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Correlation measure: all charged particles in the acceptance

No trigger particle

h siinng( 61 , 62)

. . l.pai
byt Ratio - Ry, i _)#corre pa.urs
vern - # final pairs

h mixed(61 I)z)

Event 2 Mliltiplitb}i Ap B d’N oh { hsib 1} Number of correlated pairs
single particle — 3 - er final-state particle
Density: Al Pref dp h 2 S
Fill 2D histograms on: (¢,-¢,,1-N,), (P;;-Pp) ; 4D total

NNy =141, ’ —ln[m’+p’
Oy =0 — ¢, t
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Model element decomposition (m,,$,)

cut larger y, pairs and project

cut low y, pairs and project P |
i onto relative n,o:

onto relative 1,o:

A74p  oslS "% A —i R
p+p 200 GeV

NSD, minbias

Exponential Peak

i N,

Same-side 2D Gaussian plus away-side
ridge — classic jet structure

@ For A+A the data require an
additional quadrupole:

2A,C0S(24,) T
cos e ob e A
Q A p(GeVic) 0.17 051 1.4 3.8

AQ ~v,2, “elliptical flow”



Au-Au 200 GeV minbias collisions
(M. Daugherity) STAR, Phys. Rev. C 86, 064902 (2012)

Correlations:

o“

0 n\\\“\“‘\“ng}i

centrality : # NN - coll/ incoming part. N

> central

v=2N,, /N,
® Fit Parameters vs. centrality:
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away-side ridg:e

quad ~ N v,?

same-side 2D peak

® Glauber Linear Superposition of unbiased (mini)-jets to v~3, described by pQCD
@ Large quadrupole (N,V,?) in same range; conventional hydro interpretation 5



What about higher harmonics, v,,?

® Example: 200 GeV Au+Au 5-9%
No additional

CI Fit, N: 5-9 centrality Cl Residual, N: 5-9 centrality
model elements

Cl Data, N: 5-9 centrality

|§ 4 required
| ¥
0.5
S |
n“t‘ “'.l;\\\\\&! o
PR |
L LA
2
A
D’+H_Q’+S’_(D+Q)
net
sextupole

) contribution

Same-side 2D peak = 1D ridge + reduced 2D Gaussian = Non-Gaussian 2D peak
6

(LR, Prindle, Trainor, arXiv:1308.4367)



Non-Gaussian models of same-side 2D peak

Non - Gaussian
SS 2D peak model

Standard
fit model

Non-Gaussian models
Same - Side 1D Gaussian ridge :

Agss z o (akn) 1207

k=xeven
Non - Gaussian exponents :
2y 26
T | | O

O-UA O-¢A

A, exp —%

1, polynomial with or without NG ¢, exponent :
286

2 4
Al 1+a UA2+ﬂ77—A4 exp N
An An 2| oy
Quartic :
1 2 2
Ay expl || o | 2+ | 4 ey
2 N O-¢A

AN

sextup ole

A Residual

T scale
x16
& AN T\_&. ey N .
@ Slight leptokurtic shape at 2-3c significance.
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(LR, Prindle, Trainor, arXiv:1308.4367)



Sextupole (v3) —

one example of a NG peak

Au+Au 200 GeV

Reduction in
v*/DoF using
sextupole
and using the
other NG models

, Prindle, Trainor, arXiv:1308.4367)

The net effect of the sextupole (v,) is to allow a
small non-Gaussian shape for the same-side 2D
peak. It is not unique in that regard; other NG
models work as well or better. The only issue
here is the small NG shape of the SS 2D peak.



E. Oldag

Returning to 4D correlations.. .
Au-Au 200 GeV 18-28% st
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@ Define y,
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@ Project 2D
angular
correlations
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® Fit each with
2D model
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@Plot amplitudes,
volumes, etc.
for each
angular
correlation
feature
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Momentum dependence of SS 2D peak volume
Au-Au 200 GeV

2D Gaussian

ek
I

chgQﬂ aUngﬂ
dyt,l dyt,Z

Number of correlated
pairs in the 2D
Gaussian, among
pairs in each (y,,yp)
bin, per final state
particle on y,.
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@ Pairs forming the SS 2D peak are distributed about VoY) = (3,3) [~1.4 GeVic]
@ No p, dissipation observed for more central; counter-intuitive for sQGP
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Momentum dependence of the Quadrupole — v,

84-93% s 74-84% s 64-74% s 55-64%
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@ Pairs forming the quadrupole are also distributed about (y,.y,) = (3,3) [~1.4 GeV/c]
with similar shape to minijet y, dist.; reduction to smaller y, in more central

