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Harmonics of Big and Little Bangs

Temperature anisotropy from CMB radiation
Power spectra hold a wealth of info from early epochs
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TeV-scale Pb-Pb collisions
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Can we similarly make
“power spectra”
from A+A collisions?

What can be learned?
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Two-particle correlations

Same and mixed event pair distributions
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Analysis and dataset

Pb-Pb at 2.76 TeV
13.5 M events in 0-90% after event selection
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Event structure and shape evolution

In central and low-pr “bulk-dominated” 3<p, <4 GeV/c e 2T TeV

long-range correlations

A near side ridge is observed

A very broad away side is observed, even doubly-
peaked for 0-2% central

In high-pT “jet-dominated”

correlations

The near-side ridge is not visible

The away-side jet is very strong; sharp like proton-
proton case

8 < p‘T <15 GeV/c gg—;}o 2.76 TeV
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6 < p: <8 GeV/c
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Event structure and shape evolution
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Single vs. pair Fourier decomposition

- Centrality 30%-40%  PRL 107 032301 (2011) (a)

Single-particle anisotropy P o
.y - . 3-mve et
(the familiar vn coefficients) BRI
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Extract directly from 2-particle azimuthal
correlations!

Voa = (cos (nAg)) = ZCi cos(nAg;) /ZC,-.
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Single vs. pair Fourier decomposition

Single-particle anisotropy
(the familiar vn coefficients)
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Decomposition in bulk region

“Power spectrum?” of pair Fourier components Vna
For ultra-central collisions, n = 3 dominates.

In bulk-dominated correlations, the n > 5 harmonics are weak.
(But not necessarily zero...work in progress.)
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Vaa dominates as collisions become less central.
Collision geometry, rather than fluctuations, becomes primary effect
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Decomposition in jet region

Di-jet Fourier components Vna

Very different spectral signature than bulk correlations!
- All odd harmonics < 0, and finite to large n
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Aside: Gaussian Fourier transform

Away-side peak is (sort of) Gaussian:
The ET. of a Gaussian(p=m, Oa¢) is £Gaussian(u=0, on =1/0a¢)-

Fit demonstration: when p=m, odd Vna coefficients are negative.
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Trigger ptt dependence of Vna

Similar trends as for vy
Rises with prt to maximum near 3-4 GeV, then declines
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Trigger ptt dependence of Vna
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Trigger ptt dependence of Vna

Similar trends as for vy
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The factorization hypothesis

Factorization of two-particle anisotropy
For pairs correlated to one another through a common symmetry plane ¥,
their correlation is dictated by bulk anisotropy:

Vaa(Pr.pF) = ("))
<<ein(¢a—‘1’n)>> <<e—in(¢t—‘1’n)>>

(vni2} (ptT) vl 2} (PT))-

Vha would be generated from one vn(pT) curve,
evaluated at ptt and p+.

Factorization expected:

v For correlations from collective flow.
Flow is global and affects all particles in the event.

X Not for pairs from fragmenting di-jets.

Di-jet shapes are “local”, not strongly connected to ¥..
A. Adare (ALICE)
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Testing factorization with a global fit

Improving on Vna = va(pT)? With triggered correlations...
12 pt! bins, 12 p? bins; ptt = p® = 78 Vha points.

Fit all simultaneously to find vn(p1) curve with best-fit va(ptt) X vn(p1®) product.

VU2 — !'T‘ r rA
0015 — N = 2
' Pb-Pb 2.76 TeV

= .,..,.,-mf . ff f fﬁ ﬁ s iﬁ,ﬂ%

0 F=—

g T T T 1 | | | +i W =
>ﬁ|E ]i E_ o o0 bt ¢+ +++ 1 +?H A4 '1‘_'75
§E§E: 1 II I 1 I I 1 1 1 I 1 1 1 I I I I + ++ EE
bFos o5 10571 los1 2051 2 los 71 2 3|051 P 34|051 2 34505 1 2 3456'051 2 34568
0.5 1 15 2 2.5 3 6 15
p p [GeV/c]
At each n:

- Fit supports factorization at low pt?
= suggests flow correlations.

