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Geometry and harmonic flow

Collective expansion

dN/dj [n/25]
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[ Event 1 ATLAS Pb+Pb
| centrality: 0-5% \S=2-76 TeV |
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s Probes: initial geometry and transport properties of QGP

= How (g,®_ ") are transferred to (v, ®,)?

=  What is the nature of final state (non-linear) dynamics?
= What is the nature of longitudinal flow dynamics?




Event-by-event observables 3

Many little bangs

1104.4740, 1209.2323,1203.5095 ,1312.3572

1 dN evts

ey @, Py o) =
’ " m ) Nevts dUndUm...d@nd@m....
pdf’s cumulants event-shape method
p(vp) v {2k}, k=1,2,... NA
P(Un; Um) (vavm) — () (V) yes
Flow- (Vs Vs 1) (V202 v?) + 2(v2) (V2 ) (v3)— o
amplitudes | 7\ Y (v2v2,) (v2) — (VZ02)(v2) — (vPu2)(02,) y
Obtained recursively as above yes
Eb- , (P, P,y -.n) (vervlm .. cos(cpnn®rn + crym®p, + ...)) yes
correlation
Zk ka =0
Mixed- (vivrvim... cos(cnn®p + cm®pm, + ...)) —
correlation PV, Ons P ) (V) (venvsm.. cos(cnn®p + Crym®@y, + ...)) yes

Zk k'Ck =0




Event-plane correlators 4

s Angular component can be expanded into a Fourier series

chvts
d®1dPs...dD;

o0
X ) Gcyen,ne COS(C1P1 + C2®Pa... + o Py)
Cp=——00

Acy,en,..cp = (cos(c1P1 + c2P2 + ... + a1 Py))

s @ has n-fold symmetry, thus correlation should be invariant under
®,, — @, +27/n  orappearin multiple of n®,

» invariant under global rotation by any 0: Y. P = > ((I) L+ 0 )

m So the physical quantities are:

(cos(c1 P + 2¢coPs... + Iy Py)) ,¢1 + 2¢3... +lc; =0




Cumulants ;

s Two-particle cumulants Moments 2 Cumulants

(X1X2) = (X1)(Xo) + (X1 X2)e =D (X1 X2) = (X1 X2) — (X71)(X2)

s Three-particle cumulants
(X1X2X3) = (X1){X2)(X3)
+ (X1X2)c(X3) + (X1 X3)c(X2) + (X2 X3)c(X7)
+ (X1 X2X3),.

v

(X1X2X3)e = (X1 X2X3)
— (X1 X2)(X3) — (X1 X3)(X2) — (X2 X3)(X1)
+ 2(X71)(X2)(X3)

s Higher-order cumulants obtained recursively



Cumulants for p(v,)

= Observables: X = @in(ﬁ (X)), = <6in¢> =0

m Moments

(XpnX_p) = {cosn(¢r — ¢2)) = (v2) + finite number& non-flow
(Xn X nXnX_p) = (cosn(d1 + ¢2 — 3 — ¢4)) = <U:lz>

s Cumulants

cnf{2} = (XnX-n)e = (cosn(p1 — d2))e = (vy,)
cnid} = (Xn X nXnX pn)e = (cosn(dr + @2 — 3 — P4))c = <U;lz> — 2(v

cn{6} = ... = (v8) — 9(v2)(v}) + 12(v2)?
cn{8} = ... = (vp) — 16(vy)(vpn) — 18(vp)? + 144{vy, ) (vy)* — 144(v;})*
s Define: vnf{2} = ca{2}'/? vn{d} = (—c, {a})M*

1/8

v, {6} = Gcn{ﬁ})m b {8} = (—%cn{8}>

2

n

>2



Cumulants for p(®,,,®,,...)

s Example
(cos(2¢1 + 2¢9 — 4¢p3)) = (V2094 cOS(2Po + 205 — 4Dy))
= (v3vycos4(Py — Py))
m In general for mixed-harmonics:

<COS(E§11:1¢Z'1 + Z§§=12¢i2 Tt Z'Zl:ll¢’il)>
= (v]'v5?..vt cos(c1 D1 + 2coPa + ... + 11 Py))
it is a correlation involving c,+c,+..+¢, particles .. kc, = 0

m Moment 1s the same as cumulants for mixed-harmonics, 1.e

(cos(2¢1 + 2¢2 — 4¢3)) . = (cos(2¢1 + 2¢2 — 4¢3))

all other terms vanishes, since for any other partition the Z of coefficient #0

Such as
(cos(2¢1 + 2¢2)) = (cos(2¢1 — 4¢3)) = .. =0



Cumulants for p(v,,v,,...,P,,P,...)

