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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 of U.S.D.O.E. Contract No. DE-AC02-98CH10886.
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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 PHENIX
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, OH 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 (J,. 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
MecLerran—Venugopalan model, as shown in the second slide.

The classical gluon fields can alse 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-
z and @?-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.



What sets the scale of running QCD
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

QSZNA1/3 Sﬂ

such that | = o (0, ) <<1

and we can calculate total cross sections, particle
spectra and multiplicities, etc from first principles.




MclLerran-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.

=----.. sea gluons
" and quarks

nucleus




Classical Gluon 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 F* = J*

for two sources — proton and nucleus.

Ay-?

proton

A.H. Mueller, Yu. K., "98; B. Kopeliovich,
nucleus A. Tarasov and A. Schafer, '98;
A. Dumitru, L. MclLerran '01.



Nonlinear Equation

At very high energy parton recombination becomes important. Partons not
only split into more partons, but also recombine. Recombination reduces
the number of partons in the wave function.

new parton is emitted as energy increases

it could be emitted off anyone of the N partons

—+— - =

N partons any two partons can recombine into one

ON(x,k*)
dln(1/ x)

Number of parton pairs ~ N

= a, Ky ® N(x, k) = 0, [N (x, k)]




Map of High Energy QCD
Saturation physics allows us Cf"ﬁlt::giggsfggi:&lens ;e B
~ a
to study regions of high |
parton density in the small

:' ( can be understood
by small coupling methods )

coupling regime, where ™ 1X A
: : e BK/JIMWLK
calculations are still =
under control! t/”l; we [0
non-perturbative | BFKL
region |
(not much is known ————= DGLAP
coupling is large) | > Q2
a ~1 a, << 1 5
(or p+?)
" : C y)
Transition to saturation region is 5 s [ 1
: . 02~ A" =
characterized by the saturation scale S ¥




Frangois: Gelis

Color Glass Condensate
and Glasma

Francgois Gelis
IPhT, CEA/Saclay

Abstract

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



Correlations in 5 and x, at Leading Log

e The factorization valid for (T'“’} can be extended to
multi-point correlations :

(T (7,1, X1 1) - -« TH (7, M XnL)), =

Liog

_ / [Dp, Dp,] Wip,] Walp,]
X TL,L(L)1 . (Ta §1L) T TL/(L);,Vn (T’ )?ni_)

e Note: at Leading Log accuracy, all the rapidity correlations
come from the evolution of the distributions W[p4 2]

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

e This formula predicts long range (An ~ a3 ') rapidity
correlations for points located at the same impact
parameter

Frangois G,é‘lis :




Frangois.Gelis

Glasma flux tubes

e The initial chromo-E and B fields form longitudinal
“flux tubes” extending between the projectiles:

e Correlation length in the transverse plane: Ar; ~ Qg !
e Correlation length in rapidity: An ~ ag

e The flux tubes fill up the entire volume
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Frangois Gelis

Importance of initial rapidity correlations

Early physics can survive in long range rapidity c r

-1 —
tcorrelatiOn < tfreeze out € 7,77,4 773|

detection

freeze out

latest correlation
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T#" of the Glasma

e Glasma:

<TMV(O+,n,f)> — €

e |deal hydro:

et X = P

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

Frangois Gelis
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Hydro behavior in a toy model (1+0 dim)

Classical field evolution with fluctuations

(])4 potential, longitudinal expansion

T

1000 T T T T T T T T
Too/3 .
|72l wio fluctuations -

[Tzl with fluctuations
T’l’/a Il

100

10 b

g i 1

P Y H i
100 120 140 160 180 200

ol I L H
0 20 40 60 80

e Without fluctuations, p oscillates forever
e With fluctuations, p relaxes quickly to ¢/3
¢ ¢ and p decrease as 1/74/3
> same behavior as in ideal hydro with EoS ¢ = 3p...

‘Frangois Gelis.
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_The AdS/CFT

DIS in AdS/CFT
wl Tolaletelnratute

correspondance (Maldacena, 1997)
o A ‘duality’ (equivalence) between 2 very different theories

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

e SU(N,.), conformal invariance, fixed coupling, no confinement

o A string theory in D = 9 4+ 1 (AdS5 x S°) at weak coupling

o AdSs : Our physical world (D =4) x a ‘radial’ dimension x

@ Strong 't Hooft coupling: A = ¢?N. > 1 & ¢*°<1

e semiclassical limit of the string theory (gravity)

@ N =4 SYM at finite temperature — Black Hole in AdSs

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

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

@ Virtual photon in 4D «— Maxwell wave A4, in AdS; BH

@ DIS cross section «—— absorption of the wave by BH

/ D=4
. bo’undary.
° PhySical world: x =20 g szo (Minkowski)

0
Black Hole horizon: x = 1/T
. . bulk
o Maxwell equations in AdSs BH 3
he]
&
e I |
y
Eon = OmAn — On A, Ve B horizon
17 e 3 y x=1/T
N i. L] ll ]/T /
t
e No explicit coupling N Siack Hole

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

Saturation line

@ Gravitational interactions are proportional to the energy
density in the wave (w) and in the plasma (7))

2

2wT

DIS kinematics : z = and @ > T

@ Large wT is tantamount to small Bjorken's x

@ Critical (‘saturation’) value z4(Q) =~ % <1
o x>z, ~T/Q: Fy(r,Q?) ~0: no partons !
o <z, ~T/Q: Fo(x,Q*) ~ zN2Q?

o Consistent with the energy—momentum sum rule:

/ dz Fy(z, Q%) ~ [xpz(x,Qz)] ~ N?T?

T=Tg

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

@ All partons branch down to the smallest value of = consistent
with energy conservation = no pointlike constituents

Y=In1/xA

Total absorption

Parton Saturation

p/2

nQim=2v

p/4

No partons

Quasi-elastic scattering

e

In Q2

p/8

@ The energy of the plasma is carried mostly by the partons
along the saturation line: z; ~7T/Q < 1

Saturation, the CGC and Glasma @ RHIC Parton saturation at strong coupling from AdS/CFT
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DIS in AdS/CFT
50 gl J

Y=in1xf Y=In1/x 4
‘ Saturation

2
I Q2(Y) = wg Y

Total absorption

Parton Saturation

@ nQ3(v)=2v
No partons

L < ) ) )
¥ Quasi-elastic scattering
" o

Dilute system

o Weak coupling : Q%(z) o 1/2%3 e Strong coupling : Q%(z) x 1/x
o Q > Q4(x): ‘leading—twist' pdf e () > Qs(x): no partons
o ) < Qs(x): n ~ 1/as (CGQ) o ) < Qs(z): n~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 Fisica, Unwversita di Milano and
INFN, Sezione di Milano,
Via Celoria 16, 1-20133 Milano, Italy

Abstract:

I review the current status of the application of linear perturbative QCD evolution to HERA
and Tevatron data and its future use at the LHC. First, I review recent results on small = 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 z and @Q? 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 £ RESUMMATION: WHERE DO WE STAND?

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

SMALL £ 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)
TWO ALTERNATIVE APPROACHES TO DGLAP RESUMMATION:

— SMALL z RESUMMATION OF DGLAP (Altarelli, Ball, s.f., ABF

~— INCLUSION INTO BFKL OF FIXED-ORDER DGLAP
& SUBSEQUENT NUMERICAL DECONVOLUTION OF RESUMMED DGLAP
SPLITTING FUNCTION (Ciafaloni, Colferai, Salam, CCS)

STABLE PERTURBATIVE EXPANSION OF THE RESUMMED DGLAP SPLITTING
FUNCTION UP TO NLO WITH n; = 0 (CCS+Stasto 02, ABF 06):

- DGLAP-BFKIL MATCHING THROUGH SUITABLE DOUBLE BFKL+GILAP
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 ns # (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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COMPUTE K (Q) = F3(z,Q*)/Fy' " (=, Q*); Fi™ (=, Q) /FL M (2, Q°)

NNLO, RESUMMED QoMS, RESUMMED MS; z = 1072, 1074, 107°

1.2

1.0

0.8

0.6

10

THE EFFECT ON PHYSICAL OBSERVABLES
KEEP F5 & F, FIXED AT (g = 2 GEV

Iy
C l'l'] L l_ t llelIlI T AJ l1_FII|i ¥ T T |lll|:
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- “ Foo 7 s—
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0 101 10° 108 100 10! 102 10
Q
(ABF, 08)

e EFFECT OF RESUMMATION COMPARABLE TO NNLO
e RESUMMED SUPPRESSION DUE TO DIP IN EVOLUTION & PDF SUPPR. LOW SCALE

e SCHEME DEPENDENCE SMALLER THAN FOR PDFs

e EVOLUTION WASHES OUT THE DIFFERENCES
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COMPATIBILITY:
DIS vS. HADRONIC DATA AGAIN

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

ADDING JET DATA. ..
...To DIS pATA ... TO DIS+DY DpATA
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ADDING DRELL-YAN DATA. ..
... To DIS paATA
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YES: PERFECT COMPATIBILITY!
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H i
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=, 10
6 E ~— HERA data, x < 0.1
..... DAS prediction

~+— HERA data I
«-- DAS prediction |
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61 02 63 04 65 06 07 03 08
n

WHAT ABOUT GEOMETRIC SCALING?

STRUCTURE FUNCTION DATA SCALE

2
W - Q2 A
R. TO 7 = &= (z/z0o)
(Stasto, Golec-Biernat, Kwieciriski, 2001)

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

DOES DGLAP FAIL?? FOR Q% > 10 GEV?

BUT DOUBLE-LOG SOLUTION TO LO (LINEAR)
DGLAP (“DAS”) ALSO SCALES!

