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Introduction

Dihadron correlations in AA at RHIC:
» Disappearance of back-to-back high p; hadrons

» Broadening of away side
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Introduction

Dihadron correlations in AA at RHIC:

» Disappearance of back-to-back high p; hadrons

» Broadening of away side

» Long-range, near-side ridge structure

Intriguing ridge structure at RHIC N
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Introduction

Dihadron correlations in AA at RHIC:
» Disappearance of back-to-back high p; hadrons

» Broadening of away side
» Long-range, near-side ridge structure

LHC and CMS provide: / Rldge in pp at LHC
» Higher density system { CMSpp7TeV- - o I
» Unprecedented n and p; reach 15 I N
1 g S

Outline: ! 41

» Correlations in high multiplicity pp at 7 TeV | -- :
» Correlations in PbPb at 2.76 TeV ‘\ srEp 09 @010y 091 !
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CMS experiment

- Hadron Calorimeter (HCAL
EM Calorimeter (ECAL) adron Calorimeter ( )

Beam Scintillator Counters (BSC)

Forward
Calorimeter
(HF)

TRACKER
(Pixels and Strips)

Muon System

[EINCR ¢ e e
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Very large coverage (|An| < 5.0)!
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Dihadron correlation technique in CMS

Particle 1: trigger

Particle 2: associated
1 d’N®™™ 1 d°N™

S(An,Ap) = B(An,Ap) =

(An.A¢) N,, dAndAg Event 1 (An.A9) N, dAndAg

tn

Signal distribution: Background distribution:

Event 2
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S(An,A¢)

same event pairs mixed event pairs

/Associated hadron yield per trigger:

An = T-lassoc — T]trig T
Ad) = d)assoc — ¢trig 1 d N — B(0,0) % S(A 779A¢)

N,, dAndAg B(A7,A¢)
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Correlations in minimum bias pp

JHEP 09 (2010) 091 CMS pp Data all charged, p;>0.1 GeV/c
Vs =7 TeV
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High multiplici
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High multiplicity pp collisions

Very high particle density regime
Is there anything interesting happening?
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~350K top multiplicity events (N>110) out of 50 billion collisions!
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Ridge in high multiplicity pp

Intermediate p;: 1-3 GeV/c

“‘Away-side” (Ad ~ m)

Minimum Bias pp (<N> ~ 15)
back-to-back jet correlations

R(AN,A0)

“Near-side” (A9, An ~ 0)
R(AU,A¢)=<(N_1{;W _1J> -4 correlations from single jets
A9 I peak truncated
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Ridge in high multiplicity pp

Intermediate p;: 1-3 GeV/c

350K events

Minimum Bias pp (<N> ~ 15) High multiplicity pp (N > 110)

R(An,A9)
R(AN,A¢)

R(AU,A¢)=<(N—1)(S(A’7’A¢)—1J> -4

B(AnAg) peak truncated

JHEP 09 (2010) 091

Striking “ridge-like” structure extending over An at A¢ ~ 0
(not observed before in hadron collisions or MC models)
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Some pp MC models
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Ridge in high multiplicity pp

CMS pp 7 TeV, N = 110 Interpretations: oy
gess Multi-jet correlations ~ —

Jet-Jet color connections Jet
Jet-proton remnant color connections

Glasma tube

Phys. Lett. B697:21-25, 2011
Hydrodynamic flow

O Quark
(/;\l

w/,//m —_—  Gluon
““ ""‘ Plasma

EPOS model: pp

K. Werner, WWND2011
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Ridge in high multiplicity pp

Updated new results: 4 . | _ A
e _ Associated hadron yield per trigger:

» ~2X StatIStI.CS. o.f previous results 1N B0 S(An.AQ)

> Extepd multlpI|C|ty reach N,. dA7dAg " BALAP)

> Detailed (p', pfSOC) dependence \. /

100 billion (1.78 pbt) sampled minimum bias events from high-multiplicity trigger
pp Vs =7 TeV, N2 110

1~ CMS Preliminary

2<p’® <3 GeVic
1< p:ssot: < 2 GeV/c

d2 pair
dAn

o

n
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Ridge in high multiplicity pp

Updated new results:

e _ ~ Associated hadron yield per trigger:
» ~ 2 X StatIStI.CS. o.f previous results 1N B0 S(An.Ad)
> Exter]d mult|pI|C|ty reach N, dAndAg Y BAnAp)
> Detailed (p", paTSSOC) dependence .