- Fit deviates from data in jet-dominated high p+® region
= collective description less appropriate., aqare (ALICE)
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Best-fit vi{GF}{pT)

Global fit parameters are v, coefficients
2 < n < 5 shown here (n=1 later)

0.25 < pT(gIobaI fit) < 15 [GeV/c] -o-0-2%
0.8 < |AT]| <1.8 o 2-10%
10-20%
0.25 — Pb-Pb
2.76 TeV -g= © = --20-30%
0.2 o - o - 30-40%
cots | TS o T [ewen
S <
O t ©- o ® (@) O
= 0.1+~ a®o @ O
> 8o o 0 0
0.05 ——80’ -0~ —g= 2
- O o
:’,—o- = = 3 E]
0__ _____________________________________________________________________
I | I I | I

| | I | I | I | I |
High-precision(meael.ure af v, rom i-par&icle gorretatioss!
Agreement with other methods? P (GeV/c)

A. Adare (ALICE)
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Best-fit vi{GF}{pT)

Global fit parameters are v, coefficients
2 < n < 5 shown here (n=1 later)

0.25 < pT(gIobaI fit) < 15 [GeV/c] -0-0-2%
0.8 < |AT]| <1.8 o 2-10%
T 10-20%
0.12— Pb-Pb 23 33;
T 2.76 TeV ~#-20-30%
017 fcg: i o - 30-40%
0.08 Qo o E — -8-40-50%
L 0.06-] oo ¢
S . 4
> 0.04 E ‘I
0.02— §*
+ €
0__ _____________________________________________________________________
-0.02 = L L |

: . —t————1— ——
High-precision(meae'.ure af v, rom i-par&icle gorretatioss!

Agreement with other methods? P (GeV/c)

A. Adare (ALICE)
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Best-fit vi{GF}{pT)

Global fit parameters are v, coefficients
2 < n < 5 shown here (n=1 later)

0.25 < pT(gIobaI fit) < 15 [GeV/c] -o-0-2%
0.8 < |AT]| <1.8 o 2-10%
10-20%
T Pb-Pb 0-20%
0.08—T 2.76 TeV -o-20-30%
1 -0-30-40%
0.06 — S -o- 40-50%
™ 1 -8
©, 0.04+ s *
> 1 B =

| | I | I | I | I | I |
High-precision(meael.ure af v, rom i-par&icle gorretatioss!
Agreement with other methods? P (GeV/c)

A. Adare (ALICE)
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Best-fit vi{GF}{pT)

Global fit parameters are v, coefficients
2 < n < 5 shown here (n=1 later)

0.25 < pT(gIobaI fit) <15 [GeV/c] -8-0-2%
0.8<IAnI<1.8 e 2-10%
0_07_:__ Pb-Pb T 10-20%
0.06 — 2.76 TeV T -0-20-30%
0.05 g 1+ *30-40%
0.04 o | |- 40-50%
comt gl
o 0.03— L9 ?
>m 0 02—__— T:b s
001 _o@ T
oo A SR
-0. 01—_— =
-0.02 | | | | |

High- premsmncmeasure af Vn ﬁ‘om i paretlcle eorreﬁatlons'
Agreement with other methods? P (GeV/c)

A. Adare (ALICE)
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Best-fit vi{GF}{pT)

Global fit parameters are v, coefficients

2 < n < 5 shown here (n=1 later)

0.25+ T Pb-Pb

Y T | Centrality
05 “l'. by o V, | 276Tev Vj V, e 0.2 V
T - T T~ Global fit range T - 2-10%
P, ,‘,: o © ° o 0.8 <lAnl<1.8 0.25 < pT <15 GeV 10-20%
L0151 2 ° ° % e T T —= 20-30%
= 0.1 ! °e®® o, 0 ° 48 ~o— 30-40%
> 0.7 ¢°° o T T T —e— 40-50%
005, B eee 3 Lo . - get @ j
. -4 N N —_ . — —4 k d
Nk F B 08 P b E]

High-precision measure of v, from 2-particle correlations!

Agreement with other methods?

