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Preface to the Series

The RIKEN BNL Research Center (RBRC) was established in April 1997 at Brookhaven
National Laboratory. It is funded by the "Rikagaku Kenkyusho" (RIKEN, The Institute of
Physical and Chemical Research) of Japan. The Memorandum of Understanding between RIKEN
and BNL, initiated in 1997, has been renewed in 2002 and again in 2007. The Center is dedicated
to the study of strong interactions, including spin physics, lattice QCD, and RHIC physics
through the nurturing of a new generation of young physicists.

The RBRC has both a theory and experimental component. The RBRC Theory Group
and the RBRC Experimental Group consists of a total of 25-30 researchers. Positions include the
following: full time RBRC Fellow, half-time RHIC Physics Fellow, and full-time, post-doctoral
Research Associate. The RHIC Physics Fellows hold joint appointments with RBRC and other
institutions and have tenure track positions at their respective universities or BNL. To date,'
RBRC has --50 graduates of which 14 theorists and 6 experimenters have attained tenure
positions at major institutions worldwide.

Beginning in 2001 a new RIKEN Spin Program (RSP) category was implemented at
RBRC. These appointments are joint positions of RBRC and RIKEN and include the following
positions in theory and experiment: RSP Researchers, RSP Research Associates, and Young
Researchers, who are mentored by senior RBRC Scientists. A number of RIKEN Jr. Research
Associates and Visiting Scientists also contribute to the physics program at the Center.

RBRC has an active workshop program on strong interaction physics with each workshop
focused on a specific physics problem. In most cases all the talks are made available on the RBRC
website. In addition, highlights to each speaker's presentation are collected to form proceedings
which can therefore be made available within a short time after the workshop. To date there are
ninety seven proceeding volumes available.

A 10 teraflops RBRC QCDOC computer funded by RIKEN, Japan, was unveiled at a
dedication ceremony at BNL on May 26, 2005. This supercomputer was designed and built by
individuals from Columbia University, IBM, BNL, RBRC, and the University of Edinburgh, with
the U.S. D.O.E. Office of Science providing infrastructure support at BNL. Physics results were
reported at the RBRC QCDOC Symposium following the dedication. QCDSP, a 0.6 teraflops
parallel processor, dedicated to lattice QCD, was begun at the Center on February 19, 1998, was
completed on August 28, 1998, and was decommissioned in 2006. It was awarded the Gordon Bell
Prize for price performance in 1998.

N. P. Samios, Director
March 2010

*Work performed under the auspices ofU.S.D.O.E. Contract No. DE-AC02-98CHI0886.
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INTRODUCTION

The workshop "Saturation, the Color Glass Condensate and the Glasma: What Have We Learned
from RHIC?" had as its goal to assess the evidence concerning the possible existence of exotic
forms of matter that might affect the earliest stages of RHIC collisions. The Color Glass
Condensate (CGC) is a very high energy density state of gluonic matter in the wavefunction of a
hadron. This part of the wavefunction might be seen in high energy collision processes. It is argued
in the workshop that the CGC might explain many features of electron-hadron collisions, and the
initial conditions for high energy nucleus-nucleus collisions.

The Glasma is formed by the collision of two Color Glass Condensates in the earliest stages of
hadron-hadron interactions. The Glasma is an ensemble of highly coherent longitudinal color
electric and color magnetic fields. In the workshop, it was argued that the Glasma may explain
multiplicity distributions in nucleus-nucleus collisions, forward charm particle production in dA
collisions, and various two particle correlation results such as the ridge in nucleus-nucleus
collisions. There was much excitement about forward-backward angular correlations in the
deuteron fragmentation region of dAu collisions presented by the STAR and PlffiNIX
collaborations.

The talks of the meeting were summarized in the talk of Jean-Paul Blaizot who strongly argued for
the CGC and Glasma interpretation of the RHIC results. The proceedings of this meeting will be
published in a special edition of Nuclear Physics A. The meeting was very well attended, and
successfully brought together theorists and experimentalists in an attempt to reach consensus about
what we have learned in the RHIC experiments.





Introduction to the Physics of Saturation

Yuri V. Kovchegov

Department of Physics, The Ohio State University
Columbus, OR 43017

In my talk I briefly describe major developments in the physics of saturation/Color Glass
Condensate (CGC) in recent decades.

I begin by emphasizing the main postulate of the saturation physics, stating that the high
energy hadronic and nuclear wave functions have an intrinsic momentum scale associated
with them, the so-called saturation scale Qs. The scale grows with energy and the atomic
number of the nucleus, as explained in the first attached slide.

High energy hadronic and nuclear wave functions at high energy can be described by
classical gluon fields, since the saturation scale in such wave functions is large making the
strong coupling constant smalL Classical gluon field description is the main result of the
McLerran-Venugopalan model, as shown in the second slide.

The classical gluon fields can also be used to describe particle production in high energy
proton-nucleus and nucleus-nucleus collisions (see slide three).

At higher energies quantum corrections to classical fields become important, bringing in
rapidity/ energy dependence in the wave functions and corresponding cross sections. These
corrections are taken into account by the Balitsky-Kovchegov (BK) and Jalilian-Marian­
Iancu-McLerran-Weigert-Leonidov-Kovner (JIMWLK) evolution equations. The physical
mechanism behind the BK equation is outlined in slide four.

Our current understanding of high energy QCD is summarized in slide five in the Bjorken­
x and Q2-plane. There one can see the saturation region where non-linear BK and JIMWLK
evolution equations become important, while perturbative weak-coupling approaches still
apply. Studying and understanding this new interesting regime of QCD is the main goal of
saturation/CGC physics.

1
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What sets the scale of running QeD
coupling in high energy collisions?

• Saturation physics is based on the existence of a
large internal mometum scale Qs which grows with
both energy s and nuclear atomic number A

IQ; ,..., A lI3
sA I

such that las =as(Qs) «11
and we can calculate total cross sections, particle
spectra and multiplicities, etc from first princi~.
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McLerran-Venugopalan Model

o The wave function of a single nucleus has many
small-x quarks and gluons in it.

o In the transverse plane the nucleus is densely packed
with gluons and quarks.

-c - - - - - -~-, sea glnons
/ and quarks

nucleus



ClasslcalGluon Production in
Proton-Nucleus Collisions (pA)

To find the gluon production cross section in pA one has to
solve the same classical Yang-Mills equations _

D FJ-lV = JJ.1
v

for two sources - proton and nucleus.
.,J::..

~-~-

...wE---

<

nucleus

~

proton

A.H. Mueller, Yu. K' I '98; B. Kopeliovich,
A. Tarasov and A. Schafer, '98;
A. Dumitru, L. McLerran 101.



NontinearE,q".tIDD
At very high energy patton recombinationbecomes.fmpertant.
only split into more partons, but also recombine. Recombination
the number of partons in the wave function.

new parton is emitted as energy increases

it could be emitted off anyone of the N pas-tons

V'l ~I~ -1== =====15-
N par-tons any two partons can recombine into one

8N(x,k
2

) _ a K· . 'X' N(x k 2 ). ..- a [.N(x,k2 )12
- s BFKL '<Y, s

cln(l / x)

Number of parton pairs -- N 2
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Transition to saturation region is

characterized by thesaturati()n sc.ale

/

non-perturbative

~ DGLAP

BK/JIMWLK

as « 1

Q2

II BFKL

I (or pi)

Q; ~ A l / 3 (~JA I

( can be understood
by small coupling methods )

saturation region
Color Glass Condensate
I
I
I
I
f
I
I

v

2
A

OCD

coupling is large)
a ,ow 1

s

region

(not much is known

Saturation physics allows us

to study regions of high

parton density in the small

l o • h Y =In 1/xcoup mg regime, W·- ere

calculations are still

under control!
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Color Glass Condensate
and Glasma

Francois Gelis

IPhT, CEA/Saclay

Abstract

I discuss the main features of the Color Glass Condensate
and of the Glasma in heavy ion collisions. I show how the
glasma classical fields naturally imply long range rapidity
correlations among final state particles. Finally, I discuss the
difficulties in understanding how the hydrodynamical flow
develops from these classical field configurations.

Frangpiat;eli$
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Correlations in rJ and Xl- at Leading Log

• The factorization valid for (TMv) can be extended to
multl-point correlations:

(pL
1
V

1 (T, 7]1, XuJ ... pLnVn (T, 7Jn, XnlJ \LOg =

= J[Dp1 Dp2] W1 [P1] W2 [P2]

X T~1V1(T,i1l-)··· T~nvn(T,XnJ.J

• Note: at Leading Log accuracy, all the rapidity correlations
come from the evolution of the distributions W[P1,2]

[> they are a property of the pre-collision initial state

• This formula predicts long range (flT] r'V 0:;-1) rapidity
correlations for points located at the same impact
parameter
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Glasma flux tubes

- -• The initial chromo-E and B fields form longitudinal
"flux tubes" extending between the projectiles:

• Correlation length in the transverse plane: tsr; IV Q;1

• Correlation length in rapidity: b.7] IV a;1

• The flux tubes fill up the entire volume

FrangoisGelis
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Importance of initial rapidity correlations

tcorrelation < tfreeze out e- ~ ITJA - TJB I

detection

freeze out

latest correlation

------------tlw.._-- ----7- Z
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p

-E

p

E

p

E

E

E

~~:al (0+,1], x) ==

\ TJ-LV (0+,1], x)) ==

• Ideal hydro:

• Glasma:

• If a smooth matching from the Glasma to Hydro is
possible, one should be able to recover the fluid behavior
from classical fields

TJ-LV of the Glasma

............



Hydro behavior in a toy model (1 +0 dim) FrangC)iSGeUs

t--4/3 1111l111l11llll!

TOO /3 •

IT:zzI wlo fluctuations """ .

ITzzl with fluctuations --

20 40 60 80 100 120 140 160 180 200

time

<1>4 potential, longitudinal expansion

10

100

1000Eli "

• Without fluctuations, p oscillates forever
• With fluctuations, p relaxes quickly to E/3

• E and p decrease as 1/74
/

3

c> same behavior as in ideal hydro with EoS E == 3p...

"'"""'"N
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DIS in AdS/eFT
(). C~:) o <) o C) ,() c) ()

.:;rhe~d$t/pg"ti<ttljt"r:e~i!~:r1.;:t~"~~~il(A1?I~a~ena,199
._::,.-:.-.",,-.-..'._,.,,:. ':_. '.::,<..,.,,'::' .:','._ .-';: __~;,-,_:_:-'-; ;..;,:_,- -.. "".2:__-'.- '~',\:., '"""_.-__;"'~ ,:',':;:,:.:.,. ':'.:.':.":':_:: _.,_:<,:-;-,~" :):',_,. :.-'::;:-,'-, >:;.':" ':'...;.;.'.:,.:; -....0" .::- •.' ~- - -::,.,:/::_:::;~-.:,:;: ,: ":"~:::::'_": :_::::-~:::~,,~_. - ,'.:, ;':: :";,')- '~::. ~\-.:;::T':':::"-_:\.-',\<:"; ;:~ :::t,/::~/:c: -", ::<'-::::.::: ..::''::-:", -.;<~:.:: :\.-:::--.L:.::>·' .l. :::''-,:\ :_.: ,::",' :,\':»'- ..' -,-_.:.'":::,,<:, -':., -",',",:,.;_.,'::::::'.-.' -..c.~ r... : ;:>.,:'.:::::"'"':;'

• A 'duality' (equivalence) between 2 very different theories

• A gauge theory (N == 4 SYM) in D == 3 + 1 at strong coupling

• SU(Nc ) , conformal invariance, fixed coupling, no confinement

• A string theory in D == 9 + 1 (AdSs X 3 5
) at weak coupling

" AdS5 : Our physical world (D == 4) x a 'radial' dimension X

• Strong It Hooft coupling: A _ g2N; »1 & g2« 1

" semiclassical limit of the string theory (gravity)

• N == 4 SYM at finite temperature ====? Black Hole in AdS.5

" a Black Hole has entropy and thermal (Hawking) radiation

Saturation, the CGC and Glasma@ RHIC Parton saturation at strong coupling from AdS/CFT



• Virtual photon in 4D ~ Maxwell wave AJ1 in AdSs BH

• DIS cross section ~ absorption of the wave by BH

//
X= i/r / horizon

- /

bulk

Black Hole

~
~
~

~ I /
/

/'

7
=4

boundary
o { H X~ 0 (Minkowski)

x

fJrn (Fflgmn gpqFnq) == 0

Fm n == 8rn A n - 8n A m

e No explicit coupling

• Physical world: X == 0

Black Hole horizon: X == liT

... Maxwell equations in AdS5 BH

,....
Vl

Saturation, the CGCandGfasma@ RHIC Parton saturation at strong coupling from AdS/eFT



DIS kinematics:

.......
0'1

.. Gravitational interactions are proportional to the energy

density in the wave (w) and in the plasma (T)

Q2
X rn and Q » T

2w

• Large wT is tantamount to small Bjorken's x

• Critical ('saturation') value xs(Q) rv ~ «1

• x > X s r'-I T/Q: F2(x , Q 2) ~ 0: no partons!

• x < X s r'-I T/Q: F2(x , Q2) r-;» X N;Q2

.. Consistent with the energy-momentum sum rule:

Jdx F2(x , Q2) ~ [xF2(x, Q2)] _ rv N;T2
X-X s

Saturation. the tGC andGlasma@ RHIC Parton saturation at strong coupling from AdS/eFT



(I All partons branch down to the smallest value of x consistent

with energy conservation ====? no pointlike constituents

Y =In 1/x

...-.:z

p

p/2

p/4

p/8

Total absorption

Parton Saturation _

_ ~nQ:(Y)=2Y

• ----- No partons

Quasi-elastic scattering

In 0 2

• The energy of the plasma is carried mostly by the partons

along the saturation line: .Ts r-v T /Q « 1

Saturation, the CGC and Glasma @RHIC Parton saturation at strong ~oupling from AdS/eFT



Y=ln1/x Y == In 1/x

In A~CD In 0 2

Saturation
'" 2
In 0s(Y) = (Os y

In Q2

No partons

Quasi-elastic scattering

Total absorption

(3·~· ...
• 8:;;

••

Dilute system

DGLAP

»:i BFKL

->.(e_ \~)
'~

.....
00

• Weak coupling: Q;(x) ex 1/xo.3 e Strong coupling: Q;(x) ex l/x

• Q > Qs(x)

• Q < Qs(x)

'leading-twist' pdf

17J rv l/as (CGC)

• Q > Qs(x): no partons

• Q < Qs(x): n r-o 1

Saturation, the CGC and Glasma @ RHIC Parton saturation at strong coupling from AdS/CFT



HERA results and DGLAP evolution:
theory and phenomenology

Stefano Forte

Dipartimento di Fisico, Uniuersiii: di Milano and
INFN, Sezione di Milano,

Via Geloria 16, 1-20133 A1ilano, Italy

Abstract:

I review the current status of the application of linear perturbative QeD evolution to HERA
and Tevatron data and its future use at the LHC. First, I review recent results on small x re­
summation of DGLAP equations and its impact on deep-inelastic scattering: I show that in the
HERA region resummation has a moderate but visible effect, comparable in size to that of next­
to-next-to-leading (NNLO) fixed-order corrections, but with the opposite sign. I then review
recent NLO global parton (PDF) determinations: I show that DIS and hadronic (Tevatron)
data are beautifully consistent with each other, thereby showing that in this kinematic region
there is no evidence in the data for deviations from NLO DGLAP theory, within its expected
accuracy. Finally, I discuss possible evidence for deviations from NLO DGLAP: after showing
that geometric scaling does not provide such evidence, I show that the behaviour of NLO global
fits in their lowest x and Q2 range does provide some evidence in this direction, consistent with
expectations based on perturbative resummation (but perhaps also with saturation). Recent
precise combined HERA data strengthen this conclusion, and suggest that resummation may
be necessary for phenomenology whose accuracy is better than NLO. In summary, I show that
resummation effects are likely to affect HERA phenomenology and perhaps have already been
seen, but their size is comparable to that of NNLO corrections (but with the opposite sign).

19
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SMALL x RESUMMATION: WHERE DO WE STAND?

• SMALL X TERMS IN DGLAP RESUMMED TO ALL ORDERS AT THE LEADING AND
SUBLEADING LEVEL (BFKL 75-76, Fadin-Lipatov 98)

• SMALL X CORRECTIONS TO HARD CROSS SECTIONS KNOWN AT THE LEADING
NONTRIVIAL LEVEL FOR HQ PHOTO- & ELECTROPRODUCTION (Catani, Ciafaloni,
Hautmann, 91; DIS (Catani, Hautmann, 94); HQ HADROPRODUCTION (Ball, K.Ellis,
01); GG-+HIGGS (Marzani, Ball, Del Duca, s.f., Vicini, 08); DRELL-YAN (Marzani,
Ball, 09); ISOLATED PHOTON (Diana, 10)

• 1WO ALTERNATIVE APPROACHES TO DGLAP RESUMMATION:

~ SMALL X RESUMMATION OF DGLAP (Altarelli, Ball, s.f., ABF
~ INCLUSION INTO BFKL OF FIXED-ORDER DGLAP

& SUBSEQUENT NUMERICAL DECONVOLUTION OF RESUMMED DGLAP
SPLITIING FUNCTION (Ciafaloni, Colferai, Salam, CCS)

• STABLE PERTURBATIVE EXPANSION OF THE RESUMMED DGIAP SPLITIING
FUNCTION UP TO NLO WITH nf = 0 (CCS+Stasto 02, ABF 06):

~ DGLAP-BFKL MATCHING THROUGH SUITABLE DOUBLE BFKL+GLAP
EXPANSION (Ball, s.f. 95, ABF 2000)

~ COLLINEAR/ANTICOLLINEAR GLUON EMISSION SYMMETRY (Salam 99)

- RUNNING COUPLING (CCS 99, ABF 01)

• EXTENSION TO HARD COEFFICIENT FUNCTIONS OF SMALL X RUNNING COUPLING
RESUMMATION (Ball 08)

• EXTENSION TO nf i= 0 AND SCHEME-INDEPENDENT MATCHING OF DIS
COEFFICIENT FUNCTIONS AND DGLAP EVOLUTION (ABF 09)

• DIS RESUMMED PHENOMENOLOGY (ABF+Rojo 2010+ in progress)
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THE EFFECT ON PHYSICAL OBSERVABLES

KEEP F2 & F L FIXED AT Qo = 2 GEV
COMPUTE K(Q) - F2ew(x, Q2)/ FrLO(x, Q2); FEew(X, Q2)/FfLO(X, Q2)

~ RESUMMED Qo~1S~ RESUMMED 1\18; x = 10-2
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Q Q

(ABF, 08)

• EFFECT OF RESUMMATION COMPARABLE TO NNLO

• RESUMMED SUPPRESSION DUE TO DIP IN EVOLUTION & PDF SUPPR. LOW SCALE

• SCHEME DEPENDENCE SMALLER THAN FOR PDFs

• EVOLUTION WASHES OUT THE DIFFERENCES



COMPATIBILI1Y:
DIS VS. HADRONIC DATA AGAIN

A SENSITIVE TEST: IS THE IMPACT OF A DATASET INDEP. OF THE DATA IT IS ADDED TO?