CAN ALSO BE SHOWN ANALYTICALLY

(Caola, s.f., 20(58)

CAN DETERMINE OPTIMAL SCALING
FROM “QUALITY FACTOR” ANALYSIS

(Gélis et al., 2007)

= OBSERVED )\ AGREES WITH “DAS”:

DGLAP PREDICTS GEOMETRIC SCALING

A FINER TEST NEEDED TO REVAL DEVIATIONS
FROM DGLAP!
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NEW (coMBINED} HERA DATA

BACKWARD EV. VS DATA

DAT/TH DIST: NO CUT DAT/TH DIST: CUT
Fit without cuts I N
Fit with A, = 0.5 - b ]

(3
w &

. : wo g ‘ e
E B pNO g 355 4 pNO _poam
B4 Fit with A, = 1.5 RS )
¢ Data o

»
o

Distance
ol tm

F,(x,Q%=3.5 GeV?)
°

L L
10 10° 107
X

e DATA AT LOW x AND Q2 SHOW LESS EVOLUTION THAN PREDICTED BY NLO DGLAP

¢ BACKWARD EVOLVED FIT LIES SYSTEMATICALLY BELOW DATA

e WITH MORE PRECISE DATA, THE FIT NO LONGER MANAGES TO COMPENSATE BY
READJUSTING THE PDFS: EVEN FULL FIT LIES BELOW DATA

DETERIORATION IN FIT QUALITY:

x?2 VS 7 SLICES

—— Fit with cuts
== Fit without cuts ° QUALITY OF ] DETERIO-
RATES IN LOW 7 REGIONS

O
:f <A, <15 e QUALITY OF CUT FIT INCREASINGLY
) POOR AS 7 DECREASES
] 3.0<A <60
15<A,, <_3.0! _“‘I‘;‘:) =
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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 6. Watt
arXiv 1005.0355

Workshop on Saturation, the Color Glass Condensate and Glasma

BNL, 10th of May 2010
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Combining ZEUS and H1 F2 data

H1 and ZEUS collected similar amount of data: 100 pb-!
= improved statistical precision by ~ 1//2

Improved systematic precision

H1 and ZEUS detectors and data analysis are quite different.

w The H1 and ZEUS cross-sections have different sensitivities to
similar sources of correlated systematic uncertainties
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Combination Method
Swim H1 and ZEUS data to the same grid points:
o ox

o (% @) = 0 (6Q7) 5 oy (x

New measurements are obtained by building the x? estimate:

Measurement at point i
-3 mr

Z b
' (n /1 (771 - Z )/ 11 b Ol uncor ’”

Sensitivity of the cross section to

Combination at point i
[Estimate of 1 true cross section]

Yo (M. b)Y =

the j*® source of correlated Shift of the j™ source of correlated
untcertainty. uncertainty

y*}. defined as the relative change of the

measurement for a 1 sigma shift of the O, qat /8 uncor Relative stat. / syst. error on the

error source measurement

ZEUS ? ZEUS) — Uypus (% Q?)
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* 1402 measurements with 110 correlated sources of uncertainty combined to 741
Cross sections.

+ X2/ dof = 636.5/ 656 ; No tension in Pulls ; [b | <2 = H1 and ZEUS Agree!

H1 and ZEUS

N * HERAINCe'p
o Lﬁ 3 ZEUS !
. F ¢ HI | i
x ;‘ .
, e W s f :
> . g‘# | O
s £ " 4 Systematic Uncertainty:
x * '
e 3 ® * Smum - 0.45 8mu\ﬁ
. fad .
2, * 62»;113 ac —> 0.35 62}303 BG
wy o
Overall Precision:
" T T ¢ » 2% for 3<(Q?*<500 GeV?
B ol e naemi s e aeeteaed o fe ebeth s wd * 1% for 2<Q?< 100 GeV?
i 13 [ w' o’

QO 7 GeV®

DIS 2010 « SHIRAZ HABIB « Combined Measurement and QCD Analysis of the Inclusive ep Scattering Cross Sections at HERA |
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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 a 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 a gluon on a gluon, described by the BFKL eq.

5
Olns

Als. k K) = (%~ K2+ / dePK(k, @) A(s, . K').

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

] k2K (kK £, (K) = wf(K).

in LO fuk) = ()" with  w = axolv) for fixed o,
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The BFKL eq., with the fixed a; predicts that the rate of rise % is only
slowly varying with 0? , & ~0.3 (in NLO). Therefore, the prevailing opinion was
that the BFKL analysis was not applicable to HERA data.

The rate of rise i

F2 ~ (1/x)?
0.45 L4 HI | First hints that
: Yo ZEUS~FP ; P
;o ZEUS-FRC ‘ L can be
0.4 | T 4mpole ft S .
Eoeeens 3~-pole fit N substantially
L 1—pole fit s . . 2
0.35 . oo 4—pole fit, ne 4 : varying with Q
0.3 ! A o in BFKL was
0.25 ey LA given in PL 668
oAt : - (2008) 51 by
0.2 & T | |
- | EKR
0.15 - ’
0.1 3
1 10 10
@ (GeV?)

Lipatov 86 & EKR 2008: BFKL solutions with the running as are
substantially different from solutions with the fixed a;.
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Summary of RIKEN BNL workshop

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

ﬂApril 26-30, 2010




43

What was part of the workshop about?

P- and CP-odd How to
effects might B observe these ,
occur in hot matter effects in datar

QCD: 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

(G §e
: 6 é{ )0 Talk by
Fluctuations \ - o
of top. charge (V)20 ' Warmgn
. >, L arringa
Axial anomaly: dhirality SR J~'-J'> Strong EM Fluctuating charge g
if uarkmass ~0 mag field HIC, asymmetry

chiral sym. restoration rapid fall-off wrt. reaction plane
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Charge asym. from topology + magnetic field

Confirmation from Lattice QCD Confirmation from analytic studies
Density of the electric charge vs. magnetic field, ® large axial chemical potential s for some reason
3D time slices o L ] )
‘ eads to a vector current: charge separation

® TT* and TT" would have anticorrelation in momenta
® Some experimental signal?

® Can be explained by j~ M5B Knarzeev, Fukushima, Warringa,

McLerran...
Talk by Dam Son

® Chiral rotation effect: j~ Hsww

Chiral magnetic spiral: Talk by Gerald Dunne

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

Talk by Mikhail Polikarpov

Homogeneous color flux
tube + perp. EM mag. field
1 ey

Classical instanton (ke sotution) Put it all together.
It works...

f 7 s ST e
: ; 08 | | P
|
| Induced
By 0.6
: . current 1 By .
i a
i - over G107 o4t
i H . . 3 I
o chirali »
i ty 02 |ff / £= 0.0 e
Vs. / £=1 —o
' field ) A T
Chi in top (z-)half of lattice from near-zero-modes.
Di\i;gi:g[:n z,oy,zor t gives zero, effect flips sign under 3, — —13; mag 1€ 0 2 4 6 8 10
lalBy/l9E:|

Talk by Tom Blum Talk by Harmen Warringa
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Charge correlations STAR =~ Alsodata
at 62 GeV

Red points: Au+Au and Cu+Cu @ 200 GeV 79{‘«

min. bias, |n|<1.0

[ Nteskium sfecis: yweaching

<c°3(¢(x“'¢ﬁ'z"pnp))
e
T

T T T T T
N SR oo ] 0.15<p,<2GeV/c
F —e— same chsrge, AuAu |4 - t
—u— opp charge, AuAu ] {
~==-~ game charge, CuCu |4 Jeensied enetion

e Data cannot
| Fe o be explained
X fazfras v F . . .c ° 3 :_.u—-:v )‘.{0 by
D5-s Y o .
Blue points: . ; HIJING

o - 76786 50 @030 26160 HIJING+v2,

% Most Central
MeVSIM,

+/- signal in Cu+Cu is stronger, ? UrQMD
qualitatively in agreement with “theory”, |

but keep in mind large uncertainties due
to cormrelations not related to RP

T e . .. .. wa Talk by Sergei Voloshin

—e QPP charge, CuCu

Charge Asym. Correl. Results

STAR preliminary
T T *  Qppo-sign aligned; <A A, > (A A,

0.2 & L . . T éPVtexz?;tsi:\\/A,a,m i(?,A_JLR
S R T Important to understand
N § oré o, ] backgrounds (Talk by
§ olm.., o | Jinfeng Liao) and relate
P different observables
o ‘r: }7+1’:,z) 0
& = "Vt.lcn _ N:.i'lgln 0.4 i , . ‘, ' 1 .V “ ) Z:::;:i;:?::rf’;:{i?;; cental
e NiJn:// + N: vight 0 100 N::r(: 300 IL);\:B;:‘E::Z::,S:Z(A:,LR Talk by Fuqlang
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Charge correlations PHENIX

wa-particle correlation Results

|
|
|

Multi-particle correlation Results

A -
.ei“ 0.005 PHENIX praliminary .05~ in;ﬂ); gl;eelkr\i/nw 1.01 r . Data 0-5% 0.4<pT<0.7 .
& L Aurhu 200GeV E AU Z00Ge' i N flacted f 4
S oo Dewin=10-28) ootk . Mascuec (1=20~30) SR cted o
hig o Pry. Pra = 0.5~ 4.5 (GaVic) \ Pri.Pr = 0.5-45(Gevic) N . Fast Sim (with decay)
o SN £ * . 1=0.04
S ek . oonsf ¥ 1.008 :
73 \.‘ * (+.-} pair \\ ® (+.-) pair Q. I
§ ooual T \ ® (+.+) pair LL TN & (++) pair © L
, ® () pair U " () pair F
0.001 Un
of N
b 0.995

~— e ~— Concave shape validates charge asymmefry w.r.t
o0t PH“ENIX o00a PHENIX the reaction plane
wlevilonad e e b [ TPV TR FOT TP VT TP O > Note the centrality dependence
™ 60 50 &0 0 22 10 [] 70 4 56 0 2 10 8
centrality (%) centrality (%)

Signal is sensitive to collision centrality . Multi-particle °°’T‘;’,"ﬁ!?_’_?!‘ Results |

Ry A. Lacey. Stony Brock Unaorsity;
- and CP-0dd Woskshop, BM. USA, Apr¥ 26-30th. 2019 i3

Data 20-30% 0.4<pT<0.7

1.01
+ unreflected © reflected
Fast Simulator (with decay)
... a1=0.065
a 1005 .- -, — a1=0.055 L
O S /

Two-particle correlations ;
consistent with STAR data

PHEN A Pratis
. X
099574 05 0 05 1
AS

Concave shape validates charge
asymmetry w.r.t the reaction plane

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

- Ruy A, Lacey, Stony Brook Unheraly:
L P GP-ot Weskshop. BNL USA. Apri 2630, 2010

Talks by Roy Lacey
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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 glasma 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/~kharzeev/cpodd
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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 whoie
phase space, has been renamed by PHOBOS as “extended longitudinal scaling”.