A. Adare (ALICE)
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Comparison with ALICE vn{2}

Published ALICE vn{2} - Centralty 20%-40% (a)

PRL 107 032301 (2011) whi®  a®
Scalar-product (SP) method =00
|An| > 1.0 b Tiigﬂfiéﬁiﬁf’ " . P

0.1

| | | | o |
0.1 | Centrality 0%-2% T (c)
| o V2{2} I I
A V{2

SE ST Tt
e iéﬂi& *}H

A. Adare (ALICE)
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Comparison with ALICE vn{2}

0.25 < pT(gIobaI fit) <15 [GeV/c] o= 0.29%
0.8<IAnl<1.8
~©- 30-40%
0.25—+— Pb-Pb X
2.76 TeV X (3] ] I I -E|E|-SP 0-2%
0.2__ .. -
. O —+—SP 30-40%
= 0.15 - e o
2 s
>N 0.1__ ’
0.05 —_Wﬁ' e s
s L[4
0__ _____________________________________________________________________
I I I I I I I
I I I I I I I

A. Adare (ALICE)
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Comparison with ALICE vn{2}

0.25 < p_(global fit) <15 [GeV/c] o= 0.29%
0.8<IAnl<1.8
-0~ 30-40%
0.12—~ pp.pp 4
0.1— 2.76 TeV I { -E|E|-SP 0-2%
1 IF ==
0.08 & & [ . —+— SP 30-40%
™ T |
G 0.06—— gt e M-
= T o 2
> 0.04—+ LLl
T &
0.02— ﬁdﬂ
0__ _____________________________________________________________________
-0.02 ——+—F—+—F—+—F+—+— | | |

A. Adare (ALICE)
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Comparison with ALICE vn{2}

0.25 < pT(gIobaI fit) <15 [GeV/c]

@ 0-2%
0.8<IAnl <1.8
_ -®- 30-40%
T Pb-Pb ‘[
0.08—— 2.76 TeV Y [];ﬁ -El}sp 0-2%
0.06 — E Ei ( —+—SP3040/
- »
9,., 0.04 ﬁ‘: ®
>ﬂ'
0.02 jﬁﬁ
| —— | | | |
0 1 2 3 4 5 6 8

A. Adare (ALICE)
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Comparison with ALICE vn{2}

0.25 < pT(gIobaI fit) <15 [GeV/c]

-®-0-2%
0.8<IAnl<1.8
0.07 — -@- 30-40%
0.06 r -E|} SP 0-2%
0.05 i
0.04 ] —+— SP 30-40%
&5 0.03— xl e
= 0.02—
0.01—_ o)
-0.01 7‘
-0.02 =—— | | | | —+—
6 7 8

A. Adare (ALICE)
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Comparison with ALICE vn{2}

0.25 < pT(gIobaI fit) <15 [GeV/c]
0.8<IAnl<1.8

_ Pb-Pb
2.76 TeV _.!’t (1] i I I

- c

0
@ Veryclose agreementfor2<n=<5

-@- 0-2%

-0~ 30-40%

A. Adare (ALICE)
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Via behaves exceptionally...

The n=1 harmonic doesn’t factorize
Including the near-side peak enhances

disagreement.
n=1 n=2 n=3 n=4 n=5
o : assocC .
+ 4 (cos(nag)) ® e, | 276 TeV Pb-Pb [Py LGeV/cl:
= 0.0157 1o ® o 4 4t | I |-+0.25-05
— O o ¥ 0-10% central 4 0.5.0.75
o = VOV (@) \"Aa_. trig ey
Q | 3<p ®<4GeV/c [~ 0751
2 0.01¢ -_.\"f—.—a—l_\l-._._._’“ 1 by
O M —4—-2-2.5
% B e w_- —4-2.5-3
-
< R e DG,
] = YTt
> ] R (S ] ==

0

05 1

Minimum IAn)|

05 1
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Via behaves exceptionally...