= Example, combining  €08(2¢1 + 2¢2 — 4¢3) and cos(2¢1 — 2¢2)

(cos(2¢1 + 20 — 43 + 24 — 205)) = (vav4v3 cos(2Py + 2Py — 4Dy + 2Dy — 2D5))
= (vivy cos4(Py — By))

s Corresponding cumulants:

(cos(2¢1 + 2¢2 — 4¢3 + 204 — 2¢5)).
= (vivsvg cos4(Py — Py)) — (v3) (VIvg cos 4(Py — Py))

probes p(v,,P,,dP,) distribution

s Can be generalized into other mixed-correlators



Cumulants for p(v.,v.. )

s Example, combining cos(4¢1 — 4¢2) and cos(2¢;1 — 2¢2)
(cos(2¢1 — 2¢2 + 43 — 44))
= (v3v; cos(2®y — 2By + 4D, — 4Dy)) = (viv])

s Corresponding cumulants,

(cos(2¢1 — 2¢2 + 4¢3 — 4¢a))e = (vavy) — (v3)(v])

probes p(v,,v,) distribution

m Other examples

(cos(2¢1 — 2¢2 + 3¢5 — 3¢4))e = (v3v3) — (v3)(v3)

probes p(v,,v3) distribution
1312.3572



Viany little bangs

Event-by-event observables

-
» f ‘s

1104.4740, 1209.2323,1203.5095 ,1312.3572

Flow-
amplitudes

p(’Un, Um, ’Ul)

1 dNeyt
— s Ums veees Py Py vnnn) = =
p(vn,; v ) Nevts dvndvpg,...d®,d®,, ...
pdf’s cumulants
p(vp) vn{2k}, k =1,2,...
P(Vn; Um) <")721'U%z> - <'UT2L> <U72n>

Obtained recursively as above

EP-
correlation

(P, Py, --0)

(vérylm... cos(epn®p + Crym P, + ...))

Zk ka =0

Mixed-
correlation

p(’Ul, (I)na (I)ma )

vém ... cos(c,n®, + cpym®,, +...))—
Y(vervim... cos(cpyn®y + Crym®Pp, + ...))

Zk ka =0




Tracks

Experimental reality

= T l L] L] L]
| Run 169927
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Run 169927

Obtain p(v,) from p(v, )

Need to remove non-flow:

— o l+2 ) v cosn(gb—CI)ZbS)
~
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Run 1'69927 l ATLAS Prelilminary ATLAS Preliminary | ATLAS Preliminary
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Obtain p(®,,P,,) from p(d o0s P _obs)

final number effects, resonance, jets, momentum conservation..



What we know about flow fluctuation? p(v,)



Expectation for v, fluctuations

£, =(e.¢,) ggggzgggg’ va=(v, cosn® v_sinnd )
-0 —fluc = __'0 q—»ﬂuc
gn =E&q +A Vn —Vn+“3n
— g — =02
— _(gn - E}? )2 cC it _(vn — vn )
(&) exp| v, <€, ) exp|

—

£’ — Mean Geometry v — Mean Geometry

0 — Fluctuations 0, — Fluctuations



Expectation for v, fluctuations

£, =(e.¢,) ggggzgggg’ va=(v, cosn® v_sinnd )
-0 —fluc — __'0 q—»ﬂuc
8n=8n+A Vn—Vn+“3n
— g — =02
— _(gn - E}? )2 cC it _(vn — vn )
p(gn) o exp - Vn 871 p(vn) x eXp 255

—

£’ — Mean Geometry v — Mean Geometry

0 — Fluctuations 0, — Fluctuations

) 02+, vt
p(,) vnexp( 5 )0< 55)

—obs — — smear
Vn :Vn+pn \

Finite number & nonflow

The key is response function: p(vgbs |Un)
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{Fit with pure Gaussian ™

U 0 0
—obs -0 —fluc — smear
=Vat+p, +
| _ Vn =VaTp, P,
| — Smear

nonflow/noise p,
Checked in hijing

1 I 1
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Vo

IS gaussian!



Obtaining the response function

i centrzlality: 20-25% . ATLAS PbiPb | centrality: 20-25%
== aenbikr \S=2.76 TeV 0.2~ —
0.2 B r le=7;,1b'1 —
it
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WX
_)
F — obs,F —obs,B
—obs __ (—»obs,F —»obs,B)/ 5R — (’U 0 , )/2
’Un — ?}n —I- ’Un 2 n n n
. A\ S :
= nonflow + noise + v, = nonflow + noise
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10*
—)
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¥2/DOF=1.05
8,4, =0.0504

Obtain p(v,,) via unfolding "

ATLAS Pb+Pb
\5,,=2.76 TeV
Llnt =7 !Jb“
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-0.2 0 0.2

(Vo bs)a_ (Vobs)b
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Obtainin

T
| centrality: 20-25% . ATLAS Pb+Pb |
- 3 =nbick o276 TeV
0.2 . L,-7p5"
-g>§ o =
-0.2f :
" p,>05GeV,[n|<2.5 R
57 0
i
—0obs __ (—2o0bs,F —*obs B)/
v = (U 2
. A
— nonflow + noise + v,
—)
—obs) __ — RF

Obtain p(v

-) via unfolding

0.2

the response function

centrality: 20-25%
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Cumulants for p(v,)

m Observables: X = eincb (X)), = <6in¢> —0

m Moments

(XnX_n) = (cosn(p1 — ¢2)) = <'U$L>
(Xn X nXnX_p) = (cosn(d1 + ¢2 — 3 — ¢4)) = <'U:lz>

s Cumulants

cn{2} = (XnX_n)c = (cosn(p1 — ¢2))c = <U721>

cn{d} = (Xn X nXnX_n)e = (cosn(¢1 + P2 — @3 — ¢4))c = <v:lz> — 2<v'r2L>2
cn{6} = ... = (v;) — vy ) (vp) +12(v;2)°

cn{8} = ... = (V3) — 16(vd)(v2) — 18(v5)? + 144(vy ) (v2)* — 144(v2)?

