Status of Theoretical Understanding of “the Ridge”
Cheuk-Yin Wong
Oak Ridge National Laboratory

What is the ridge? What are its properties?

Ridge with  a high-pT trigger

Ridge without a high-pT trigger
Many different theoretical models of the ridge
The momentum kick model & the near-side ridge data
Ridge as a tool to probe early parton momentum distribution
Momentum kick model analysis of CMS pp ridge data

Conclusions C.Y.Wong, Phy.Rev.C76,054908('07)

C.Y.Wong, ChinesePhys.Lett.25,3936(°'08)
C.Y.Wong, J.Phys.G35,104085(°08)
C.Y.Wong, Phys. Rev.C78,064905(’08)
C.Y.Wong, Phys. Rev.C80,034908(’08)
C.Y.Wong, Phys. Rev.C80,054917('08)
C.Y.Wong, arxiv:1105.5871 ('11)



What is the ridge ? ptaSSOC>2C;eV
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Occurrence of a near-side “jet” and an away-side jet
We detect associated particles in coincidence with the jet
We measure the ¢ and n of these associated particles,
A= (associated particle)- ¢ (jet trigger)
An=n (associated particle) - n (jet trigger)
The probability distribution in Ag@- An is in the form of
a ridge and a peak
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Two-particle autocorrelation
without a high-pT trigger

STAR (PRC73,064907(‘06))
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CMS ppdataat 7 TeV
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Intermediate p;: 1-3 GeV/c
MinBias high multiplicity (N>110

(b) MinBias, 1.0GeV/c<p <3.0GeV/c (d) N>110, 1.0GeV/c< pTﬁﬂ.ﬂGe‘U'ﬂ:
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Figure 7

Pronounced structure at large én around é¢ ~ 0 !

Helena Biatkowska, Epiphany 2011, HB



CMS PbPb data at 2.76 TeV, arxiv:1105.2438
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The CMS ridge data raise many guestions

1. Isthe ridge for real (removed by v3,fluctuating initial conditions? etc) ?
How do the ridges arise in pp and AA collisions?

Can the ridges at LHC and RHIC be described by the same physical
phenomenon?

4 If so, what are the similarities and differences?

5 Why is the ridge yield greatest at 1< p; <3 GeV/c?
6
7

w N

What interesting physical quantities do the ridge data reveal?
What is the relationship between

the ridges with a high-p; trigger
and the ridges in autocorrelation ?
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Types of models

 A@ correlation by flow
* A correlation by jet collisions
e etc,etc,etc

C.Y.Wong,HPHD2011
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Transverse flow model (Voloshin & Shuryak)

Width too wide?
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Gavin,McLerran,Moshelli(BNLWorkshop’09)

Blast wave + Glasma describes height and ¢ width of Soft Ridge

» blast wave tuned to single particle spectra
« Glasma tuned to dN/dy
« Energy and Centrality dependence

A.Dumitru,F. Gelis, L. McLerran, and R. Venugoplan,

Nucl.Phys.A810,91('08)
e Dumitru, K. Dusling, F. Gelis, J. Jalilian-Marian,T. Lappi, R. Venugopalan,

Phys. Lett. B697 21 (2011)

A@ correlations occur by flow without a jet
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G. Baym et al. /] Ultra-relativistic heavy ions
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‘ig. 9. Temperature distributions as functions of r for cylindrical transverse expansion coupled to
ongitudinal expansion. Each curve is labelled by the time (in fm) that has elapsed since the collision.

In (a) hydrodynamic behavior is assumed to commence at ¢, = 1 fm, while in (b), 1, =2 fm.

13



[E]

dN/dd
e T T = I L)

Hama et al. arxiv:-1012.1342

11.30
10.10
B.90
7.70
6.50
5.30
410
3.00
2.00

1.00
D.0&

L
IIIII'J
£
¢ -
¢
[
o+ 4
A
-
1 |

0.16
014
012

01
0.08

L L L =

.
7~

resulting _|

0.015
001
0.005

=

=
=

WFT T r T 1

14



K. Werner, lu. Karpenko, K. Mikhailov, T. Pierog,
Phys.Rev. C82 (2010) 044904, arXiv:1011.0375,1104.3269
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The EPOS Model

EPOS is a parton model, with many binary
. parton-parton interactions, each one
creating a parton ladder.

