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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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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

In central and low-pr “bulk-dominated” o oo Y
long-range correlations Hre

A near side ridge is observed % 105

A very broad away side is observed, even doubly- 5 - .

x <D

%}!3;‘9\%1‘ e

peaked for 0-2% central

In high-pr “jet-dominated” long-range
correlations
The near-side ridge is not visible

Pb-Pb 2.76 TeV, 0-20% central

The away-side jet is very strong; sharp like proton- 5 <o <15 Govc
proton case 29 6 <pf <8 GeVic
0.8<IAnl <1.8
8 <p! <15 GeV/c Pb-Pb 2.76 TeV 2"
: 0-20% =
6 <p”<8GeV/c 2 15—
T (&
? go e 1f*+$+-++++++++5++++;++-+ _.#;
< SN
gi S 0.5~ | eindf=615/35
0 T T T T
9
0- g




Single vs. pair Fourier decomposition

Single-particle anisotropy
(the familiar vn coefficients)

% 1+n; 2v,(pr) cos (n(¢p —F,,))

Pair anisotropy
Similar form, but indep. of ¥,

deairs

dA¢ <1+ Z 2Vua(PT, PT) cos (nAg)

n=1

Extract directly from 2-particle azimuthal
correlations!

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

Single-particle anisotropy
(the familiar vn coefficients)

dN
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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 bulk region
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Decomposition in bulk region

“Power spectrum?” of pair Fourier components Vna
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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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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.

Pb-Pb 2.76 TeV, 0-20% central T

+ Centralit
05l 8 <p. <15 GeV/c 40 1 y
| 6<pi<8GeVic 30 —-40-50%
0.8 <IAnl <1.8 + i —— 0-20%
2/ ¢
20
S sl Gaussian fit: o | = ¢ ¢
o Oae = 0.34 o 10 o . 2 @ ;
é] 0__ """"""""""""""""""""" E-jE‘j """" E.j """"
> T w T [ ® [¢
10|
| (@] 5
o -20 | ? 8 <p, <15 GeV/c
""E' -30 + 6 <p<8GeV/c

2 4 6 8 10 12

A. Adare (ALICE)



Aside: Gaussian Fourier transform

Away-side peak is (sort of) Gaussian:
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Trigger prtt dependence of Vna

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

Similar trends as for vy
Rises with prt to maximum near 3-4 GeV, then declines

:|| g: Pb-Pb2.76TeV |  o° T T 1 p2 (GeVic)
. 1 0_1 Oo/o 1 o =) 1 1 1 0.25-0.5
q 1_'_ I G B 1 1 1™ 1:1'5
o 0.87 r g F _ = _ _ 2-2.5
= 0.6 T = T =® T T
g 041 o, T mma 3T e 3 ] oot T
> O'g_- o - & } ot m,:unnn mo g E_ ﬁ... "a B g8 i !—ﬁ—{—
02f hEmj i hd hd T T
-0.471 T T T T
-0.6“.n=:1 “.n=2. . . “.n=3 . . “.n=4 | . ".n=:5 L
0 5 100 5 100 5 100 5 100 5 10
trigger ptT [GeV/c]

Centrality dependence:
VoA dominates as collisions become less central

A. Adare (ALICE)



Trigger prtt dependence of Vna

Similar trends as for vy
Rises with prt to maximum near 3-4 GeV, then declines
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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.

V.02 = p X3 XX
0.015 |— n=2
' Pb-Pb 2.76 TeV il
001 — 0-10% +
of_"""""'ﬂ. | m
g T T T 1 | | | +i W =
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§§E:II o I T L. L, . + ++ EE
bsos b5 1lo51 51 20571 2 51 2 3|051 ) 34|051 > 34505 1 2 3456'051 > 34568
0.5 1 15 2 2.5 3 g 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)
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Best-fit vi{GF}{pT)

Global fit parameters are v, coefficients
2 < n < 5 shown here (n=1 later)
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Global fit parameters are v, coefficients
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Best-fit vi{GF}{pT)

Global fit parameters are v, coefficients
2 < n < 5 shown here (n=1 later)
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Best-fit vi{GF}{pT)

Global fit parameters are v, coefficients
2 < n < 5 shown here (n=1 later)
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Comparison with ALICE vn{2}

Published ALICE vi{2}
PRL 107 032301 (2011)
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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
@~ 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 - o) o
S s
>N 0.1__ ’
0.05 —_Wﬁ' e s
g (¢
0__ _____________________________________________________________________
I I I I I I |
I I I I I I I

A. Adare (ALICE)



Comparison with ALICE vn{2}
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Comparison with ALICE vn{2}
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Comparison with ALICE vn{2}
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Comparison with ALICE vn{2}
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Via behaves exceptionally...

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

disagreement.
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Via behaves exceptionally...
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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 (vn{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!
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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
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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!
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High-pr triggers from jet

fragmentation
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correlations.
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