Yan, J. Ollitrault, Phys.Lett. B744 (2015) 82

Q. Jing, U. Heinz, J. Liu, Phys. Rev. C 93, 064901 (2016)
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Non-linear response coefficient vs

CMS Preliminary

centrality

0.3<pT<3.0 GeV/c nl<2.4
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» No strong energy and centrality dependence. . CMS-HIN-16-018 |
L. Yan, S. Pal, J. Ollitrault, Nucl.Phys . A956 (2016) 340
» AMPT favored by data.
L. L. Yan, J. Ollitrault, Phys.Lett. B744 (2015) 82
» Sensitivity to the:
L L Q. Jing, U. Heinz, J. Liu, Phys. Rev. C 93, 064901 (2016)
X initial conditions
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Non-linear response coefficient vs

CMS Preliminary

centrality
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» No strong energy and centrality dependence.

» AMPT favored by data.

» Sensitivity to the:

X initial conditions

x and medium properties.
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L. Yan, S. Pal, J. Ollitrault, Nucl.Phys . A956 (2016) 340

Q. Jing, U. Heinz, J. Liu, Phys. Rev. C 93, 064901 (2016)
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Flow in small systems
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» Similar pattern in all systems.

» Weak energy dependence in pPb collisions.
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Symmetric cumulant

New observable, based on 4-particle cumulant technique, developed by

ALICE. -
0c 0_9 0 0 g
o
4 3
Diagonal terms: Non-diagonal terms:
(@) = ((cos[n(g,+9,~0:-9,)])) () = ((cos[ngy +mg, ~ng,~mg,]))
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Symmetric cumulant

New observable, based on 4-particle cumulant technique, developed by
ALICE.

or

‘o0 0.0

Diagonal terms: Non-diagonal terms:

((4)) = <<cos[n(¢1 +¢, — ¢, — ¢4)]>> (4) = <<cos[n¢v1 +me, —ng, —mg, ]))

n,

- ' Symmetric cumulant:

G s v 5 e R RN M M R R RN RN M F F RN RS M R F NN M M R F RN M N F NN M M N F RN M M § F M M M R F M M M R M e m—

+ SC (n,m) > 0 -» n,m correlated + SC (n,m) < 0 » n,m anti-correlated

+ SC (n,m) = 0 = no correlations
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Symmetric cumulant

New observable, based on 4-particle cumulant technique, developed by

ALICE.
0c 0_9 0 0 g
o
4 3
Diagonal terms: Non-diagonal terms:
(@) ={(cos[n(9,+9,~,-9,)]) (@) = ((cos[ng,+mgp, ~ng, -mp,]))
 pmmmmmemmmeees s_v_n;m; t_r;c C_Jn_lul_a_n _t __________________ |

G s v 5 e R RN M M R R RN RN M F F RN RS M R F NN M M R F RN M N F NN M M N F RN M M § F M M M R F M M M R M e m—
I-__"___"___"___"___"___"___"_——"———"———"———"—

+ SC (n,m) > 0 -» n,m correlated + SC (n,m) < 0 » n,m anti-correlated

+ SC (n,m) = 0 = no correlations
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Symmetric cumulant

New observable, based on 4-particle cumulant technique, developed by

ALICE.
0c 0_9 0 0 g
o
4 3
Diagonal terms: Non-diagonal terms:
(@) ={(cos[n(9,+9,~,-9,)]) (@) = ((cos[ng,+mgp, ~ng, -mp,]))
 pmmmmmemmmeees s_v_n;m; t_r;c C_Jn_lul_a_n _t __________________ |

G s v 5 e R RN M M R R RN RN M F F RN RS M R F NN M M R F RN M N F NN M M N F RN M M § F M M M R F M M M R M e m—

I-__"___"___"___"___"___"___"_——"———"———"———"—

9\ ) 9\ e EXtracted from
| _NOEIF f .l%e_d_? — _r_ns’iric_ CEIPlﬂa_n_t ...... 5:(2 (_”’_”3)_/ EJ n >_<UE’/_> _! two-particle correlations

+ SC (n,m) > 0 -» n,m correlated + SC (n,m) < 0 » n,m anti-correlated

+ SC (n,m) = 0 = no correlations
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Symmetric cumulant

» Flow harmonics correlations:

x SC(4,2) <0 —» v, & v, correlated!

x SC(3,2) < 0 » v, & v, anticorrelated!

Milan Stojanovic

Excited QCD 2017
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Symmetric cumulant

» Flow harmonics correlations:

x SC(4,2) <0 —» v, & v, correlated!

x SC(3,2) < 0 » v, & v, anticorrelated!

» SC(n,m) normalized by <v ><v_>:

x Normalized SC(4,2) depends on
both IS and medium response;

x Normalized SC(3,2) depends only on
initial state (IS) fluctuations!

Milan Stojanovic Excited QCD 2017
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Symmetric cumulant

» Flow harmonics correlations:

x SC(4,2) <0 —» v, & v, correlated!

x SC(3,2) < 0 » v, & v, anticorrelated!

» SC(n,m) normalized by <v ><v_>:

x Normalized SC(4,2) depends on
both IS and medium response;

x Normalized SC(3,2) depends only on
initial state (IS) fluctuations!
What about small systems?

Milan Stojanovic Excited QCD 2017
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SC(n,m)

SC - results

x107° CMS Preliminary
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SC - results

x107° CMS Preliminary
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» Weak energy dependence (pPb).
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SC - results

x107° CMS Preliminary
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» Weak energy dependence (pPb).
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» Similar pattern for all systems.
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Normalized SC - results

CMS Preliminary CMS Preliminary
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Normalized SC - results

CMS Preliminary CMS Preliminary
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» For pPb and PbPb, similar behavior for normalized SC(2,3)

2> Suggests similar

Milan Stojanovic
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Normalized SC - results
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» For pPb and PbPb, similar behavior for normalized SC(2,3)
2> Suggests similar IS conditions.

» Ordering observed for normalized SC(2,4): pp > pPb > PbPb
=>»May suggests different transport properties.
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» Mixed order higher harmonics:

v Constraints on transport properties at the freeze-out in PbPb collisions.

» Symmetric cumulant in different systems (pp, pPb, PbPb):

v Suggests similar initial state fluctuation contribution;

v And may suggest different transport properties.
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