=¥ Energy-sharing : for cross section calculation
AND particle production (parton Based Gribov-Regge Theory)

=% Parton Multiple scattering
=% Outshell remnants

=¥ Screening and shadowing via unitarization and
splitting

=% Collective effects for dense systems

EPOS can be used for minimum bias hadronic
interaction generation (h-p to A-B) from 100 GeV
(lab) to 1000 TeV (cms).

C.Y.Wong,HPHD2011 15



High Density Core Formation

@ Heavy ion collisions or very high energy proton-proton
scattering:

<» the usual procedure has to be modified, since the density of strings will
be so high that they cannot possibly decay independently : core

=

i X{ce+8c,P+8p)
. Z X(ccf)

<% Each string splitted into a sequence of

g [core = 29-30% string segments, corresponding to widths
g 5a and 8B in the string parameter space
S = < [f energy density from segments high
9 £ enough
4 F .

5 ’
8 - T’| il segments fused into core

=% |If low density (corona)
¢+ segments remain hadrons

), KIT - 33/19
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K. Werner, lu. Karpenko, T. Pierog,(arxiv:1011.0375)
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Figure 1: (Color online) Two particle correlation function R

Theoretical EPOS results for pp at 7 TeV
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Figure 1:

EPQOS theory

{Color online) Two particle correlation function R

Experimental data
(d) CMS Nz 110, 1.DGE‘.ch-«:pT~:3.ﬂGew::

R(AN,A)
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Fluctuating initial conditions can lead to two-particle correlations

J. Takahashi et al. PRL103, 242301 ('09)
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FLOW FLUCTUATIONS
aN
— X
do

1+ E 2V, cos N(¢ — p)
— —_—

n=1
(flow) o0 5 |
dAo > o] *;2@” >Cosn(/_\.@)

(Qin, Petersen, Bass, Muller, Phys. Rev. C 82, 064903 (2010);

Qiu, Heinz, arXiv:1104.0650)
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Remarks

Jets and minijets in the near-side lead to groups of particles
In a pointed direction, and contribute to v3. They are not
hydrodynamical flows. Experimental v3 may include a large
contribution of jets and minijets that are not hydrodynamical.

Quantum mechanics has a tendency to smooth out classical
granularity. Particles in a classical cascade calculations are
not real particles. They are test particles. They are cells in the
phase space of the Wigner function f(x,y). We need to use a
large number of test particles to represent the Wigner
function f(x,p) in a single calculation. [C.Y.Wong, Phys.Rev.C
25, 1460-1475 (1982)].

More work remains to look into the quantum treatment of the

Initial conditions from the Wigner function viewpoint!
C.Y.Wong,HPHD2011 21



Correlation coming from jet-medium collision

« Momentum kick model
C.Y.Wong (Phys.Rev.C76,054908('07),....
medium partons kicked by jet

* Local enhancement of temperature
R.Hwa & C.B.Yang (Phys.Rev.C83,024911('10)

medium partons gets higher temperature after the
passage of jet

C.Y.Wong,HPHD2011 22



Experimental data implies that

ridge particles are medium partons kicked by the jet

> W

C.Y.Wong, Phy.Rev.C76,054908('07)

Ridge yield increases with increasing N_participants
Ridge yield nearly independent of the jet trigger properties
Tjet > Tridge > Tbulk

B/M|iigge~B/M|pys  but B/M|ige # B/M|y,

— ridge particles are medium partons
A ~ 0 implies that the ridge particles acquire additional

longitudinal momentum from the jet.
— ridge particles and the jet are related by collisions

Ridge particles nearly flat in An

— the flat An comes from the ridge particles momentum
distribution before they are kicked by the jet