In this talk | briefly review the existing extensive data on extended longitudinal
scaling in pp, pA and AA collisions 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
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Direct manifestation of the saturation
of particle production

~ 4r —— AutAu  Cu+Cu :

N oo 200GeV O 2006V [ oy =30 ]
t e, 130GeV 4 v ™20 E
8 3 §24GeV O 624GeV N A P + §

Z 19.6GeV ¢ 22.4GeV t sk - target_ 0' 5 + ]

\E/_ Taking y=m % T e + | ! ]

iy = f ¢ :

3 d - o4 + ]

~ = - ]
[5} E s & &

Z 1P 0-6% Central Z § ! TT

T | Rk , © ‘ ——

arvix:0709.4008{nucl-px] "B, [ 3
Al MY i " & PRk voi . N | " N ! . L k. i L
% 4 | 3 | 0 2 0 3 6 8 10
- yll ”
ITII ybeam beam
: : ' ' 3.0 ]
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005 BES | h. Y eacer 0.05F DR
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: et ?7 ‘ - l A p
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- » E - 3
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0T8T E T 4 f , 0 p 0 4 3 8 10
N - Ypeam v"beam"

PRL94, 122303(2005)

Wit Busza Glasma workshop BNL May 2010
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ST TTTT T T T T T T
A UAS/CDF p+p Py 900 GeV 11 ® 200 GeV (1:1.6)Au [50-70%) PHOROS 1
+ 546 GeV |1 b) pEmulsion
4 a 200 GeV ] P Ncw
o . A 53 GeV | s ."""‘":“. 5387 GeV
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DE 3 —’++++H+++'~ 1 ; :,,Jea . £19.4 GaV
~Z 4 i = 11.2GeV
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Direct evidence of saturation
in pp, pA and AA

Glasma workshop BNL May 2010
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p+p(p) Non-Single-Diffractive

-8;%5
b | »]

Wit Busza
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Glasma workshop BNL May 2010
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Extrapolation of PHOBOS data to LHC energies will almost certainly fail (at least for dn/dn)

%—g for PbPb @ Vs=5.5TeV Extrapolated from Lower Energy Data . [PbPb Extrapolated iy
JR ey ® 19.6 GeV
L P N T el N, < L. to 5.5TeV
% A ¥ 62.4 GeV
1000 — o* - — |(40% Most Central) i
. 5.5 TeV ) 0.06- R 130.0 GeV
- . . #* o el A 200.0 GeV
- Neags= 360 *
i 200 Gey * e
A g e, o~
Z5 g > 0.04
sool- 4 W, DA woGev
B *, 3 15*
L * k
Hggrr T, R
[ £ ¥ :“ ik .
‘;; 20 GeV 432 0.021V
—y #
& %,
N A
5 5 -10 -5 5 10

Total charged multiplicity in central (N, = 386) PbPb collisionsat 5 =5.5TeV =15000t 1000

Mid-rapidity dN/dn in central (N, = 386) PbPb collisions at

Vs = 5.5 TeV

=1200+ 100

Total charged multiplicity in inelastic pp collisionsat 5 =14TeV(10TeV) =60+10(56+9)

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

Extrapolation: WB J. Phys. G35, 044040 (2008}

Wit Busza Glasma workshop BNL May 2010
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-i 1 ¥ !||III| 1 T T FIITT§ ¥ 1T FTTTE p
75 ¥ uaiNsD (O NALBC.inel. CMS 7
- W STARNSD o ISRinel -
6 ~ A UASNSD /\ UAS inel. ]
~ [ CDFNsD { PHOBOS inel. ]
- M AuLceNsD 2L ALICEinel. ]

SH @ cmsnsp ] Data points from CMS

1 N ] JHEP 02 (2010)041
= — -
S, 4 - 5
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pdl 3 ]
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¢ ]
y - Qe Linear Fit (NSD) ]
N Linear Fit (INEL) ]
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Wit Busza Glasma workshop BNL May 2010
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IKEN BML Research Center

42, 2810 at Br

Multiplicity fluctuations and
Negative binomial distributions

Contents

« Multiplicity distributions for

Au+Au 200GeV/62.4GeV,

Cu+Cu 200GeV/62.4GeV and NBD fit. Tomoaki Nakamura
« Comparison of Clan model parameters (RIKEN)
B i ol for the PHENIX collaboration
sity correlations in heavy-ion collisions.
- dependence of density correlations.

Tomoaki Nakamura - RIKEN
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Clan model varying collision systems

<

Particles per cluster, n

N

i ®  PHENIX: 200 GeV Au+Au \_ 02<pp<2.0
- ®  PHENIX: 62.4 GeV Au+Au 45
- 4 PHENIX: 200 GeV Cu+Cu g 4
i v PHENIX: 62.4 GeV Cu+Cu %
B PHENIX: 22.5 GeV Cu+Cti §-3'5
o . UA5: 540 GeV p+p ®
% o UA5: 200 GeV p+ 3 3
¢ T E802: 4.86 GeV O+Cu E .
- 3 Y NA35:17.3 GeV §+S )
o = NA22: 22 GeV p+p 2
L. EMC: 280 GeV u+p
ok
o 1.5
i Wi o & @ 0 & ® ® N
| i 20L e 4Jo e O %

Number of clusters, N_

PHENIX: Phys. Rev. C78, 044902

« UAS ppbar 540GeV

« EMC p+p 280GeV

iLIi.llilllll!)ll!llfll|lli|ll’li

Ilt(rtllcxlclvlyrrirT

» UAS ptpbar 200GeV

s NA22 ptp 22GeV

£

i

Illl!'lff/l“[lll
’ -

~(pr>0.1GeV) -
.-+ Centrality-45-50%]
.-+ Centrality 35-40%

7 Centrafity ';’_0__-250/9:
et ‘. ‘ Centrallfy 15-20%7]

PHENIX Au+Au 2@}
+ Centrality, 60- 65%—<
. Cent]:ahty 55-60%]
. Centrallt) 50-55%-]
« Centrality 40-45%]

. Centrallt) 30:35%]
- Centrality 25-30%

GeV

PHENIX: Phys. Rev. C76, 034903

= kin(l+u/k)
(ue/ k) In(+ p/ k)

| parameters A. Giovannini et al.: Z. Phys. C30, 391

'Ll 1 l ' ol I r 11 11 { LU E ) ] | S 1 l 1.4 1 I_I;I 111 I 3 . |
30 40 50 60 70 80
Number of clusters, N,

A+A collisions exhibit weak
clustering characteristics,
independent of collision energy.

Tomoaki Nakamura - RIKEN
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Extraction of the density correlaﬁOn;

kiBn) in 3¢ =12 [rad]

k(o) =F, -1
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_fo | C.(nom)dndn, _2aE%(on/E-14t

n’p,

on’

AutAu 62.4 GeV

Cu+Cu

TTTT T T T ™ 5 T T FIO"‘TI:L]_ T T T Tl 5 CTTTT T T T TT1TT] T
o0h B - !
®0-10% ‘5‘ °0- 5% % 'PH " ENIX : gg:gg:,i PH:* ENIX il * 0-5.0%
PERTTN R w5-10% | % Preliminary s 501500 B Preliminary =25 75
2 LU .| r°
o & 10 -20% | j;_ ato-15%] o v 75175% % 102 4 5.0-10.0
vi5-25%| w +10.0-20.06%0 v 75-12.59
. ¥ 15-20%
1E £ 012.5-22.5%.8 * 10.0-15.0
~20-30% | = n2-25%| = 1502500 % 012,647,
025-35% | % 025-30%| ¥ 8 17.527.56 15.0-20.0
N 2 20.0-30.0%
030 - 40% 030 - 35% v 92.5.30.58 £417.5-22,
A35 - 45% | AT - 40% [ 250350 ¢ 20.0-25.0
¥ 0275375 [ 22,527
¢ 40-50% R © T o 30040 5
H AR, § e .0-40. % 25.0-30.0
&5 - 5% Hime 45 - 50 L 3065425 [ X 97 5-32.5
, {1k o 35,0-45.00 b é DO
#50 -80% * 50 - 55%-] i s -
flit 375475 ’ ©30.0-35.0%
w85 - 3596_ % 55 - B0% i » 40.0-50.0% "’: +32.6-37.5
+ 60 - us%j /ﬁ' B
Pl i
] ] / sl { &7 3137,
[1 izl / S 85 1
il ] ’/
L
g L 44
1 SRt iinil i / "’
] ’ ¥ XL
A 73 $ ’,
i A %%{4 / 1
= PH=<ENIX | ‘
IIEII 1 t |i|[lll 1 1 \IEEIF 1 !(H! I 1 IF\II|J 1 1|||] | | |E||1Jl i
13 1
1 n 10° 1 &n 10 1 o
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Summary

 [ep1~2.4GeV/(fm™c)] as compared to the power law basehne only for the
‘Au+Au 200GeV dataset. This might be a hint to search for the critical

3‘:;bf‘;haV1or at the QCD phase transition.

 The multiplicity fluctuations have been measured for all avaﬂ,; le
It may be related the isothermal compressibility in grand canonical en:
but no critical behavior was seen as a function of the centrality. :

* The longitudinal density correlations have been measured via the :
functional form for pseudorapidity density fluctuations derived in the
Ginzburg-Landau thermodynaical theory. The functional form can reasonably
fit NBD k parameters as a function of pseudorapidity window sizes 61 not
only for AutAu 200 GeV but also for Cu+Cu 200 GeV and AutAu 62.4 GeV.

e The a& product in the correlation function, which is monotonically related
to susceptibility y,_, of the system, have been measured as a function of the
number of participant nucleons N, No critical behavior was seen without
any physical assumptions at the present precision.

» A possible indication of a local maximum i1s seen at N ~ 90

HENIX carries on to survey the multiplicity fluctuations for further
1 sion systems (5, 7,39 GeV). Now we are taking the data at

Tomoaki Nakamura - RIKEN
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v, Cumulant Measurements Paul Sorensen |
|

ci » for the STARC i
and Eccentricity Fluctuations [ "> Sokperaten

for the STAR Collaboration [ BROCKHAVEN,

The 2- and 4-particle v, cumulants have been measured for Au+Au and
Cu+Cu collisions at 62.4 and 200 GeV

We used the difference v,{2}-v,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 o,

Above dN/dn~200, v, scales with fKLN-CGC eccentricity but not MCG-N
eccentricity
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v,{2} and v,{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 0,2 = V,{2}? - v,{4}?
N
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The total width 0,2 = v,{2}? - v,{4)?
e total wi 0] =V -
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Width falls with multiplicity but deviates from the 1/N expected for
dilution of correlations with increased combinatorics

Width scales smoothly from Cu+Cu to Au+Au when plotted vs dN/dn

Width scaled by dN/dn increases with centrality (violating a simple
linear superposition model for correlations).
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Comparison of models to o,
w T T T T L B T T T L S e e L B
ol b T AurAu 200GeVi G T
- W fKLN-CGC i ]
[ S MCG-N e E
T s Mee-Q : ;
o.s}i ]
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02 — // 11177 e @ —
- STAR Preliminarys :
L1 111 I I 1 b4 1 I N W & E 11 ‘ ) U U W § I 1 I);l L I [
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dN/dn

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 5,>0
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The remaining width
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arrors dominated by model calculations

fKLN-CGC o,/ leaves room for increasing 8, with centrality:

o, and ¢ calculations can be supplemented with predictions
for &, to check for consistency
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v,/e Scaling
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" 1 e - §
- e A . .
0.2} | - 02b -
FT e 3 - : e ]
0.15 - 0.15 *;f_:—:ﬁip T 4
i T LA ]
P - Au+Au 200 GeV e -+ Au+Au 200 GeV |
ﬂ? ¥ AurAu 62 GeV y v AurAu 62 GeV
r “- Cu+Cu 200 GeV] > - Cu+Cu 200 GeV ]
0.051~ “+ Cu+Cu 62 GeV ™| A Cu+Cu 62 GeV
I} E 1o " de ] i Lo S choch hmak T BT BN . o | s 1 b el ] S | ik ]

0 100 200 300 400 500 600 700 I 100 200 300 400 500 600 700
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For the MCG-N model, v,/¢ rises continuously

dN/d

No indication of a saturation at a hydro-limit

For the fKLN-CGC model, v,/¢ rises then saturates

For dN,/dn > 250, v, scales with ¢




Limiting fragmentation in hadronic collisions

Anna Stasto
Penn State University & RBRC & INP Krakéw

May 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
limjtations and possible issues at higher energies.