.. . TO DIS DATA
ADDING JET DATA...

... TO DIS+DY DATA
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WHAT ABOUT GEOMETRIC SCALING?

l
i 1

0.04f ! \-•.i
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I.

• STRUCTURE FUNCTION DATA SCALE
_ Q22 A

W.R. TO T - Qo (xjXO)
(Stasto, Colec-Hiernat., Kwiecinski, 2001)

• EVIDENCE FOR NONLINEAR EVOLUTION?
(RECOMBINATION, SATURATION, ... )

• DOES DGLAP FAIL?? FOR Q2 ~ 10 GEV2

• BUT DOUBLE-LOG SOLUTION TO LO (LINEAR)
DGLAP C'DAS") ALSO SCALES!
CAN ALSO BE SHOWN ANALYTICALLY

(Caola, s.f., 2008)

• CAN DETERMINE OPTIMAL SCALING
FROM "QUALI1Y FACTOR" ANALYSIS
(Gelis et al., 2007)

~ OBSERVED A AGREES WITH "DAS":
DGLAP PREDICTS GEOMETRIC SCALING
A FINER TEST NEEDED TO REVAL DEVIATIONS
FROM DGLAP!

-- HERAdata j x -<0.11
DAS prediction i

I

-HERAdata

--<"-- DAS prediction
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NEW (COMBINED) HERA DATA
BACKW"ARD EV. VS DATA

DAT /TH DIST: NO CUT DAT /TH DIST: CUT

1.4

1.2

~ 1
C'
II'! 0.8
?i
q, 0.6

~
II.. 0.4

0.2

10'" 10"

- Fit without cuts* Fit with A,,,,= 0.5

• Fit with A~. = 1.5

• Data

10'~
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l'1 ~.5

li 2
:;1.5
C 1

0.5

o

x

• DATA AT LOW X AND Q2 SHOW LESS EVOLUTION THAN PREDICTED BY NLO DGLAP

• BACKWARD EVOLVED FIT LIES SYSTEMATICALLY BELOW DATA
N
.,J:::.. • WITH MORE PRECISE DATA, THE FIT NO LONGER MANAGES TO COMPENSATE BY

READJUSTING THE PDFs: EVEN FULL FIT LIES BELOW DATA

DETERIORATION IN FIT QUALI1Y:

• QUALITY OF CUT FIT INCREASINGLY

POOR AS T DECREASES

• QUALITI OF DETERIO-
RATES IN LOW T REGIONS

]
'-----------------,.---

x 2
VS T SLICES

~
. _ . -

Acut<.1.0
2.5 '\

t~'~--5"2~- fO < Aou1 < 1. 'I

!fr-c~
"". ,.~ '.... . ~ ':'_<A:,<60
'~~ ---~>6.'

0.5

,
I":i



N
Vl

talk by Henri Kowalski,
based

on the H1 and ZEUS Combination paper, JHEP 1001:109,2010
and

the paper with L.N. Lipatov, D.A. Ross and G. Watt
arXiv 1005.0355

Workshop on Saturation, the Color Glass Condensate and Glasma

BNL, 10th of May 2010



I Combining ZEUS and HI F2 data I
l_. . - __~ _~~~__......,-,_ _.~..~ 1

N
0\

H1 and ZEUS collected similar amount of data: 100 pb!
.. improved statistical precision by IV 1/12

Improved systematic precision
HI and ZEUS detectors and data analysis are quite different.
.. The H1 and ZEUS cross-sections have different sensitivities to

similar sources of correlated systematic uncertainties



Combination Method

Swim HI and ZEUS data to the same grid points:

UH1 ( XliI' CfH1 ) ~ (THl (X,Q2) (TZEUS ( XZEUS ' ~ZEUS) -4 a ZEUS (x,Cf')

New measurements are obtained by building the X2 estimate:

Relative stat. / syst. error on the
measurement

Shift of ther source ofcorrelated
uncertainty

(\stat /OUmcor

combinatio.n at POin.t i ~ Measurement at point i
[Estimate of 1 true cross section)

"I

") In' - I i v', n bj j..I J- 1

Y;xp (In, b) = I.
2

; .; . . i.' . i 2 + Ilrj
I (\~Ia{P (171 -l i Y·lJ l b. ) + (()j,uncor 111 ) J

Sensitivity of the cross section to
the lh source of correlated
uncertainty.

yi. defined as the relative change of the
J

measurement for a 1 sigma sh(ft of the
error source

N
.......:J



• 1402 measurements with 110 correlated sources of uncertainty combined to 741
cross sections.

• X2
/ dof =636.5/ 656;No tension in Pulls; Ibjl < 2 ~ HI and ZEUS Agree!

nJ and ZElJS

•
Systematic Uncertainty:

• om LAR -? 0.45 Om l.AR

• 0ZEUS BG ~ 0.35 0ZEUS BC

Overall Precision:
• 20/0 for 3<Q2<SOO GeYl
• 10/0 for 2<Q2<100 GeV2
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Study of the gluon-gluon amplitude
(above the saturation region)

One of the major results from HERA is that, at low x, F2 is dominated by the
gluon density. The study of the gluon dynamics is very interesting because
of its importance to other physics reactions, like Higgs production at LHC,
but also because it is Q fundamental quantity, which is comparable to black
body radiation in QED.

The dynamics of the gluon distribution at low x is determined by the amplitude
for the scattering of Q gluon on a gluon, described by the BFKL eq.

8~sA(s.k, k'} = 6(k2
- k' 2 ) +Jdlqk, q)A(s, q, k

/),

which can be solved in terms of the eigenfunctions of the kernel

Jdk'2K(k,k')L,(k') = ",·fw(k).

in LO
. \ ( 2)iIJ - l / 2 •fw(k) ==A~ . with u.,' == osxo(v) for fixed Os



The BFKL eq., with the fixed as predicts that the rate of rise A is only
slowly varying with Q2 , A -- 0.3 (in NLO). Therefore, the prevailing opinion was
that the BFKL analysis was not applicable to HERA data.

The rate of rise A
F2 -- (I/xr:

First hints that
l can be
substantially
varying with Q2

in BFKL was
given in PL 668
(2008) 51 by
EKR

'~i

• ZEUS
... H1

ZEUS-FPC

- 4-polefit
....... 3-pole fit
.. _.- 1-polefit
"."., 4-pole fit nc

10 1

ci (GeV2
)

Lipatov 86 & EKR 2008: BFKL solutions with the running as are
substantially different from solutions with the fixed as ..

r< U.:J
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Summary of RUffiN BNL workshop

P- and CP-odd effects
in hot and dense matter

April 26-30, 2010
w

w
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What was part of the workshop about?
Reaction Z ,/'

plane '
(\f'Rl\.'

y t,'ie,
X (defines '1'0)

p- and CP-odd
effects might
occur in hot matter

Row to
observe these
effects in data?

w
tv

QeD: Topological charge fluctations

- Quantum tunneling: Instanton, Caloron (finite T. instanton)
Talks by Edvard Shuryak and Pierre van Baal
- Thermal activation: Sphaleron
Talks by Guy Moore, Valery Rubakov and Edvard Shuryak
- In Glasma Talk by Larry McLerran
Topological charge + axial anomaly -> chirality = P- and CP-odd effect

Possible way to observe P- and CP-odd effects: The Chiral Magnetic Effect

\\ r>. 1J U B

~..... ~ )7 ~ @;JI:ft .: i~::: j ll"~.-~,.:.,.:.:, :. -~o
t t ~ (;;:--" ~"" \ --------..... A . .·__·~Iit'

Talk by
Harmen

<,N;)=J::.O /J2\>{J2 ) . xO<...... ',.1 Warringa
Axialanomalv: diiralitv \ z/ 'X.Y' Strong ELVI Fluctuatmgcharge
if quark mass' "" 0 - m~ fieldHIC, asymmeto/
chirnl syrn, restoration rapid fall-off wit. reaction plane



Charge asym. from topology + magnetic field

VJ
VJ

Confirmation from Lattice QCD
Density of the electric charge vs. magnetic field,

3D time slices

Confirmation from analytic studies
• Large axial chemical potential I-Is for some reason

• Leads to a vector current: charge separation

• rr' and TT- would have anticorrelation in momenta

• Some experimental signal?

• Can be explained by j- IJsB Kharzeev, Fukushima,Warringa.
McLerran ...

• Chiral rotation effect:j-lJsW Talk by Dam Son

Chiral magnetic spiral: Talk by Gerald Dunne

Problems with boundary terms in AdS/CFT
Talks by Ho-Ung Yee andAnton Rebhan

Homogeneous color flux
tube +perp. EM mag. field

1 I }••••••+ .... ,:::::: i

Induced
current
over
chirality
vs.
mag field

(= 0.1 .
~=1­e= 10 -----....

.l.------...........l...

b 6 8

IqlBy/lgczl

Talk by Harmen WarringaTalk by Tom Blum

I
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,j
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Talk by Mikhail Polikarpov
Classical instanton (-like solution) Put it all together.
It works...

Charge In top (z- )half of lattice from near-zero-modes.
Dividing in x, Y, or t gives zero, effect flips sign under D., -+ -Dz



Red points:

Charge correlations STAR
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UP Charge Asym. Carrel. Results
STARpreliminary

Important to understand
backgrounds (Talk by
Jinfeng Liao) and relate
different observables

Talk by Fuqiang
Wang
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Contradicts lPVexpectations.
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Charge correlations PHENIX
Two-particle correlation Results MUltl~particlecorrelation Results

Two-particle correlations
consistent with STAR data

0.5-0.5

Data 0-5% O.4<pT<0.7
• unreflecled 0 reflected

Fast Sim (with decay)
a1=0.04

- a1:0.033
a1=0.02

.'......"..:i: ~ .

1.01

1.01

0.995 -1

?HE~~,i Pr-=l:rni;-;;J((

Data 20-30% O.4<pT<0.7
• un reflected 0 reflected

Fast Simulator (with decay)
_.. a1::O.065

a.. - a1::O.055
CJ ...... a1",0.04

11- ..·..·..··

Multi~particle correlation Results
.."_ _._ _ _•... ".._ ,._-

Q.e

°AS
Concave shape validates charge asymmetry w.r.t

the reaction planeIIrrn -7 Note the centrality dependence
JO 20 10

centrality (%)

PHENIXpreliminary
Au+Au 200GaV
'~""c.~,p<: (11= 3.0 - 3.9)

\ PTt' PT' ~ 0.5 - 4.5 (GaYle)

.,\
\ • (+.-1 pair

• \. • (+,+) pair

" ~v," • h-l pair
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PHENIX
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0.0411

0.004
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0.003
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• 1+.-) pair
• (+,+) pair
• h-)pair

centrality (%)
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Signal is sensitive to collision centrality

PHENIX preliminary
Au+Au 200GeV
'~~'Ni~ ~ 1.0 - 2.8)
p-, . p" ~ 0.5 - 4.5 (GeVle)
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Concave shape validates charge
asymmetry W.r.t the reaction plane

0.995 -1

Cp: multi-particle correlation.
Cp is insensitive to jets and flow.

Talks by Roy Lacey



W
0'\

My personal conclusions
- Topological charge fluctuations in the presence of external magnetic
field lead to P- and CP-odd effects which cause electric charge fluctuations
perpendicular to reaction plane. The magnitude is however uncertain.

- The magnetic field is only large at initial time, if the above mechanism
is realized the gIasma is key to its understanding.

- There are also alternative mechanisms for charge fluctuations (Talk
by B. Mueller). Need to quantify them all and come with detailed predictions,
e.g. dependence on energy, species, centrality, rapidity, particle ID, etc.

- Both STAR and PHENIX have observed charge correlations in
azimuthal angle. Evidence for fluctuating charge asymmetries.
Need to understand backgrounds and make all observations consistent.

- In order to explain the source of the observed asymmetries, detailed
quantitative predictions from theory are required, with help of additional
results from experiment.

Talks online: http://quark.phy.bnl.gov/--kharzeevjcpodd
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EXTENDED LONGITUDINAL SCALING:

DIRECT EVIDENCE OF SATURATION

Wit Busza (MIT)

In 1969 Benecke, Chou, Yang and Yen proposed the hypothesis of limiting
fragmentation. It was based on the "two-fireball model" to explain cosmic ray physics
and the "..intuitive picture of a high-energy collision process as two extended objects
going through each other, breaking into fragments ... ". The expectations were that it
would apply to the "fragmentation region" - i.e. within a unit or so of the rapidity of
the projectile or target particle. It is a surprising feature of all the global high energy
multiparticle production data that "limiting fragmentation" seems to apply to almost
the entire longitudinal phase space. It is in fact the dominant longitudinal feature in
high energy multiparticle production and for that reason, when applied to the whole
phase space, has been renamed by PHOBOS as "extended longitudinal scaling".
In this talk I briefly review the existing extensive data on extended longitudinal
scaling in pp, pA and AA col1isions and point out that this phenomenon is a direct
manifestation of some kind of saturation that takes place in the multiparticle
production process. Recent LHC data relevant to extended longitudinal scaling are
shown and discussed.

Wit Busza Glasma workshop BNL May 2010



Direct manifestation of the saturation
of particle production
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Extrapolation of PHOBOS data to LHC energies will almost certainly fail (at least for dn/dn)
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Total charged multiplicity in central (Npa rt = 386) PbPb collisions at {s = 5.5 TeV = 15000 ± 1000

Mid-rapidity dN/dll in central (Npart =386) PbPb collisions at ,JS =5.5 TeV =1200 ± 100

Total charged multiplicity in inelastic pp collisions at ,JS =14 TeV (10 TeV ) =60 ± 10 (56 ± 9)

AuAu Data from PHOBOS, Nuc!. Phys.A757 (2005) 28

Extrapolation: WB J. Phys.G3S, 044040 (2008).

Wit Busza Glasma workshop BNL May 2010
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Multiplicity fluctuations and
Negative binomial distributions

Tomoaki Nakamura - RIKEN
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Clan model varying collision
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A+A collisions exhibit weak
clustering characteristics,
independent of collision energy.
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PHENIX: Phys. Rev. C76, 034903
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Tomoaki Nakamura - RIKEN

• The multiplicity fluctuations have been measured
It may be related the isothermal compressibility in grand
but no critical behavior was seen as a function of the centrality.
• The longitudinal density correlations have been measured via
functional form for pseudorapidity density fluctuations derived in the
Ginzburg-Landau thermodynaical theory. The functional form can
fit NBD k parameters as a function of pseudorapidity window sizes bll not
only for Au+Au 200 GeV but also for Cu+Cu 200 GeV and Au+Au 62.4 GeV.

• The <1; product in the correlation function, which is monotonically related
to susceptibility Xk=O of the system, have been measured as a function of the
number of participant nucleons Npart No critical behavior was seen without
any physical assumptions at the present precision.
• A possible indication of a local maximum is seen at Npart ~ 90
[sn·T--,2.4GeV/(fm-2c)] as compared to the power law baseline only for the

.,...••..........•......I'iiiI........•.........!•A.....•.......•...........•.....·......•......•....i....•.....•.....•......•...........•......•...:....•.....•.....•......:i....•:.....•.....•....•...

u
......•...•.........•....•....•..............•....•...............J.....•.....•....+...•....•.......•.......•...•..•.•....•........•........•.........A....•....•.......•..'....•.....'....•...•.....•........•.................•....•..............u ?.•.......•.•0......•:.••o.........•....G...•.... eV dataset. This m~~ht be a hint to search for the critical.fi!~~~r~tthe QeD phase transition.

.. QHIJ.lNIX~afJTies on to survey the multiplicity fluctuations for further
nl~!~!~~~~i<2lnsystems (5,7, 39 GeV). Now we are taking the data at
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The 2- and 4-particle v2 cumulants have been measured for Au+Au and
Cu+Cu collisions at 62.4 and 200 GeV

We used the difference V2
2{2}-V

2
2{4} to test models of the initial

eccentricity (the difference is a measurement not an error)

MCG models predict larger eccentricity fluctuations in central Au+Au
collisions leaving little room for non-flow effects while the fKLN-CGC
model is well within the range allowed by 0tot

Above dN/dll-200j v2 scales with fKLN-CGC eccentricity but not MCG-N
eccentricity



STAR Data at 2 Energies and 2 Systems

Q-Cumulants
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v2{2} and v2{4} have been measured by STAR for Au+Au and
Cu+Cu collisions at 62.4 and 200 GeV

Direct Q-cumulant calculation is used Priv. Com.: Voloshin, Bilandzic, Snellings

We will study 0tot2 =v2{2}2- v2{4}2



The total width Cltot
2 =v2{2}2- v2{4}2
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Width scales smoothly from Cu+Cu toAu+Au when plotted vs dN/d'1

Width scaled by dN/d'1 increases with centrality (violating a simple
linear superposition model for correlations).



Comparison of models to O'tot
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For central 200 GeV Au+Au collisions, the width expected from MCG-N
eccentricity fluctuations nearly exceeds the total width of data

MCG-Q and fKLN-CGC remain smaller and consistent with 02>0



The remaining width
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fKLN-CGC oIe leaves room for increasing 02 with centrality:

o, and E calculations can be supplemented with predictions
for 02 to check for consistency



v2/E Scaling
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For the MCG-N model, v2/£ rises continuously

No indication of a saturation at a hydro-limit

For the fKLN-CGC model, V2/E rises then saturates

For dNch/dll > 250, v2 scales with £



Limiting fragmentation in hadronic collisions

Anna Stasto
Penn State University & RBRC & INP Krakow

IvIay 11, 2010

I discuss the limiting fragmentation phenomenon in the collisions of two hadrons at
high energy. After a brief motivation and discussion of the original idea by Benecke et
al, I present a microscopic derivation of the limiting fragmentation within the Color Glass
Condensate model. The theoretical calculations are shown to describe the experimental
data on rapidity distributions from RHIC quite well both in proton-proton collisions and
in nucleus - nucleus collisions. I present the extrapolations for the LHC and discuss the
limitations and possible issues at higher energies.
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Hypothesis of limiting fragmentation

Benecke, Chou, Yang, Yen:

.. For very high energy collisions in the lab system (target at rest) or
a projectile system (projectile at rest) some of the outgoing
particles approach limiting distributions.

