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Recent accomplishments 2

Improved the space-time picture of bulk matter evolution
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Challenge: simultaneous determination of two unknowns



Future experimental measurements 3

m Experimental error bar no-longer the limiting factors on the n/s
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s Measurement aim to provide a picture that 1s as complete as possible.
= Event-by-event flow observables—> initial fluctuation & flow correlation
= Event shape engineering & engen-mode ana.—> geometry & hydro. response
= Longitudinal fluctuations—> particle production & early time dynamics
s Medium response—> relaxation mechanism for local perturbation

s PID v, = hadronization and hadronic transport

m Detailed baseline for system size scan & beam energy scan studies



EbyE 3+1D hydro with AMPT initial condition

Significant transverse and longitudinal fluctuations

dN(event 99)

Curtsey of L.Pang and X.N Wang, EbyE 3D hydro+AMPT condition



Event-by-event observables ;

—OCI+E2V cosn(qb P )
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Also access via multi-particle correlations
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Event-by-event observables 6

Many little bangs

1104.4740, 1209.2323,1203.5095 ,1312.3572
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Event shape selection 7

arXiv:1208.4563 arxiv:1311.7091

I I Fourier expansion of forward E distri.:
g 1042 40-45% Pb+Pb
7 27 _sp 1+2Ev°bS cosn(g/)—CI)ObS)
dp — ~_"_ !

Select events with certain v, or v,°0s
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measure v, (p7) and p(v,,Vy,-... P, Ppys---)

0™ order event-shape selection: Centrality by XE (system size)

2nd order event-shape selection: ellipticity by v,°  (system shape)

31 order event-shape selection: triangularity by v,°* (system shape)



Applications



Current measurements of E-by-E distributions

P(V,), P(V3), P(Vy4)

Pb+Pb  — .

I (b) —— Glauber dv, |

’:S:] 100 i SErs 00 meme- pQCD de, '

S E A2 TR el Glauber dz,

ol ATLAS ]

ué\l 10-1 " 3
<ol
-2 a

107+ LHC 2.76 TeV Pb+Pb ;

~1.0 -05 00 0.5
0€y, OUy

35—40 %

A

10°F LHC 2.76 TeV Pb+Pb

I ATLAS S

n/s=0.20
n/s =param4
n/s=0.0 E

-10 =05 00 05
d€y, Uy

1.0

p(cbn’q)m) and p(q)n’cbm,cDL)

& L7171 +l n & —
=7 0.8 | 1 = -
o] Ne) |
= o _
%) S |
+ 0.4} -  +
s 8 =
0.2k 4 Q .
g ATLAS data z —
< oob—L 11 U & oob—L 1>~ 1 N1\ 1Y |
0O 10 20 30 40 50 60 0 10 20 30 40 50 60
centrality [%)] centrality [%)]
% 0.8 % 0.8
< 11 1] = |
- 07— n/s=0.20 | e 0.7 _
% 0.6l— n/s=paraml _ % 0.6 _
+ 05— 1/s =param?2 ] + 0.5 ]
e.:: 04 | — n/s =param3 ] 9? 04 n
& n/s =paramd =
T O03F & arras - + 03 :
~ 0.2+ — v 0.2 —
A pr=[0.5...5.0] GeV 2
°|° 0.1 ' -4 = 0.1 —
7l 0.0KMé_ - \J‘/ 0.0—+‘* —
S —0.1 1111 S -0.1 [ EN | |
~ 0O 10 20 30 40 50 60 ~>= 0 10 20 30 40 50 60
centrality [%)] centrality [%]
1505.02677

Constraint mitial condition & medium properties!!
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Non-Gaussianity in the p(v,) distribution

H. Niemi QM14
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Non-Gaussian behavior
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s Reflected by a 1-2% change beyond 4™ order cumulants

Non-BG 1n p(g,) or non-linearity of response for large ¢,



= Flow response is linear for v, and v;:

X €9€ X €3€

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

arXiv:1403.0489

= Higher-order flow arises from EP correlatlons e.g. <cos4((I) CD4)>

arXiv:1111.6538
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V4V Correlatlon ligelpy event-shape englneerlng 2
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Separate geometry and mode-mixing components!!