55
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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 /s — = (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 x; > x; (or x; > x;) we have separation of integrals in kr space:

dN d*pr
51 082, [pl) [ dPergat, k)

#® |Integral over projectile density constant: [ d;ﬁ’T ¢g(x2, |pr|) = const.
. T

® Integral over target density:

Qs(‘xz,} 2 i ;
/ d°ky palxy, lkr)) = x1f(x1,0s(x2))

Integrated parton density at large values of x;:

x1f(x1,0s(x2)) = x1f(x1)

shows x; (Bjorken) scaling.

Limiting fragmentation, May 10, 2010
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Proton-antiproton and AuAu(central) collisions

Gelis, Venugopalan, A.S. ,
proton-proton: Gold-Gold central:

45 ¢ ‘ e :
4 MV, 24=0.15, 4,=0.23 4 | MV, %,=0.0, 2,=0.46 1 MV, A=0.15,1,=0.46

MV, 3;=0.0, #,=0.46

Q = N W s O
T T

45 ¢
4 LGBW, 2,=0.0, 1,=0.69

35 s

IS

dN/dn
N
Gl IOV W D
o [T

w

dN/dn/(0.5 N )

—

(=]

® Small violations of limiting fragmentation scaling due to the fact that
in some models we do not have approximately scaling of x; f(x1).

® Additional uncertaintes due to y «~ 1 change and fragmentation
functions.

Limiting fragmentation, May 10,2010
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Extrapolation to LHC

pp collisions: AuAu central collisions:
57T — ~ 8
z 3
< P4 .
6 e — o 7 Extrapolation to 5500 GeV
I =)
L Vs=14000 GeV =
e S s
5! +/s=8000 GeV — £
5 ¢
4c i
- ‘ i
[ Vs=2000 GeV YT e
st ; PR
: ‘\\\ 3L DODCDD’_...
o L GBW,3,=0.15, A =0.43, p; . =300 MeV [ i
i ' 2
1 £ iF
B i E
i R A L I : o "
°™% 1 2 3 4 5 L 6 -4 2
n

Still there are many parameters: a lot of uncertainty in the predictions.
Some models give violations of limiting fragmentation. For example
McLerran-Venugopalan input ¢, (x1,&r) at large x; has too large tail in k.

Limiting fragmentation scaling is related to x; scaling at large x;.

Limiting fragmentation, May 10, 2010
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Conclusions:

»

o

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:
o v,/ versus centrality (deviation from conform.)
e R,

® initial state also seen via “topological structures” / flux tubes /
long-range correl. which survive hydro evolution

¢ confirmation from pp @ LLHC would improve our
understanding
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uction
Ki-factorization:

d?
d%«tdy / P /kot as Pa(z1, k; )qﬁjgl(wz,(thz(xk?))

s 4

2 _
Qs ~ Ppart &

Fluctuations of nucleons (“light-cone sources”)

. Participant Eccentricity
important for :

® central / peripheral Au+Au
® smaller systems (Cu+Cu) A Nucleus 2
@ fluctuations of v, Participant

Nucleus 1
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Luzum, Romatschke:
arxXiv:0901.4588

Very good fit, both Au+Au and Cu+Cu
pretty much down to pp
(too good, actually...)

Drescher and Nara:
nucl-th/0611017
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to dissip. correction
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Noronha, Gyulassy, Torrieri arXiv:0906.4099

AdS Holography: Test of Consistency of Soft + Hard observables
(3) RAAe (1) Lattice S/Ssg=0.85 = 0.05
Heavy quark ' 5<A<30
Jelquenching ) , N O e6C Agal=< 0.09
O
P Glauber o
e~ 0.3} (@) Initial Heavy
lﬁ “andilions anudag(uﬂ(et
&~ | correlations
—~ 4
~0.2|
< ,
v T
R @V,
dE/dx Bulk Collective Flow ! i
0.1 | ]
VS (20-60%) PHENIX STAR The Future
n/s 0.00 005 __ 010 015

vy (pr=1GeV)
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exciting discovery by STAR: long-range
rapidity correlations at RHIC ! EPOS string model
STAR (arXiv:0909.0191) T ,

Au+Au central
3<p,M9<4 GeV/c

K. Werner et al, arXiv:1004.0805

But, two-particle production =55 1  aa T
. 2 Z . H
dlag rams NC"SU ppressed 3mmemjmuue.d< g —_— - ? Fpﬂl‘.&t&!&:‘&!&kll{é g
SRS s 2 Fi t&mwgiwm&méﬂé

A Ne—1 i3 r 5

A.D., Gelis, McLerran,
Venugopalan: 0804.3858
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genuine B-JIMWLK terms :
from THIS diagram: Soop bt an— b
o — ks g1 ki P ik
' ) 3 a4, Yq
, 000000000000000000
Z1,

B-JIMWLK four-point function (in Gaussian
approximation), incl. “Nc corrections”:

a C a C 2 ]' ape pcae 2
(9ot = 070t ()2 ot e (1) (2)% 4
© A.D., ]. Jalilian-Marian,

arXiv:1001.4820

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



Anomalous Transport Processes in Turbulent Nonabelian Plasmas

Masayuki Asakawa,' Steffen A. Bass,? and Berndt Miiller®®
! Department of Physics, Osaka University, Toyonaka 560-0043, Japan
) ®Department of Physics, Duke University, Durham, NC 27708, USA
3 Center for Theoretical & 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. We
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-
clel 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 «(Q?), where @, ~ 1 — 2 GeV is
the nuclear saturation scale [1]. Recent improved simula-
tions of lattice QCD have also shown strong evidence that,
QCD matter at thermal equilibriwm {the quark-gluon
plasma) has a quasiparticle structure al 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 {3].

It is thus worthwhile asking the questions whether the
extreme opaqueness of the quark-gluon plasma observed
in the RHIC experiments can 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 (nonabelian) plasmas.

e The term plasma furbulence 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.

o Strong color fields in the early glasma 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

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 7 and the jet quenching pa- -
rameter ¢. The latter is proportional to the mean squared
momentum per unit length imparted by the turbulent
fields on an 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 7/s ~ T3/4 [6].

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 are not
known, because the momentum diffusion constant

1
Diglvir,t) = / dt’ (Fy{r(¢), ) (r, 1)} (1)
i

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

Q1w GeV?/fm 9
Q.r - QsT ' ( )

i)~

which is in reasonable agreement with experimentally de-
duced values of § extrapolated 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.

(1) L. McLerran, arXiv:0812.4989 [hep-ph].

[2] M. Cheng et al., Phys. Rev. D 81, 054504 {2010)
larXiv:0911.2215].

[3] M. Gyulassy and L. McLerran, Nucl. Phys. A 750, 30
(2005) {arXiv:nucl-th/0405013].

4] M. Asakawa, S. A. Bass and B. Miiller, Phys. Rev. Lett.
96. 252301 (2006) [arXiv:hep-ph/0603092).

[5] M. Asakawa, S. A. Bass and B. Miiller, Prog. Theor. Phys.

116, 725 (2007) [arXiv:hep-ph/0608270].

6] A. Majumder, B. Miiller and X. N. Wang, Phys. Rev, Lett.
99, 192301 (2007) [arXiv:hep-ph/0703082].

[7] A. Krasnitz, Y. Nara and R. Venugopalan, Phys. Rev.
Lett. 87, 192302 (2001) [arXiv:hep—ph/O108092].

i8] T. Lappi, Phys. Rev. C 67, 054903 (2003) [arXiv:hep-
ph/0303076).
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e, i P,

Anomalous viscosity

Classical expression for shear viscosity:

N = 3nph,

Momentum change in one coherent domain:

Ap=gQ"B’r, P
Anomalous mean free path in medium:
2 -2
k}A) ~p [P - p
m 2
\(Ap) g0’ <B2>rm
Anomalous viscosity due to random color fields:
—3 9 3
np 78T
N, ;

Tuesday, May 11, 2010

~ 3g2Q2 <Bz>r‘m = g2Q2 <Bz>rm
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2

mx

Anomalous g-hat

Jet quenching parameter:

(Ap; (L))

=7

Momentum change in one coherent domain:

a pa m
ApT = gQ Ber
Anomalous jet quenching parameter:
. (Apr
s = < . T> =g'0"° <Biz.>rm

m

Relation to anomalous shear viscosity: Special case of general relation

n, T° between /s and g” (A. Majumder,

e BM & Wang, PRL 99, 192301 ('07).
h A

Tuesday, May 11, 2010
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Theory

Turbulence < p-Diffusion

Vlasov-Boltzmann transport of thermal partons:

a

with Lorentz force

F=gQ"* (E” +V><B“)

r()=r

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

d . p oo |7 _cf7
|ié;+'E*—Vr—v/,,D{§}‘” ,,Jf(""p*t)mcl:f]

P Diffusion is dominated by
chromo-magnetic fields:

with diffusion coefficient

p,(0)= [ (E G E, () Jar(B)5w)=(8)x,

/AN o

Tuesday, May 11, 2010
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Weibel regime

0 p - - .
Take moments of 5+E—-V, -V - D(p)-V, f(r,p,t)=C[f:l with p,?

r

3 3

2 Bz T 4 -1
—1-=0(1) ]2\[ g < ) ’”+O(10“2)g g _ 1,1
n N. -1 sT T N, MNc

Self-consi /2 1
elf-consistency n, T Ne

— e~ compare with - _
s | &Vl P s g'lng™

|

Anomalous shear viscosity dominates over collisional shear viscosity

at fixed Vu in the limit g — 0.

Tuesday, May 11, 2010
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(N =1)O7

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

Anomalous transport dominates over Boltzmann (collision) transport.

N2 -1 T i
< dpp’f(p)=
J CZgZTm Efield

" snic,g (82+#)z,, 5

Anomalous jet quenching:

. GE(E+B)T, e, 00 10GeVi/m
BTN 0o v ot

In line with estimates of g* ~ 2 - 4 GeV2/fm from fits to data.

Tuesday, May 11, 2010



mamics: Fluctuating Initial Conditions
ang Twe Particle Correlalions

Hydrog,

R.P.G.Andrade', FGrassi', Y.Hama', W.L.Qian'
1Instituto de Fisica, Universidade de Sao Paulo, Brazil

Satsation-CGC-Glasma Workshop
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» Hydrodynamics with ub

i 0 predicns
wo-particle correlations in quall!

-k
EeiEE

» Near-side and away-side siruciures are related o

: e on i Deg-Dop with he
ragiriction A0n ~ 2.
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» SPheBI0 group: NeXus initial conditions+ ideal (SPH)
hydro
Phys. Rev. Lett. 103, 242301 (2009), arXiv:0911.0811 and
0912.0703
» H.Petersen/M.Bleicher et gl UrQMD initial conditions+
ideal {grid) hydro
only midrapidity variables at RHIC (private communication)
» EPOS initial conditions+ ideal {grid) hydre

K.Werner et al. ArXiv:1004.0805
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R o — Lo Cofreiglions
Initial conditions have tubular structures,
two particle correlations exhibit near and away-side ridges,

double check: use of two different methods for v,
subtraction (ZYAM+ event plane alignment).