The n=1 harmonic doesn’t factorize

0.25< pT(gIobaI fit) < 2.5 [GeV/c] -0-0-2%
Including the near-side peak enhances 08<lni<18 - 2:10%
- 0.2 Pb- 10-20%
disagreement. v 5 (81 |2030%
0.15—+ B E g -o-30-40%
- = 04 & 3 & |*40-50%
No good global fit over all momenta & i { = 3 &
However, vi{GF} is qualitatively similar to - 005 e
viscous hydro predictions...under O gge®
investigation. 0051 .
0 1 2 3 4 5 6 7 8
p. (GeV/c)
n=1 n=2 n=3 n=4 n=%
= 4-(cosmao) | e, | 276 TeV Pb-Pb | Pr  [GeV/cl:
= 0.015¢ 1o °® 044t to10o contral 11 0:2505
© — v @) (e T— e [ 4-0.5-0.75
o S —~——— 3<pl'® <4 GeV/c | 4+ 0.75-1
9O o1} . \._._._‘_. 14115 |
(o) : \___. - 1.5-2
T LS T S —4-2-25
% MI_N_ m_- —4-2.5-3 i
R .-
< R an e e D SO
c ® © 0o 00 0 0 o
> T ettt [ T
o 05 1 0 05 1 0 05 1

Minimum IAn)|
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Summary

Factorization hypothesis and global fit:

Collective behavior (flow) describes bulk anisotropy (ridge, double-hump)
- No need to invoke Mach cone explanations.

Global fit coefficients (vi{GF}) consistent with other measurements.
- Another method to measure flow coefficients

Bulk anisotropy factorizes, jet anisotropy does not.
- Bulk correlations related to global symmetries...
- But no such indication for shape of di-jet correlations.

Outlook:

Tackling open questions:
- Higher harmonics?
- Origin of V1a? Relation to v4?

Second-year Pb-Pb data taking is just around the corner!

A. Adare (ALICE)
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Looking ahead...

Open questions:

- Measured shapes are from L.S. + hydro evolution (+ hadronization). How
would we distinguish between, e.g. very lumpy + viscous vs. smoother +
more ideal hydro?

- Distinguishing hot-spot/string/sound perturbation pictures from
superposition of event-by event density fluctuations?

Thursday, October 20, 2011



Sound perturbation animation

Hot spot / density perturbation produces coherent sound waves in hubble-
expanding medium.

2D Sound perturbation simulation

E10l-
>

-10}— |
| | | | J | ‘ 1 | | 1 | | l |

-10 5 0 5 10
http://rhig.physics.yale.edu/~adare/sim/soundring.gif X (fm)
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Result from one event

Top Single-particle distribution
single particle distribution of goE |
particles having crossed 6000 -
freezout circle. Baseline was set 5000~ e
at solid line to enhance effect 4000~ o I
(simulates combinatoric 3000
pedestal from averaging many 2000 -
events). 1000 -
BN e s R S
o
Bottom
. - - - - Pair distribution
Pair distribution showing 2- -
peak away side structure. 2 f o
2000_— o0
E o 0
1500_—
10003— o o oS &
500:— aw, C5§590 OQQQJ Cgsia@oo o o OOo
E Q%Qgﬁ)O 0%9553
0l—
N | L1 Ll | | L
2 1 0 1 2 3 4 5A¢

A. Adare (ALICE)

Thursday, October 20, 2011



Cross-correlations and autocorrelations 20

For single-particle distributions x2, x® with length and period N
Pair cross-correlation*:

N—1 |
gjab L Z xa$b ((Z))N
i= 2 T () )<
j=0 =

Three-particle cross-correlation:
N—1
ab a b b
vy =) Th (”5<<i+k>>N $<<j+k>>N)
k=0

Somewhat like a “really fast” MC technique for calculating difference
between two periodic, random variables.

Linear cross correlations for nonperiodic variables (e.g. An correlations) are
even simpler.

*Similar to convolution (x2 o xP). (Cross-correlation uses i+j, while convolution sum uses i-j).