.. The limiting distributions represent the broken-up fragments of the
target. The fragments of the projectile move with increasing
velocity as yS -+ 00 (in the lab frame) and do not contribute to the
limiting fragmentation. To study these fragments one has to go to
the projectile system.

.. In the laboratory frame the incoming particle is a Lorentz
contracted system which passes through the target. The excitation
of the target may cause a break up of the target.

Limiting fragmentation, May 10,2010
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Qualitative analysis

When Xl »X2 (or X2 »XI) we have separation of integrals in kT space:

dN rv / dZPzT rfJB(XZ, IPrl) / dZkTrfJA(Xj, IkTI)
dy . PT '

.. Integral over projectile density constant: J d
2gT cjJB(X2, jPTI) == const.
PT

.. Integral over target density:

jQS(X2) dZkT rfJA (Xl, IkTI) = xI!(XI, Qs(XZ))

Integrated parton density at large values of Xl :

Xl!(Xl, Qs(X2)) ==Xl.f(Xl)

shows Xl (Bjorken) scaling.

Limiting fragmentation, May 10,2010



Proton-antiproton and AuAu(central) collisions

Gelis, Venugopalan, A.S.

proton-proton: Gold-Gold central:
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.II Small violations of limiting fragmentation scaling due to the fact that
in some models we do not have approximately scaling of Xl!(Xl).

, Additional uncertaintes due to y ~ 11 change and fragmentation
functions.

Limiting fragmentation, May 10,2010



Extrapolation to LHC

pp collisions: AuAu central collisions:
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Still there are many parameters: a lot of uncertainty in the predictions.
Some models give violations of limiting fragmentation. For example
McLerran-Venugopalan input cjJA(Xl,kT) at large Xl has too large tail in kT·

Limiting fragmentation scaling is related to Xl scaling at large Xl·
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Limiting fragmentation, May 10,2010



0...o

Conclusions:

• Factorization of parton distributions in target and projectile at large
rapidities.

.. The multiplicity distribution is directly proportional to the parton
density in the target (i.e. gluon and quark density at large x) which
is independent of the scales in the process, and consequently of
the total c.m.s energy in the process.

.. These models imply that the limiting fragmentation arises because
the rapidity distribution of the produced particles is determined
early in the scattering process, essentially by the form of the initial
states.

.. Caution: model has a lot of assumptions (factorization,
extrapolation into soft region, parton-hadron duality, relatively large
number of free parameters)

.. Outlook: do we have limiting fragmentation at 7 TeV at LHC?
Where does it break down?

Limiting fragmentation, May 10,2010
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Adrian Dumitru
. RIKEN-BNL and Baruch College/CUNY

• non-trivial QCD dynamics determines initial conditions for
hydro:

+v2/£ versus centrality (deviation from conform.)

• RQ
AA

• initial state also seen via "topological structures" / flux tubes /
long-range correl. which survive hydro evolution

+ confirmation from pp @ LHC would improve our
understanding
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Drescher and Nara:
nucl-th/0611017
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Noronha, Gyulassy, Torrieri arXiv:0906.4099

AdS Holography: Test of Consistency of Soft + Hard observables
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exciting discovery by STAR: long-range
rapidity correlations at RHIC !

STAR (arXiv:0909.0191)

Au-Au central
3<pttri9<4 GeV/c
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EPOS string model

K. Werner et aI, arXiv:l004.0805

But, two-particle production
diagrams Nc-suppressed:

A.D., Gelis, McLerran,
Venugopalan: 0804.3858
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z2,Q- k4

B
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p, YP xl, k2

Q1Yq

Xl, kl

X2,P ~ kl x2,P - k2'

Z11 k3

/2'2, q - k3

genuine B-JIMWLK terms
from THIS diagram:

0"1
0"1 B-JIMWLK four-point function (in Gaussian

approximation), incl. "Nc corrections":

(papbpcpd) = Sabscd (p2/ +~ jabejcdeF(ki ) (p2)2 + ...
N c A.D.,j.jalilian-Marian,

arXiv:lOOl.4820

*" ridge in pp (or very periph. AA) @ LHC ?!



Anomalous Transport Processes in Turbulent Nonabelian Plasmas

Masayuki Asakawa,1 Steffen A. Bass,2 and Berndt Muller2, 3

1Department of Physics, Osaka University, Toyonaka 560-0043, Japan
.~ Department of Physics, D'uke University, Durham, NC 27708, USA

3 Center for Theoretical 8 Mathematical Sciences, Duke University, Durham, NC 27708, USA

Turbulent color fields, which can arise in the early and late stages of relativistic heavy ion collisions,
may contribute significantly to the transport processes in the matter created in these collisions. \Ve
review the theory of these anomalous transport processes and discuss their possible phenomenology
in the glasma and quasi-stationary expanding quark-gluon plasma.

The theory of perturbative saturation of strong glue
fields (the "color glass condensate") in fast moving nu­
clei provides compelling reasons to believe that the pre­
equilibrium stage of nuclear collisions at high energy is
governed by the nonlinear dynamics of color fields at
moderate coupling Cl:s(Q;), where Q" .~ 1 - 2 GeV is
the nuclear saturation scale [I]. Recent improved simula­
tions of lattice QCD have also shown strong evidence that
QeD matter at thermal equilibrium (the quark-gluon
plasma) has a quasiparticle structure at temperatures as
low as 250 MeV [2]. This suggests that the matter cre­
ated in heavy ion collisions at top RHIC energy is not as
strongly coupled as many aspects of the phenomenology
of these reactions (the near maximal elliptic flow and the
strong jet quenching) indicate [3J.

It is thus worthwhile asking the questions whether the
extreme opaqueness of the quark-gluon plasma observed
in the R.HIC experiments ca.n be explained without in­
voking a super-strong coupling? In this lecture, we argue
that the answer may lie in the peculiar transport prop­
erties of turbulent (rionabelian) plasmas"

exhibit a power-law spectrum.

As we have shown [4, 5], soft color fields generate anoma­
lous transport coefficients which may dominate the trans­
port properties of the plasma at weak and moderately
weak coupling. The two most relevant transport coeffi­
cients are the shear viscosity 1')and the jet quenching pa­
rameter q. The latter is proportional to the mean squared
momentum per unit length imparted by the turbulent
fields OIl a.n energetic parton; the former is inversely pro­
portional to the same quantity (for partons of "average"
momentum). In a quasi-thermal medium, this results in
the relationship rJ!,'; ~ T 3 jq [6J.

For an expanding equilibrated quark-gluon plasma, the
anomalous shear viscosity can be shown to dominate over
the collisional shear viscosity in the weak coupling limit,
for a fixed velocity gradient. The absolute values arc not
known, because the momentum diffusion constant

has not been numerically evaluated as a function of the
momentum anisotropy of the turbulent plasma. In the
glasma phase, the jet quenching parameter is of order

which is in reasonable agreement with experimentally de­
duced values of qextrapolated to early times. More accu­
rate determinations of the momentum diffusion constant
in the glasma. phase by numerical simulations of the non­
linear color field dynamics [7, 8] would be of interest.

• The term plasma turbulence describes a random,
non-thermal pattern of excitation of coherent field
modes in a plasma with a power spectrum similar
to the that of vorticities in a turbulent fluid: the
phenomenon is often caused by plasma instabilities.

• Strong color fields in the early qlastna are known to
exhibit chromo-electric (Sauter-type) and chromo­
magnetic (Nielsen-Olesen-type] instabilities that
create turbulent color fields.

• Weibel-type instabilities arise naturally in expand­
ing near-equilibrium plasmas with an anisotropic
momentum distribution and have been shown to

3 2/A() Q s lOGeV .. fmqr ~-'-~ .
~ QsT ~~ Q$T ' (2)
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Anomalous viscosity

0'\
00

Classical expression for shear viscosity:

11 ~tnpAf

Momentum change in one coherent domain:

I1p ~ gQaB'r;

r \ I1p

Anomalous mean free path in medium:

(

-2 ) -2A(A) ~ r p z P
f 111 . (l1p f g2Q2 (B2)rm

Anomalous viscosity due to random color fields:
-3 9 t'np -s

llA ~ 3 2Q2 (B 2 ) r z 2Q~ (B 2 ). g m g ~

Tuesday, May 11,2010



Anomalous q-hat

0'\
\0

Jet quenching parameter:

(~ 2 (q= PT L))
L

Momentum change in one coherent domain:

~PT =gQaB:rm

Anomalous jet quenching parameter:

qA = (!J.pn = lQ2(B1)r
m

f,n

r \!1p

Relation to anomalous shear viscosity:

1JA T
3

-~­
A

S qA

Tuesday, May 11,2010

Special case of general relation
between 11/S and qA (A. Majumder,
8M & Wang, PRL 99,192301 ('07).
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I Turbulence {:} p-Diffusion

Vlasov-Boltzmann transport of thermal partons:

[:t + ;, .v.>r»; ]f(r,p,t)=C[f]
with Lorentz force

F == gQa (E Q + vXB Q

)

Assuming E, B random ==> Fokker-Planck eq:

[~ +L . V -. 0. ]fcr p t)==C[f]a E
r n I) » r:»t ' .

p

with diffusion coefficient
t

( ) == f dt '(F; (rCt '), t ') ~j (r, t )).

Tuesday, May 11, 2010

E Q B Q,

r(t) = r

Diffusion is dominated by

chromo-magnetic fields:

fdt'(B(t')B(t)) =(B
2 /'C m

I



Weibel regime

[:t +~ .V,-Vp.~(p).vp]l(r,p,t)=C[lJ with p/Take moments of

-......l
..........

2 (B 2 \'t 4 1 -1 1 1
!=O(l) r:c g / m +O(1O-2)g ~g =_+_
11 N c -1 sT T 11 A 11c

Self-consistency 111 T

I !> -:- - g31V'ul
1/2

compare with
1Je 1--s g41n g- l

I Anomalous shear viscosity dominates over collisional shear viscosity

I t at fixed 'i7u in the limit 9 -+ o. I I

Tuesday, May 11, 2010



-.....l
tv

Glasma regime

In the glasma, most of the energy density is in the form of color fields:

Anomalous transport dominates over Boltzmann (collision) transport.

2 <XI (N2_ 1)Q2 C
~ Nc -1 fd sf() ~ c s .~

1JA 2 2 (2 2 \ P P P C 2157l' C2g 0 + (B J'Tm 0 2g t: cfield

Anomalous jet quenching:

A C2g
2
(0

2 + (jJ2 )'rm ~ g2cfield ~ Q,: ~ 10 GeV2/fm

qA ~ N 2 _ 1 ~ Q ~ (Q r) ~ Q t
c s s s

In line with estimates of qA,- 2 - 4 GeV2/fm from fits to data.

Tuesday, May 11, 2010



R.P.G.Andrade1, F.Grassi1 , Y.Hama1, W.L.Qian1

"lnsntuto de Fisica, Universidade de Sao Paulo, Brazil
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Phys. Rev. Lett. 103, 242301 (2009), arXiv:0911.0811 and
0912.0703

only midrapidity variables at RHIC (private communication)

K.Werner et al. ArXiv:1004.0805
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*' Initial conditions have tubular structures,

*', two particle correlations exhibit nearand away-side ridges,

*' double check: use of two different methods for V2

subtraction (ZYAM+ event plane alignment).

eta e O

NeXSPheRIO central collisions Au+Au at 200 GeV A (2.5 GeV x 1.5 GeV).
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Data bySTAR (PRL 102(2009) 052302) and PHENIX (NPA783
(2001) 519\.
~ fhenry: one

OneTuboModoI

pl12l,aw)

~3
2

·1'--------~~

-1 Q 1 2 3 4 5 6

~\ 11
1" ,
: I.

.....•..•.• r: . i..............................•...........I '.'

I'J'.

Other models: Mach cone (Renk&Ruppert PRC76 (2007)
014908), AMPT (G.L.Ma et al. PLB647(2006) 122), etc, have
similar "off diagonal" predictions.
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Lanny Ray
The University of Texas at Austin

Austin, Texas

The Ridge(s) in STAR
Saturation, the CGC and Glasma Workshop, BNL May 10-12,2010

Extended two-particle correlations on relative pseudorapidity (11) and at small relative azimuthal
angle (<!», the so-called ridge, have been observed by the STAR experiment in Au-Au and Cu-Cu
collisions at 62 and 200 GeV using tagged ("trigger") - associated particle pairs and using all
particle pairs, i.e. no trigger particle. A unified view of the various correlation analyses is afforded
by considering where the selected particles are in 2D transverse momentum space. The 2D relative
11,~ correlations using all particles with Pt > 0.15 GeVIc show that the same-side amplitude and 11
elongation display an unexpected centrality trend which exceeds binary scaling expectations and
which appears to begin at a common initial state condition based on the initial overlap density and
effective cross section. An equally significant away-side ridge exists which follows the same-side
ridge amplitude and which exceeds that expected from global Pt conservation. Analysis of the Pt
dependence indicates that the 11 elongated ridge diminishes above about 4 GeVIe, above which the
pQCD expected jet correlation peak becomes apparent. At the higher Pt range studied the ratio of
jet-to-ridge yields is approximately independent of collision energy (62 and 200 GeV). A summary
of the experimental constraints which theorists must keep in mind before offering explanations for
these phenomena and some further theoretical implications of these data will be discussed.



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

200 GeV Au-Au data

Analyzed 12M minbias 200 GeV Au+Au events;
included all tracks with Pt > 0.15 GeV/c, Illi < 1, full <p

74-84%

1'-5 2

,:;-,,",,'0 )

5-9%

STAR Preliminary
We observe the evolution of several correlation
structures including the same-side low Pt ridge

Similar analysis was done for minbias Au-Au at 62 GeV and Cu-Cu at 62 and 200 GeV
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From 1vf. Daugheritys Ph.D Thesis (2008)



Fits to 62 & 200 GeV Au-Au data
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Gaussian Phi Width 62 GeV

Gaussian Phi Width 200 GeV

phi 'narrowing
STAR Preliminary

phi narrowing
STAR Preliminary
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Jet/Ridge 62 vs. 200 GeV in Au-Au, Cu-Cu
3.0 GeV/c < pligger 6.0 GeV/c; 1.5 GeV/c < p/ssociated < PTtrigger
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• Jet yield smaller at 62 GeV, consistent with pQCD

• Ridge/Jet ratio comparable in 62 and 200 GeV

- ridge properties related to jet/pQCD?

• Are we seeing vacuum fragmentation after energy

loss on the same-side in central Au-Au with the lost

energy deposited in the ridge?
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Theoretical models of same-side ridge
- initial fluctuations + radial flow

00
~

~ Voloshin, Nuc!. Phys. A749, 287c (2005);
Shuryak, Phys. Rev. C76, 047901 (2007)­
beam-jet fragments pushed out by radial flow.

;, Dumitru, Gelis, McLerran, Venugopalan,
arXiv:0804.3858[hep-ph] -
glasma flux tubes pushed out by radial flow.

~ S. Gavin,Phys. Rev. Lett. 97, 162302(2006)­
initial state energy fluctuations spread along 11
by shear viscosity; pushed out by radial flow.

u(z,t) ~Vr--<Vc)

These fail to predict
the growth of the
away-side ridge.

Two-particle
(ytl,yt2)

correlations
on both the same
and away-sides?
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Studying the Medium Response
by Two Particle Correlations

John Chin-Hao Chen (for PHENIX Collaboration)
Department of Physics and Astronomy

Stony Brook University

We present two dimensional ~!l-~~ inclusive photon-charged hadron
correlations measured by the PHENIX experiment. Jet-like correlations are
modified in central Au+Au compared to p+p, in both the trigger jet and
opposing jet. The trigger jet is elongated in pseudo-rapidity (the" ridge"),
while the opposing jet shows a double peak structure ("head" and
"shoulder"). We decompose the structures by fitting the ~11 and ~~
correlations to disentangle contributions from the medium and the punch­
through and trigger jets. The ridge exists for associated particle pT below 3
GeV/c; it is broad in rapidity and narrow in ~~. The yield of the ridge closely
resembles the shoulder in the centrality dependence of particle yield and
spectra.

ST_lNY~
BRt\~_Kp.H::?}¥:ENIX
UNIVERSITY· 7j\ .....



2-D ~ll-~<I> correlations

Both near and away side
are modified!

Central Au+Au
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Is Ridge similar to bulk?

Ratio
= ridge /(Comb. BG. in nearside)
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Shoulder & ridge PT spectra vs. P+P
U 0.6
s
cu ~ • Both are softer than

hard scattering.

• Shoulder not quite .
as soft as inclusive
hadrons

• Ridge harder than
shoulder?

300 400
Npart

• ridge

• shoulder
A pp, near
, pp!away

- inc. hadron

200100
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~=200GeV
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Where does the momentum go?
PT ratio{~17)
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Summary

• Ridge and shoulder are:
- Similar in yields
- Similar in inverse slope (ridge is harder)
- Softer than hard scattering
- Harder than inclusive hadron
- Different in reaction plane dependence

• The momentum sum of head and shoulder scales
with nearside in central ~11 region

• The pT carried by ridge scales with the pT carried
by shoulder
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Long-range correlations in PHOBOS

Wei Li (for the PHOSOS collaboration)
Massachusetts Institute of Technology

The PHOSOS detector at RHIC has a uniquely-large angular coverage for charged
particles, which allows for the study of correlations over a very wide pseudorapidity
interval. These studies can address critical issues in all different stages of the
system evolution: initial state, jet interactions with thermalized medium and final­
state hadronization. The inclusive two-particle correlations in A+A collisions suggest
that particles are produced in very large clusters at the hadronization stage,which
are wider in pseudorapidity than the limit expected for isotropic decays. In the
analysis of correlations with a hiqh-p, trigger particle (p- > 2.5 GeV/c), a ridge
extending at least 4 units of pseudorapidity was found. The ridge and broad away­
side features observed in data could be explained by the concept of triangular flow
induced by the triangular anisotropy of the fluctuating initial nuclear overlap
geometry. Furthermore, an analysis method using two-particle correlations is
introduced to measure non-flow correlations, relying on the assumption that non-flow
correlations are most prominent at short ranges (Ifll<2). It provides a better constraint
on the measured upper limit of the relative event-by-event elliptic flow fluctuation.