W52 5 3 35 4 45
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Is there a similar (pQCD) origin for both s

T

= os 1]
® T C=e\ Sl .-+ *
o7 s2Gev s/ l"+
' i
0.6 ) ¥
o.sERNN ; =0
0.4 - .4
0.3 ¥
; PP T = -
02 s
o o=
0.1 B e R
0 o |..;..;f-?ﬁ?ﬁmﬁl -
2 4 I3
o 0-3 | T | T T T | ]
< -N 5 Ty b=0;7]
0.25F ® 200 GeV /% \ 3

62 GeV,/ ¥ \-.,
’

\

minijets - pQCD
transparent
system v<3?

strong
rescattering;
hydro?
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@ Yet both are formed from particles w
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Quadrupole
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ith the same p,

@Both have similar (y,,y,) distributions
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@ Both Quad and minijets ~ log(s)N,.
Does all this point to a (p)QCD origin for the quadrupole (v,)?
ISMD-2013 Chicago 9/19/2013
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BFKL Pomerons - gluon interference
E. Levin and A. H. Rezaeian, Phys. Rev. D 84, 034031 (2011)

@ Multiple gluon emission from 2 or more
Pomerons interfere producing azimuth
anisotropy wrt momentum transfer Q;

@ Resulting correlation: oc cos(2¢, ) \

® Random emission results in uniform n,
dependence.

@ This mechanism was proposed to explain the
same-side ridge. However, it is a pQCD

prediction for a quadrupole correlation, or Vo

Two-BFKL Pomeron
Exchange with two-gluon
emission & interference

— — Satura

= Satur:

== Semi-

» = Semi-sal

ion:m =
wion:m=7

saturation: = 7. m’=1.6 GeV’

uration: = 7. m=0.8 GeV?

A

(Balitsky, Fadin, Kuraev, Lipatov); see also Kopeliovich et al. Phys. Rev D78, 114009 (2008). 13



Application to 200 GeV p-p

do
Two-gluon density for dyrdyrdpr 1 Ppar

2-Pomeron exchange: do Jo
2 . —q.-fdQ%(QT—O)—(QT—U)
N 18 the pI'Ob. for dy > PLT dy, d? Pa.r

two parton showers in a
N-N collision.

1 1\2
X {l + Ep%’Tp%’TQ?(q_‘*) 2+ COS(ZAQD))}. (22)

@ Fit 200 GeV p+p frequency distribution pa 5900 GV
assuming 1, 2, ... parton showers with HEHJ” PP ©
probabilities P, P,, ... z Data (NBD)

1072
Mean N, per parton shower equals the 10

minbias mean N, =2.5/An

Each shower produces a Poisson distribution. s

RPN I PP Y PO Y P .
8 10 12 14 16 18 20 22

P,=0.91,P,=0.09,P,=P,~0 b Ne/An

------ 1P + hard
2P + hard (fit)
ISMD-2013 Chicago 9/19/2013 14




Application to 200 GeV p-p

@ Probability weighted sum over Ap

2
— 4P 2 1
1 & 2 Pomeron diagrams, — louaa= Nay ——) <Pt2 > <<Q; >>< s > cos 29,

: pref Pl + 4P2 q
p,-integral.

A4,=0.002-0.02; [semi-sat— saturated]
Minimum-bias
average: From D. Prindle (STAR) ISMD-2013 poster:
Ao = 0.002 for 200 GeV p-p NSD minbias

Prindle (STAR) ISMD-2013

: - 2.5F | 7
® N, dependent quadrupole: ?‘5 2.2;_ 200 GeV /7 0206 Gev?

Ap . # correl. 2P pairs ;C 1751 E
Jo @ total #pairs = 1500 1 Q42=0.8 GeV?

Lo = 1250 =

By (ng)ny, (nch _1)%<pt2> 1?Q8 :ﬁ 0 71: E

=n, 3 S cos2¢, =~ OS; E

‘ 025 Preliminary

OF=="""" T

0

5 10 15 20

n /An 15



[ TeV p+p from CMS

(c) CMS N =110, pT>0.1GeWc (d) CMS N= 110, 1.0GeWc<pT<3.DGeWc

CMS Collaboration,
JHEP 1009,091(2010).

R(An,A0)

s
o'l e/
R oS
“‘“ v ;}// '
’ V‘"

Quadrupole

Fits[Phys.Rev. D 84,034020] obtain :

Ay vst10.p,501 = 0.059  at dj;i;" =28at7 TeV
Compared to 200 GeV p+p
dN_,

=20
dn 16

A, ~0.025 at



5.02 TeV p+Pb at the LHC

dN SEP<20 GeV A}Lj 31 “b.F?JrzbS:;T::giJev AN\ ZE>80 Gev
4, =(<0.008),0.19 at £t = 5, 30 saracer N
dn
Larger than the 7 TeV p+p 0 |5
3 |2

Lty

quadrupole (0.059) at similar NV, .