C.Y.Wong,HPHD2011 23



Schematic picture of the momentum kick model

( ) N?ar-side
Jet ts (NJF) Zg?
a et fragments ( .;r

NJF-AJF
- NJF-AKMP

Near-side

Kicked medium partons _
(NKMP) J

NJF-NKMP + weak NKMP-NKMP

Away-side
: Kicked medium partons
Away-side (AKMP)

Jet fragments (AJF)

Wong, arxiv:1105.5871
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Jet fragments come in high p; and low py
Evidences:

1. STAR autocorrelation measurements with low pT
particles show a (Ap~0,An~0) minijet component

2. PHENIX two-particle correlations with trigger
nadrons of pT down to 2 GeV gives

N,-~ 0.15+ (0.10/GeV) <p; o>
which is non-zero even down to <p;"9> -0
Therefore,
1. Both high pT hadrons and low pT hadrons
can be used as markers for jet

2 Low pT hadrons can also come from the kicked
medium partons.

C.Y.Wong,HPHD2011 25



High pT and low pT triggers

e High pT trigger gives the correlations of

(Near-side jet fragment) - (Near-side jet fragment)
(Near-side jet fragment) - (Near-side kicked medium parton)

 Low pT trigger gives the correlations of

(Near-side jet fragment) - (Near-side jet fragment)
(Near-side jet fragment) - (Near-side kicked medium parton)
(Near-side kicked med parton) - (Near-side kicked med parton)

* For pp collisions, NKMP-NKMP contribution is small.

Momenum kick model unifies the description of ridges
with high-pT and low-pT triggers

C.Y.Wong,HPHD2011
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The momentum distribution in the momentum Kkick
model consists of two components

an.,
N mgdAn ah¢ p ¢ ap ! \total
an,
_ fR g <Nk> aF n fJ/: jet fragment
3 dAU dA¢ P; 0’,0 t | ioge dAT] dA¢ P dp U | jet fragment

(N, ) is the number of kicked medium partons per jet

f, and 7 . are the syrvival factor due to final state interactions.

N
Nk> depends on impact parameter

aF

an dg p, ap,

_{ aF E } om
ridge dy/-d¢/-,0”d,0” E/ ,5/ — ﬁf _qLéjet mtz COShzy

C.Y.Wong,HPHD2011 27



Initial parton momentum distribution

We parametrize the shape of the initial parton distribution by

PR ey M
A 1S a nhormalization constant such that
aF
dy dg p.adp, =1
I dy dp p, dp, Y
(B + 0. )parion  A/M*+ P
PP wen “exp{ly |-y }<1
(IOO tP, )parent mb
m:mparton:mﬂ; yB :ybeam

The parametersare::

a, I, m,
C.Y.Wong,HPHD2011 28



The width in Ap depends on the magnitude of g, .

dN
dAy dAgpedpy at pt:2 GEV
T (GeVTrad ™)

T0.08
T0.086
(b) g = B0 GE}’T, T0.04
S T 0.02
0

(a) g =03GeV]

—

C.Y.Wong,HPHD2011 29



The pp near-side jet data can be described by

anN . _ 2 2 2
Jet fragment :NJFAJFeXp{-\/mZ +p[2 /TJ/_— }eXp{ ((A(D) +(2A77) )/ 20 }
dAndA¢p,.ap, o 2ro
= eXpUm I 7} is a normalization constant,
7-jez‘ (/77 + 7—JF)
O =0 Mg
mE e pE

Parametersare: N, 7,, o, and m.,.

Empirically, V., 7, are linear function of p/™.

C.Y.Wong,HPHD2011 30



Momentum Kick Model explains STAR ridge data
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Why is the ridge mpost prominent between

1<pT<3 GeV/c?
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Momentum kick model gives the correct prediction for PHOBOS
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Momentum Kick Model explains PHENIX ridge data
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Early parton rapidity distribution has a plateau structure

R e e e e e L e o e e e e e e e I
B L p,=0 .
= g6l .
O [ i
2 a4l SR N
S :
%0.2_— 5
% [ (pt=_2Ge_I/)><5 ‘ ]
oLl L AT T T T T T T 0 L
-0 -4 -2 0 2 4 /]
y

35



Early parton rapidity distribution is intermediate
between those of pp and AA collisions

dN/dy normalized to 1 at y=0

LN B | L | L | L | L | UL | L +

J ® = inpp

1 O = inpp
B = —— early parton
= : - B = inAuAu |
; I i
S 05 —
- BRAHMS Preliminary Data .
0 _I 111 | 1111 | 1111 | 1111 | L1111 | L1111 | L1111 | 1111 | I T I |

0 05 1 15 2 25 3 35 4 45 5
y
This Is consistent with the direction of the evolution

of the parton rapidity distributions. 6



We need |et trajectory calculation to get <N,>(b).