~@S Inclusive two-particle correlations Illii
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in A+A collisions a clear trace of elliptic flow is visible

Woi Li. 1\;1IT



~ Clusters in HI collisions Illii

Phys. Rev.C81(2010)024904
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Cu+Cu __

Au+Au _

• Cluster size is large: 8v

(up to 6 charged particles ~~ 6
~

- much more than predicted
from known resonances) 4

• Cluster width exceeds that 2
for isotropic decay at rest (-0.9)

• Cluster size and width very
\0 similar at the same centrality, s 1.5w

defined as the same fraction
~

r..o
of cross section. 1

Note: extrapolated to
full phase space

0.5The geometry of the interaction
area determines the
properties of hadronization?

• PHOBOS Au+Au 200 GeV
• PHOBOS Cu+Cu 200 GeV
-- AMPT Au+Au 200 GaV
.......... AMPT Cu+Cu 200 GeV

PHOBOS p+p 200 GeV
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1ft~~ Separate non-flow correlations IIIii
• Flow is long range in 11, correlating all particle via impact parameter b

• Non-flow is dominated by short-range correlations (small L111)

Study v~ (111' 1J2) =< cos(2~cjJ)> (111,112 )

v;(rlI, 112) - vft (111) x vft (112) = b(111,112)
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~~ High PT triggered correlations Illii
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~'t~ Ridge and triangular flow Illii
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Initial geometry fluctuations and triangular flow

Burak Alver, Gunther Roland
Massachusetts Institute of Technology

arXiv: 1003.0194, PRe (in press)
We introduce the concepts of participant triangularity and triangular flow in

heavy-ion collisions, analogous to the definitions of participant eccentricity and
elliptic flow. The participant triangularity characterizes the triangular anisotropy

of the initial nuclear overlap geometry and arises from event-by-event
fluctuations in the participant-nucleon collision points. In studies using a multi­

phase transport model (AMPT), a triangular flow signal is observed that is
proportional to the participant triangularity and corresponds to a large third

Fourier coefficient in two-particle azimuthal correlation functions. Using two-
particle azimuthal correlations at large pseudorapidity separations measured by
the PHOBOS and STAR experiments, we show that this Fourier component is
also present in data. Ratios of the second and third Fourier coefficients in data
exhibit similar trends as a function of centrality and transverse momentum as in

AMPT calculations. These findings suggest a significant contribution of
triangular flow to the ridge and broad away-side features observed in data.
Triangular flow provides a new handle on the initial collision geometry and

collective expansion dynamics in heavy-ion collisions.



Participant triang ularity
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Correlations at large Afl
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Triangular flow in AMPT
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Flow and correlations in AMPT
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Triangular flow in data

PHOSOS STAR

(b)

¥STAR 1.2<1~111<1.9 1111<1.5 Like-signed
---STAR 1.2<1~11!<1.9 1111<1.5 Unlike-signed
):J. AMPT 1.2<I~l1j<2.0 1111<1.5 •

/' ~

,/ .I;!.

.. J:l.

/~~1;!.
" ~

,,' ~)j..

•••••• ):J.~>'
•••• )j..):J.

**~1"J.iJ#1,f.}j.)j.f-):J.iJ.~)j..
0.2

0.6

>;3

- 0.4
~

>
-

(a)
1

300a 100 200

Npart

nC+ 0°°-

0.21- 0

0

0
nO 0

0* 0

0

88
0 i O O . o o o n o O D 000 +

8 oiooioooloooo~O
I , , " I

<l
C')

>
- 0.4~

• PHOSOS -4 < IlI1 <-2 I O:Tjlf'~<1.5' p~ng;2.5
o AMPT -4 < IlTj <-2 O<lllfi9<1.5 p~'9>2.5 ~

0.61- PHOSOS 2 <1.1.11]< 4 1111<3 ¢ ¢
;3 ~ 0 AMPT 2 <IMll< 4 1111<3> 0

~

o
N

STAR arXiv:0806.0513

PHOSOS PRC 81, 024904 (2010)

PHOSOS PRL 104, 06230 (2010)



~R

I---"

ow

Three-particle pseudorapidity
correlations in STAR

Pawan Kumar Netrakanti
Purdue University

(For STAR Collaboration)

We report the first three-particle correlation measurements in pseudorapicltyicn)
between a high transverse momentum (PT) trigger particle (3<PTTrigGeV/c) and two
lower PT associated particles (1 <PTAssoc<3 GeV/c) within azimuth
1~<p1<0.7 in -VSNN = 200 GeV d+Au and Au+Au collisions. Charge ordering
Properties are exploited to separate the jet-like component and the ridge (long-range
All correlations). We found that the same-sign associated pairs correlated to the
same-sign trigger particle are dominated by ridge particles.
The results indicate that the correlation of ridge particles are uniform not only with
respect to the trigger particle but also between themselves event-by-event. In
addition, the production of the ridge appears to be uncorrelated to the presence of the
narrow jet-like component.

Ref: 8.1. Abelev (STAR Collaboration) arXiv: 0912.3977

5/11/2010
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Theoretical model expectations
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1)In medium radiation +
longitudinal flow push
N.Armesto et.al Phys.Rev.Lett.
93(2004) 242301
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4) Momentum Kick

6) Glasma Flux tube 1.5

A. Dumitru et. al Nucl. Phys. A 810, 91 (20q~)

K. Dusling et. al Nucl. Phys. A 828, 161 o~
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Can we distinguish between these physics interpretations?

-7 3-particle correlation in 11
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Average pair densities
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Radial and Angular dependence
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Data and Models
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5) Transverse flow boost
Model: Uniform, Jet-ridge cross pairs
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-the ridges: not just radial flow but necessarily (quite
robust) flux tubes!
•"tomography" (v2) of the jet quenching shows that it
happens mostly near Tc
• "magnetic" (color monopole) plasma near Tc is the key
explaination. It stems from the deconfinement!
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Three main
observations
from jet
correlations may
be explained by:

• "" cone" on the away side
=> hydro flow

(H.Stoecker,J.Casalderrey+ES, 2005)

• "Hard ridge" => forward­
backward bremmstrahlung
cones kicked out by hydro
radial flow (4 jets!)

(Shuryak 0706.3531, PRC76)

• "" Soft ridge" => initial
stage fluctuation of the
color changes, also
carried by flow
(Dumitru,Gelis,McLerran,Venugopalan,
0804.3858, Gavin et al 0806.4718)



Jo--"

Jo--"

Jo--"

PHYSICAL REVIEW C 80, 054908 (2009)

Fate of the initial state perturbations in heavy ion collisions

Edward Shuryak
Department ofPhysics and Astronomy, State University ofNew York, Stony Brook, New York 11794, USA

(Received 20 July 2009; revised manuscript received 14 October 2009; published 13 November 2009)

Naively, "spots" should excite a wave and get
expanded to a spherical (or conical, or cylindrical)
wave

Like in the case of stone thrown into the pond,
nothing is left at the original position: so how can
they be observed?
Its size =>the sound horizon => is comparable to
fireball size 6-8 fm/c Rh = IT! dTCs(T)
And thus large angular size 10

If one wants to get large radial flow, one has to
wait the time needed for it to develop. The sound

speed during this time creates large rings.
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Can we restrict its size (at
freezeout) from the data?

• This is how
azimuthal
distribution
would look

like:

• comparing
with data, we
concllude

2

41

FIG. 5. (Color online) Dependence of the visible distribution in
the azimuthal angle on the width of the (semijcircle at the time of
freeze-out. Six curves, from the most narrow to the widest ones,
correspond to the radius of the circle of 1, 2, 3, 4, 5, and 6 fm,
respectively. The original spot position is se1ec1ed [0 be allie @ge or
the nuclei. The distribution is calculated for a particle of P, = I Ge V
and fixed freeze-out Tf = 165MeV.

R(rfreeze-out) < 3 fm. or so.



" Predictions for energy dependence: ridges

RHIC/S == 200GeV

sVS == lOGeV

As energy decreases, M phase
Goes inside the fireball =>
Much smaller radial flow =>
Disappearance of the ridge
at fixed matter density
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FIG. 3; (color online) Comparison between V2 experimental
data and V2 calculated from our models, see text.
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Transverse Flow =:} Near-Side <p Peak

bulk correlations - longitudinal
string fragmentation

string position r

~

~

0'\

transverse boost
thermalization and flow

v ~Ar
t

flow => narrow
opening angle

ilEfl .~ V [v ~ (Ar)-l
'r th t .

~cj>

~

"
Voloshin; Pruneau, Gavin, Voloshin;
Gavin, Moschelli, McLerran; Shuryak;
Mocsy & Sorenson



Flux Tubes in Glasma

NFT flux tubes

gluon rapidity
density

dN = gluons X (N
FT

) oc a.;I(Q..)(N
FT

)
dy ",--_1_ -

......

......
--....l

fluctuations in the
number of flux tubes

long range glasma fluctuations

Dumitru, Gelis, McLerran & Venugopalan;
SG, McLerran & Moschelli

Var(N) - (N) 1
£= 0<:--

(N)2 (Np T )



Glasma+ Blast Wave ~ Ridge Height

pair correlation function -- Cooper Frye freeze out

op =pairs - (singles)" oc JJ
freezeout sutface

f (PI ,Xl) f(P2 ,X2 ) C(XI ,X2)

Au+Au 62 GeV

Au+Au 200 GeV..........
..........
00

• blast wave --7 f (P,X)

• scale factor to fit 200 GeV only

• Glasma energy dependence

R,dN/dyoc a;l(Qs)

lip

fP

Glasma Qs dependence: 200 GeV
Au+Au ==} 62 GeV, Cu+Cu

wounded nucleon model (dashed) fails

STAR Data, J.Phys. G35 (2008) 104090

SG, McLerran, Moschelli et al. PRe 79 (2009) 051902
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Peak Amplitude of the Soft Ridge
STAR data, preliminary

Moschelli & SG
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3.5

flow + jets

2.5 3

Ptmin

1.5 20.5 1

G. Moschelli & SG, Nucl. Phys. A836 (2010) 43
1 r-c------------------,

Ridge: from Soft to Hard
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• Hard: Jets + quenching

• Bulk: Glasma + flow

• Bulk - Hard correlations

Jet quenchinq .» near side bias
Shuryak, Phys Rev C76, 047901,2007

hard ridge:
0.012fs-T-AR-,-PR-C-,8~, 1064912 (2009) 1

yield,Ol .Y'\ I

:::::~ I •

O'OM~
0.002'

.......
tv
o



Forward-Backward Multiplicity
Correlations at 8TAR

Michael Skoby

Purdue University

for the STAR Collaboration

Long-Range Forward-Backward multiplicity correlations (LRC) may be a signal
for multiple partonic interactions in dense matter. Strong LRC have been
measured at STAR in 200 GeV central Au+Au collisions, and were shown to
decrease with decreasing centrality. The forward-backward correlation is
studied with respect to its particle species dependence (pions, kaons, protons),
and is measured as a function of rapidity. The Color Glass Condensate model,
which describes sources as longitudinal flux tubes, predicts that the correlation
will grow with centrality. Fluctuations in the number of gluons at early times will
produce a LRC larger for pions than baryons. Pions and (anti)protons are
identified at STAR by measuring their average energy loss. Preliminary results
of the measured correlation are presented for pions, kaons, and protons.
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.JL
'tST.AR
~ Introduction

• Long-range (rapidity separation> 1) multiplicity
correlations (LRC) are predicted in high-energy nucleon­
nucleon collisions by the Dual Parton Model (DPM) and
in nucleus-nucleus collisions by DPM and the Color
Glass Condensate (CGC) picture

• Strong LRC using inclusive charged particles have been
recently measured in the STAR TPC (e. I. Abelev et al. (STAR

Collaboration), Phys. Rev. Lett. 103, 172301 (2009). )

• Multiplicity correlations across different rapidity regions
indicate the occurrence of partonic interactions

May 11, 2010 RBRC Workshop at BNL

122



-IL
')STAR
~ Forward-Backward

Multiplicity Correlations
• As seen previously in hadron-hadron experiments, the

average multiplicity of particles in the backward region
can be related to the multiplicity in the forward region

• Appling a linear regression one can obtain the
correlation strength b

May 11,2010 RBRC Workshop at BNL
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b is flat in central Au+Au but
decreases with ~ll in p+p
collisions

-LRC ~1l>1, short-range ~1l<1

-Stronq LRC in central collisions

-Au+Au and pp at 200 GeV

-All charged hadrons

-0.15 > PT > 1.2 GeV/c

crt
zoe contra!
~ 0·10%

Centrality Dependence of
Au+Au LRC(a)

I : ! :

(b) AU+Au

m i
10-20%

m i ~ l!l ~ ID ~
~ iii 20-30%

~ It! iii l!] iI
~i i ill Ii i

30-40%

~
Ii iI w

I Ii!

50-80%~ ,
I i 40-50% ~

i i
(c)

p+p

Ii ,
Itl , ,

liI i1 , Ii

0.5 1 1.5

j.1l

B. I. Abelev et at. (STAR Collaboration), Phys.
Rev. Lett. 103, 172301 (2009).

May 11, 2010 RBRC Workshop at BNL
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FB Correlation Strength b
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-IL'lX!AR
Conclusions

• Strong LRC for inclusive charged hadrons in central Au+Au collisions
indicate the occurrence of multiple partonic interactions, and decrease with
decreasing centrality

• Preliminary measurements show a strong, uniform LRC across ~y for pions
in central Au+Au collisions at 200 GeV, which decreases from central to
peripheral coliisions

• The small short-range correlation for kaons and (anti)protons, compared to
pions, suggests the LRC will also be small for these species

• CGC predicts that the LRC seen for pions is primarily due to the fluctuation
in the number of gluons, and can only be created at early times

• The baryon correlation should not grow with increasing centrality in CGC,
but we see an increase in the (anti)proton correlation from 10-20% to 0­
10%

•

• Future measurements of correlations at high PT for inclusive charged
hadrons may not have such a large correlation for central collisions as
contributions from baryons at higher PT increase in the CGC picture

May 11,2010 RBRC Workshop at BNL
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Multiplicity distributions and long range rapidity correlations
T. Lappi

University of Jyvaskyla, Finland

We review the recent progress in computing multigluon correlations in
the glasma. We argue that multigluon correlations are in some sense easier
to compute in the strong field limit than in dilute systems [1J.

The eGe naturally produces a negative binomial multiplicity distribu­
tion for gluons [2J. This is consistent with the earlier experimental observa­
tions with the exception that we expect the "k" parameter in the distribution
to increase with JSat higher energies, while it decreases at lower energy. We
also recall the recent results for two gluon correlations computed numerically
to all orders in the color sources [3] and for large rapidity separations [4].

The STAR collaboration has reported interesting backward-forward mul­
tiplicity correlation results that point to strong long range rapidity correla­
tions in central AA. Looking in detail at how the STAR analysis is done,
the measured observable is in fact a 3-partide correlation, not a 2-particle
one. This is usually not taken into account in the literature and significantly
complicates the interpretation of the data [5].
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Multiparticle correlations, power counting
Basic power counting: ddf rv -l.p as

Fixed sources: correlations loop/quantum effects, suppressed by as

1/ a~+.·· 1I Q!~+... 1I a
5+·.·

~ ~ ~

E.g. Poisson (N2) - (N)2 == (N)

But in CGC must average over sources:

;.....0

N
00

\

dN dN ) I dN
d3 .. , d 3 = ~[Pl(Y)] W[P2(Y)]'d3

P1 Pn conn. [~] v Pl
~---

LLog corrections factorize into evolution of sOUrce.

dN

d
3Pn

1
rv nas

conn.

1/a~ 1/a~ 1/a~ lias
~~ 1~~

E.g. neg. bin (N2) - (N)2 = k (N)2 + (N)

i.e. enhanced. by In1jx r-:» lias



Negative binomial

-n

rnq

k ~

GLuon Intensification Through
Tenacious Emission of Radiation.

Moment rnq (Nq) - disc.

(q-1)!k(~)q

(Nc
2

- 1)Q~5 -l

21T
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~

N
\0
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Boost invariant correlation: full numerical calculation
T.L., Srednyak, Venugopalan, -09

# of independent regions
~

Sl-Q~1~2(PT,qT) ==
/ dZNz )

X \ dyp d2Pr
dyq d2qr _ 1

( dypd;PT ) ( dyqd;qT )

Dilute limit: f1;2(PT,QT) r-:» 1/(Nc
2 -1) constant up to logs.

256 2 lattice, Ny = 50, Os = 1 GeV, m = 0.1 GeV
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First calculation of rapidity dependence
kT-factorized approximation Dusling, Gelis, T.L., Venugopalan, -09
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STAR Forward-Backward correlation data

Np.,

H ••• (Np, NB, Np2
, NpNB) was

obtained on an event-by-event
basis as a function of the event
multiplicity [NR] ... "

++ +• • • • • •
¢ ¢ Q 0 0 0 ¢

~ ~ i·. ....

(a)
Au+Au 200GeV

• 0-10%

STAR Preliminary 0 10-20%

• 20-30%
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.c
0.5

at fixed NR

~
b = (NFNB)NR - (NF)f4(NB)NR Huge increase in correlation, but

(NF
2

) NR ~ (Np )2 NR what is actually measured?
STAR, B. I. Abelev et et., Phys. Rev. Lett 103,

,---~-_.~ ~--~~-'~--'--'-'--------------"-------1 172301 (2009):

-­w
tv



.........
w
w

Long range correlations;event
simulation and parton percolation

C.Pajares
Dept Particle Physics,University Santiago de

Compostela and IGFAE ,Santiago de
Compostela,Spain

AbstractWe discuss different string models in
relation to long range rapidity correlations data
Special attention is paid to parton percolation.
We show similaties between parton percolation and
color glass condensate in the behaviour of many
observables due to a similar physical picture
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(N. Armesto et al., PRl.77 (96)~ J.Diasde Deus et al., PLB491 (00) ~ M. Nardi and H.
Satz(98).

• How?; Strings fuse forming clusters. At a certaincritical density 17t;
(centralPbPb at SPS~ central AgA. g at RHIC, centralpp at LHC ) a
macroscopic cluster appears whichmarks the percolationphase transition
(second order, non thermal).

~ ,," ......