N,.. €[2,20]at LHC 5

Y
[ ATLAS pPD {sge5.02TeV, [L=1ub" | ] [ AT AS psPb 502 TeV, [L- 1t |
In the BFKL-Pomeron model L[ oselacen 2dumiss  (0)] | osa’wcel 2qmis  (d)]
. . . . e al o TEM o c _14. | |- Near: |Ad|<m/3 |

typical high multiplicity p+Pb I e ] b eaoen
.. ] - | B EEP<20Gev  bL, =3 o i ference I
collisions will have a couple of EXTE o fuEoar " " :
S o ] _ _
2-Pomeron events. o A R L P
02 = 00 oolgw®¥ et e e
: o g 0o 1 . . 1

* . . B n [ .

Anisotropy should be ~ additive B T DA S R AT 32 A

. . . 0 1 2 3 0 50 100
causing A4, to increase with N ,. A SE™) [GeV
0 ch A9 (ZE™) [GeV]

Monotonic increase in same-side
n-extension, ~ quadrupole amplitude
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Summary & Conclusions

Higher-order harmonic (sextupole - v;) descriptions of 2D angular correlations are
actually describing small, non-Gaussian structure in the same-side 2D (minijet) peak.
The detailed structure of this peak is the real issue.

4D correlations show that the correlated particles forming the SS 2D peak and the
quadrupole (v,) are similarly distributed in transverse momentum space.

Given this and other properties of the quadrupole we may ask if there is a pQCD
explanation for v,.

The BFKL-Pomeron model of Levin and Rezaeian was applied to 200 GeV p+p;
quadrupole predictions, though uncertain (Q), are consistent with recent data.

Further study and application of pQCD (Pomeron, color-dipole) to the quadrupole
correlation in p+p, p+A and A+A at RHIC and LHC is warranted.

ISMD-2013 Chicago 9/19/2013 18
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Correlation measure

Psiblingl P1.P2)

e Fill 2D histograms
Event 1 . (4)1'4)29711'112)9 (ptlaptz)
preference(p1 d p2)

Ap — AN, |:psib(77A:¢A) _1:| Ta =" =TT
\V pref dﬂd¢ /Omix (UA ’ ¢A) ¢A = ¢1 _ ¢2

Ap = \/ dNCh chh |: IOSib (ytl 5 ytZ) _ 1:|
A Pref dy dmde, dy,,dn,dg, | p,.(Vi,V:,)

m,+ p
i =Iln| —— 1|, L
Number of correlateq pairs Vi [ " J transverse rapidity
per final-state particle

Event 2

~In(p,)

ISMD-2013 Chicago 9/19/2013 20



Correlations:
(Main collaborator U. Washington)

Our goal is to measure 6D correlations for (5,, 5,) with respect to collision

energy, centrality with identified particles using full TPC acceptance
Study the evolution of correlation structures from p-p to central Au-Au
Characterize the structures with mathematical models

Compare with theoretical models based on pQCD, transport and hydrodynamics
Ny X ®,

®, X, n, xn,

psibling o pmixed _

Ap
? =
\ Phmixed \ Pmixed

# correlated pairs

Rhowmwse o

~ final - state charged particle

& 6D—>4D{771_7729¢1_¢29pt17pt2}
no dependenceon 77, +17,, 9, + ¢,

deﬁne: nAfzih__n23¢AEE¢f_¢é

Apafp

sopo

& (Pmptz)—>(ymytz),where

y, = ln(%j ~n(p,)

T

o oooooslslss

-
(] VTN T ol TP T I

& oooo

i .

ok

1s transverse rapidity

ISMD-2013 Chicago 9,
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Start with the observed correlations in minimu%bbégé Sﬁﬁg)cgmgogollisions

If an event has a
particle with a y, of 3
there is likely other
particles with a y, of 3
compared to a random
statistical background,
most likely correlated
from jets

A
[ p (ytl9yt2)
IOref

y, < lIn(p,)

Yt 1
p{(GeVic) 0.17 0.