A. Adare (ALICE)
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Two peaks at +/- 1 rad

Top Double Gaussian sound perturbation
Single-particle ¢ distribution with D 21—
two Gaussian peaks. "B X2
o=m/3and p == 1. :
Bottom e
Autocorrelation representing pair 12|
distribution |
3 2 1 I 0 I 1 2 3 » (rad)
Pair A¢ distribution
Observation ¢ F
S.P. dists. with 120° peak separation 5 e Xxaa
lead to strong v3 correlated 1e8E
component, even if the event is not =
triangular. o2
-2 1 0 1 2 3 4 A¢5(rad)

A. Adare (ALICE)
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Different inputs, similar results

Left:
2-Gaussian superposition
(Liké Staig/Shuryak model)

% J\/\/\
arxiv:1105.0676
o 1 2 3 4 s e

0+[0]*TMath::Gaus(x,0,[1 ])+[2]*TW1613§@11)(X,0,[3])+[4]*TMath::Gaus(x,O,[S])

Single-particle ¢ distributions

Pair A distributions

A. Adare (ALICE)

Right:
vi-v4 sum {-0.05, 0.1, 0.1, 0.02}

Pair distribution qualitatively
similar

Triangular event

Pair A¢ distribution
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Triangular-shaped events

Top Triangular event
Pure vs single-particle ¢ S

distribution. ) :

Bottom :

Again, autocorrelation (= pair o8l

distribution) Zj:

Observations Pair A¢ distribution

1.6

Pair distribution has same shape as
S.P. distribution (true for all n)

arb. units

1.4

1.2

Away-side correlation strength

equal to near side
Allows distinction from flux-tube/
perturbation vs. triangular flow pictures? 06

1

0.8

04 1 1 1 1

rb—III|III|III|III|III|III

A¢ (rad)

A. Adare (ALICE)
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Three-particle correlations

Three-particle shapes are very different between the two cases...
Even if reality is some admixture between these, experimental sensitivity

may be sufficient.
But we should examine the unsubtracted, central data! No ZYAM!!

Double Gaussian autocorrelation Triangular flow autocorrelation

A(I)12
A. Adare (ALICE)
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High trigger, low associated pr

High-pr triggers from jet
fragmentation
Expect anisotropy from

pathlength-dependent
quenching (PLDQ).

Low-pT partners from

bulk
Expect anisotropy from flow

Do correlations factorize

for this case?

Yes, but not as cleanly as
for low ptt, low pt?
correlations.

C(A9)

ratio

Pb-Pb 2.76 TeV, 0-2% central

1.03—

1.02—

1.01—

0.99

0.98—

6 <p. <8GeV/c
1< p: <1.5 GeV/c
0.8 <IAnl <1.8

+

1.02f
1.01

0.99K

0.98%

A. Adare (ALICE)
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High trigger, low associated pr

High-pr triggers from jet

fragmentation

Expect anisotropy from
pathlength-dependent
quenching (PLDQ).

Low-pT partners from

bulk

Expect anisotropy from flow

Do correlations factorize

for this case?

Yes, but not as cleanly as
for low ptt, low pt?
correlations.

Pb-Pb 2.76 TeV, 0-2% central

A. Adare (ALICE)

1.03- 6 <p. <8 GeV/c
] 1 <p:<1.5 GeV/c
1.02—
—  1.01—
=
g i
O 1= £
0.99} #
0.98—
1.02:— |
o $ .
= N LW
© 1 Tk T
o E** **** ** :
0.98=——— |
#-(cos(nAg)) 2
4 v(p_)v(p_) A¢ [rad]
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Hot-spot / flux-tube / sound models

- - = = J. Phys. G: Nucl. Part. Phys. 37 (2010) 094043 R P G Andrade et al
Similar qualitative features
1.2 : ! ; ' ; ' ; . . . . . .
p, >2.0 GeV c.28 1 p," > 2.0 GeV,
1ol | 2.0GeV >p "> 1.5GeV
g

-g 05 :Z_;\L .37
P 2
=) =

(1/N

0.6
C.26

0.4

0.2 c z 4 [

-4 -2 0 2 4 6¢

y [fm]

Figure 4. Temporal evolution of energy density for the simplified model (left). Trajectories of the
fluid cells around the tube (right).

A. Adare (ALICE)

Thursday, October 20, 2011