%

k4

¥

NeXSPheRIO central collisions Au+Au at 200 GeV A (2.5 GeV x 1.5 GeV).
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2 two particle angular distribution has three
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Data by STAR (PRL 102(2009) 052302) and PHENIX (NPA783
(Zgo%%gé%zf one tube prediction is clean "no off diagonal

Pl £ 4
peaks” (et fig)

w HrE

a: “off diagona! peaks” prasent

W oresult {(cenier fig.) (correlation peakibkod)

o i NeXEPheRIO rasull w/sublraction (right Big.)

- 3 S A
T Gy 25 Ah
m one Rins HAY

fraw)

10t 23 45 6
Ady

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 (1) 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
1,¢ correlations using all particles with p, > 0.15 GeV/c show that the same-side amplitude and n
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 p, conservation. Analysis of the p,
dependence indicates that the n elongated ridge diminishes above about 4 GeV/c, above which the
pQCD expected jet correlation peak becomes apparent. At the higher p, 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.
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200 GeV Au-Au data

Analyzed 1.2M minbias 200 GeV AutAu events;
included all tracks with p, > 0.15 GeV/c, In| < 1, full @

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

o
s

O Sk I

STAR Preliminary

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

Similar analysis was done for minbias Au-Au at 62 GeV and Cu-Cu at 62 and 200 GeV

From M. Daugherity's Ph.D Thesis (2008)
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Fits to 62 & 200 GeV Au-Au data

Ap

04

Upto 1/3 of
multiplicity o3r
in central Au-Au [
associated with o2

jet angular
correlations

2
peripheral

SS Peak Amplitude

<
1

STAR Prelimin

200 GeV

AT

WG TR T

1

Dipole Amplitude

| STAR Preliminary

Peak n Width

STAR Preliminary

P 1] | EFEPE I

L L
(T

2 3 4 5

\/

Binary scaling:

Kharzeev and Nardi

Amplitude=4,, o

quench off

N bin
chrg

HIJING 1.382 default :
parameters, 200 GeV, -

Peak @ Width

STAR Preliminary

statistical
errors
only

<Nbin >200GeV

Y= (N e /2)

part

pQCD
HIJING
jets

Deviations from binary scaling represent new physics unique to heavy ion collisions;
the departure from N-N superposition is referred to as a fransition in the trends.
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2D fit parameter evolution

same-side jet peak parameters

=
- s 4 08
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w 0. v —— T - -] Iy 7
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: : 5 5 E E
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- . 1 = =
0.02 |, g ltll de | : : ]
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< ol : s e . ! L ; I i 3 .
% 3 6 0 2 3
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w012 ———— ] < T Y 3 & 1 E 3
o = eo-70% ] < as5f eta broademng = B phl narrowmg E
S 01 A 50-60% 7 a3 STAR Preliminary ] 0.9 STAR Preliminary ]
- Y 40-50% ’ 8 E 0.8 =
008~ ©O ] 25¢F = 0.7 =
A= ] g 3 : E
006 A = 2F E 0.6 =
- 3 15F = 0.5 =
0.04 — ] = E ]
» g 1t = 0.4 =
002 1y E 05 E 0.3 =
K STAR Preliminary . ] I | |
P R | ] : - - 0.2 .
% 2 4 6 0 p) 6 0 2 4 R
P: P 't

return to in-vacuum

angular correlations: marginal on p, or y, jets above 4 GeV/c

unexpected width evolution with centrality, p,
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Jet/Ridge 62 vs. 200 GeV in Au-Au, Cu-Cu

3.0 GeV/c < p,99e 6.0 GeV/c; 1.5 GeV/c < p,associated < p trigger

*2h-h \Eu=200 GeV, [An[<0.7 095 STAR), QM’
O.ZEDAMAU\{%:zOO GeV 3"{;&;{ preliminar 0 4:_ - Nattrass ( ) QM2008 -
C []Cu+Cuy§,=200 Gev imnary Tk .
0.18:*““@:20068\, 200 GeV 50,350 Rldge 200 GeV/ !
15 0.16]- @ AurAuyS, 62 GoV 2 b
o1 4L OIS, =62 Gev . L %"‘ 0-35 YA
Eo2l " [:3 %:_ l 2 025 /
3 2 E BT
s 01 ¥ #J >~ 0'25 - ] /
2oosf- ¢ 0.15F " S
20 ot 62 GeV Bote o S
- e b o " ;
o0 ST 0.05) o w3 62 GeV
P2 C. Nattrass (STAR). QM'2008 o &= STAR preliminary
erTea T <N 10 102 <Noar>
. . . a5 —
* Jet yield smaller at 62 GeV, consistent with pQCD - BAU+AUNS, =200 GeV
4EICu+Cuy5,y=200 GeV
» Ridge/Jet ratio comparable in 62 and 200 GeV 3.5 @ AutAu\fS =62 GeV
- af-OCU+Cu[5,, =62 GeV
— ridge properties related to jet/pQCD? 32_5§ /
) o "
« Are we seeing vacuum fragmentation after energy S X
. . . v 1.5 e
loss on the same-side in central Au-Au with the lost o« £ P / S
o . : Py
energy deposited in the ridge? 0.5) g =5 lanj<1.7
ot - STﬁ?R prefiminary

-
o

102 <Npm>



¥8

Theoretical models of same-side ridge
- initial fluctuations + radial flow

» Voloshin, Nucl. Phys. A749, 287¢ (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.

» 8. Gavin, Phys. Rev. Lett. 97, 162302 (2006) —
initial state energy fluctuations spread along 1
by shear viscosity; pushed out by radial flow.

wz, By, ~v,)

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 An-A¢ 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 An and A¢
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 A¢. The yield of the ridge closely
resembles the shoulder in the centrality dependence of particle yield and
spectra.

ST &§N Y T~
\ ; ..\\f\lf{,
BRENK PH-<ENIX
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2-D An—A¢ correlations

Pi,ﬂfher al A9+AU . Central AU+AU s

B 12.0,3.0] GeVic
! ! & [2.0,3.0] GeVic

3|

i
A¢ rad

Both near and away side
are modified! shoulder ridge
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|s Ridge similar to bulk?

C(A¢) 0.5<|An|<0.7

ridge

102 -, /

0.98

: Comb.
—A f:'l BG’ [ Y ! E bl ]4! il ! L4 i
- 0 1 2

[
3 4

Ad

0.96

Ratio
= ridge /(Comb. BG. in nearside)

Ridge/background ratio

\/8, = 200 GeV
0.06 I e
‘ PHUENIX 2.0<pl<3.0 GeVic
i Preliminary e 1,o<p:<1.5GaVlc
I m 1.5<p"<2.0 GeVic
0.04 0.5<|An|<;).7 5 2.0<p<3.0 GaVie
= 0.0<|A¢|<%
g b4
0.02 n ' %
I * . } %
- t 2
Y TS
U S DO S S S B S W T S
0 100 200 300 400
Npart

Néart 1, ratio |

Y iage Changes from 3% to 1% of the
bulk when increase N,
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Shoulder & ridge p; spectra vs. p+p

0.6

i - * Both are softer than
B + + hard scattering.

[GeVic]

- L+ * Ridge harder than

slope
<
F-N
T T H [

p].?;».?mx @ ridge shoulder?
0.2 —  Preliminary ® shoulder
A PP, hear
AutAu, ptp V pp, away « Shoulder not quite -
= . == inc. had . .
! S f"“ o o as soft as inclusive
0 ! i 1 1 | 1 | i | i 1 L 1 I} 1 I
0 100 200 300 40 hadrons
N

part
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T, away

ASSO
ASSO
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Where does the momentum go?

p. carried by awayside component per A7z
p; carried by nearside component per A7

p, ratio(An) =

awayside: head, shoulder, total awayside

A5 R -
E F Yinc_h 8 Authu, head 3 g | yinc,_h & Aurhy, head
o ®  AutAy, shoulder = F @ Authu, shoulder
3 " 0-0<IAT]-|<0-1 0 AutAy, head + shoulder S 3 4 i 0.5<|AT‘[|.<0.7 @ AutAu, head + shoulder
\:i | Near ~ jet A pép,awayside s Near ~ ridge A pop, awayside
t gl 2-3x1-2 PHENX gagé 2-3x1-2 PHECENI
 f Preliminary & o 3 Prefiminary
W W W
L + i 20
st o4 4 + |
S + ; 1 : +
L ') i i - ; P
S SR AR N + ............
e f * ] M. T ; %
0 | I B R T AR A R B N 0—1 hed L | I TS AR
0 100 200 300 400 0 100 200 300 400
Npaﬁ Nparl
Awayside py lost in head The p; carried by ridge scales

is recovered in shoulder with the p, carried by shoulder



06

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 An 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 PHOBOS collaboration)
Massachusetts Institute of Technology

The PHOBOS 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 high-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 (Inl<2). It provides a better constraint
on the measured upper limit of the relative event-by-event elliptic flow fluctuation.
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(e . . . -
PtoBS  Inclusive two-particle correlations |||||

PHOBOS

p+p200GeV Cu+Cu 200GeV Au+Au 200GeV
- _TN0-10%

SN

R(An,A9)

Phys. Rev. C75(2007)054913
Phys. Rev. £81(2010)024904

SN (ATI’AGO) _1 >
B, (An,Ap) 1

R(An,Ap) =<(N -1)

Similar structure in p+p, Cu+Cu and Au+Au collisions,
in A+A collisions a clear trace of elliptic flow is visible

May 1,10 Wei Li MIT
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B-S Clusters in Hl collisions I III

» Cluster size is large: 8 -
(up to 6 charged patrticles —Q‘-’ &I
— much more than predicted -
from known resonances) a

« Cluster width exceeds that ol

T

for isotropic decay at rest (~0.9)

» Cluster size and width very
similar at the same centrality, ¥ 15
defined as the same fraction ‘o
of cross section. 1

LI

[ ] PHOBOS Au+Au 200 GeV ]
- PHOBOS Cu+Cu 200 GeV ]
———  AMPT Au+Au 200 GeV E
---------- AMPT Cu+Cu 200 GeV §
PHOBOS p+p 200 GeV

L L { -
0 0.5
Note: extrapolated to
full phase space

The geometry of the interaction 0.5
area determines the
properties of hadronization? 0

1 1 T ‘ o1 1T I

e

A_I

1-c/c,

May 11,10 Vel Li, MIT
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@ . ey
RicBSS Separate non-flow correlations 1]}

» Flow is long range in v, correlating all particle via impact parameter b
» Non-flow is dominated by short-range correlations (small An)

Study v;(n,,n,)=<cos(ZAp) > (n,,1m,)

2

Vz(Thﬂb) - V'zﬁt("ﬁ) X V“zﬁt(nz) =0(1,,1,)
PHOBOS

Au+Au 200GeV

flow@®@non-flow flow non-flow

PRC 81, 034915 {2010)

Aonyy 44 4 SAlel 7 RAIT
viay t i VWei i, i
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RtcB~S  High p; triggered correlations M

1 dchh
N.. dA¢dA
PP s ¢ dAn PHOBOS Au+Au, 0-30%
(PYTHIA, 76325} - , P
//./ - ~ r_}ng>2.5 GeV/c, 0 <ny<1.5 (P ; e \\
- |7 PTa> 435 Mevie |

|

2
4

Note: PYTHIA agrees with STAR at
PRL 104, 062301 (2010)

midrapidity for a similar set of p; cuts

1 . dchh _ M— '
N, dA¢dAn B(?n){b( A ? A a(i&n)[l+2V2(TAn)cos(2A¢)]}

Normalization Raw Scale factor Elliptic flow

May 11, 10 Wei Li, MIT
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RicBCs Ridge and triangular flow [T

Triangular eccentricity
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v O
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May 11,10 Waei i, MIT
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Initial geometry fluctuations and triangular flow

Burak Alver, Gunther Roland

Massachusetts Institute of Technology
arXiv: 1003.0194, PRC (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 muiti-
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.