Same-side of the jet

Away-side of the jet, superposition of many overlapping peaks

Background:
*e-/e+ pairs produced by photons interacting with detector material
 quantum interference effects resulting in enhancement at small opening angles

Soft particle production, often
modeled as string fragmentation



Analyzed 1.2M minbias 200 GeV Aut+Au events;
included all tracks with p,> 0.15 GeV/c, |n| < 1, full @

74-84% 64-74% 55-64% 46-55%

Ap
p

;]

&
oaad--
[0 ¥
[X.TE SR
o2

o
i L
f‘%‘}i&“ sl

L8 Gty
' T

g -‘-l‘!'!u.t‘tu
bR LT
i

S
|

We observe the evolution of several correlation
structures including the same-side low p; ridge

Similar analysis was done f%m%q%@m%atﬁgg%\{§nd Cu-Cu at 62 and 200 GeV 4



Correlations: Au-Au 200 GeV minbias, all charged particles
(Ph.D. Thesis data of E. Oldag; all charge, full azimuth, p, > 0.15 GeV/c)

".h

.vr V‘ﬂ ‘«‘ “.‘.

¢ »‘ o ’ \\“‘
//A"‘Il) = 1. Exe “""' f/[ :

STAR Preliminary
HIJING: with & without jets

A, = « Smooth centrality evolution;
P35

\ Phmixed

no sharp transition as in (n,$)

 Peak at (3,3) (1.4 GeV/c)
persists to most-central

* Peak amplitude follows binary

scaling
*  HIJING with jets (no
v, 1 2 ? 4 quenching) predicts this peak
p(GeVic)0.17 051 14 38
ISMD-2013 Chicago 9/19/2013 24 ¢
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The extended correlation on 1, (the “ridge’

Correlations: y, dependence of same-side peak with n,, centrality

38-46% s 28-38%
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ISMD-2013 Chicago 9/19/2013
DOE Comparative Review — UT Austin — Gaithersburg, MD, 29 May 2013
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t
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W15 225 3 a5 4 45

b

t

’) 1s not comprised of softer pairs relative to the center.
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B4-83%, T4-B4%,

4B8-55% 3B-A6%

9-18% 5.9%
............ o6 | il
a .

s 2 25 3 35 4 45

Wi 2 25 3 35 4 45
¥

Dipole represents the di-jet away-side
Does not soften with increasgmicerdnalithicago 9/19/2013

B4-T4% 55-64%

28-35% 18-25%

0-5%

TS 2 25 3 35 4 45
¥,
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Projection of same-side 2D peak

(LR, Prindle, Trainor, arXiv:1308.4367)

@ Subtract D, Q, 2D-exp 200 GeV Au+Au
from data, project onto m o S
’ o 18-28% Tod 9-18%
T %// 045 Small )
T - oz- NG fit -
o ) ob————"" -
Best Fit
(@) Gaussian 4 (b)
0 D_|5 1I 0 O_IS 1]
B, AT, B, Af
® Fit with;
M . = o - 08
F(UA):O!+,BA772+}/A774 < ogf 599 <

0.4

@ Compare with Gaussian expansion >

Tl 7,
~/ — A A o e 0
FGauss(nA) ~ 4 AfZ A772 + Af4 A774 + -0.2

where Af, = Af,) /2 (parabola) 0 0.5

1
B, AT,
® SS 2D peak consistent (~2c) with Gaussian, but small NG shape improves 2
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BFKL Pomeron and gluon interference
E. Levin and A. H. Rezaeian, Phys. Rev. D 84, 034031 (2011)

Two-BFKL Pomeron
Exchange with two-gluon
emission & interference

' 1 ! 1 I
Angular correlation — 1, independent I
peak at ¢, = 0, but also away-side! T o semia et NQte The paper
azimuth quadrupole B T 4DlSCEISSGS the same-side
. However
dN . '
R (Ag: v, v,) — D@Purdrdhar _ is predicted is

T e he quadrupole

d}']dgﬁl-}" d}'-)dgﬁ-);r ) p

i?(i? - 1) fAka 22|

{1+ (2+Los(2Agol I, s

n(in— 1) m |
1+ 2+ cos(2A ))} — 1. 075
27’ { 30ij( (24¢ |

R (Ag:y;,y) =

0 1

R (b, AQDJ Vi }"2) - %pi?‘p%j‘«1/q4>p1'0t0n)2(vg

V2 T54()(2 + cos(2A ¢)).
ISMD-2013 Chicago 9/19/2013 28
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Application to 200 GeV p-p

The correlations in L&R are for 2-Pomeron diagrams only. To compare with data
We must sum over events with varyiong number of Pomeron exchanges, namely 1
And 2 given by P1=0.91, P2=0.09.