C.Y.Wong,HPHD2011
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Energy dependence, mass dependence and RAA

are well reproduced in the momentum kick model

STAR AuAu 200 GeV data (Bielcikova et al.)

STAR AuAu 62 GeV data (Nattrass et al.)

&

- O STAR CuCu 200 GeV data (Nattrass et al.)
|
d

|

1 | 1 1 1 | 1 | I 1 ] 1 1 I | 1 1

STAR CuCu 62 GeV data (Nattrass et al.) =
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part

LI ] T 1 I L I o= —

@ PHENIX Data (PRL 91,072301(03))

Momentum kick model

F | AutAu, s7° =200 GeV
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0 100 200 300

part

We obtain the jet-(medium parton) cross section & rate of absorption

C.Y.Wong,HPHD2011 38



Important information extracted from near-
side ridge data at s?=200 GeV

1 The rapidity distribution of early partons has a plateau structure

2 ¢,=0.8-1.0 GeV, longitudinal momentum kick per parton-parton
collision

3 fr<N,>= 3.0-3.8 for the most central Au+Au collisions

4 The inverse slope T, for early partons is intermediate

between T, and T,
5 The jet-(medium parton) cross section and rate of absorption in

jet-(medium parton) collisions

C.Y.Wong,HPHD2011 39



Momentum kick model analysis of CMS pp data

C.Y.Wong arxiv:1105.5871

 We get the size of proton from pp cross sections. We
find that R~0.8 fm at 7 TeV

 We get the density of partons from Landau model
prediction of average multiplicity N _ch~120 and
participant calculations of proton as Chou-Yang droplets.

 We need to extend the longitudinal momentum

by the beam rapidity, and scale quantities that depend on
the transverse momentum by

<p+(LHC)>/<p(RHIC)> ~ 1.4
Then there is only one free parameter, q,=2.0 GeV,
which is greater than g, =0.8-1.0 GeV for RHIC.

C.Y.Wong,HPHD2011 40



Results of jet trajectory calculation

2

Number of kicked medium partons

41



Momentum Kick model results for pp collisions at 7 TeV

® CMS ppat7TeV, 20< IAnl<4.8

——  Momentum kick model results
| [~ [~ 41 [ [~ [ [~ " [ [ ]
L 0.1<p.<1GeV/ic L 1<p . <2GeV/c TL 2<p <3GeVic 1 3<p <4GeVic |

-
-
=

<
-
!

Associated Yield
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Why is the ridge most prominent between 1<pT<3 GeV/c?
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The momentum kick model results for the distribution In
(A, An) (with the top truncated)

(a) ppat7Tev, 01 <pr<1GeVic
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Conclusions

Many ridge models and many guestions on the extraction of
the ridge

In the momentum kick model

The ridge particles associated with the near-side jet in AA
collisions at RHIC and in pp collisions at LHC can be
described as medium partons kicked by the jet

They carry information on the early parton momentum
distribution and the magnitude of the momentum Kick.

The momentum kick model provides a unified description of
the ridges in high pT and low pT.
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Backup slides
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Ridge vield is a maximum at A ¢ ~0

jet

Pir =P 14, €y

For the same magnitude of | p, ;|

out different A¢g, the magnitude of Transverse plane

o, |is smallest when A¢=0.

The probability of initial partons with p, ; is

an, exp{- (\/m2 + 7, —m)/ 7'}
oC

Peiap,, Jm;+p},

Therefore, the ridge particle yield

ISa maximumat A¢ = 0.
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There can be systematic errors in the ZYAM ridge vields
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