Rely on Large cancellation to remove finite N and non-flow
—>is or is not straightforward to cancel systematics?
—~>should different terms are treated separate measurement?



Cumulants for azimuthal correlations

No fluctuation Gaussian fluctuation
=
> =
pot = ‘

0 Q. ':' \Vj O“
Vn s 6 n N
I/ \~
Y Vv,

eaf2) = (19)7 + 262 cfd) = — ()"
caf6) =4 (00)°  cu{8) = —33(20)°

v {2} = cp {2}1/2 v {4} = (_Cn{4})1/4

0nl0) = (hent0)) " 0al) = (- Sent®))

Same answer!:

= Define
1/8
= Gaussian fluctuation: vp{4} = v, {6} =v,{8} =.. = v)

Higher-order cumulants suppress non-flow because non-flow is Gaussian!!
|s cumulants just mathmatical construct? What if non-flow is non-Gaussian?
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P(Vs), P(V3) and p(v4) dlstrlbutlons

p>0.5 GeV, nl<2.5
ATLAS Pb+Pb
§ Siﬁag VS=2.76 TeV
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BEI Llnt =7 Mb
O

pT>0.5 GeV, Inl<2.5
ATLAS Pb+Pb

S=2.76 TeV

L =7ub™

1 I 1 1 1 1 I 1 1 1 I: : 1 1 1 1 I ’ 102-

b 4-0-1%

pT>O.5 GeV, Inl<2.5
ATLAS Pb+Pb

S\n=2.76 TeV
I-int =7 Mb-1 T

centrality:

~4-5-10%
-8-20-25%
-©-30-35%

-2 40-45% p (V4

0 0.1 02 0 505 0.1 o

\Y

o {4} = 202)2 — (1) £ 0

s The non-zero v, {4,6..} either due to
= average geometry such as v,*" or

= non-Gaussianness in the flow fluctuation or

= non-Gaussianness in non-flow such as p+Pb system.

0.01 0.02 0.03 0.04
Va

for n=2,3



centrality: 2-3% 1 centrality: 3-4% centrality: 4-5% centrality: 5-10%

10 ATLAS Pb+Pb 3
—~ (S =276 TeV | § ? ]
5 Lo = 7407 3

p.>0.5 GeV,n|<2.5 1
10" T - . . 3

centrality: 25-30% 1

centrality: 10-15% 1

- centrality: 15-20% centrality: 20-25%
AN
= 3 E 3 3
10 E 3 E 2
: : = : . : : = :
centrality: 30-35% centrality: 35-40% 1 centrality: 40-45% ]
10 E E E

Furthermore p(v,) is also non-B-G in the distribution tail



Are cumula

nts sensitive to non gaussian?
r 1" " 1 1 I _(V§+(V’?)2

0
AR Y%
26° I

0N o2
0
n

10°

)

p(v )xv exp(

10

v 0=8+2 as example

10"

10-2 L L L L | L L L L | L L L L | L L L L L L L L L L L
0 0.05 0.1 0.15 0.2 0.25 0.3

s Divide B-G distri. to 2 equal parts, and calculate cumulants separately.
{2} vn{4} v, {6} v,{8} Inunitsofd

all 1.414 1 1 1
A 0.851 0.759 0.746 0.744
B 1.809 1.690 1.701 1.701

s The non-BG is reflected by difference of 4,6 particle cumulants
Cumulants not very sensitive to details of p(vn)?



Small system

m Eccentricity distri. not gaussian, due to smaller number sources

. ind* (T.neinq'))
6000 €n = e’ = - — _ _ _2ya-—1
.-~~~ Bessel-Gaussian (r) P(c‘:) — 20&8(1 € )
AN Gaussian - -
5000 - / - 1 | | | |
‘ Power 2
4000 - 08 L
[2]
g £5{2}=0.388
€ 3000 | A998 1 g}
P 0=
2000 - 04 |
1000 - 0.2 1
N 0 1 | 1 1
U ' . . e 0 5 10 15 20 25
0 02 04 06 0.8 1 N

s The non-zero v,{4,6,8...} suggest the p(v,) distr1. 1s non-Gaussian?