Trianguiar flow provides a new handle on the initial collision geometry and

collective expansion dynamics in heavy-ion collisions.
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Participant triangularity

<(r2 c:os(2¢>)z2 + <(r2 sin(2¢)>2 . <(r2 cos(3¢)

2 3
)
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T i
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(=]

o
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T T
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[ . ; o
I B OI U;,xgaga iy 35 b g
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v, = <cos(2(q> - 1/}2))> V, = <COS(3(¢ —1,1}3))>
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Correlations at large An
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Triangular flow in AMPT

i
Mooz
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— linear fit
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Flow and correlatlons in AMPT
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dN N flow
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Triangular flow in data
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Three-particle pseudorapidity
correlations in STAR

Pawan Kumar Netrakanti
Purdue University
(For STAR Collaboration)

We report the first three-particle correlation measurements in pseudorapidity(An)
between a high transverse momentum (p+) trigger particle (3<p; ™9GeV/c) and two
lower p; associated particles (1<p;/°¢<3 GeV/c) within azimuth

|A9|<0.7 in Vs = 200 GeV d+Au and Au+Au collisions. Charge ordering

Properties are exploited to separate the jet-like component and the ridge (long-range
An 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 patrticles 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: B.l. Abelev (STAR Collaboration) arXiv: 0912.3977

5/11/2010
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Elowing mediuny:

Anisctropic shape

1)in medium radiation +

longitudinal flow push
N.Armesto et.al Phys.Rev.Lett.
93(2004) 242301

Theoretical model expéctations

2)Turbulent color ﬂe,Lc;ls

A.Majumder
et.al

Phys. Rev. Lett.
99(2004)042301

Unsormalized glusn distnbision

< X Tkt omo)|
= Final 0~0

= lritiat n=0/ | -
- Final 0=t ; -

=
P, =10GeV :-f

f
[
an,=n,-

B —
vy
[
N .

3) Recombination between thermal and shower
partons R.C. Hwa & C.B. Chiu Phys Rev. C 72 (2005) 034903

dN"”/dan
-

r>

3

ll; Il :A
J]_—‘?——u_'__'
=

i

4) Momentum

5) Transverse flow boost
S.A.Voloshin, Phys.Lett.B. 632(2006)43C
E.Shuryak, hep-ph:0706.3531 i

Can we distinguish between these physics interpretations?
>/11/2010 - 3-particle correlation in 1
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S ; iSTAR
]

3-particle Aén correlations

3<p,19<10 GeV/c 1<pssee<3 GeV/c |A|<0.7

-
. ]
Same-sign triplets =
(AAT) £
Ridge : 4* A*A*T* z
- AE
;(?i 04F(b)  Au*Au 0-12%, |A¢i<0.7 M§
3:0‘35 Fa % Unike - : L
K s 15 -1 05 0 05 1 15 . 151050 05 1 15
gor M@ An =n -n_ STAR Preliminary an =7 -n
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AN gn.
‘ Z
Same-sign E
associated pair and 1 g
opposite sign trigger ) _ " 012% WMoz
particle (A*A*T *) rrraryarr A5 1050 05 1 15
Jet-like: Total - Ridge ' an =, -, An =0 -

Like-sign triplets : Dominated by ridge

5/11/2010
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%\ilﬂ

3<p;9<10 GeV/c

Average pair densities 3P ve10 Gevic

Au+Au 0-12% |A¢[<0.7
Ridge Jet-like

: > E B
155 (b) w15s@ p v
£ o £ £
:N—O.S —O,SE S:N" —%
< 4 B < 4 02f
1S : o oas

corele bl

-15-1050 05 1 15
»A‘Th =n1 - Tlfrig

<P,> : 0.114 +0.039

45-1-050 05 1 1.5
An1 =n;- rltrig

<P,;> : 0.077 +0.026

Jet-ridge cross pairs
<P;>: -0.004 +0.025

Ridge production appears to be uncorrelated with the presence' of jet.

5/11/2010
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Ridge is broad. No prominent substructures in ridge.

e
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Data and Models

1)In medium radiation + Model : Diagonal excess
longitudinal flow push ~ Data: Uniform

oatlb) AutAu0-12%  O<R<14 |
r]amwn

Elowing medium: A syil o

Antsetrople shape . g [ = Crowsyom l
_ i
g T » & o=
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- |
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A
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A4 0590 05 1 13
an,

i STAR
3

2)Turbulent color fields

Model: uniform ridge, jet-ridge cross pairs.
Data: Broad Rldge no jet-ridge cross pairs

P
03"’ et e Ridgs

3) Recombination Model
Model: jet-ridge cross pairs. Data: <P;>~0

3 -l0) ka2t
datike  «Pidge

4) Momentum Kick

Model : Jet-ridge cross Data <P;>~0
paII'S 5,097 ‘m‘?’kw: g
- i géw »

5) Transverse flow boost
Model: Uniform, Jet-ridge cross pairs

~(a) AutAu 0-12%
03 -Jet-like 4 Ridge

1

<d*Nfdan dan >

A
<p>

15 4408 0 05 1 45
an,

R :\/ Aﬂf + AT];

Data:

Uniform. No jet-ridge cross pairs
5/11/2010

6) Glasma Flux tube
Model: Uniform. Jet-ridge cross pairs 7?77

45 105 0 65 1 1.5
Ar]|

Data:
Uniform. No jet-ridge cross term
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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  “‘cone” on the away side
observations => hydro flow

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

correlations may - “Hard ridge” => forward-
be explained by: backward bremmstrahlung
cones kicked out by hydro
radial flow (4 jets!)
(Shuryak 0706.3531, PRC76)

P « "Soft ridge” => initial
stage fluctuation of the
color changes, also
carried by flow

(Dumitru,Gelis,McLerran,Venugopalan,
0804.3858, Gavin et al 0806.4718)
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PHYSICAL REVIEW C 80, 054908 (2009)
Fate of the initial state perturbations in heavy ion collisions

Edward Shuryak
Department of Physics and Astronomy, State University of New 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

. . f

fireball size 6-8 fm/c Ry, = / dres(T)
And thus large angular size 0

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
concliude

0

FIG. 5. (Color online) Dependence of the visible distribution in R (‘[ freeze- Dllt) < 3 fm Or SO.

the azimuthal angle on the width of the (semi)circle at the time of
freeze-out. Six curves, from the most narrow to the widest ones,
correspond to the radius of the circle of £, 2, 3, 4, 5, and 6 fm,
respectively. The original spot position is sefeCted 1o Be at Uhc Cage of
the nuclei. The distribution is calculated for a particle of p, = 1 GeV
and fixed freeze-out Ty = 165 MeV.
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- Predictions for energy dependence: ridges

RHIC\5 = 200GV As energy decreases, M phase
Goes inside the fireball =>
Much smaller radial flow =>
Disappearance of the ridge
at fixed matter density

F STAR Preliminary

@
© 0.7}
3 Eooee Binary scaling 4\.
S 0.6 © 200GeV )
£ | ™ 62Gev ’
< 0.5
g 0 -
Q o3 /
et L
Q2
= 0.2F
-
E 0'1_ r/
l T I | 1
05 3 4 5 6

L.Ray

SPS\/s = 10GeV AT
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- Liao,ES: Resolution of the old puzzle of large v2(large pt)
Phys.Rev.Lett.102:202302,2009.
two different quenching in QGP and M phases (zero in H}

quenchmg(QGP)/q ienching(M

3.5
1 oo s 020} STAR VI 6 GeV/c ;g
: : MODEL A A=0.4
=28 i 'S 'Lv_s(> ¢ £ 018 . MODELB¢-02 A
¥ ! : ; £ ate ) CuMODELBZ-02 A
S 0.6 1l : n 2 o
~ H ; A ~ ®oia O
04 %1 oo o - ‘A’ .
: * 0.12 - Ola-E
02 ! 1 o 5‘ -
ot MODEL A Q)o MQDEL A £ ox0] 00 -4 g
- [} Tk O
a 5 1w 15 W 25 D051152253354455 = v
E a0e .
8 (/tm®) A = i S
8 o0s
e = 064
15 ] .02
w ¢ 0
g1 ¢ 50 100 150 200 250 300 350
2 4 N part
4 1V9
o FIG. 3: (color onlinc) Comparison between vy cxperimental
0.75 MDDEELB_ data and vy calculated from our models, see text.

0&51152253&544.55

o M-region (near Tc) quenched jets
stronger

e Because light monopoles are there
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Transverse Flow = Near-Side ¢ Peak

bulk correlations — longitudinal
string fragmentation

string position 7

transverse boost
thermalization and flow

flow = narrow A¢

opening angle
Voloshin: Pruneau, Gavin, Voloshin;
Aq) ~V, /v[ ~ (),r)‘]' Gavin, Moschelli, McLerran; Shuryak;
Mocsy & Sorenson



L11

Flux Tubes in Glasma'

N, flux tubes

gluon rapidity @V _ gluons
density dy tube

fluctuations in the
number of flux tubes

long range glasma fluctuations

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

X<NFT> o<

I

Var(N)—{(N) 1
<N>2 <NFT>
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Glasma + Blast Wave = Ridge Height

pair correlation function -- Cooper Frye freeze out

Ap = pairs — (singles)” o .” f(pl Xy )f(pz ,XZ)C()CI Xy)

freezeout surface

e blast wave — 7 (p,x)
STAR Data, J.Phys. G35 (2008) 104090

» scale factor to fit 200 GeV Omy ‘ SG, Mclerran, Moschelli et al. PRC 79 (2009) 051902

 Glasma energy dependence

PdN/dy < o ' (Q.)

Au+Au 200 GeV

=
[

Si€

Glasma Q, dependence: 200 GeV
Au+Au = 62 GeV, Cu+Cu

wounded nucleon model (dashed) fails
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STAR data, preliminary

Peak Amplitude of the Soft Ridge Moschelli & SG

Ridge amplitude vs. Ap %45 CuCu 200 Gev, all p, A
Centrality, all p, 2P 03
P 0.2
— L. Ray’s talk 0.1
0 L P . ; ;
1 1.5 2 2.5 3 3.5 4
: 2 Nbin /Npart
Ridge amplitude for O:i + CuCu 200 GeV, most central
ptl’pz‘2>ptmin 0.35 + Pr1>Pi2 2 Piin

A p 0.3
T 0.25
P 0.2

Amplitude decreases 0.15

for higher p, ...