~~' .- L 1..2

• Hypothesis: clusters of overlapping strings are the sources of
particle production, andcentral multiplicities and transverse momentum
distributions are little affectedby rescattering.
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g 2 g 2
~.. = V---s;fiI. ; < p~ >..= "IS: < p~ >1

Energy-momentum of the cluster is the sum of the energy-mornerntum of
each string. As the individual co lor field of the individual string maybe
oriented in an alb itrary manner respective to one another, Q. =nj

• At nigh densities

• < It. :> n = l1F"(ll) < Il :..-, 1

...
,) "'~-:lil'>'J

< J:J'j' .> t"J := F ( "r~ )

; - - - , .'~

• i: l ('1) ) = ,l-,:~'~tJ, 1J' =\l ',' "If,r'U
t \ 'I I" ~ S SA

• r.tl is the transverse size, of a single string ~ O~2 fm.



Transverse size

CGC

'f}F(r;)

)Ig
Effective number of clusters
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low density

high density

high density

low density
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CGC k==RffQ s2 , N A exp(AY)



MULTIPLICITY DISTRIBUTIONS
NEGATIVE BINOMIAL

(ko' single effective string)

~

w
00

low density

high density

C G C k i-v o», kOk~CX) -() - 1 B:E

k=PVdl§son

Bose-Einstein

k = < N >

k

~

first decreases with density (energy)

Above an energy(density) k increases?": k
o-+1

Multiplicity distributions (normalized,

i.e. < n >~ as a function of n / < n >
will be narrower (Quantum Optical prediction)
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Leading twist nuclear shadowing, onset of black disk regime and
post selection effect for the leading hadron production

Mark Strikman, PSU

Summary
* QeD factorization theorems and use of unitarity allows to calculated nuclear shadowing for gluon and quark pdfs

at x < 0.0 I with a small theoretical uncertainty as a function of the impact parameter

Post-selection leads to fractional energy losses in the black disk regime. It leads to explanation of the
suppression of the forward pion production in D-Au collisions as due - 10% energy losses. It leads to
dominance of peripheral collisions in the forward pion production without suppression correlation with pion
production at y -0. These predictions are consistent with the STAR data and qualitatively different from CGC
inspired models where production is central and no correlation with central jet production is expected.

* Consistent evidence from analysis of HERA data and leading pion production in d- Au presence of the
BDR up to transverse momenta I -- 1.5 GeV/c at x -10-4

* Critical test - strong suppression of the leading baryon and meson spectra at XF> 0.3 in d-Au. In particular
we predict that pions should dominate over nucleons at x>0.2 with the pion (nucleon) cross section
proportional to (l-xFt with n(TT) - 4, n(N)- 6.



Combining Gtibov theory ofshadowing and pQCD factorization theorem for diffraaion in DIS allow~o calculate LT
shadowing for all parton densities (instead of calculating F2Aonly)'

Theorem: In the low thickness limit the leading twist nuclear shadowing is unambiguously
expressed through the nucleon diffractive pdf's /JP(~, Q2, ;£IP, t) .

:rlP

l--"

VI
o

2 2
Im +Re

~Y*

p p p p

Hard diffraction

off parton 'T I

~

I
2 2

y* ill - Re

~ ~Y*
Oar

A-2

Leading twist contribution

to the nuclear shadowing for

structure function fj (x,<i)



i different color
fluctuations

b-integr. (model 1)
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Impact factor r(b) for quark - antiquark dipole p/Pb scattering

1.2 1.2 1.2
Update of Rogers et al 03

1T
1 dt""O.2 fm 1 dt=O.2 fm 1 'model1 - dl=O.2 fm Pt ~-e 0.8 x",,10·4 0.8 x=10-3 0.8

model 2 ........ x= 10-2 d
1:-0 no shad. ~'~'~"'<'

0.6 0.6 0.6 proton -

0.4 0.4 0.4 i Pt ~ 1..5GeVjc
0.2 0.2 •• .. • ...... 01....... , ..... 0.2

2 4 6 8 10 0 2 4 6 8 10 2 4 6 8 10

1.2 1.2 1.2

1 \, dt=O.4 fm 1 dr==OA fm j dj=O.4 fm

g 0.8
...• " 10.4 x=10-3 x=10-2•••••• '. x;;;; 0.8

)---0. 1:-0 -,·0.\VI 0.6 0.6 0.6
N

OAl " i Pt ~ O.75GeVjc0.4 0.4

0.2 0.2 '.0.2

0 0 o ' , ,
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10

Probability of inelastic interaction is
Pin=II-r(b)1 2 ~ Pin=3/4 for r(b)= 1/2

Gluon densities in nuclei and proton at b=O are rather
similar. However very few processes with proton are
sensitive to b=O not <b> while in nuclei it is trivial to select
range of b with practically the same F(b).



Two possible explanations both based on presence of high gluon field effects

Color Glass Condensate insp;r~d model

Assumes that the process is dominated both for a nucleus and
nucleon target by the scattering of partons with minimal x
allowed by the kinematics: x-I 0-4 in a 2-. I process. kt-Qs

......
Ul
W

Two effects - (i) density is smaller than for the incoherent sum of participant nucleons by a factor Npart. (ii) enhancement dUE

to increase of kt of the small x parton: k,......Qs •~ Overall dependence on N part is (N part )0.5 ,collisions with high Pt trigger are
more central than the minimal bias events, no recoil jets in the kinematics expected in pQCD.

=> dominant yield from central impact parameters

Postse/ection (effective energy losses) in BDR regime - usually only finite energy losses discussed (BDMPS) ­
hence a rather small effect for partons with energies 104 GeV in the second nucleus rest frame. Not true in BDR ­
post selection - energy splits before the collision - effectively 10- 15 % energy losses decreasing with increase of kt

==> dominant yield from peripheral impact parameters



To use information about central rapidities in a detailed way we used the relevant information from dAu BRAHMS
analysis. Results are not sensitive to details.

We confirm that" pion production is strongly dominated by peripheral collisions, and that there is no significant
suppression of dijet mechanism for forward -central correlation.

For central impact parameters suppression is by a factor> 5,
which requires energy losses of > 10% (I TeV in gold rest frame)

Since the second jet has much smaller longitudinal momentum than the jet leading to the forward pion production it
propagates in a much more pQCD like regime with much smaller energy losses, and hence does not affect the rate of
correlation. Ifthe energy losses were fractional but energy independent this would not be the case.-V)

~

Test ofour interpretation.. R, y ....O TID

scenario we calculated R - 0.5

STAR - R -0.5 Gregory Rakness - private communication

Further confirmation - forward -central correlation data reported by STAR and PHENIX at QM 09



Single particle distributions,
leading twist and beyond

Javier L.Albacete
IPhT CEA/Saclay
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Saturation, the Color Glass Condensate and Glasma:

What have we learned from RIlle?
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~' DenseDilute
CGC evolution at NLO

..( NLO corrections to BK..JIMWLK equations have been calculated recently. Balitsky-Chirilli;
Kovchegov-Weigert, Gardi et al.

..( Phenomenological tool:The BK equation including only running coupling corrections in
Balitsky's scheme grasps most of the NLO corrections (JLA-Kovchegov)

BK eqn: :,~(r, ~_)\ = Jd2Tl K(T,TI ,7'2) [N(rl, x) +N(r2, x) - N(r, x) - N(rl' x)Nh, x)]
......
Vl
0\

Running coupling kernel: Knm(r, rl, r2) = N
c aAr

2

)
\ . I 21T2 [

r2 1 (as(r i ) ) 1 (as(T~) )]
2"2+2 2 -1 +2 '2- 1
T 1 TZ T 1 as(rz) TZ fYs('r1 )

. "-".•',"---_.,"_'_.'0- .._0' ,~ ,_,~, ,__ ".__..• "~ ~ ~._'_'_.,.__ .........

..-'._-------~----~.

A 0.31- II: = 0.5

AL O ~ 4.8 a 8

values compatible with data

0.2 -.----.-.-.

()" ,~ 0.5 (.',>l'V

Of' 0.75 GeV
~-- 00= 1 GeV
._ ..._... C\ ,.. C;,,·V

0.28

o.ze

0.288 •••••••••.

0"4

0.14.­
:~.LU..L.LI...L,.LI..L.lJ.l.1.1.J .1..1..1.Lt ..LL1.LLl..LLL.I..J.LUJ..I..LI

o 2' ... 6 8 10 12 14 HI 18

Y

O.22! i//
0.2 ,: .::: ...1
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NLO corrections are large:



Forward hadron production in the CGC
(Dumitru, Jalilian-Marian)

(::-) .4
~,-_/. -

dNh

dYh d2pt

large-x parton from proj. (pdf) small-x glue from target (CGC)

K ~·11 dz [ \ -(/ Pi) f'-- L....J :2 xlfq/p(Xl,p;) N F X2,~' Dhjq(z,p;,)"--" ragmentatron
xp N Zq

. 2) - ( Pt ) . (. 2)]+ xlfg/p(Xl,Pt N A X2, -; D h / g Z,Pt
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Unintegrated gluon from running
coupling BK

MY Initial conditions:

JLi\ & C. Marquet 10

ifF(A) (x, k) = Jd2r e-ik- r [1 - Np(A) (r, Y =In(xo/x))]

[
r2 Q2 (1 )]N(r, x = xo) = 1 - exp -T In r 1.\ + e

Two free parameters: (xo, Qo)

We use CTEQ6 pdf's and de Florian-Sassot ff's

Alternative approaches: Modelization of quantum corrections
(Dumitru-JalilianMarian-Hayashigaki; De Boer-Utermann-Wessels; Goncalves et at

Kharzeev-Kovchegov-Tuchin)



- Very good description of forward yields in d+Au collisions

- K= I for h". K=O.4 for neutral pions (?)

0.01 < Xo < 0.025

0.005 < Xo < 0.01

Q;o == 0.4 Ge\l2 Q;o gluon == 0.9 GeV
2

Q;o == 0.5 GeV2
Q;O,gluon == 1.125 GeV 2
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- ...by simply taking the ratio of d+Au and p+p spectra we get a good description of the nuclear
modification factor (not a trivial statement!!)
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• So, is RHIC forward suppression a small-xi (CGC) or a large-xF (energy

• p-Pb collisions at the LHC probe both the target and the projectile at small-x

• CGC calculations agree to predict a sizable suppression (-0.5) at y=O in pPb at the LHC

2510 15
P

T
(GeV)

- hybrid formalism

- - - - kt-factorization

\,sNrr8.8 TeV Yh=2, 4, 6

5

JLA & C. Marquet 10
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Two Particle Correlations at
Forward Rapidity in STAR

Ermes Braidot
for the STAR Collaboration

Utrecht University & Nikhef

During the 2008 run RHIC provided high luminosity in both p+p and d+Au collisions at
VSNN=200GeV. Electromagnetic calorimeter acceptance in STAR was enhanced by the new
Forward Meson Spectrometer (FMS), and is now almost contiguous from -1<'1<4 over the full
azimuth. This large acceptance provides sensitivity to the gluon density in the nucleus down
to x~10-3, as expected for 2~2 parton scattering. Measurements of the azimuthal correlation

between a forward nO and an associated particle at large rapidity are sensitive to the low-x
gluon density. Data exhibit the qualitative features expected from gluon saturation. A
comparison to calculations using the Color Glass Condensate (CGC) model is presented.

RBRC workshop 2010



Probing the medium:
azimuthal correlations
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FMS-FMS (no+nO) correlations

p+p d+Au
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• Forward (FMS) n" as trigger particle
• Forward (FMS) nO as associated

• Centrality averaged
• Near-side peak visible (8rrvO)

• Near-side peak similar p+p vs. d-Au
• Away-side signal suppression from p+p
to d-Au
• Strong azimuthal broadening
• Azimuthal broadening PT dependent:

• above: OdAU-Opp= 0.11±0.06
• below: OdAu-Opp= 0.52±0.05
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Ermes Braidot



Centrality dependence
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Theory comparison: CGC
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• More CGC calculations show:

• away-side peak disappearance for
central d+Au collisions

• de-correlations are PT dependent

• de-correlations are centrality
dependent

• near-side peak unchanged in d+Au

• Cyrille Marquet: arXiv:0708.0231
• calculation: central collisions b=Q
• data: central collision <b>=2.7fm

• 'ltrg = 3.0 ; 'lasso = 3.0
• Xg""0.002

• uncorrelated background offset

• normalization fixed from inclusive.......
0\
Vl

Ermes Braidot
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Conclusions

• RHIC run-8 provided large d+Au data set

• Strong suppression of away-side peak in central
d+Au collisions compared to p+p (FMS-FMS)

• CGC expectations of away-side peak suppression
for central d+Au collisions are qualitatively
consistent with data

• Is the CGC a unique explanation?

Ermes Braidot
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Signatures of Color Glass Condensate: Forward Azimuthal Angle Di-Hadron
Correlations in PHENIX

Beau Meredith

University of Illinois at Urbana-Champaign

For the PHENIX Collaboration

Di-hadron azimuthal angle correlation functions using the PHENIX forward rapidity
(3.1 < 1] < 3.9) EMCal (Muon Piston Calorimeter or MPC) are shown for the 2008
RHIC d-Au, p-p VSNN = 200 GeV datasets. At forward rapidities, the correlation
functions are expected to be sensitive to gluon saturation effects because one can
probe very low momentum fraction, x, of the partons and thus enhance the saturation
scale, Os' Signatures of gluon saturation are the broadening or disappearance of the
away-side (di-jet) peak in the correlation functions.

Rapidity separated correlation functions with L11] = 3.4 where one particle is a forward
nO in the MPC are shown for p-p and d-Au, Within systematic and statistical
uncertainties, no broadening is seen; however, a large suppression is seen in central
d-Au collisions relative to p+p in the conditional yield of the away-side peak (as seen
by IdA = 0.5), indicating a di-jet suppression.

Additionally, correlation functions where both particles are nO detected in the forward
MPC are shown. The away-side peak in these correlation functions probes
extremely small x (", 10-3) and is predicted to be the most sensitive to saturation
effects. The comparison of correlation functions in d-Au to p-p seem to show both a
broadening and disappearance of the away-side peak, which could indicate that we
are seeing strong effects from the color glass condensate.

Forward ~cj> Di-Hadron Correlations in PHENIX



LlT) = 3.4 Correlations: Widths

No significant broadening between p+p and d-Au within large
experimental uncertainties
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Forward 1\<1> Di-Hadron Correlations in PHENIX

B. Meredith, Quark Matter 2009, arXiv:0907.4832
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Llll = 3.4 Correlations: IdA

fI

Trigger~ pT scale uncertainty 5%

Associate pT scale uncertainty 10%

Trigger Particle: I" 1< 0..35
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B. Meredith, Quark Matter 2009, arXiv:0907.4832
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11trig' 11assoc =3.1-3.8; p+p vs d-Au MinBias

Data qualitatively indicates
angular decorrelation of d--Au
compared to p+p
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1ltrigl 1lassoc = 3.1-3.8; d-Au Peripheral, p+p

D
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lltrig111assoc =3.1-3.8; d-Au Central, p+p
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d+Au
central
away-side
peak
seems to
disappear
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Forward di-hadron
correlations in d+Au collisions
The STAR collaboration has recently measured the azimuthal correlation

function of forward di-pions. The data show a disapearance of the away-side
peak in central d+Au collisions, compared to p+p collisions. We argue that this
effect, absent at mid-rapidity, is a consequence of the srnall-x evolution into the
saturation regime of the Gold nucleus wave function, and we show that the data
can be quantitavely described in the Color Glass Condensate framework. This
confirmation that forward monojets are produced in central d+Au collision is a

concrete evidence for parton saturation.

Cyrille Marquet
Institut de Physique Theorique, CEA/Saclay



Parton saturation
x: parton longitudinal momentum fraction

kT : parton transverse momentum

\ )

1 (

--+-~-,--- -------~~_._~-

/ ~ "\
\

)iC)

~~
~

In(kt/I\~CD)

Dfuta IyItam

x P~, kT

gluon density per unit area
it grows with decreasing x

recombination cross-section

p rv x/ex, k1)
7rR2.

(Tree I"V as / k 2

pfL = (0, 0, P-)

QeD non-linear evolution: ky r-:» Q s meaning x « 1

the distribution of partons
as a function of x and kT :

QeD linear evolutions: k T » Q8 In(ljx)

DGLAP evolution to larger kT (and a more dilute hadron)
BFKL evolution to smaller x (and denser hadron)

dilute/dense separation characterized by the saturation scale Qs(x)

t-"

........:J
+::-.

recombinations important when p (Jrec > 1

. . k2 Q2 2 <Ysxf(x~ Q~)
the saturation reqime: for < s with o; = --;R~

this regime is non-linear
yet weakly coupled

O's(Q;) « 1



Di-hadron final-state kinematics
final state: k., Yl k2 , Y2

k eY1 + k eY2

x = 1 2
P -r;

k e-Y1 + k e- Y2

x = 1 2
A ,f;

Xp ~ XA < 1
central rapidities probe moderate x

xp increases jxA - unchanged

xp~ 1,xA < 1
forward/central doesn't probe much smaller x

xp - unchanged jxA decreases

xp~l,xA«l

forward rapidities probe small x
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Evidence of monojets
p+p d+Au central

+P ~ ff01TO+X, ..Is = 200 GeV
pfJ..>2 GeV!c. 1 GeV!c<P,,s<Pr.l.

<1]L>=3.2, <l1s>=3.1

O~1
n 10.6 .011

s
{:,,(p

3 4

Peaks
tJJp 0-

D 0.48±O.02
rr 1.75±O.21
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Forward di-jet production
J.t "., (j

I..

p • .. Ii

k b: quark in the amplitude
x: gluon in the amplitude
b': quark in the conj. amplitude
x': gluon in the conj. amplitude

........
-.....)
-.....)