1/4 a 4% difference gives a v {4}
vn{d} = (2(?}%}2 - <vi>) <> value of about 45% of v, {2}



Multi- partlcle Correlatlon in p+Pb

I I I 1 I I I T I T I T

- PbPb |s, =2.76 TeV

0.10} 03<p_<3.0GeV/c;inl <24
| O

000 O

pPb \s,, = 5.02 TeV 4
| 0.3< p.< 3.0GeVic; ml <2.4 _

0.051& O VA2, IMi>2} _E_E_*H - *D *_¢_ 2
-0 O vy {4}
+ Vv,{6} [13
¢ Vv,{8}
. Pb+Pb ® Vy{LYZ} p+Pb CMS Preliminary
I | | | 1 | 1 | | | | | | 1 | I | 1 I | | | | I | | | | I | | | | I | |
0 100 200 300 0 100 200 300
Nfrf:"ne Ngﬁline

= What 1s the meaning of v,{4,6,8,} in p+Pb collisions?

= Why non-Gaussian component are not increasing with multiplicity?



Tracks

Connection between p(v,,) and v {2k}

v, {2k} removes all Gaussian sources, it removes non-flow only
because i1t 1s nearly Gaussian, but in this case, one can just calculate

them directly from p(V obs) distribution

(2k) =

80F

60

Run 169927

I Event 400484
0-5%

I
ATLAS Preliminary

Pb-Pbys,,=2.76 TeV
p,>0.5 GeV

COS Zn P2j — ¢2J+1))

Temal

2 (v2F) = / v2kp (v, )doy,

l L) L) L) T ‘

obs
-0-V2

-»obs -»
© resp. func v, -v,

10°

10°

2

c10° ‘*

o

i .
102k ATLAS Pb+Pb O %

VSNN=2.76 TeV @
La=7 ub Q /

p,>0.5 GeV, n|<2.5 #
centrality: 20-25% ‘ﬁ A
L

10

o 01 0.2

—0bs - bs
IV, -v,| or v



Effect of non-flow

m Additional Gaussian smearing won’t change higher-order cumulants

I 1 1 T 1 ] 1 1 T 1 I 1 T 1 1 I T T 1 T l
b= Vo{4}
gal . —8— vy {4}
0.1 e o -
L o o
e
(4]
>
e
0.05 -
o
i -. .
L ATLAS Data s
0 I 1 lI 1 | l | | 1 1 l 1 | | | l 1 1 1 l*_
0 100 200 300 00
<Npart>

Same v,{4} value from either p(v,) or p(v,°°®) distribution



Event-plane correlations p(®,,P,....)



Event-plane correlation

m Correlations exist 1n the 1nitial geometry

IIIIIII|IIIIIIIII|IIII|IIIIIIIIIIIII

0.4

Participant Eccentricities
Correlations

P (cos(4(<1>2-<I> D)
0.2 o (cos(6(® -D,)))

n (cos(6(<b2-¢>6)))

o

A (cos(6(<I>3-<I>6)))

v (cos(12(2_-2,)))

w
Correlation
o
N

x (cos(10(® -®))

-0.4
arXiv:1208.1200
1203.5095
-0.6 1205.3585

50 100 150 200 250 300 350

(N0

part

s Also generated during hydro evolution: non-linear mixing, e.g.

—i4® —i4®, —i4®
ve' 4oce4e’ ‘teple ™

4 5 +...



<cos 4P, - )>

<cos 6((I) -d )>

Event-plane correlation results

<cos 6(D, - )>
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(cos(2d,+3P;-5P;))

Event plane correlation results

<cos 6((I) -d )>

<cos 4P, - )>

(cos(20, +3d, - 50))
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Event plane correlation results

<cos 4P, - )>

<cos 6((I) -d )>
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How (g ,®_ ") are transferred to (v, ®,)?

s Flow response is linear for v, and v;: v, x¢, and @, =®, ie.

026_22@2 X 626_22(1)2, ,036—23@3 X 636—23@3



How (g ,®_ ") are transferred to (v, ®,)?

. o .
= Flow response 1s linear for v, and vy v, x¢, and ¢, =P, 1e.

Voe 1222 o €re 223 paeT 3P o ¢35
s Higher-order flow arises from EP correlations., e.g. :
40, 40, 2 4D, _ L
ve X E e ‘|‘CV26 +... Ollitrault, Luzum, Teaney, Li, Heinz,Chun....

5P 5D (2D, +3D
vseZ 5 o ese’ 5+cv2v3el( 2P L

605 o o 6P 3 ,i6P, 4o V2t o c i(2¢2+4@4)
V6€ 66 cavze 02V3€ Csz 48

;,97:’ 02 ATLAS |I=’bl+l;b' ' l—o— ('co's()l:d;))v: d:ata. I_:
. . . ‘-ri-m WSw=276TeV  —g— (cos(z®)) data .
s Some correlators lack no intuitive explanation g o Lu-7w’ (cos(z), AMPT J
' — = {(cos(Z®)) AMPT ]
. e i
e.g. 2-3-4 correlation g
o]
= Although described by EbyE hydro and AMPT =
-0.1
0.2 -
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Compare with EbE hydro calculation
Initial geometry + hydrodynamlc Zhe & Heinz 1208.1200
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e M C-Glb., /s =0.08 = = =MC-KLN, n/s=10.2