0.1

0.05

bands: uncertainty of blast wave parameters and Q, extrapolated from AuAu
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Ridge: from Soft to Hard

STAR Ap with low p, cutoff
» Hard: Jets + quenching

* Bulk: Glasma + flow

e Bulk - Hard correlations

Jet quenching = near side bias
Shuryak, Phys Rev C76, 047901,2007

hard ridge:
*O207STAR, PRC, 80, 064912 (2009)

|
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G. Moschelli & SG, Nucl. Phys. A836 (2010) 43

flow + jets

[ p—
e

STAR preliminary
Cu+Cu 200 GeV
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Forward-Backward Multiplicity
Correlations at STAR

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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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 (B. |. 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
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I\ |
AR 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

(N)(N.)=a+bN,

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

2

_<Nbe>—-<Nf ><Nb>_Dbf
- 2 2 Y
<Nf>~—<Nf> Dﬁ,

May 11, 2010 RBRC Workshop at BNL
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iéjf\ﬂ Centrality Dependence of

2 z:é— {a) AutAu LRC
g o_s; 2 @ 0-10%
FEERERENEE
3 o meea | *LRC An>1, short-range An<1
B o «Strong LRC in central collisions
o EI (b} ’ ]Au+Au
B % 608§ gk *Au+Au and pp at 200 GeV
ﬁ of__ @ ¢ @ F0-0%
N PP Jras é -All charged hadrons
£ E B ®
§ M 50_80%5 E 40-50%
2 frie 7| «0.15>p,>1.2 GeVic
go.w? (o)
o018 ptp
1 b is flat in central Au+Au but
2 o1 ] . .
€ ook e, decreases with Anin p+p
B | collisions
0 0.5 A’ln 1%

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

May 11, 2010 RBRC Workshop at BNL
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SLZ‘“ FB Correlation Strength b
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Conclusions

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

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

« 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 increasin? centrality in CGC,
?gg/we see an increase in the (anti)proton correlation from 10-20% to O-
0.

+ Future measurements of correlations at high p; for inclusive charged
hadrons may not have such a large correlation for central collisions as
contributions from baryons at higher p; 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 Jyviskyld, 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 [1].

The CGC naturally produces a negative binomial multiplicity distribu-
tion for gluons [2]. This is consistent with the earlier experimental observa-
tions with the exception that we expect the “k” parameter in the distribution
to increase with /s at 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-particle 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].

References

(1] F. Gelis, T. Lappi and R. Venugopalan, Phys. Rev. D79 (2008) 094017
[arXiv:0810.4829 [hep-phl].

[2] F. Gelis, T. Lappi and L. McLerran, Nucl. Phys. A828 (2009) 149
[arXiv:0905.3234 [hep-phl].
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[arXiv:0911.2068 [hep-phl].
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[5] T. Lappi and L. McLerran, Nucl. Phys. A832 (2010) 330
[arXiv:0909.0428 [hep-phl].
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Multiparticle correlations, power counting

Basic power counting: —é’% ~ L
S

Fixed sources: correlations loop/quantum effects, suppressed by as
Vgt Tagte 1 agt..

~ —~ =N P
E.g. Poisson (N?) — (My2 = (N)

But in CGC must average over sources:

dn dN 1

diN dN
L _ W W L o
< d3P1 d3Pn> /‘ [m )] [pZ(y”’ d3P1 d3Pn o

~

conn. [;o]

conn.

LLog corrections factorize into evolution of source .

Vog  1/ag /05 1/as
A~ A~

E.g. neg. bin (N?) — (N)? = % (N)? +/</I\F

Dominant correlations come from source
i.e. enhanced by In1/x ~ 1/as
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Negative binomial

Moment mg = (N9) — disc. GLuon Intensification Through
g Tenacious Emission of Radiation.
m = (q-1k ()

(N® —1)Q2S.
27

_ 1
n o= fW—QS,
Qg

=
{

Q?S, = Ner , # of flux tubes

This is a neg. bin. Uk Ner(NG2 — 1) = emitters
» Old exp. observation - Each emitter produces partic

with Bose-Einstein distribution

e

> Note k ~ /5"

(Negative binomial is sum of k independent BE's)
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Boost invariant correlation: full numerical calculation

T.L., Srednyak, Venugopalan, -09

# of independent regions PN
2 < B Ppr dy; &4 >
T
K2\PT = 5,.Q X 2 1 ~1
(p ) qT) 1 s < dN > < dN >
dy, d*pr dygd*qr
Dilute limit: x2(p7,q7) ~ 1/(N.% — 1) constant up to logs.
2567 lattice, Ny =50,Q,=1GeV, m=0.1 GeV 2562 lattice, Ny =50, Qg=1GeV, m=0.1GeV
Ky : 3K2
40 - 4§ 2.5
35 % 2
30 g 15
25 ] 1
20 8

5 6

1pT2_qT|,§5S 4 5 ol 2 3;pT+qT‘/QS IprarlfQs 4 5 A > I
pr+arlQs
Ridge estimate: k, ~1...1.5 Multiplicity distribution: x; ~ 4

(Note: different momenta)
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First calculation of rapidity dependence

ky-factorized approximation Dusling, Gelis, T.L., Venugopalan, -09

3 at
A Yp Taty,
Vs 2 =N - e ~
C(p, q) ~ (DAq (y,D7 kT)cDAz (_ypa PT - kT) ¢A2 (_yq, qT + k]‘)
kr
+ (k1 — —k7) + (A1 <« AZ)}
x 107 . _ . i ;

3.0 " " ] 1.2 | AutAu0-30% (PHOBOS) ——
— i( Pb-+Pb at LHC pr=2GeV y I - p+p (PYTHIAO} ------
T - pT ol T [VRPSY, pes——
E, 25 ;' dr =2 GeV Yp = -3 i 1t ym;igojs E—
= 5 Y(rig=1'5 I
= 207 T 08 .
?3 ;‘: pr9 = 2.5 Gev
2 18 =, 06 p®% =350 Mev
Nl z
«,5'— 1.0 B } = 04
)
Z 05 / ! 0.2
el ,i 1

oo Lt 7 N \J ok

4 2 o 2 4 6 8 10 12 6 &5 -4 3 2 1 o 1
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STAR Forward-Backward correlation data

(NeNB)n, — (NE) g (NB) ne

(NEZ) g — (N g

-

0.1

- Au+Au 200GeV
osf (@ ® 0-10%
osl- STARPreliminary © 10-20%
: B 20-30%
0.7F
: 0 30-40%
0.6}~ + * ¢ o 0 é
P b
| TosE ¢ (i)
04k {) i ©o000 Q
: [
0.3:— * j . u e ] ]

oo

I IR AN AU N AN AR TR AN U U O

0.5 1
0 A

1.5

at fixed Ny

Huge increase in correlation, but
what is actually measured?

STAR, B. |. Abelev et al., Phys. Rev. Lett 103,
172301 (2009):

N

Ng, Ng and Nr y

"o (/VF, NB, NFZ, NFNB) was
obtained on an event-by-event
basis as a function of the event
multiplicity [Ng] ..."
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Long range correlations;event
simulation and parton percolation

C.Pajares

Dept Particle Physics,University Santiago de
Compostela and IGFAE ,Santiago de
Compostela,Spain

Abstract:We 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



pel

(N. Armesto et al, PRLTT 4{96}; I.Dias de Deus et al, PLB491 {00); IvI. Nardi and H.
Satz(9E).

* How?: Strings fuse forming clusters. At a certain critical density 1,
(central PbPb at SPS, central &g gat RHIC, central ppat LTHC ja
macroscopic cluster appears which marks the percolation phase transition

{second order, non thermal). .

St o TrL. o S IOCIN < r I TR I A B

* Hypothesis: clusters of overlapping strings are the sources of
particle production, and central multiplicities and transverse momenturm

distrbutions are little affected by rescattering.
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ns, ] ns
= ,ﬂﬁ;-{ }.——- < 2
Ha 1J.5*1 Fr *l.ﬂ,s:, Fr

Energy-momentum of the cluster is the sura of the energy-momemtum of
each string. As the indnadual color field of the indvidual string may be
oriented in an arthitrary manner respective to one another, Q = ,gg

m At high densities

ot
. - . ] - - - 2 - _ ;__:Ji[."‘_;:, ]
o < g, nbinYy S opu o < p B _F‘EW—

« Finl =

— g ) ¥ ‘?%"l":}
Vi = N g,

Y )'li - ,‘;,' e

e oy 15 the transverse size of a single string ~ 0.2 fm.
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. 2
Transverse size 7y F(17)

CGC b7

Effective number of clusters

_U—ep(ydR: .o (R
CN?—W—EI e ) ‘-.JE[?’)

2
n[ﬁ] (N exp(aiy)

low density ’
high density i 1}] M, expiiy)
cec 2 _RiIgpl | N,,exp(iy)

&z

rapidity extension
Ay, = Ay, + 2InlN,

C’G’C’—{- in N, .
II.l

InkN , .

In

In



LET

<N >*
<N’ >—<N>?

low density Kk — o
high density k —> o0
i = < N >
(1-exp(-n ))7*
R,Y
high density Jn (ZJ N, exp(y)
. 1(RY
low density vy
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MULTIPLICITY DISTRIBUTIONS
NEGATIVE BINOMIAL

(%), single effective string)

low density “Poi&son
high density Bose-Einstein
cGCcfmhRr 2 B:E ., k=<N>

first decreases with density (energy)

Above an energy(density) k increase§”” "

= Multiplicity distributions (normalized,

i.e. <n>P asafunctionof n/ < n >
will be narrower (Quantum Optical prediction)
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Calculations using
a pQCD model
of multiple semi-
hard collisions

and taking
geometrical
shadowing into
account describe
well the pion Raau

2 2
pr (GeV/c) pr (GeV/c)

A. Accard] and M. Gyulassy, Phys. Lett. B586, 244
(2004). :

PID done with high resolution , . ] . ]
. ) Phys. Rev. C 74, 024904 (2006) 1 DAccardi-Gyulassy 1

TOF which covers -0.35 < n < 0.35 e R e S

and A(p - _!T/8 Py (GeV/c) py (GeV/c)

‘ z Minimum Bias
The proton and antiproton spectra  The enhancement o t o T
are corrected for feed-down from 51 protons is : L E K
weak decays via a Monte Carlo stronger, by
simulation using as input approximately
experimental data on A ’ 30%-50% in the R
production. most central y
| collisions : o

3 4
p; (GeV/c)

P S S N TN O S

1

r‘
t.l..,t [

Wednesda. May 12, 2010 B
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102
10 Minimum Bias d+Au 0-4;%
™ L
S OOO 0.3[§§
8 1 OO 0.2f %%
S, ! 0.1F Sog
= 10-1 E o8 B ang Ly
Q. 0 L g
3, . . 1 12 14 16 18 2
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All resonances display mt scaling and have
similar Rgau (consistent with pion’s)
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Balll Rdau for pions in central collisions (0-30%)

. y=3
5 hPRL93
BRAHMS PRELIMINARY

- y=0.9

TR T W S AN B i i Laiy Lt | i

2 3 40 2 3 40 1 2 3 4

As the rapidity of the measurements increases, the growth of the cross section in the numerator

: slows down because of its proxnmlty to the saturated regzme (non Itnear effects m quantum-
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SR dAu for Kaons in central collisions (0-30%)

y=0.9 - y=2.95

BRAHMS PRELIMINARY

Y EOUS T S

1 2 3 4

the one found in pions.