100 billion (1.78 pbt) sampled minimum bias events from high-multiplicity trigger
pp Vs =7 TeV, N> 110 -~ CMS Preliminary pp Vs =7 TeV, N> 110

5 < pl° <6 GeVic
T<p“<2GeVlc ~ .~

CMS Preliminary

2<p’° <3 GeVic
1< pisgol:: < 2 GeV/c

3 R E=:
5 |S1.40 513
c =2
o 3 1.35 ) & E
) \
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No ridge when correlating to high p- particles!
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A¢ projections In various p-ranges
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A¢ projections In various p-ranges
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A¢ projections In various p-ranges

CMS pp 7 TeV, N = 110

CMS
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Near-side yield vs p+in pp (N=110

«»c,'? " Zero-Yield-At-Minimum (ZYAM)
Iz | . ]
1.30z.\'*"'."’...|_

A

/' Jet region (JAn|<1)

T T T | T T | T T T |
/ 0 <A <1 CMS Preliminary

o 0.2 _1 < p:SSc:.: < 2 GeV/c S ® __ o
D i ® _ D
> — — 1 %
O — e — ] T
g e 2
© 9 1' — 1 @
Q i | ] Q
o i hd i o
W W
) = . W
< B ¥ i <

- ppNs=7TeV,N>110

00 ————————————— —

B | I I | [ ]

2 4 6

ptT”g(GeVlc)

CMS
Wei Li (MIT) HPHD 2011, May 30

Ridge region (2<|An|<4)

I CMS Preliminary
0.015L2 <Al =4 ]
" 1<pI* <2GeVic T
0.010 — + -
i e [ L ]
. ® i
0.005- % -
9 ]
@ ppNs=7TeV,N>110 I
0.000-—=———————————— —
| I | |

2 4 (5]

p%(GeV/c)
-June 1, 2011

19



Near-side yield vs p- In pp

Ridge region (2<|An|<4)

N 5
CMS Preliminary
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Significant ridge effect for N = 90 in pp
Ridge first rises with p, and then drops at high p+
CMS
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Near-side yield vs multiplicity in pp

Jet region (|]An|<l) Ridge region (2<|An|<4)
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» Jet yield in pp monotonically increases with N
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(<N> ~ 15 in MinBias pp events)
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PbPb collisions at the LHC

~c 1| CMS Experiment at LHC, CERN PbPb at 2.76 TeV
< i| Data recorded: Mon Nov 8 11:30:53 2010 CEST
| Run/Event: 150431 / 630470 (14 MRNISICIETgP

| Lumi section: 173




Heavy-ion “ridge” at LHC
@ 0-5% most central

arXiv:1105.2438

(a) cms J Ldt=3.1ub"
PbPb \f5,y, = 2.76 TeV, 0-5% centrality .~~~ |

dszaur
ng dAn dAo

MDD
A PONBD

-4 /Associated hadron yield per trigger: A
[ p?g 4 - 6 GeV/C } 1 dszair y p S(AggA¢)
0% ) 4 GeV/e = B(0,0) x 2 ~F
b N, daging BATAY)
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Ridge vs p; In PbPDb

arXiv:1105.2438 Ridge region (2<|An|<4) o:
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Ridge vs p+ in PbPb

arXiv:1105.2438 Ridge region (2<|An|<4) o:
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Ridge in PbPb collisions tends to diminish at high p-
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Ridge in pp and PbPb

|
CMS pp 7 TeV, N = 110 ! CMS PbPb 2.76 TeV, 0-5%
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Centrality dependence in PbPb

prt i 4-6GeVic

Py :2-4GeVic

PbPb 2.76 TeV

CMS Preliminary

i
AL

cht
i

1 N

s
2.&

A
i

1 N

A
S
ey
S
it

T Th
g

L
e

i
o

o
o

,
‘p‘
4

At
o
v
“\
3

i

i

¥
W
g
i

o
i
(s
)
vy
‘p
i
o

it
o
i
R
LR
S
e
2
e
L
o

4y

i

i
)

=

So
e,
By

Ry
5 S
A
AR
et

A
\\‘ "‘“‘““‘"I‘::‘
‘*“\“,‘\‘
g l'i“l“' ¥
X

e

HPHD 2011, May 30 - June 1, 2011 27



Fourier analysis of A¢ correlations

It was recently realized that the ridge may be induced just by
higher order flow terms (v,, V3, Vg4, Vs, ...)

Elliptic flow (v,) Triangular flow (v3) from
event-by-event fluctuation

Reaction z’

plane
N\

Add V, and V, A

e

LSS

“ Sh I d ur) ,:' “"‘

12 oulaer L /!‘,(‘
1.0 1. A <
0.9{~ 00 NIRRT i

ol 8 :
thi 0 A(I)
0
2

2
-4 An -4 An
~V, cos(2A¢) ~ V3 cos(3A¢d)

CMS
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Fourier analysis of A¢ correlations

: . 1 dN*™" N
Fourier m ition: = —ase (142> V' cos(nA
ourier decompositio N dag 2 ( Z;. (nAg))
% (1+ 2V, cos(Ag) + 2V, cos(2A¢) + 2V, cos(3A¢g) + 2V, cos(4Ap) + 2V, cos(BAP) +...)
(a)CMSJLdt=3.1ub" L ' rr
PbPbAfs,, = 2.76 TeV, 0-5% centrality -~ | “™\ > .,
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Short-range non-flow effects excluded |AO|