Compare with EbE hydro calculation

Initial geometry + hydrodynamlc Zhe & Heinz 1208.1200

0.9
cos (4(Uy—0y))) (cos (8(Wy—Wy)))
0.8 A
07 @ ATLAS data Initial geometry + transport 1307.0980
0.6 ] Bhalerao,et.al.
0.5
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e M C-G1b., 77/s = 0.08 = = = MC-KLN, n/s =0.2

EbyE hydro and transport models reproduce features in the dat



What 1s the origin of mode-mixing? example

s Hadrons freezeout from exponential distribution of the flow field

IN o 9 /;Xm—p'“(x))p-d%(x)

d3p  (27)3 T

» Flow field u(x) has a harmonic modulation driven by geometry

u(¢) — U()(l + 2 Z Bn COS(¢ - (I)n))

m Quadratic term 1n saddle-point expansion leads to mode-mixing

Borghini, Ollitrault 2005

e Pt ~ 1 — pru(¢) + 1/2p2u?()... Teaney, Yan 2012
Lang, Borghini 2013

v2(pr) = I(pr)B2, v3(pr) = I(pT)B3 g = T |
I(pT)2 , 5 bt) = T Dt — M¢Vmax
va(pr) ~ I(pT)B4 5P T V2
vs(pt) =~ I(pr)Bs + 1 (pT)25253 > VyVj3
(PT)3 3 I(pT)2 2 2
ve(pr) =~ I(pT)B6 + By + B5 + I(pr)°P2f4

6 2

Js 2
2", Vof, VoV

s



Event-shape selection technique



Can we do better?
1 dNevts

n m,....,@ﬂ/,@ﬂ@, cose ) —
P(vn, v ) Nevts dvndvp,...d®,d®,,...




Can we do better?
]- dNevts

n» m7'°°°7¢n,¢m,....
p(v ’ ) Nevts d'Und'Um d(I) d(I)
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L8 L} o ™ | = -
10 \ o E 0.05}- . —
® 1 ] - () .
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102k 30-35% ot | ol % v v
—=— 40-45% ) E 0 100 200 300 400
=-60-65% | | . (N_)
1 1 1 1 1 1 1 1 1 1 part
0 0.1 0.2

s More variation in v2 within one centrality than variation of
mean v2 across all centralities



Can we do better?

N T S

; ‘;‘\X o § Sig
égﬂﬁ‘ 555

I T T T T I T T
p>0.5 GeV, Inl<2.5

ATLAS Pb+Pb
V N=2.76 TeV
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¢ °
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® o "
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—e- 20-25% +
2| e 30-35% og" _
—=— 40-45% b 3
- 60-65% | | = -~
0.1 0.2
Vs

s More variation in v2 within one centrality than variation of
mean v2 across all centralities

» Study the variation of vn at fixed centrality but varying
event-geometry: “event-shape-selected vn measurements

dNevts
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ldeal case: selecting on eccentricity

€E0%,2%)

e e 5o 51 Centrality 40-45% 503 05 0 510

Increasing &,

€,E0%,2%)




Hidden correlations at fixed-centrality

= Evolution of v, correlated with v via

= Non-linearities from hydro evolution and freeze-out <

B 2000

S
= But also initial correlation g

1000

anti-correlation positive-correlation
between ¢, and ¢;. between ¢, and g,.

- 0-45%

1311.7091

Naturally studied via event-shape selection technique
= E.g. select events with different v, and study v,. in FIXED centrality



Event-shape selection technique
Schukraft, Timmins, and Voloshin, arXiv:1208.4563
Huo, Mohapatra, JJ arxiv:1311.7091

Select events with certain v,°°s

qg = %(choan{q,ZwsinnqﬁH), W=D, q = |qn| or v,
w



More mfo by selectlng on event-shape

10 ‘ - \ ] . . —

? 62 Glauber o c’n-\ Centrality 25-26% 3
- 40-45% o ATLAS Preliminary -
: °n © o Vw276 TeV 3
Te 3 > \‘ |‘int =7 Mb- 3
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i o 2| 12 [F (B § e 3
B o ol |9 |o = N 3
D N LtITI (op) .(IJ Ll’) ]
e ol | |8 |88 B ]
S I I E
o o o o o o LOO =
R (o>} (oo} © < Y N :
: L% 8 R 88 2]k

| 1 1 1 I I I I I I I I I

or 10-| l. 5:3@,73&,_10'@-' Fcal V ObS q

T T T T T T T T I T T T T
ATLAS —eremmmary 05<p. <2 Cw
[5y=2.76 TeV T

L. =7ub’

[Anl>2

int

v

——0-5%

m Fix centrality, then select events with certain 005 - 10-15%

obs j bagh [t . :.’"..'I/'..‘/' . - 25-30%
v,°% in Forward rapidity: - * 4 40-45%
1 1 1 1 | 1 1 1 1 1 1
% 0.05 01 craa
] L] L] L] b
= ATLAS: measure v, via two-particle correlations in |n|< 2.5 FCal v,°°s

Vary ellipticity by a factor of 3!