Fourier transform kJ.. and a:
collinear factorization of quark density in deuteron into transverse coordinates

doAAu--.qgX i 2 I d2x d 2x ' d2b d 2b' '~kJ .(X/-X;:qJ..-(b~
d2kl-dYkd2ql-dYq = asCpJVc xdq(Xd, J.L ). (2;)2 (27T")2 (21r)2'(21r)2 e - e

l¢crq9(Z. x-b, X/_b/)1
2
{8~:~9(b, x, b', X'; XA] - S~:~[b, x, b'+z(x/-b/); XA]

~
pOCD q ~ qg -S~:~{b+z(X-b), x', b': XA] + S~~) [b+z(x-b), b'+z(x/-b

/); XA]}

wavefunction '- ---...-- ------

jkl-leYk
z= _.~~-~-

Ikl-leYk + Iq-lleYq

interaction with hadron 2 I CGC

n-point functions that resums the powers of 98A and the powers of as In(1/xA )

computed with JIMWLK evolution at NLO (in the large-Nc limit),
and MV initial conditions no parameters



Monojets in central d+Au
• in central collisions where Os is the biggest

there is a very good agreement of the
saturation predictions with STAR data

an offset is needed to
account for the background

- CGC+offset

2 3 4 5
11({J

Peaks
l1lp (1

o 0.48±O.02
rr 1.75±O.21

lItt
·Ft \
J
f t1+
7 -, ++~.J.r.;tt~~+

+~' T --- •••~~.

d+Au ~ ~1f+X, v's :: 200 Ge .2000<[0_<4000

0.03 PT.&.> 2 GeV/c, 1 GeV/ <Pr.s<PT,I.

<17L> =.3. 1 <1]$>=.3.2

Albacete and C.M., to appear

suppressed away-side peak

• the focus is on the away-side peak

where non-linearities have the biggest effect

.......
~ to calculate the near-side peak, one

needs di-pion fragmentation functions

h.tdir2.2009 I004.2 20091120

standard (DGLAP-Iike) QCD calculations cannot reproduce this
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Two Particle Correlations:
Saturation and Issues with Universality

Bo-Wen Xiao

Lawrence Berkeley National Laboratory

NON-lFNfVERSAUTY Iff

-,

~~rl
i=lQ;iSMS;~L

Jo-O

-.....l
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BX and F. Yuan, arXiv:l003.0482 [hep-ph].

• We study the universality issue of the transverse momentum dependent parton
distributions at small-x, by comparing the initial/final state interaction effects in
dijet-correlation in pA collisions with those in deep inelastic lepton nucleus
scattering. We demonstrate the non-universality by performing an explicit
calculation in a particular model where the multiple gauge boson exchange
contributions are summed up to all orders.

• In addition, we generalize the model calculation to the CGC formalism,
and find the non-universality for quark distributions in CGC.

BNL workshop, May, 2010



NON-UNIVERSALITY AND kt FACTORIZATION VIOLATION

eo

Breaking down of the k, factorization in di-jet production

• [Bacchetta, Bomhof, Mulders and Pijlman; 04-06J Wilson lines approach
Studies of Wilson-line operators show that the TMD parton distributions are not generally
process-independent due to the complicated combinantion of initial and final state
interactions. TMD PDFs admit process dependent Wilson lines.

• [Collins, Qiu; 07J, [Collins; 07J, [Vogelsang, Yuan; 07l and [Rogers, Mulders; 10]
Scalar QED models and its generalization to QCD (Counterexample to Factorization)

Jet 1

Jet 2
/

(
1-, '

r

I "
, I

'~, - .r: .> '" ;'

~ y' I '~
~ /, I / / \

~
/ / / ~, • / 1f ~

, \

/ \
/ \

/ --='-=

P2k2

k1

-+-1J · / I C~
PI

~

00
o

• Remarks: TMD parton distributions are non-universal.

• O(g2) calculation shows non-vanishing anomalous terms with respect to standard
factorization.

• Trouble? or Opportunity?

• Resummation up to all order of g including the anomalous terms[BX, Yuan; 1OJ.

• The effect of k, factorization violation is resummable and calculable. Opportunity!
...-~'­

j
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NON-UNIVERSALITY AND kt FACTORIZATION VIOLATION

o.

Comparison ofthe TMD pdfs among di-jet production, DIS and Drell-Yan

• The total amplitude ~ the TMD pdf for the di-jet process [Xiao, Yuan, 10J

xp+2 J J . Iqdi-jet (x, ql-) = 81f
4

dp-p- d2Rid2R~d2rl-e'H .(RJ- --RJ-)

xV (r..1-) V (r~) e-igg2(G(RJ.J-G(R~)

X {1- eiggJ[G(R-L +r-L)-G(R-L)]} {I _e-iggdG(R~ +r~)-G(R~)]}

• TMD pdf in DIS and DY [Brodsky, et al; 02j, [Belitsky, Ji, Yuan; 03J, [Peigne; 02j

xp+2 J J ( I )qDIS, DY (x, q1..) == 81[4 dp- p-- d2R1..d2R~ d2r1..eiQ-L' s : -R .i. V (r1..) V (r~)

X{l - eiggj[e(R J- +rJ- )-e(RJ-)J} {1_e-iggtle(R~ +r~ )-G(R~)]}

with r~ == R1.. + r1.. - R'.1,.

• Non-Universality and k, factorization violation! However, calculable!

'~i~1~..r;bi,atid,,·



At\T) kt F,-\CT<)RIZ,-:;T1C):'J VI()L,A.T'IC1I~ NON~UNIVERSALfTY IN CGC

The Quark Distribution for a large nucleus in DIS

• TMD pdf in DIS [Brodsky, et a11' 02J, [Belitsky, Ji, Yuan; 03J

'lOIs (x,q..L) = xp:2 jdP- P- fd2R~d2R~d2r-.Leiq-L.(R-L-R~)v(r.l) V (r~)
81T ,

x { 1 - eiggJ[G(R -L +rL)-G(R-Ll]} { 1 _ e-iggJ[G(R~ +r~)-G(R~)]}

-lJ,

dxq (x, q -.L )

e«,
I--"

00
l'V

NC6 jdYd2r-.Ld2r~e-iq-L.(r-L-r'.L) Vr.L Ko (y'Yr-.L)· Vr' Ko (y'Yr~)
16~ .L

x { 1 + exp[-Q; (r..L - r'tY /4] - exp [-Q;r}j4] - cxp[-Q;r1!4])

• Use fermionic quark.

• Perform a replacement as follows:

e-iggdG(x-L l) ==>- U (X..L) = Texp [-igg] j dz- d2z..L G (X..L - Z..L) pa (z- ,Z-L) t"] .
e- igg1[G(xJ.J]Note that U (X..L) ====}

"'-y-/

Pa (z-- ,Z-L )ta=8(Z-L) 8(z- )

• Average the distribution over the gaussian distribution W [p] .
• Agrees with [Mueller, 99]. Drell-Yan also agree with [Gelis, Jalilian-Marian, 02l
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NON ..UNIVERSALITY IN CGe

lJdi-jet (x, q-l)

The Quark Distribution for a large nucleus in di-jet production

• TMD pdf in di-jet production [Work in progressJ

xp+2 J J ( ,)-- dp - p - d2R .L d2R~ d 2r-1- eiq-L' R _L - R -L
811"4

xV (r-1-) V (r~) e-igg2(G(R-L)-G(R~))

X { 1 - eiggdG(R .i. +r~)-G(R~)]} { 1 _ e-iggdG(R~ +r~)-G(R~)]}

JJ
}ooooooO

Q()
w

x

dxq (x, q-l)

d2R-l

. NC6/dYd2r-ld2r~e-iq-L.(rJ...-r~) VY-L Ko (v'Yr1- ) . Vy' Ko (vYr~)
16n . -L

{

exp [-Q; (r.l -- r'L)2 /4] + exp [-Q; h - r~)2 /2] }
- exp [-Q; ((r~ - r~) 2 + r2l) /4] - exp [-Q; ((r~ - r~) 2 + <l) /4] ,

• Large N; approximation.

• Two point functions <U (X_L) ut(x~) )(DIS)

and Four point functions (U (x1-) Ut (x~) U (y1..) Ut (y~) >. .~~~
~--I=J:,--Ij'*,
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N011- Universality

NON·UNrVERSALITY IN CGC
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Figure: Comparison of quark distributions in DIS and di-hadron production as functions of qi.
The blue curve stands for the quark distribution in DIS and the red curve represents the
distribution involved in di-hadron production.

• Non-Universality (as a result of initial and final state interactions) and k; factorization
violation in cac. However, they are calculable.

• Integrated quark distributions are universal.

• Similar conclusions with respect to the k, factorization violation have been reached i"n~,",' '
sea quark producti?ns [Bl~i~ot, Geli~, Venugopalan, 04], r,·-,.,.,.,.r,. I,.,~I
two-gluon product1o~ [Jalilian-Marian, Kovchegov, 04]and- ---,",,-II
quark-gluon production [Marquet, 07}. l=wu;;;;a!!fU'-!.

"'--, {'.~

"'.1 "-
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Resolving the puzzle ;:;12:"

rt&: iJiq: "!!, J ::8 2 1

• Final state in-medium attenuation of J/'1J
controlled by the transport coefficientq

• Initial state shadowing/attenuation of the~¢I Au-Au I dipole (not J /\[1) passing through.bef;hrft.lC<I~i