Very hot topic in QM2011!
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Fourier analysis of A¢ correlations
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Fourier analysis of A¢ correlations

arXiv:1105.2438
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For flow driven correlations, factorization:
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Fourier analysis of A¢ correlations

o 2<|An<4 2<pr*¥<4 GeVIc 0 5% most central arxlv 1105 2438
B N '__"f"\"' T L of T | T | : ' ' | 1 |
o [ V1 1 Vz V3 V4 V5
(] [ 1
= 0.5 +
> 1
£ 0.0 T .
2‘: ] \-# T

8.0.5/ 1 | | i ) T ( ) 1
Z% L @ PbPb\S,, =276 TeV, 0-5% n=2"'_/ I n=3 K/ I n:4\_ ya [ n=5
:l_ PYTH|A8 pp \I'_ 2 YsTev : 1 L 1 1 ‘ 1 r‘:2I L 1 I | :: 1 1 1 1 ‘ 1 n:13 1 L | 1 -: 1 L 1 1 | 1 r‘I:“’ L 1 | 1 - 1 | 1 1 ] 1 L 1 L I 1
.0 5 10 5 10 5 10 i 10 5 10
ptT”g (GeVic) p;° (GeV/c) p;° (GeVlc) p;° (GeVlc) p;° (GeVlc)

For flow driven correlations, factorization:

—V (ptrlg) V (paSSOC)

A" Deriving flow harmonics (v,

Off-diagonal terms

™.

V (pmg aSSOC) V (pmg) XV (pmg —V (ptrlg
‘\/V (passoc aSSOC) ‘\/V (paSSOC) X V (paSSOC)
Dlagonal terms Keep low p;2ss°¢ to minimize non-flow
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Vv, from long-range correlations
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Vv, from long-range correlations
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V5 from long-range correlations
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V5 from long-range correlations
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V5 from long-range correlations
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v, from long-range correlations
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Ve from long-range correlations
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Flow coefficients (V') vs centrality

J. Ldt=31pub"

w =
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O.OO0

» Powerful constraints on the viscous property of the medium
» Additional handle on the initial condition of heavy-ion collisions
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Wei Li (MIT)
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Observation of a ridge correlation structure in high multiplicity pp
» Not observed before in pp or pp MC models but resembles similar
effect in heavy-ion collisions
» Increases at low p; (up to 3GeV/c) and tends to vanish at high p;
» Ridge emerges at N ~ 50 — 60 (4 times of <N> in MinBias)
» New opportunity of high-density QCD physics in a small system

Comprehensive studies of dihadron correlations in 2.76 TeV PbPb
» In central PbPD, ridge yield significantly drops toward high p-
» Higher order flow from a Fourier analysis of long-range correlations

« Factorization of V.. V. =V (p7%) x V! (p>°*)
« Consistent with standard flow methods

 Trend in centrality and p+ follows hydrodynamic expectation

CMS
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Wei Li (MIT)

Backups
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1-D projected R(A¢) at large An

Increasing p-
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Quantify the Ridge

Zero Yield At Minimum (ZYAM)

Associated yield:

—
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Associated Yield

CMS

S
)
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0.02

Charge Dependence of the Ridge

Like-sign (++,--) and unlike-sign (+-) palir correlations:
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No charge sign dependence of the ridge!
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CMS

Comparing to various MC

(a) MinBias, pT:-I.'I.1 GeVic {b) MinBias, 1.uGevfc<p1<3.uGev.fc
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Cross check: ECAL Photons

Charged hadron - photon correlations
(photons are mostly from n° decay)

1.0GeV/c<p;<3.0GeV/c
for both hadrons and photons

- 2.0<|An|<4.8

A
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Cross check: ECAL Photons

photon - photon correlations
(photons are mostly from =° decay)
1.0GeV/c<p;<3.0GeV/c

T 2.0<|An|<4.8 .o

)
AQ

Independent detector, independent reconstruction!
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Cross Check: Event Pileup

Compare different run periods

90<N<110,2.0<|An|<4.8,1.0GeV/c<p _<2.0GeV/c
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Change in pileup fraction by factor 4-5
has almost no effect on ridge signal

CMS
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pp Vs =7 TeV, N> 110

CMS Preliminary ~ pp Vs =7 TeV,N>110
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. CMS Preliminary
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Turning V. into flow coefficients v, by assuming:

tr1 tri
Valpr o pP) = vn(pr°) X v (PP

We can get:

tri
f o trigy VrE{FTlgr pFee)
v]‘l{:pT ] T '.D‘f [P%EEU{ :

e

\/ VE( PtTﬁg, passec) for both 1<p;9<2 GeV/c and 1<p;2ss°c<2 GeV/c
- to minimize non-flow effect.

CMS
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Flow coefficients (V') vs centrality

ILdt=3.1ub'1 PbPb \§, =276 TeV  CMS Preliminary Hydrodynamic calculation of v; at RHIC
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Powerful constraints to the viscous property of the medium

CMS
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Flow coefficients (V') vs centrality

Scaled by eccentricity
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Powerful constraints to the viscous property of the medium
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Trigger on high multiplicity pp
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Particle density in high Mult pp

« Similar particle densities in these pp collisions
as were seen in CuCu at RHIC

CMS pp 7TeV, N>100 PHOBOS CuCu 62.4GeV
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