Phys. Rev. C 86,
014907 (2012)

V-V, correlations: centrality dependence Bigg=

s First correlation without event v,-selection, 5% steps R
I aPSaa—a
80 60 40 20 0
4 ., Centrality [%)] ?)
v, (higher p;) V3 Vy
S [ arias peimnay Comalyoson | % [ATLAS Preiminary Convaity070% | 7 [ATLAS Prelminary Gentalty 065%.
(3 0.3'_ \Ean2.76 TeV \Anj>2, Pb+Pb ] 0'05__ \S=2.76 TeV 0.5<p <2GeV 7] 0.03 \S=2.76 TeV 05<p <2GeV |
v e ] L 7 lAn|>2, Pb+Pb L =7 ub lAnl>2, Pb+Pb
o Lint=7 b-1 i int 1 int
A(yf)-' : " : 0.04_— —-
> 02__IA’Y]I>2 _- i Peripheral
i Peripheral(65_7006) 0.03'_ b 0.02- -
0.1-— — - Central
: [~ Central Peripheral T
" Central (0'570) k 0-02__ ] i
[ N A T B C o N T 0ot . T
% 005 0.1 0.15 0 0.05 0.1 oi 0/5 0.1 0.15
V,{0.5<p_<2GeV} Vv, Vv,
“Boomerang” reflects stronger “‘Boomerang” reflects reflects
viscous damping at higher p+ different centrality dependence,
and peripheral which is also sensitive to the

viscosity effect.
S. Mohapatra



Vv -V, correlations: within fixed centrality

s Fix system size and vary the ellipticitiy!

V2 (hlgher Pr )

"% — Centrallty 0 70% no q, selec '
(5 -
v o03F ATLAS Preliminary
o | \swe276TeV
v i _ -1
Q—/ Lint =7 “b
>C\l 0 2- Pb+Pb
L 1An>2
& Centrality intervals
0.1 with a, selection: |
1 0-5% —+— 30-35% |
L —=-10-15%  —— 40-45% |
- —-e-20-25%  —=— 50-55%
- —— 60-65%
/ N PR R S B S S
0O 0.05 0.1 0.15

v,{05< p.<2 GeV}

Linear correlation for forward

v,-selected bin->viscous
damping controlled by
system size, not shape

Vs

L ATLAS Preliminary Centrality 0-70%
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Lipy =7 ub” ni>2, Pb+Pb
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L L | - 1.
0 0.05 0.1 0.15
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Probe p(v,,

V)

———T 7T
ATLAS Preliminary Centrality 0-65%
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[An>2, Pb+Pb
Lint=7l‘~b_1 s ¥
- Peripheral
0.02- -
- Central
0.0 S -
0 0.05 0.1 0.15
Vo



Vv -V, correlations: within fixed centrality

s Fix system size and vary the ellipticitiy!

s Overlay g;-¢, and g,-¢, correlations, rescaled

V2 (hlgher Pr )

"%  — Centrallty 0 70/ no q, selec i S
(5 -
< 03k ATLAS Preliminary
lk - V5, =276 TeV
v i _ -1
& Lin =7 ub
- 02'_ Pb+Pb B
L 1An>2
/, & Centrality intervals 1
0 1' ’ / with g, selection: ]
1 -e-0-5% —— 30-35% |
L ) —=-10-15%  —— 40-45% |
B 7/ —-20-25%  —=— 50-55%
- —— 60-65% -
0...I....I....I...
0 0.05 0.1 0.15

v,{05< p <2 GeV}

Linear correlation for forward
v,-selected bin—>viscous
damping controlled by
system size, not shape
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—— 777
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0
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0.05 0.1 0.15
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Clear anti-correlation,

Probe p(v,,V,)

Vy4
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> mmm Centrality 0-65%, no a, selection 4

0.03ATLAS Preliminary

L \sp=2.76 TeV
" Ly =7 b’
[ Pb+Pb

0.02f

0.0 =

quadratic rise from non-
linear coupling to v,?



Vv -V, correlations: within fixed centrality

s Fix system size and vary the ellipticitiy! Probe p(v,,V,)
s Overlay g;-¢, and g,-¢, correlations, rescaled

V, {3<p_<4GeV}

v, (higher p;) Vs '
; belntrlalilty lO-;O‘;/o,Inol qzl S(lelelc 'I = l;lCéntlrallitle-l?O!%,ln(l) ql2 sleléct;or; l = i l;lcéntlrallitylo-lGSLA:,ln(l) ql2 slelelzctlionl l i
0.3-_ ATLAS Preliminary 0'05-_ATLAS Preliminary B 0.03|- ATLAS Preliminary i
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Ly = 7 ub” I
" Pb+Pb T o " Pb+Pb
021 |2 ] i
$ T - 0.02-
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M PR B ._.e_|6(.)-6.5°./°- :.0'.5.<PT|<.2.Ge.VfIA|n|.>?. Ll : oo,
OO A 0.05 0.1 0.15 0 0.05 0.1 0.15 0 0.05 0.1 0.15
V,{0.5<p_<2GeV} Vv, Vv,
Linear correlation for forward Clear anti-correlation, quadratic rise from non-
v,-selected bin->viscous mostly initial geometry linear coupling to v.?2
damping controlled by effect!! initial geometry do not
system size, not shape work!!