V-V, correlation from event
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V5-V, correlation from event-shape engineering

Slgmflcant magnltude antl Correlatlons

Very weak EP correlatlons
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Eccentricity scaling: v /g,

- hydro (1/s)+UrQMD )
025
5 0.08
02 0.16
w " 0.24
X 015+
(fm/c) max
01F Glauber / KLN Vs 7, dN/dy
o— -0 —e 00 04 810
005 L A b A—aA 008 0.6 810
: V%7 O =g B—m 0.16 09 810
0 i . | . Qo I-OH 0]24 1.2I 810
0 10 20 30 40

2
(1/8) dN_/dy (fm”)

Teaney and Yan

: . Aw
Viscous correlation: ——2 ~p’ n
w s

Viscous damping expected
to be larger for larger n

v, [\

|An|>2
(15<:pT<:2(36V

Pb-+Pb

102 ATLAS Prelim. ]
I T \Syw=2.76 TeV ]
] . n=2 Ly = 7 ub” y
- _._ n=3 -
I —~4-n=4 linear %“n=4 |

= n=5 linear == n=5

L1 1 1 | | I I | | | I A | | L 1 1 1 |
0 100 200 300 400

N

part



Even more detailed observables
]- dNevts
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» Fluctuations can also be differential in p,, 1, PID etc.

= Vi(prM,-..) & u(ppy M, --)
= Averaged out in most analyses!

s Example: p; dependent flow fluctuation
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Transverse flow fluctuations

c(€3,v5) =0.906

¢, =0.100 € €3 €4

sBC n/s=0.16

n=21 n=3 n=+4

0.05 0.10 0.15 0.20 0.25 0.30

= No-unique mapping between ¢, and v, though <v_>oc0 <g¢ >
= ¢ defined by different r™ weights = radial degrees of freedom.

= Related to flow angle and amplitude fluctuates in p;
v (p e V,a(p7.07) =V, (p1)V,(P})

s Decompose the v (p1) into principle modes, each mode factorize

V,a(pipr) = Y < M(pHM(pp) > Vi (pivi (py)



c(€3,v5) =0.906
C; =0.100

v (pT )einq)(pr)
n

Transverse flow fluctuations
arXiv:1410.7739,1501.03138
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Magnitude and phase of leading and subleading

modes fluctuates independently.

= No-unique mapping between ¢, and v,..
= ¢ defined by different r™ weights = radial degrees of freedom.

= Related to flow angle and amplitude fluctuates in p;
Vu (P, 07) =V, (p1)V,(p7)

s Decompose the v (p1) into principle modes, each mode factorize

V,a(pipr) = Y < M(pHM(pp) > Vi (pivi (py)



Transverse flow fluctuations

arXiv:1410.7739,1501.03138
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= No-unique mapping between ¢, and v,.. pr (GeV)

= ¢ defined by different r™ weights = radial degrees of freedom.

= Related to flow angle and amplitude fluctuates in p;
v (p e V,a(p7.07) =V, (p1)V,(P})

s Decompose the v (p1) into principle modes, each mode factorize

V,a(pipr) = Y < M(pHM(pp) > Vi (pivi (py)



Longitudinal flow fluctuations

1011.3354, 1403.6077

(b)

backward

forward
<« ——

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

* F *FaF B *Ba 7B ‘F *F B 4B
8n9®anart gi’l’¢l’lN 87’1’@” Npart En-’q)n s En’q)n

part

s  Wounded nucleon model: particles are produced by independent fragmentation
of wounded nucleons, emission function f(n) not symmetric in
Bialas et.al



Longitudinal flow fluctuations

(b) 1011.3354, 1403.6077

backward

forward
<« ——

projectile

Eccentricity vector interpolates between ¢, and €,

et (n) m a(n)el + (1 - a(n))ed = e (n)em®n" (M

Hence | v,(n) ~ ¢,(n) [a(n)gg + (1 - a(n))é’s] for n=2,3

Picture verified in AMPT simulations, magnitude estimated 1403.6077

Asymmetry: g = ¢”

Twist: O ="




What AMPT tell us? B

o 6 4 X 1 4 6,
= F/B asymmetry in initial geometry y obsg g” P
appears as asymmetry of flow i%\» %_ .
‘ eF

obs,

v more correlated with &, than with &)

Initial FB asymmetry survives to final state!!



What AMPT tell us? N B

5 4 A 1 2 6

gy B (I)*B Pb

m m <

s Twist in mitial geometry
appears as twist in flow

= Participant plane angles:
" OF

= Final state event-plane angles

2(d,* -d,*°) Initial twist

II’F IPB

2(W-W7)

Initial twist survives to final state!!

Final twist
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Twist
Cn(An) ~ cosn [¥y,(n) - ¥, (-n)]

Longgang etc, 10
arxiv1410.8690 '

Pb+Pb 2.76 TeV (20mb)
8
a
8§ 2 o

:

0O 20-25%

04 Ao 5-10%

O 05%  AMPT

= Strong centrality and Vs dependence, need both LHC & RHIC

backward
&_—

2 4 6 8 10
An

High Vs

Au+Au 200 GeV (10 mb)

12

Low Vs

,L”[:NNL l‘[')i'»\)..
\

backward
<__—

.