0"' l +4 ';, 8 '10 f Glu~n sat~;atibh leads tb broClcfenillgof (~)~
PT (GeV) \.... of J /\[1 and to a strong. Cl"oninenhClI'lC~~nt.)

~~~w" ",",7!I:!W'S'J_ . L<p;~ .:a~w:,n't,~~ sO\!. $- (, , Jli ._1 a: ZAn. i'!l!':r~~ ra~ It g~ LllSl 1; a~ ~. % U§l; iU-Sif:r;;ns '& T '" Z liS'll!!!!?~'lll1lt_ ~,- __~!il x:f .J - 9!U\"iEIl' t g;

The only fitted parameter is the transport coefficient, which is found to be
<10 == 0.3 GeV2 jfm, smaller than what comes out of jet quenching .analyses.

F J / W suppression offers a novel way to measure q '\

2

t
1.5~

t
.~ t

C!:.-c 1 ~ Cu-Cu

.......
00
0'1

U
.I'-'~'-"-il

l;:'><l'd~~smAD Tf:(,':-.IC\
FF.O(;RIc:O 5Ar.lA MA.RlA

SK, I.Potashnikova, I.Schmidt

B. Kopeliovich;BNl;May 10-12; 20:L(J,
Tueaoev. MClY11, 2Q10



Nuclear effects 15

2, I

go = 0.2 GeV2 /1m

1.5' Cu-Cu

~ 1

1

i"a: r-.

0.5 c+~~r---.......
00
........:J

The absorption cross section for a dipole born in a
central AA collision at impact parameter s is directly
related to the parton broadening in the medium, i.e.
to the transport coefficient q

R(S,PT) = ~ j d<j; exp [ - ~ (r~/W)I dl &(8'+ f)]
o 100 1 ! ! ! ! 1

o 2 P4 (Ge~) 8 10 The breakup of J/q, in the medium is controlled by
T the same transport coefficient q as the energy loss.

" <10 to llpart (b, s)
We relied on the popular model q(b, s, t) :=: -t- (0 n\ I fixed to:=: 0.5 fm

llpart ,

and adjusted the transport coefficient <10 to reproduce the data

II
l:~t""E.RSIl)AD 'rscxrc.c
8illJillICqSVH"; Y\fll\

Tuesday, May 11,2.010

B. Kopeliovich, BNL, May 10-12, 2010



We assume SAB(S) = SNA(S) SNB(S)

Nuclear effects

The cc production time in the nuclear restfra~ne

c yS 1
t - . --

p - mNV4m~ + p? - mNx 2

is sufficient (5 < t p < 13 fro). for qUQrkSha~~W'l'Iq..

2 r,--------,-------,

However, X2 > 0.015 is too large (l~is too $,bOr''1'1'

0
1

.' , ! !. , I gluon shadowing, which sets up· only atx2.< 0.01
o 2 4 6 8 10

w CU-CU : ~

r:t:.~ 1k. I!

0.5~• ~~~;~r ..~.~..~..~

Pr (GeV)

Charm shadowing comes together with the breakup cross section, .they
s~pQrable. The result, SNA ~ 0.8, is known from data. However,
,arameter dependence is important and can be only calculated.

J--r"

00
00



B. Kooeliovich,

ES6S

O~9

1.2

1.1

0:7
0

me

Works amazingly well with no adJustmenf!

Nuclear effects

The PT distribution of J/w has the form:
d. ( 2 )-6C7 . PT

dpi ex 1 + 6(pi)

Broadening results in {pi) =} (pi) + ~p?

dO' I
~ •• J .. 2) .• 2

R...•.......( . ) - dPT 'YilT +APT
T PT -. do- I

dpi-(pi)

This can be testedwifh the E866 data for
J/lJ! productionin'p~· at 800 GeV:

to saturation gluons experience broadening ~pi 2C(s)TA(b)

with the coefficient C(s) known from DIS data. 1.31 ,

'"""'"00
\0
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2, i ?

°0 2

1.5

r:r:.~ 1r- Cu-Cu

00

Jds2Ti(s)

o

+ initial state
shadowing/absorption

~ I + gluon saturation

Nuclear effects

00

Jds2 Ti (s) R(s, PT) SAA(S)
R

·J /'1'(' 0 ___
AAPT)

Cu-Cu

2.,------,..-------,

1.5
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'+- - -t + ----- . tlono.5~ ..... .d..um...attenua
.t . •.. I . , I I in..me ~

I " I I • '8 10' ! • I.. 6' II 4

00 2 PT (GS),!)

EventuallYI combining all three mechanisms we arrive· at the

«
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J/'II and Charm at RHIC
Alexandre Lebedev, Iowa State University

for the PHENIX Collaboration

Comprehensive overview of charm-related measurements
by the PHENIX collaboration at RHIC is presented in this talk.

It is shown that Cold Nuclear Matter effects can not be understood
in terms of just shadowing and constand breakup cross-section .

There are Indication of J/'If suppression in most central Au+Au
collisions beyond CNM effects.

Open charm suppression and flow in Au+Au is similar to that of
light quarks.

Expect more exciting new results with PHENIX detector upgrades.

RIKEN BNL Research Center Workshop
BNL, May 10-12,2010



J/'I' and Cold Nuclear Matter Effects
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Before attempting to understand what
happens in Au+Au we must understand
"cold nuclear matter" effects, including:

J
- Pdfmodification in nuclei
- Breakup by surrounding hadrons
- Gluon saturation at low x / eGC
- Initial state energy loss
- Cronin effect

2008 d+Au data sample has -40 times more
10,1

statistics than 2003 published results and allows 1!

finer rapidity binning.

Rep -1 at negative rapidity (Au direction)

Rep < 1 and decreases with rapidity at positive
rapidity (deutron direction)
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J/v in Au+Au
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J/y suppression is
similar to open charm
suppression

Suppression at RHIC similar
to one observed at SPS
at mid-rapidity, but stronger
at forward rapidity.

Many different interpretations
exist ("cold nuclear matter"
effects, re-generation, etc.)
Exact picture is still unclear.
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Can CNM Explain Observed Suppression?

Not a Phenix result, uses Phenix preliminary (QM09)
Calculation by Tony Frawley
CNM with rapidity dependent effective breakup cross-section.

1.6 L EKS98 CNM baseline
PHENIX A114·Au y =0
PHENIX Au--Au Y =1.7
PHENIX cu-co y = 0
PHENIX Cu+Cu Y= 1.7

~" ",~~-:II ~
Narrow boxes - correlated :sy:s

Wide boxes - CNM baseline sys
(global for each data set)0.4

~ 1.4

o1.2
.~

~ 1-­
cG
< 0.8
~

~ 0.6

I--'

\0
.,J::;..

o 100 200 300
Npart

400

- Forward and central rapidity results become similar.
- Suppression beyond CNM in most central collisions.



Open Heavy Flavor in Au+Au

7 8 0
p'Il'[GeV/e]

6

Charm suppression is almost
the same as for light quarks
at high Pr!
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Open Heavy Flavor Flow
HF electrons flow
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Heavy flavor (charm) flow is comparable to that of light quarks!



Chris Perkins
DC Berkeley/Space Sciences Laboratory
Stony Brook University
For the STAR Collaboration

J/'I' and Charm at STAR

Gluon saturation effects and Color Glass Condensate models become important at a scale QS'l(X)
which is proportional to A lf3e"Y. Hence, this scale can be reached by going to lower-x, larger sqrt(s),
forward rapidities (y), or nuclear "targets" (large A). In regards to charm production, what becomes
important is the relation between the saturation scale, Qs, and the mass of the charm quark. When the
saturation scale Q, < me, as is the case at mid-rapidities at RHIC, charm production is not affected by
gluon saturationlCGC models. If the saturation scale can be raised to above the charm quark mass,
however, saturation effects can influence charm production and it is expected, based on CGC models,
that charm particle production will follow similar patterns to those found in light quarks. This scale
can potentially be reached in the charm sector by going to forward rapidities at RHIC and using nuclear
"targets". CGC models expect that in this regime, forward production will be suppressed in d+Au
collisions relative to p+p collisions, the PT spectrum will be harder, and the scaling with the number of
binary collisions will be suppressed in d+Au collisions as compared to mid-rapidity.

While STAR has a rich set of mid-rapidity J/Psi and charm particle measurements, we also have
the possibility to measure charm production in the saturation regime using the Forward Meson
Spectrometer (FMS). The FMS is an electromagnetic calorimeter at STAR with full azimuthal
coverage over a pseudorapidity range of 2.5 to 4. Its large acceptance provides excellent geometric
efficiency to measure high-x- J(Psi production in p+p and d+Au collisions. A significant observation
of high-x- J/Psi has already been reported at QM09 with work ongoing to report forward cross sections
and potentially XI' dependence. The FMS also has the possibility to measure forward open chann
production by reconstructing DO through the decay channel D -+ KOs + nO -4 3 n" -+ 6 photons.

By comparing d+Au measurements to p+p measurements in both quarkonia and open charm
production, the FMS at STAR has the potential to test several predictions of CGC/Saturation models in
the charm sector.

197
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Also Open Charm

Production
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Kharzeev, Tuchin Nucl.Phys.A770:40-S6,2006.

........
\0
00

cfpair scatters coherently off all nucleons along its trajectory

• Traditional scale: mq > A QCD -7 perturbative production
. . I I .H""', ,I I
H ~ nPi; . sea e .5

• Qs > mq -7 saturation affects heavy flavor production

® Heavy quarks should follow similar pattern to light quarks

• At RHIC: p + Nuclear Target -7 Os > me
• Charm quark production subject to CGC/Saturation

~R---------------------------
~J.\ 5/12/2010 Chris Perkins
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Reconstructed 2-cluster invariant mass

~ARFMS
Preliminary

Fit with Gaussian + Offset

Gaussian Fit Parameters:

- 11 = 3.080 ±0.020 GeV/c2

- a = 0.082 ± 0.026 GeV/c2

- X2/d.o.f. = 20.83/26

- Significance from fit

• 4.50"
Cuts Applied:

- E_pair> 60.0GeV

- Zyy < 0.7
Isolation Radius:

- 0.4 Eta-Phi

- PT_c!uster> 1.0 GeV/c

Presented at QuarkMatter 2009
First measurement of high-x, J/4J at sqrt(s)
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• Look for forward DO through decay channel:

~ KOs + ITO ~ 6 photons

(KOs ~ ITo + rr'')
f"",FMSI "",--"
i "'--.,.

"1
I
f

N
o
~

Using bare FMS calorimeter response

o. KOs ~
%/.'..... •.......... n? ~~c"O't;, ..~~V V

/('~-+- 11° Y).

• Total Branching Ratio (from PDG) for
D -7 KOs+ ITO ~ 3rrO -7 6y = O~00361

~R 5/12/2010 Chris Perkins



• CGC/Saturation regime should be accessible to charm sector at forward
rapidities in d+Au collisions at STAR
- Expect qualitatively similar trends to lighter quarks based on current theories
- Other theories may also contribute to suppression/enhancement at this

rapidity

No
N

• Measurements of both Quarkonia and Open Heavy Flavor probing low-x
gluons are possible at forward rapidities at STAR

• Significant signal of forward J/4J in p+p has already been reported
- Further work is needed to finish analysis

• Analysis of J/LJJ in d+Au data should begin soon to look for hints of
saturation in charm sector

• Feasibility for measuring open charm through the DO meson looks promising

~R 5/12/2010 Chris Perkins



Understanding J/1/J production in pp, dA, and AA collisions

Jian-Wei Qiu

Physics Department, Brookhaven National Laboratory, Upton, NY 11973, USA

In this talk, we present a new perturbative QeD factorization formalism for inclusive produc­
tion of heavy quarkonia at large transverse momentum PTat collider energies [1]. This factorization
formula for calculating quarkonium cross section includes both the leading power (LP) and heavy
quark mass mQ enhanced next-to-leading power (NLP) contributions from the m~/p} expansion.
Both the, LP and NLP contributions are factorized in terms of perturbatively calculable short­
distance partonic coefficient functions and universal non-perturbative fragmentation functions. \Ve
calculate at the leading order (LO) in o, the partonic coefficients for both LP and NLP, as well as
the evolution kernels of the fragmentation functions. \Ve estimate the non-perturbative fragmen­
tation functions at a scale lt~ "-' 2rriQ in terms of NRQCD factorization formalism.

By including the mass-enhanced power corrections, our factorization formalism provides a
consistent and perturbatively stable way to calculate the cross section of heavy quarkonium pro-­
duction for a wide range kinematics. Unlike the color singlet or NRQCD model calculations, which
expresses the perturbative partonic scattering in a power series of as without asking any ordering
in mQ and pr, we organize all partonic contributions in a power series of mQ!PT whose coefficients
in a power series of as(PT), and resum all logarithms from the huge phase space. between PT and
tto r-.J 2mQ into the fragmentation functions. For producing a color singlet heavy quark pair that
turns into a heavy quarkoniurn, we g(~t different sizes of contributions depending on where the pair
was produced and the pair's quantum number. To produce a color singlet spin-I heavy quark pair
at the collision point of a distance scale l/pT, QeD power counting told us that the production
rate for producing such a pair is of the order of (l/p})(m~/pi,) which is suppressed by m~/pi, in
comparison to the typical leading power 2 ~ 2 subprocesses. If the color singlet heavy quark pair
was produced at a much later time l/mQ from a single parton fragmentation, the production of
the single fragmenting parton is of the 1/r4,-type leading power behavior. But, such contribution
suffers in rate to convert the single patton, say gluon, to a color singlet heavy quark pair. In
between these two sources, the spin-I color singlet heavy quark pair could be formed at the llmQ
while a color octet heavy quark pair with the vector or axial vector charge was produced at the time
scale of l/PI" This contribution has a characteristic of (llp})(rn~/pi,) with powers of log(p}/rto)
enhancement. Although this contribution is power suppressed at the partonic level in comparison
with the leading power single parton production, the pair has a much large probability to become a
color singlet pair. In addition, we find that the production process prefers tohave a large final-state
phase space to keep the pair in an octet state until the last minute before the pair hadronize.

We also find that the leading power single parton fragmentation likes to produce a transversely
polarized heavy quarkonium, and the subleading power heavy quark pair fragmentation produces
mainly longitudinally polarized heavy quarkonium. The measured polarization is a competition
between the leading and subleading power contributions. At the "ultra" high PT ::;» mQ, it seems
more likely to produce transversely polarized heavy quarkonia,

References

[1] Z. B, Kang, J. W. Qiu.and G. Sterman, in preparation.

[2] G. T. Bodwin, E. Braaten and G. P. Lepage, Phys. Rev. D 51, 1125 (1995) [Erratum-ibid. D
55, 5853 (1997)]
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Quark mass
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May 12, 2010 Jianwei Qiu, BNL

L !!l~ basic production mechanism

o Production of an off-shell quark pair:

.~ Quarkonium

[i~~ve Non-perturbative

Ars---.!.-
2mQ

Differentmodels ~ Different assumptions/treatments on

howthe heavyquark pair becomesa quarkonium?
May 12, 2010 Jianwei Qiu, BN].
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Kang, Qiu and Sterman, 2010o The 8:=1 NR projection operator:

P(P,q --+ O,S = 1) = \~'YI-'E~(P) [1" ~ + m Q ]

Pic~ up contributions that vanish as mQ-. 0

expansion does not up ~""'''u'".'''''w power in

LO is (1/PT)8 vs NLO gives (1/PT)6

~
~.

Leading power
Projection

May 12,2010 Jianwei Qiu, BNL

PQCD factorization formalism

~+~+.2

I
I

o(~)1'4

.:. Leading power in 1/P: much smaller FFs

- color, symmetry, high orders

.:. Subleading power in 1/PT: _)'~ much larger FFs

May 12, 2010
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Differ from DGLAP - still logarithmic
Spin-color sensitive

Infrared safe evolution
Nonperturbative input distribution

Same as normal DGLAP
Difference from Input distribution

PQCO evolution

u

r----------------------------,
I

~

u

May12,2010 Jianwei Qiu, BNL

C-~-~--~--NRQCD"~ distributions

u

Dg_~J/,'(z, /10, mQ) -, L ag->lQQ(c))(;;, /101 mQ)(OIQQrl'lj(O))!NHQCD
[Q(j(c)j

Dominated by transverse polarization

[J

[)[QQrfCH,!j'J,(Z./l'O,mQ) -} L d[(J(j(K)--+!(jQklj(':,ilU, TnQ){O\QQ(r-)!(OI/INR<<CD

[QcJ(c)]

Dominated by longitudinal polarization

So far, it works to 2-loop level for single parton case

May12, 2010 Jianwei Qiu, BNL
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J/qJ polarization
o Competition between lP and NlP: Kung, Qil! "nd Sterman, 2010
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Broadening of quarkonia in A+A

[J if no hot medium was formed:

Superposition of pA

:..:, \(17) \ \ could be as small as O! 50 100 150

final-state energy loss, initial-state thermal medium?
May 12. 2010

Summary and outlook

Jianwei Qiu, BNL

o None of the existing factorized production models. including

NRQCD model, were proved theoretically

o New pQCD factorization formula: LP + NLP

o Both LP and NLP hard production dominated by octet channels

o Polarization is a result of competition between LP and NLP

o Heavy quarkonlum has two intrinsic scales, and could be a

good probe to study the formation of bound states in QeD

o Harder to form J/lV If me- aa -+ suppression of J/lJ'

o Experimental measurements. in particular, the upsilon

polarization at LHC. are needed to test the production

mechanism!

May 12, 2010
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Inclusive gluons Kovchegov, KT, 2001

There is an 8Qproximate kT -, 'factorization (LO). Though no pdf's ..,

N
;......10

o

p

A

r-J
r-J

One can trace the origin of the (approximate)
factorization in that there is no restriction on the
quantum numbers of the product (Spin, Color etc.)



Phenomenology: light hadrons
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Factorization for J/lJJ ?
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Production of J/4J: pp vs pA Kharzeev, Kf,2005
Kharzeev, Levin, Nardi, Kf,2009
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Cold J/lIJ suppression Kharzeev, Levin, Nardi, KT,2009
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.. Our results agree reasonably
well with the data.

• Important corrections must
be taken into account:

.( Finite coherence length effects
lc~ RA

../ Contribution of a conventional

process: A+A -3»JltjJ+g

e Overall suppression must
also include a certain plasma
effect.



tv
........
Ul

Photons and Dileptons
What have we learned at RHIC?

Well established p+p reference
• baseline for Au+Au, Cu+Cu, d+Au
• charm, bottom cross section measurements

Discovered low mass enhancement in central Au+Au
• strongly correlated to centrality
• mostly at low mass, low PT

First measurement of thermal photons
• extrapolation of quasi-real virtual photons to m=O
• indicate initial temperature> 220 MeV

Future work
• Ongoing Run10

• HBD is installed to improve dielectron SIB
• energy scan (vs =200 / 62.5 / 39 GeV)

• 2008 d+Au dielectron spectra coming soon ...

~

PH·••·•·..•·······ENIX

Jason Kamin, Stony Brook University
PHENIX Collaboration
RIKEN BNL Research Center Workshop
May 12,2010



~pton Pair Continuum
diverse physics

RIKEN BNL Research Center Workshop, May 12,2010

Sources "long" after collision:
• Jt0 , 11, (0 Dalitz decays
• (p), (0, <1>, J/tjJ, tV' decays

Baseline from p+p

Early in collision:
• Heavy flavor production
• Drell Van, direct radiation

Thermal (blackbody radiation):
• in dileptons and photons
• temperature evolution

Medium modifications of mesons:
• rtrt ~ p ~ t+t-
• chiral symmetry restoration

Medium effects on hard probes

• Heavv flavor energy loss

4 5
mass (GeV/c2

)

321

Modifications due to QeD phase transition
E ....... i I I I I i I I f I I 1 I I I I I i I I Iii Iii i i

"R
~

<l)

Z
"U

Jason Kamin, Stony Brook University
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.Q±P Dielectrons
agreement with cocktail

Low Mass Region:
• Excellent agreement with
hadronic decay cocktail.

Purpose of p+p:
• Provides a baseline for Au+Au

• New channel to measure x-sect for
charm and bottom

High Mass Region:
• Dominated by bottom
abb= 3.9 ± 2.4(stat) ~~(syst) ub

. '-i-~ ...... yt!e JlI"~.e

••• Jl~-,.e .'~e-I!

-r'(-I't'~ .If;C~'-*-~:I=tYn-:-::...u

.o_fl_ee -bb-i.tt1PYTh,'A;)

t:O_ ee I. l'ft _. CY .... ee I~V"""EI~·

.~>3p.i''''!'l!l. IlIliJ, .... Intermediate Mass Region:
• Open Charm Continuum
• integrating the yield:

ace = 544 ±39(stat) ± 142(syst)
± 200 (model) IJ.b

• agrees with single electron x-sec:
ace = 567 ± 57{stat) ± 193 (syst) ub

w
(,,) --3

Z 10 fP+P at\lS = 200 GeV
j5 • DATA
Q.
W 10-4 IYI -c0.358 p- :> 0.2 GeV/c
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~ 10-6
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Phys. Lett. B 670,313 (2009)
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Jason Kamin, Stony Brook University RIKEN BNl Research Center Workshop, May 12, 2010



Au+Au Dielectrons
regions of enhancement

N
~

00

~
~

E""I"" """" ,1,1""1,,,,1, "IT~r'"
,., rv r: < < t: ') ') r: '1 3.5 4 :!t5

rn... (GeV/c')

• data and cocktail of known sources.
• striking enhancement below the (J) mass (LMR)
• Au+Au matches cocktail in IMR - surprise?

o 0.5 1 1.5 2 2.5 3 3.5 4 4.5
mae (GeV/rf)

Centrality Dependence
• LI\IIRexcess in more central
• slight IMRexcess in more peripheral
• dashed line is result of max smearing
of charm pairs

Jason Kamin, Stony Brook University RIKEN BNL Research Center Workshop, May 12, 2010



LMR Enhancement
Centrality Dependance

• Yield/(Nparl 2) in 2 mass windows (a & b)
• nO region scales apprx with Npart

• Excess region:
expect contribution from hot matter

• in-medium production from
JtJt or qq annihilation

• yield should scale faster than Npart

(and it does!)

excess regionII 20
>-

RIKEN BNLResearch CenterWorkshop, May 12, 2010

f ~(a) Yield (150<m <750 MeVlc
2

) I (N (2)
~ l!tI III11t

@", 25 • p+p .

~'l,. • Au"'Au

- C.] COCKTAIL

I
.."~~~,..c .. --,.- ...,ilt~":,.,.,···,·~;c~~ -~"'.-­._~""_":c..:.;::':':'

10

.30 , " "'j , , I

15

1O.:1l)"A,

1.5 2 2.5 3 3.5 4 4.5
mee (GeVIc2

)

Jason Kamin, Stony Brook University

• Enhancement in low mass region is a
strong function of centrality.

• Statistics are also sufficient to analyze

PT dependence.
• Need methodical approach to the spectra.
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Thermal Radiation at RHIC

Direct photons from real photons
• measure inclusive photons
• subtract nO and 11 decay photons at
SiB <1:10 for Pr<3 GeV

• blue points

Direct photons from virtual photons
• measure e'e pairs at mn < m « PT
• subtract 11 decays at SIB'" 1:1
• extra palate to mass = 0
• red pointshr

... AuAu MB xi (f

o • AuAu 0.20% xi 02

o • AuAu 20--40% x10

* * p+p

0-6

1 , " "
-, I I I ! I !
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Jason Kamin, Stony Brook University RIKEN BNL Research Center Workshop, May 12,2010
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Future Directions in CGC
Studies at RHIC

L.C. Bland, BNL

RBRC Workshop on Saturation...

12 May 2010
We have learned from earlier forward particle production experiments at RHIC that (1) neutral pion production cross sections for
p+p collisions at ~s=200 GeV are consistent with next-to-leading order pQCD calculations for pions produced with large Feynman­
x and PT>2 GeVic: (2) jet-like structures are observed in p+p collisions for azimuthal correlations between a forward pion and a
second hadron, with clear "near-side" and "away-side" peaks with the latter sensitive to the rapid rise of the gluon density near
x~O.OO I; (3) large analyzing powers, that increase with xF, are observed for forward neutral pion production; (4) forward neutral
pion production cross sections are suppressed in d+Au collisions at ~sNN=200 GeV; and (5) "near-side" azimuthal correlations are