Initial geometry describe v;-v, but fails v,-v, correlation



Anti-correlation between v3 and v2

N s10% ] 15.20% ) 00SFT 3035 J°%F T s085%
i T —@— data i -
—— Linear Fit 7
03F N - I 10.04
0.03 Glauber 7 0.04 i [
_ Lo ~_ Joo3|

005 01 015 02
Vs

Can be used to fine tune initial geometry models!

s Quantified by a linear fit and extract the intercept and slope
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Events with zero €, has larger average €5 = larger vs.



linear (g,) and non-linear (v,2) component of v,

0-5% 1 20-25%
<0.018F 4 0.018f § '
> i ; [
] i 0.025} 8- data 0.03-
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s Fit v, = Jc2+c™v! to separate linear (g4) and non-linear (v,2) component



linear (g,) and non-linear (v,2) component of v,

= Vv,-v, correlation for fixed centrality bin ve* -ce®+c(ne™] = Ficbyv, = +¢v]

i _EO ] [ _{1E0 _DEO QKo
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s Fit v, = Jc2+c™v! to separate linear (g4) and non-linear (v,2) component
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v4 decomposition compare with EP correlation ™

s Leading non-linear term is enough V4e’4q’4 - 608’4‘1’4 +CIV228’4¢2
B | I I I | I I I I | ]

N | =& Inclusive ATLAS Preliminary | Ll A Aln.As 'PFeiirr'miﬁa'w' .
| —©- Linear %4 EP Linear \s\w=2.76 TeV 05 ] - Pb-Pb y5,5=2.76 TV
~ ~B- non-Linear % EP non-Linear L, =7 ub 7 [ .0. Lin=8pub" ]
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m If so, can also predict L and NL component from EP correlations

= Good agreement is seen!

NL
Uy

= v (cos 4(Dy — Dy)), vy

= |2 - 2



What about select on one side?
Schukraft, Timmins, and Voloshin, arXiv:1208.4563
Huo, Mohapatra, JJ arxiv:1311.7091

Select events with certain v,°°s

P(Vn), P(Vp,Vm)or p(P,, P, )



AMPT model
s AMPT model: Glauber+HIJING-+transport

m Has fluctuating geometry and collective flow

m  Longitudinal fluctuations and initial flow




V,(N) : select on ¢,

Flow suppressed 1311.7091
T oo%l» ‘omgim " |

lower 10% &, AM PT b=8fm

V,o(N)ln>0 When EP in -6<n<-2

V,(N)l <o When EP in 2<n<6

Vo(N)|j>2 When EP in [n]<1

0.02—

~&— EP from A: -6<n<-2
—e— EP from B: -1<n<1
—— EP from C: 2<n<6

Y ESEEEE—
n



V,(N) : select on ¢,

Flow suppressed

%L"""
0.0

lower 10% &,, AMPT b=8fm

0.02

| |
-5 0
n
i 1 N N N N I
upper 10% &,, AMPT b=8fm
0.15
i OO0
o f"
>

0.05 —&— EP from A: <
! —e— EP from B: -1<n<1

~&- EP from C: 2<n<6

-

1

1

e
n

G

1311.7091

V,o(N)ln>0 When EP in -6<n<-2
V,(N)l <o When EP in 2<n<6

Vo(N)|j>2 When EP in [n]<1

Flow enhanced Symmetric distribution expected



V,(N) : compare with selection on q,
Suppression of flow in the selection window

\1311.7091
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enhancement of flow in the selection window



What is the origin of v,(n) asymmetry?

= Suppression/enhancement of flow 1n the selected window 1311 7091
m Decreasing response to flow selection outside the selection window
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Dependence of v4(n) on g, in fixed centrality

959

= v, anti-correlated with v, reflection of p(g,,&;)

0.1

—= lower 10% q:

- —@— upper 10% q:

'AMPT b=8fm

0.04f-Lin =7 ub”

Similar to data

0.02

V3
0 5
n

vvvvvvvvvvvvvvvvvv

L mmmm Centrality 0-70%, no q, selection

- ATLAS Preliminary




What is the origin of v,(n) asymmetry?

m Suppression/enhancement of flow in the selected window
m Decreasing response to flow selection outside the selection window
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wounded nucleon model

Assumes that after the collision of two
nuclei, the secondary particles are
produced by independent fragmentation
of wounded nucleons

Emission function of one wounded nucleon

L

Longitudinal particle production
Bialas, Bzdak, Zalewski, Wozniak.... STAR/PHOBOS

AN [dn o< f*(n)Npary + F2 (1) Npnre

1.0

08

0.6

04

02

dN_/dn

e Minimum Bias |




Flow longitudinal dynamics
(b)

backward

e___

forward
—>

y(fm)