. .
----------------

- ]
& . m
- 2
O A
A
Q
- o 0.5% 35
[ 4 510%
-5 20-25%
PR TR N N S TS NS ST NN T ST '
2 4 6 8 10
An



P(Vy)

10" E centrality:
F-6-0-1%

[4-5-10%

-~ 20-25%
2| o 30-35%
F-= 40-45%
[-=- 60-65%

p>0.5 GeV, Inl<2.5

ATLAS

Pb+Pb

oo 4
':;Egigaigaﬂu_ =276 TeV
4 .. Bél. Lim=7 Mbq ]

PR IS S SR R

0

0.1 0.2
Vo

dN(event 99

p(q)n’q)m)’ p(q)nscbm,q)L)

1.5

(cos(2® +3®4-50))

0.5

L B L LN |
£ (cos(za), A'IES Pb+Pb 7]
\Su=2.76 TeV |
Lim=7l*b-‘ )

& (cos(z®))

0.04

0.03

SR 1.:!&@3\\\\/

‘s

/,t;"«' NN 755
"faﬂ#%fg%;{
TR

N

Transverse fluctuations

. 1 . 2
vi(pr) e (pp)e ™"+, (pp)e

T T
8 L leading

T T
| subleading il 0.2

-
’ . gl 0.
." . ' 44 o
- e 1K 0.1
-

-0.2

arb. units

o

Longitudinal fluctuations

Bn(n) ~ cn(n)[a(m)Es + (1 - a(n))el]

4




Summary

» Future measurements should focus on obtaining a complete picture

s Event-shape fluctuation contains lots of information

) _ 1 dNevts
" Nevts dvpdvm,...d®,d®,,...

P(Vns Uy coees Py Py -

= Separate initial state and final state effects
= Applicable to other collisions system Cu+Au and U+U

m Rich patterns forward/backward EbyE flow fluctuations:

- R R Event-shape
Un(n) ~ cn(n) [04(77)65 + (1 - a(n))es] selection and event

twist techniques

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






, . 29
EP correlation: How are (¢,,®, ") transferred to (v,, ©,)?

s EP correlation probes into the mode-mixing (14 correlators from ATLAS)
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Exploring the collision geometry & flow response’

= Expect broader p(v,) in U+U than Au+Au in ultra-central collisions
= ¢.g=> Distinguish tip-tip vs body-body contribution
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Asymmetry

Select events with same PP but different eccentricity:

Observe clear F/B flow asymmetry:

0.1

0.08

0.06

0.04

0.02

-0.02

- T T T T T T 1

C () 12(®,*"-9,*7)1<0.06, - €250.125 ]

B AMPT b=8fm N

I Yoy i

i O 9y ]

_ -nﬁ'ﬁ 0

I .. | o>m
- @ *F *B * -

— @ q)n ) (I)'n ’ (I)n —

i ﬁﬁ —— @ *F -plane i

? -©- @ *® -plane N

- - @ * -plane N

i 1 M 1 1 |

- () |
Slololelolelelelololelelololelelololelololololc Iy

0.05

0.04

0.03

0.02

0.01

-0.01

*B B
~OP > €

"

n

F
gn

L () 13(®,F-®,*3)1<0.15, &- €850.125

llllllll.llllllllllllll

-
-

']'.IIIIIIIIIIIIIIIIIIII

P

—
Q.
~—

- <

1 " " " 1 " " " " L

-5 5




32

0.08 @) 20, " 0,505, I~ 21<0.03 : () 3(0."-0, %515, f- €Bi<0.02 :
AMPT b=8fm ] i _
0.06 - coaifepesamm i 0.02 - -
C _ — OI_)(%?!?' 0 L ageEEEEg ve ]
U'n, (77) - (COS n (¢(n) - @n)> = 0.04 .,E!' oo = Dfimgf_-?cfm@@:- '“...l.:
S _ hd _ E . E 0 E ............. «® L g .,.. ......... JDO{:’ b TSR
’Un(’l’]) = (Sll’ln (Qb(??) @n)) 0.02 |- ﬁ:::z::z . S ﬁ_LcmD
ob e .pane E : ‘
0o O Pp+Pp 4 oezf@ -
Select events with same o2k e saati B § 000000000,
- . ~eL 0o~ N AOORNAA T
eccentricity but different PP: .. | o° I D au"ud
Y Yo = — — v 0 ke LT il J
[~ ..I . . N - ...- e " 1
*F “B F B - ot pann®" OPLLIM.
@n >¢n gl’l zgn '0.02E. ..-". - 0.01 _—."00--o°.'.' -
e) ] ) P
05 Z":]C(Jf 2 [“OCCDDQ
000 o 4000 "
§6N - 000 J -....l. = 18 'F.HFCL-{:K_':‘:-] o — un'
Observe clear F/B I P I
H - .o".. ] ke ...-".
twist of EP angle: osf et BN i
05 0 5 ° s 0 5
M 1