532+ BN, P+c,)|

. N
M _ — —~=-, N, is the mean p - p NSD minbias multiplicity/A7
1PN, +2PN,,|

events

W

hmix N events events

2
Co=/1 p,l P, <<QT >>< . > (2 +cos 2¢A) 1s the angular correlation from 2 - Pomeron exchange

2 4
<<Q}4 >><L4> e L?—Qg, Qs‘i ,where m* = 0.8 t01.6 GeV?, Q. is the saturation scale (GeV)

Assuming pair normalization (as done for the data) we normalize the ratio of histograms,
4P, A
c,==£
P +4P, Pret

The p, -integral correlation is

AT\/L =N, - i]ZiP /< > <<QT >>< > (2+cos2¢, )= 4, +24, cos 24,
Os’

P, 2 .

Pp quad prglwoni\ga@ < p! > m* |, range depends on saturation
And T&D'’s data P 4P 15Q8
S

N {hsi—l}oc C, —>
h

mix

Pp scaling and T&D’s data

ISMD-2013 Chicago 9/19/2013

Pp and p-Pb LHC extension
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Application to 200 GeV p-p

The correlations in L&R are for 2-Pomeron diagrams only. To compare with data
a probability weighted sum over 1, 2, etc. Pomeron diagrams is carried out.

sibling/mixed Ay I_PIN TP (2N )2 (1+CQ )J
pair ratio: h. [p +2P Nch]z

2
Co=h pt1 P, <<QT >>< > (2 + cos 2¢A) from 2 - Pomeron exchange

The p, -integral correlation is

2l <<QT>><q > (2+cos24,)

= A, +24,cos2p,
P ,| Y5 ) range depends on
A = N 2 2 m4 , .
0 “P14P, <Pt > gluon saturation scale Q.

150;| m~1GeV

ISMD-2013 Chicago 9/19/2013 30



Application to 200 GeV p+p

@ BFKL 4,= 0.0021 —0.0083 —0.0175 £=09LF =009
2\ 2
Pomerons m =08 —1.6GeV? <pt > =0.188 (GeV/c)
— 02 =0.6 GeV> (L &R, for LHC)
Semi-saturated Saturated

From D. Prindle (STAR) ISMD-2013 poster:
Aq = 0.002 for 200 GeV p-p NSD minbias

Prindle (STAR) ISMD-2013

2.5 ‘ ‘
® N, dependent quadrupole: = L0k | N
ch : ul g
%2.22 200 GeV e Q82:0'6 GeV?2
Ap ) # correl. 2P pairs < {75E / 3
= &~ b .
o “ total # pairs S 150 s Q.2=0.8 GeV?
N = 1250 =
I)Z(nch)nch(nch _1)%<pt2> 15Q8 :ﬁ 1 ? é
— nch : S cos 2¢A = 0.75 é_ —
n., 0.5 = ] o E
0.25f Preliminary =
0 T I ‘ I ‘ I ‘ L1 \_:
0 5 10 15 20

n /An

ISMD-2C . crveege o ore oo 31



ATLAS 2.76 TeV Pb + Pb, p=2 — 3 GeV/c

0-1% centrality

ota x phi ctaxpn Standard
1 1-parameter
model fit
with & without
sextupole

e Even these data
eta x phi .

eta x phi do not require a
oy sextupole!

Residuals

52t )13 Chicag AR 2 32

no éextupole with sextﬁpole, <0 1n free fit



o2l Comozlrisons: rllJiG

HIJING is based on the LUND string model and semi-hard jet fragmentation (PYTHIA) and
describes peripheral angular correlation data well

HIJING: With Jets HIJING: No Jets

£

. & 1‘\“‘
o] ks omSTRNRY
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- The peak in (y,Yy;) space is strongly enhanced by jets.
- If the peak in data is also due to jets then there is little observed dissipation of jet
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* Includes jets and predicts a quadrupole using a hybrid transport model
that includes a period of parton-parton rescattering.

two-parton correlations

(MDA

space

45-55%

(YoYo)
space

AMPT can model the quadrupole in angular space but fails in modeling the correlation observed in data
in momentum space.
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AMPT: parton correlations

The preceding results are counter-intuitive. We therefore studied the predicted parton
correlations as a function of parton cross section (0,1.5,3,6,9,12 mb) with no coalescence

200 GeV Au-Au 46-55% - parton correlations
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— T~ .
angular (n,,9,) correlations (y,y,) correlations
SS peak: amplitude and widths (n,¢) increase Jet peak: strong dissipation as
Quadrupole: increases to exp. value at ~6mb expected. What is coalescence doing?
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Figure 5.17: Correlations from NexSpheRIO events in angular (upper) and
momentum (lower) space for Au+Au 200 GeV collisions in four centralities.

The centralities, from left-to-right, are 60-80%. 40-60%. 20-30%, and 0-10%.
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