1011.3354, 1403.6077

ST
|

. . . . . x(fm)
Shape of participants in two nuclei not the same due to fluctuation

F *F B *B * F B F *F B *B
gm,¢m Sm,¢m Sm,¢m Npart7Npart’Npart 8" ,(D" = 8 (I)

n? n

Particles are produced by independent fragmentation of wounded nucleons,
emission function f (1) not symmetric in =2 Wounded nucleon model



Flow longitudinal dynamics

1011.3354, 1403.6077 Q:’/

(b)

backward

forward
<« ——

m Shape of participants in two nuclei not the same due to fluctuation

F *F B *B * F B F *F B *B
gm,¢m gm,¢m gm,¢m Npart7Npart’Npart 8 (D = 8 (I)

n?’ n n? n

m Particles are produced by independent fragmentation of wounded nucleons,
emission function f (1) not symmetric in =2 Wounded nucleon model



Flow longitudinal dynamics

1011.3354, 1403.6077 QT/

(b)

backward

forward
<« ——

s Eccentricity vector interpolates between €, and €,

&t (n) ~ a(n)é, + (1-an))é, = e%‘)t(n)emq’;m(n)

Asymmetry: " = ¢”

Twist: O ="

a(n) determined by f(n)

= Hence|9,(n) ~ cn(n)[a(n)é, + (1-a(n))é)] | forn=2,3

= Picture verified in AMPT simulations, magnitude estimated 1403.6077

P. Huo Poster



FB eccentricity fluctuations from Glauber

m Significant EbyE FB asymmetry:

m Significant EbyE twist:

F B
E, # &

*F *B
(I)n 4 (I)n

I I L L] L ] l 1 1 ] ! ] I
() —e—widthof A\, =(N" -NC,)/(N

- ~&— width of A Cf(%-@)/(g@
p —=— width of A eg:(Eg-Q)/(q-r%)

ymmetry
~

FB as
o
N

EREL
;M‘*"\gan)-

LI L IR L BELEL AL
(d) —e— width of 2( ®,*-®,*°)

—6— width of 3( &, -,*%)




What AMPT tell us?

F .1 F B -
¢, more correlated with g, than g, 6 4 1 1 4 %




What AMPT tell us? B

5 4 A 1 z 3 =n
s Twist in mitial geometry

appears as twist in the E
final state flow g
= Participant plane angles: =

= Final state event-plane angles

|

E
o
E

Initial twist survives to final state

0 2
3(wh-wh) Final twist



Twist seen in simple 2PC analysis

s NO event-plane determination! Just select twist 1n large n and check

correlation at center-rapidity. 5 -

C(Ag,An) 1+22@3@2cos (nA¢ — nARY) ——F— R
®) A -eaeles—aneie]  f©) 0 H
1.05 = =Ane [-4,-3] —An€E 3,41 i —=— n=3 |

==An€e[-2,-1] —AnE[1,2] ] 01 i —— n=4 ° %
. :_ —=- n=5 . é i ¢ +_
z | St w n . 88°° R
° C: 3 o8 RS
T $ * :
i -0.1_—+ % . * .
B

An

s Though twist 1s enforced on q,, twist also seen for higher order v,
s Non-linear mixing to the higher order harmonics!! .

~i4®, ~i4®, ~i4®
0'¢ 4 2
v,e £, e +cv2vze +...
—i5d —i5D.
ve s x ge : ey, v.e

—i(2P,+3D,)
5 SR



Implications

m System not boost-invariant EbyE not only for dN/dn, but also flow

s Longitudinal decorrelation effects breaks the factorization, despite
being initial state effects. V.m,m,)=v 1), 1,)

s Decorrelation effects much stronger in pA, dA, HeA and Cu+Au
system



Summary-|

s Event-shape fluctuations contains a lot of information

P(Vny Uy -

D, Dy

1 dN evts

) = Nowte dv,dv,....dD, d®, ...

s Three complementary methods:

Strong fluctuation within fixed centrality!

pdf’s cumulants event-shape method
p(vn) v {2k}, k= 1,2,... NA
p(vn; Um) (vvm) — (vp) (o) yes
Flow- (V202 v2) + 2(v2)(v2,) (V) —
. Un, U, Uy es
amplitudes | PO Um0z Y03y 2 08 03) — (u202) (02,) Y
Obtained recursively as above yes
Eb- (P, Py --.) (vervlm ... cos(cpn®p + cpym®p, + ...)) yes
correlation ne noom noomomEm
Zk ka; =0
Mixed- (v2verulm... cos(cpn®y + cym®p, + ...)) —
Dy, Dy .. Lo .m " m
correlation ACO L LD (V) (venvem ... cos(cyn®p + Crym®p, + ...)) yes

Zkak =0




Summary-I|

m Rich patterns forward/backward EbyE flow fluctuations:

Un(n) =

cn(n) [a(n)éy + (1-a(n))E, ]

Event-shape
selection and event
twist techniques

s New avenue to study initial state fluctuations, particle production and
collective expansion dynamics