present for forward neutral pion pairs in d+Au collisions at ~sNN=200 GeV, nearly unchanged from those observed in p+p
collisions, but "away-side" correlations are suppressed, especially for collisions with small impact parameter. For transversely
polarized proton collisions, models that extend beyond the collinear picture to include spin-correlated transverse momentum in
distribution and fragmentation functions are found consistent with our measurements. For d+Au collisions, both the suppression of
the inclusive yield and the suppression of "away-side" azimuthal correlations are consistent with theoretical expectations for parton
saturation in the Au nucleus at low x. The origin of large transverse spin effects and the question ofparton saturation are primary
motivations for a future electron-ion collider. Present theoretical understanding questions whether there is universality for the spin
effects and sensitivity to parton saturation when looking at produced hadrons in p+p and d+Au collisions. Drell-Yan production of
virtual photons at large rapidity is expected to be the most robust test of theoretical understanding for p+p and p/d+Au collisions,
and then should provide universal quantities that would be probed in a future electron-ion collider. This contribution discusses the
basic requirements for production of virtual photons at large rapidity in p+p collisions. Requirements for p+Au or d+Au collisions
are similar to those for p+p for virtual photons produced in the deuteron beam direction. Major upgrades at STAR and/or PHENIX
would be required for future Drell-Yan (DY) production experiments. We are developing a proposal for a colliding-beam
experiment that would demonstrate the feasibility and fully establish the requirements for future upgrades targeted at measuring
forward DY production. A key question is whether the charge of each lepton from virtual photon decay must be measured, to allow
background subtaction of like-sign pairs. This contribution discusses the status of the DY feasibility experiment proposal.
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Motivations for DY Feasibility at IP2
2015 HP13 Test unique QeD predictions for relations between single-transverse spin

(new) phenomena in p-p scattering and those observed ill deep-inelastic lepton
scattering

Reporl to NSAC from the Subcommittee on Performance Measures (August, 2008)
http://www.sc.doe.gov/np/nsac/docs/PerfMeasEvaIFinal.pdf

• Timeliness - HP13 milestone completion by 2015. This could be
accomplished during W program if 31R impact is acceptable.

• Acceptance/background rejection - severe space constraints at STAR and
PHENIX require major changes in the forward direction. Space constraints are
not present at IP2.

• Is charge sign a requirement?

Objective of DY feasibility test is to establish the requirements for future major
forward upgrades at STAR and PHENIX that would be used in a future p+Au or
d+Au run that would emphasize Drell Van production to probe low-x through
scaling violations or virtual photon PT dependence.



Schematic of detector considered
Run-13 configuration

(Uses PHOSOS Split Dipole for charge sign)

<,
PhobosMagnet

z

N
N
v..>

100 em

I I

2nd Pre-Shower

Pb converte~L

Illr-

Pre-Shower~

l' t
EMeal Heal

• Heal is existing 9x12 modules
from E864 (NIM406,227)

• EMcal is modeled as only
(3.8cm)2x(45cm) lead glass

• Preshower would require
construction

• PHOSOS split-dipole magnetic
field in GEANT model

• Fiber tracker stations require
specifications and construction

http://www.star.bnl.gov/-akio/ip2/topview3.jpeg



Strategy for estimates
±

~i="ANT r':>oI:l,",o'\nc... of IHEP lead gloss to rr
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• Estimate effects from cluster merging in EMcal
(d < cd cell I recommended is c~1)

• Estimate/simulate EMcal cluster energy and
position resolutions. aE=15%/~E and
a

X(y)=O.1
deell, used to date for nO~yy rejection.

o

• Explicit treatment in fast simulator to estimate

L ~ I pathlengths through key elements (beam pipe
10 _ _I I I ! I. I I '.'_ I I '

0
:
8
II ~ I I '.02 and preshower), to simulate photon conversion

f=6EaEAUT/EPYTHIA to e+e- pair

GEANT simulation of EMcal
response to E>15 GeV n± from
PYTHIA 6.222 incident on
(3.8cm)2x45cm lead glass
calorimeter
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Comments:

Estimate 3
+ ,v's=500 GeV1 PYTHIA 6.22.2. r-14.S "b-'

_All DY ~ b
_DY model 2 ht. 00. r:fJ X5

X50

10

1 1,,11 I l'lI'II, 111111 1'1 I 11 !! fl,"" tl,lIlfl'"' 11111 0
o 5 10 15 0 50 100 150 0 2 4

Mp (GeV/ C
2

) p~,., (GeV/ c) Pr.~ (GeV/ C)
hadron slmulction (linear dN/df): Ptrt"=O.5 fma,,~O.9 P...=O.9~

photon conversions included/O.5 em onthracine Preshower
neutral-pion cluster rejection

• Conversion photons significantly reduced by 1t0~yy veto

• Preshower thickness tuned, although perhaps is not so critical given photon veto

• Linearly decreasing dN/df estimates smaller hadronic background => increased
sophistication needed for reliable estimates, although other model uncertainties could
easily dominate.
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Staging
Assumptions:

1) -4 week polarized proton test run at ~s=500 GeV in RHIC run 11

2) 12 week polarized proton W production run at ~s=500 GeV in RHIC run 12

3) 12 week polarized proton W production run at ~s=500 GeV in RHIC run 13

Planned Staging:

1) Hcal + newly constructed SSC at IP2 for RHIC run 11 with goals of
establishing impact of 31R operation and demonstrate calibration of Hcal to
get first data constraints on charged hadron backgrounds

2) Heal + EMcal + neutral/charged veto + SSC for RHIC run 12 with goals of
zero-field data sample with Lint>50 / pb and Pbeam=50O/o to observe
dileptons from J/\jJ, Y and intervening continuum. Split-dipole tests
envisioned.

3) Heal + EMcal + neutral/charged veto + SSG + split-dipole for RHIC run 13
with goals data sample with Lint>50 / pb and Pbeam=50% to observe
dileptons from J/\jJ, Y and intervening continuum to address whether
charge sign discrimination is required



Decadal Planning in PHENIX
Jamie Nagle

University of Colorado, Boulder

for the PHENIX Collaboration
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What You Don't Know (6-10 Years)



Next 5 Years

Silicon VTX on schedule.
Precision heavy flavor era!

Run-11 :

Muon Trigger Upgrade on
schedule! Forward W"::; J.l

DAQ Upgrade on schedule!

Forward silicon VTX available.

Run-12:

Run-14:

Forward Calorimetry
(FOCAL proposal - see R. Seto's talk)

Critical to exploit the detectors to do
the physics they were designed for.
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PHENIX Detector
...PO Central TF(:c,;

PCl Magnel .

South Side View
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Counts per 2.5 GeV bin in SOB AuAu Events

1011
11L \ i I I

NLO pOCO (W. Vogelsang)
CTEQ6M5, DSS FF

pp @ 200 GeV 1111<1.0

q,g jets
Direct y

Fragmentation y
nO (assume RAA = 0.2)

10-5

10.7

o 10 20 30 40 50 60 70 80 90 100
Transverse Momentum (GeV/c)
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PHENIX New Detector Concept for 2016-2017 frame
Step #1: Remove the outer PHENIX Central Arms
Step #2: Replace Axial Field Magnet with Solenoid

(2 Tesla with inner radius = 70 cm).
Step #3: New silicon tracking layers at 40 and 60 em
Step #4: Compact EmCal (Silicon/Tungsten) 1111<1.0

8 cm total depth and preshower layer
Step #5: Hadronic Calorimeter Outside Magnet
Step #6: Maintain high DAQ bandwidth and triggers

Some steps can be done
incrementally, and some would
require a longer shutdown
(- 1 - 1 12 years).

Result ~ PHENIX Reborn



Jet Fragmentation Functions
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Without HeAL, if fakes dominate above PT > 10 GeV, then
yellow region is not possible without HeAL.

Key for understanding full evolution of high energy parton
(far out of equilibrium) rapidly interacting in medium.



Forward Direction Ideas
Discussing in 5++ years to remove the south muon spectrometer
and build an electron/photon endcap spectrometer.

2T Solenoid

~~ Silicon Tracker
VTX + 1 layer

Silicon Tracker
FVTX

1.2 < h < 2.7
80< q < 370

HeAL

. ..

EMCAL ;HeAL

Current Lead-Scintillator and Lead-Glass PHENIX central arm EMCal
145cm ,tJ0rth Muon Arm

I
N
w
N
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FOCAL a Forward Calorimeter for PHENIX
Richard Seta, University of California, Riverside

The FOCAL is proposed new detector subsystem
for PHENIX. Its purpose is to study cold nuclear
at low x by measuring direct photons. This topic is
of particular interest because the state is
expected to be described as a Color Glass
Condensate, which in turn is a description of the
initial state of the sQGP. The FOCAL is a uniquely
new device in that it is a hybrid of a tracking
detector and a calorimeter.



What is the FOCAL?
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• Si-W calorimeter
• 44cm from the interaction point

• Replaces existing Cu
nosecone

• Modular Brick construction

e Prototype performance
consistent with
expectations
• Detector is well

understood

This isa very new type of detector!
A hybrid between a calorimeter and a tracking detector

~- -
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FOCAL Design
FOCAL Supertower

Segment-O S.~t-1 5egnNnr-2

1111.111 ,1111111111111111

~ .,.. ., , /

,·'...·"7/

\'\, '. 4 mm W plates" ".,21 XII: .-I,t'/ One sensor =
.....\,. 21 layer of -500~ 51 padS 15x:1~~rnz 4x4 array of pads

....

'1J layer.of ....300JJl 0.5 mm wide Si strips (4 X ... ;4Y)

• 4mm tungsten plates in three longitudinal segments
• Detector is 24Xo, O.9Labs

@ 15.5 mm? pads (matched to EM showers) for energy
measurement

" 8 layers of 500f.lm Si strips in Segment 0 (4X layers, 4Y layers)

• Positioned at 2Xo, 3Xo, 4Xo, 5Xo
• nOly separation for E<50GeV



Key to measuring Ydirect

<Measurinq the nO

Longitudinal Distanc::e (z) [em)

N
w
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~ A high energy nO shower as
seen by the pads:

Q} Reconstruct "Track"
• Find Center of gravity in each

segment
• NOTE: It's a tracking

calorimeter with several
planes

• Found Center of Gravity but
• Individual photon tracks not

distinguishable
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Invariant Mass Distribution
"Single track" nO

N
W
-.....l

• Calculate invariant mass
• Opening angle: derived only by

strips
• Photon energy: derived only by

pads
Energy is assumed to be shared
equally between each y

• photons reconstruct to small
invariant mass

@ Double-peak feature of the
reconstruction:
• Due to correctly reconstructed

mass
• 2nd photon is low energy or

overlap too complete
• Ratio can be gotten from test

beam

x10-J p+p@200 GeV
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Timescale and Summary
• Timescale

• FOCAL could be on the floor for first data taking in Run-13
(2012-2013)

• A reasonable timescale for the next d+Au run is probably
Run-14

Runs 11-12 dominated by pp (Wphysics), AuAu

• Summary
• The FOCAL will make possible exciting new

measurements of the gluon PDF at low-x
Addresses saturation and CGC physics & the initial state of Heavy
Ion Collisions

Main channel: Direct photon
lID direct probe of the gluon distribution making it simpler theoretically

~~ complementary to existing efforts
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Small x physics with ALICE

OUTLINE:

1.lntroduction

~ 2.ALICE: present Capabilities

3.ALICE Future plans: Forward EM Calorimeter

4.Sample of Results from ALICE p-p runs so far

May 12, 2010 CGC - 2010: Nayak
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Forward Rapidity
Smaller x

Study of Small-x Parton
Distributions..~
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May 12,2010 CGC - 2010: Nayak



p-p: "J 5 = 14 TeV
p-Pb: -)5 =8.8 TeV

Pb-Pb: -V SNN =5.5 leV

Collisions at theLHC

• p-p collisions

- Test of pQCO and saturation models "in a new .vs and x regime

- Baseline for Pb-Pb

• p-Pb collisions

- Probe nuclear PDFs

~ - Disentangle initial and final state effects
~

• Pb-Pb collisions

- Probe the hot and dense medium

• Unexplored small-x region
• Window on the rich phenomenology of high-density PDFs:

Shadowing, Gluon saturation, Color Glass Condensate



245



Summary
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• p-p, p-Pb and Pb-Pb collisions at LHC offer unprecedented
opportunities for studying wide variety of physics related to small
Bjorken-x

• Because of the low Pr acceptance of measured particles, ALICE
is well suited for small-x study

• Most of the global observables measure by ALICE will be
interesting from the small-x physics (eGC) point of view
Heavy flavours provide good tool for gluon saturation study

• Future instrumentation of Forward EM Calorimeter will
be crucial to small-x physics of LHC

May 12,2010 CGC - 2010: Nayak
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Small-x physics with eMS at LHC

We present the capabilities of the CMS experiment at the LHC to study small-x physics. The LHC
is designed to provide p+p, p+A and A+A collisions at maximal ~SNN = 14, 8.8 and 5.5 TeV
respectively with peak luminosities of 1034, 1029 and 5·1026 cnr-s". Such large energies and
luminosities will allow detailed OCD studies at unexplored low-x values using different probes like
jets, quarkonia, heavy quarks, etc.

CMS is a general-purpose experiment desi2ned for the exploration of the physics at the TeV
energy scale. CMS is the lart:est acceptance detector at the LHC. This detector is a 22 m (length)>
15 m (diameter) apparatus featuring a 3.8 T solenoid surrounding central trackio2 detectors (silicon
pixel and microstrip detectors) and electroma2netic (1111<3) and hadronic (1111<5) calorimeters.
Muon detectors (1111<2.4) are embedded in the flux return iron yoke of magnet. eMS has unique
detection capabilities in the forward region thanks to CASTOR (-6.6<11<-5.2) and the ZDC (1111>8.3)
calorimeters.

We present a selection of five observables which are sensitive to parton saturation effects and
measurable in CMS in both n±P. (forward jets, Mueller-Navelet dijets, energy flow) and Pb+Pb
(charged hadron rapidity density, ultra-peripheral photoproduction of Y) collisions. Also first
experimental results from 0.9, 2.36 and 7 TeV p+p collisions at LHC are presented.

Magdalena Malek
University of Illinois at Chicago

on behalf of the eMS collaboration



( p+p collisions: FORWARD JETS)

• very low-x gluon density in the proton is poorly known: forward jet cross sections
dotpi-p-ejet) = PDF(XI,Q2)®PDF(X2,Q2)®d<J(qg-7>jet) constrain low-x gluon PDF

• forward jet production in eMS calorimeters: for HF x---lO-4, for CASTOR x---lO-5

• the minimum x probed decreases by a factor ofs-l Oevery 2 units of rapidity
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p+p collisions: MUELLER-NAVELET DIJETS

• Mueller-Navelet dijets with lar2e An separation very sensitive to low-x QeD evolution
allow testing ground for BFKL evolution

+ BFKL extra radiation between the 2 jets will smear out back-to-back topology

+ enhanced radiation partially compensated by gluon saturation?

• increased azimuthal decorrelation with increasing ~11
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p-p collisions : FORWARD ENERGY FLOW

• improve the understanding of the parton radiation in the initial state

• Monte Carlo based predictions: energy flow in central region at low energy does not
change much with tunes but si2nificant difference observed in the 1ar2e pseudo­
rapidity re2ion (llll>2)

• energy flow ratio definition:
Ratio = Energy deposited for 2.36 (7) TeV / Energy deposited for 0.9 GeV
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Pb+Pb collisions: TOTAL HADRON MULTIPLICITY

• final hadron rapidity density ex number of initially release partons at given 11 oc Qs2

• reduced multiplicity predicted by saturation models: 2luon recombination reduces
incoming parton flux

• saturation driven predictions for LHC: dN/dll (1l=0)~2000 (8000 before RHIC results)

• method: hit counting in the pixel tracker for 1111<2.5

• Simulated primary tracks PbPb @ 5.5 TeV
Reconstructed tracks (Si Pixel)
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Pb-Pb collisions: QQbar PHOTOPRODUCTION

• in Ultra-Peripheral Collisions: electromagnetic field (coherent action of Z=82 proton
charges) generates an equivalent flux of photons. y-flux,....., Z2: enhancement factor of
7000 is expected for Pb beam (if compared to proton beam)

• sensitive to the square of the 21uon density in the nucleus; x probed in y + A~ Y + A
process at LHC: for y=O x--Z·10-3, for y=2.5 x,....,lO-4; unexplored (x,Q2) range can be
studied!

• back2round from coherent production of lepton pairs in two-photon processes

full eMS simulation (background subtracted)

PbPb UPC • 5.5 TeV ·0.5 nb"
(STARLIGHT model. Full CMS aim_co]

-- y Pb -1 Y (--+a+e')

PbPb UPC • 5.5 TeV • 0.5 nb"
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__Q-A Physics in ATLAS - Overview

• Study of p-A collisions is essential @ LHC
- To provide baseline for heavy ion measurements.

- Physics intrinsically compelling
"". Mini-jet production, multiple semi-hard scattering.

"". Shadowing - test of "Eikonal" QCD.

"". Gluon saturation - probe QCD @ high gluon density.

> Test factorization.

.", Multiple hard scattering - Measure parton correlations in
nucleon (and nucleus ?)

• ATLAS is ideal detector for p-A studies
- 11 coverage, calorimeter performance, b tagging,

lepton identification, inner tracking.
April 2. 2002 B.A. Cole - p-A physics wI ATLAS
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EIC Science Case
How do we understand the visible matter in our universe in
terms of the fundamental quarks and gluons of QeD?

• What is the nature and role of gluons and their self­
interactions (eA, ep)

~ Study the Physics of Strong Color Fields
@ Establish (or not) the existence of the saturation regime
@ Explore non-linear QeD
@ Measure momentum & space-time distributions of glue

~ Study the nature of color singlet excitations (Pomerons)
• Test and study the limits· of universality (eA ve. pA)
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EIC Science Case
How do we understand the visible matter in our universe in
terms of the fundamental quarks and gluons of QeD?

• What is the nature and role of gluons and their self­
interactions (eA, ep)

• What is the internal landscape of the nucleons

~ What is the nature of the spin of the proton?
@ ~G(Q2, x), polarization of the sea quarks
@ Transverse spin and momentum measurements and correlations

~ What is the Three-Dimensional Spatial Landscape of Nucleons?
@ Transverse imaging of quarks and gluons in nucleons
@ Transverse momentum dependent measurements and

correlations



N
0\
N

EIC Science Case
How do we understand the visible matter in our universe in
terms of the fundamental quarks and gluons of QeD?

• What is the nature and role of gluons and their self­
interactions (eA, ep)

• What is the internal landscape of the nucleons

• What governs the transition of quarks and gluons into pions
and nucleons?

~ How do fast probes interact with the gluonic medium?
@ Energy loss of quarks and gluons

~ Mechanism of fragmentation?



EIC Science Case
How do we understand the visible matter in our universe in
terms of the fundamental quarks and gluons of QeD?

• What is the nature and role of gluons and their self­
interactions (eA, ep)

• What is the internal landscape of the nucleons

~ • What governs the transition of quarks and gluons into pions
w

and nucleons?

• Electroweak Physics (studies underway)

~ Parity Violating deep inelastic scattering (PVDIS)
@ Quark helicity distributions
@ Isovector EMC effect
@ Potential ultraprecise weak mixing angle measurements

~ Lepton Flavor and Number Violation
@ Electron-tau lepton conversion
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EIC Science Case
How do we understand the visible matter in our universe in
terms of the fundamental quarks and gluons of QeD?

The machine presents a unique
opportunity for fundamental physics:



Using Heavy Ions (Pb+Pb) to Search for New forms
of QeD matter at LHC

Can the sQGP shed light on its Glasma embryo?
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Miklos Gyulassy, Columbia University 5/12/2010

Abstract: In this talk I discuss how the sQGP discovered at RHIC be used as a sensitive
detector at LHG to illuminate the theoretical Glasma phase of GGG matter

Part 1: Why are LHC initial conditions so hard to predict?
Part 2: Will Perfect Fluidity evolve into "Divine" Flow at LHC?
Part 3: Will the Glasma solve the (possible)

breakdown of sQGP hydro at LHC?
Part 4: Will we be able to deconvolute the Glasma quenching

from final state Plasma quenching via pA at LHC?

The challenge to CGCers:
We only have six months to Predict new physics

and put new ideas on the LHC butcher block

Gyulassy 05/12110 BNL
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RHIC v2 systematics suggests that v2(LHC) maybe > v2 (ideal, 11/s=O)

fluidity
Au-Au collisions 0-40%) centrality

o

11/s < 0

11 /s=O

11/s=1/41t

W.Busza 2006
2,o-2.-4-18 -16 -14 -12 -10 -8 -6
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('Divine"

Lousy
Hadron 0.02

gas

Perfect.
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F'igure 4.. The elliptic flow t'2. averaged over centrality (O-4O%:'L at various collision energies.
Data (full symbols) from PHOBOS [41] and ST..A..R [42J are plotted as a function of '} - }oe3l'1l and
reflected (open symbols) across the LHC - Yt.eam value.

Gyulassy 05/12/10 BNL



Fuji,Itakara: arXiv:0806.1840

The ideal Glasma flux tube YM Solutions expand radially

equilibrate on fast 1lOs < 1 fm time scales
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The Glasma transverse expansion could give the
sQGP fluid an initial radial boost to seed
"apparent elliptic flow" beyond the zero viscosity limit
at LHC. The bulk sQGP could then serve as a detector of the Glasma

(Work in progress by R. Venugopalan at al)

Gyulassy 05/12/10 BNL



Getting to the bottom of the heavy quark jetpuzzle Physics 2, 107 (2009)
Bottom Quark Jet Ouenchlnq

HG
NGT
BNGT
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Will Janus require a third face toward CGC to help unravel
anomalous heavy quark quenching at LHC ?

Gyulassy 05/12/10 BNL
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Open LHC QCD Matter Challenges

Part 1: LHC initial conditions are hard to predict because
quantal eGC is nonlinear physics, sensitive to
boundary conditions". But without accurate IC
bulk sQGP flow, Jet Quenching etc cannot be inverted.

Part 2: Perfect Fluidity at RHIC may become "Divine Fluidity"
with apparent eta/s < 0 on day 1 at LHC

Part 3: Divine flow could be the signature of Glasma prequilib
transverse flow. Urgent need for numerical predictions

for both RHIC and LHC

Part 4: Jet tomography will require extensive p+A studies
to enable deconvolution of eGG, Glasma, and final
state quenching physics in AA at LHC

the LHC butcher block awaits our predictions!
Gyulassy 05/12/10 BNL
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