Wednesday, May 12, 2010
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central collisions (0-30%)

p y=0.75
. P S |
* HBRAHMS PRELIVIN

} b o -

S %
C ! *5 &
- = i&‘

! e
|
: s ,"—5
oty

o

g

0“ o

; | i J L Lt \y,x‘|§|1z. L‘leF‘il
1 2 3 40 1 2 3 40 1 2 3 4
p, [GeVic]
Protons have a more pronounced Cronin “peak” near mid-rapidity and they show similar

- behavior at high rapidity. There appears to be a shift of the peak towards higher values of
transverse momentum.

R
Wednesday, May 12, 2010
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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

QCD factorization theorems and use of unitarity allows to calculated nuclear shadowing for gluon and quark pdfs
at x < 0.01 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 | -- 1.5 GeV/c at x ~10*

%  Critical test - strong suppression of the leading baryon and meson spectra at x¢> 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 (I-xg)" with n(TT) ~ 4, n(N)~ 6.
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Combining Gribov theory of shadowing and pQCD factorization theorem for diffraction in DIS aIIow§§%o calculate LT
shadowing for all parton densities (instead of calculating Fy 5 only)

Theorem: In the low thickness limit the leading twist nuclear shadowing is unambiguously
expressed through the nucleon diffractive pdf’s f” (l‘—x-—,Qz,{Ep,i}) :
TP

2 2 2 2
- Im «I)-Re - - Im - Re -
H., H
e o
r E ‘1{.

P P

p P p P

A-2
Hard diffraction Leading twist contribution
off parton "j" to the nuclear shadowing for

structure function fj (-x,QZ)
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b-integr. (model 1) different color

fj/ Al (Afi N)

fual(Afn)

1.5 T T T 1.5 T N | T T H
1.4 | model 1 1 14 - b-integr. (model 2) fluctuations
}g model 2 reeerers 5 ] :g b
11 F Q _4GeV2 4 11 ]
1 1
0.9 , - 0.9 i
08 F e 4 0.8 i
0.7 oo - 0.7 .
06 E K 0.6 i
05 F Pb-208 A 0.5 -
0.4 F A f f L] 0.4 -
0% 10% 10% 10?7 10! 1
15 T T T |X 15 T T T L]
14 - 1.4 N
}g harm ] }g C F ]
2 F c - 2 4
1.: - /\_— 1.; s 2 4 .
[ 0.5
0.9 , - 09} . . _
08E s 1 8 ; 0.4 gluon, Pb-208 |
gig i - 8:2 L i 0.3 o N IR
o F 1 93F . - 3 - -1
0.4 ¢ 1 Il aal | B 04 L i 1 | B 105 1 10 102 10
10 10% 10% 102 107 10 10% 10® 107 1(;‘ X
X

b=0 (modet 1)
b=0 (model 2} rereise:

Predictions of the LT theory of nuclear
shadowing for pdfs of Pb at Q%= 4 GeV?
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Impact factor ['(b) for quark - antiquark dipole p/Pb scattering
Update of Rogers et al 03
e

12 1 T L L) 1-2 L L] L L} 1»2 T L] T L
F d=0.2 Im- 1 d4=0.2 ;m- 1 +-model 1 d,=o_22fm- P R —
re) x=10" | x=10" | mode| 2 eeeeses =10" ’
= 08 0.8 08 I no shad, ==ree X ) d
4 06 b 4 06} proton -
§ . - B = -
0.4 froma.e, 0.4 - Pt = 1.5 GGV/(/
4 0.2 p=—=== 1 02E b
o 0 L PR -

p: ~ 0.7T5GeV/c

2

Probability of inelastic interaction is Gluon densities in nuclei and proton at b=0 are rather
Pin= |1 'r(b)l2 = Pin=3/4 for [(b)=1/2 similar. However very few processes with proton are
sensitive to b=0 not <b> while in nuclei it is trivial to select
range of b with practically the same [(b).
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Two possible explanations both based on presence of high gluon field effects

Color Glass Condensate inspired model

Assumes that the process is dominated both for a nucleus and
nucleon target by the scattering of partons with minimal x

I [ ics: x~10i - . ~
allowed by the kinematics: x~10*in a 2—1| process ke~Qs

Two effects - (I) density is smaller than for the incoherent sum of participant nucleons by a factor Npart, (ii) enhancement due

to increase of k. of the small x parton: ke~Qs . =2 Overall dependence on Nparcis (Npare )25 , collisions with high p. trigger are
more central than the minimal bias events, no recoil jets in the kinematics expected in pQCD.

=> dominant yield from central impact parameters

Postselection (effective energy losses) in BDR regime - usually only finite energy losses discussed (BDMPS) -
hence a rather small effect for partons with energies 10* 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 k«

=> dominant yield from peripheral impact parameters
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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% ( 1TeV 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 2 much more pQCD like regime with much smaller energy losses, and hence does not affect the rate of
correlation. If the energy losses were fractional but energy independent this would not be the case.

Test of our interpretation- «=iic R, s s m oy ary ~0 with T1O wrigger and in
fg‘z CGC scenario R~ 1.3 in BDR energy loss 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
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Single particle distributions,
leading twist and beyond

Javier L. Albacete
IPhT CEA/Saclay

BNL, May 2010

Saturation, the Color Glass Condensate and Glasma:
What have we learned from RHIC?

= TP hT
-
g’g’”?{
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CGC evolution at NLO — “o (3@ @) “— Danse

P - - - — B
W 3

¥ 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)

ON(r,z)

- BK eqn: Bln(ze/z)

/dzrl K(r.ri,ro) IN(r1, 2} + N(ro,z) — N(r,z) — N(r1,2)N(ra, x)]

N.oagr?) [ r? 1 [a(r? 1 [ a(r?
' Running coupling kernel: K™"(r,ri,rz2) = — +(7) [ s+ = (& Eréi — 1) + = ( (r3) 1)]
‘ 1 s\T3

272 %7l 72 \ as(r?)
A X ] 2 k=05

‘ 285 0.288 -------%é\\
4 . 0.28— . L
' NLO corrections are large: - S [
H . ,f B e f . .
; T B values compatible with data
| | dlnQ,(Y) g .
| AY) = ) )
| | ay oz e L0
ooy, =05 Gey )\ ~ 4—8 Gg
: cmmee L3, - DTS GeV
——— Qy=1 GeV 4
: - S T XS L o
!; I <LI.I.LI.L.I slaicalosadiachanel ey Lo lua et
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=> Forward hadron production in the CGC (:':;J‘\' e @

(Dumitru, Jalilian-Marian)

LST

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

N, K
dyn d?p;  (27)?

1
dz o D .
Z/ 2 [qu,/p(xl,PfJNF (ivz, —Zi) Dy, o(z,07) = fragmentation
g Jor ”©

. ~ Yy .
+ x]_fg/p(xltp?) NA (3:27 f) Dh/g(z7p1?)}

Unintegrated gluon from running ~ Np(a)(z, k) = /d2r e T [1 = Npay(r, Y =In(zo/x))]
coupling BK
‘ r? Q3 1
MV Initial conditions: N(r,z =mz9) =1 —exp |- 2 In -y +e

JLA & C. Marquet 10

Two free parameters: (xo, Qo)

We use CTEQS6 pdf’s and de Florian-Sassot ff’s

Alternative approaches: Modelization of quantum corrections
(Dumitru-JalilianMarian-Hayashigaki; De Boer-Utermann-Wessels; Goncalves et al;
Kharzeev-Kovchegov-Tuchin)




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

- K=1 for h™. K=0.4 for neutral pions (?)

8S1

2

0.01 <z <0025 Q2% =0.4GeV? 20 gluon = 0.9 GeV
2 . 2
0.005 < 2o < 0.01 Q2% =0.5GeV? — Qo gruon = 1.125GeV

o~
& 2
S d-Au _ BRAHMS
@ # h (x20); n=2.2; K=1
C oy "%, « h'(x4); n=3.2; K=1
— i L STAR
NQ' 1 %;@4 » 10 m=4; K=0.3
(@) hﬁ:@
g
>
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10°
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- by sumply taking the ratio .of d+Au and p+p spectra we get a good description of the nuclear |
modification factor (not a trivial statement!!) |

2 [+ hne32:BRAHMS ~ JLA & C. Marquet
5 ) o 10 <rp>=4; STAR
I 141
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* So, is RHIC forward suppression a small-x; (CGC) or a large-xF (energy conservation) (effecgtw

* 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=0 in pPb at the LHC.

VSu=8.8TeV y =24,6

|<lll

JLA & C. Marquet 10

: I [ I T T 7
1.2
10
0.8 —
- G
C 06| =
- CGC-Tuchin EPS08 nDS —
0.4 - | :
0.2 I < T L ALL A —
F y=6 e e o ]
0 T T P Lt 1 N
0 2 4 6 8 10

Fig by C. Salgado
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Two Particle Correlations at
Forward Rapidity in STAR

Ermes Braidot

TAR 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<n<4 over the full
azimuth. This large acceptance provides sensitivity to the gluon density in the nucleus down
to x=1073, as expected for 2->2 parton scattering. Measurements of the azimuthal correlation
between a forward ni° 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
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Probing the medium:
azimuthal correlations

02

Beam view

> Forward jet

Dilute parton

system .
(dé’uteron) = "Jet Beam view

02 -

015 !

0.1

" p, is balanced
by many giuons

Dense gluonfield (Au)

Ermes Braidot
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FMS-FMS (nt®+n) correlations

e Forward (FMS) ni®as trigger particle
® Forward (FMS) ni° as associated

e Centrality averaged

® Near-side peak visible (An~0)
® Near-side peak similar p+p vs. d-Au
® Away-side signal suppression from p+p

to d+Au

® Strong azimuthal broadening

e Azimuthal broadening pr dependent:
® above: 0gau-Opp= 0.11+£0.06
® below: Ggau-Opp= 0.52+0.05

VRV

pt+p

d+Au
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UREstTectad CaREIdencs
Probability (radian™)

Centrality dependence

+ +
_ PP - d+Au dAu data
poan éoozhsg— : d+Au = n°rn°+X, vs = 200 GeV
0.02{ h P h e b
178 § <Ppu
i Di=p : o
0018 iy sided ™ 2 108
o280 - . g
0.0 H- - T " =
e o priFM9)>2.0GeV
souest ] S ocons! (FMS)>1.0GeV )
o Preliminary i or Preliginary 4 . Pt :
4500 5000
. east BBC Z0
peripheral central
0.016F § 0.031
f L d+tAu B~ | t d+Au ¢ Near-side peak similar
0.0 W + £5o0.025F
oo12f y H b S8 b, p+p vs. d-Au
F t I +++ E: 0.02F Kl +*+ d . l h .
ootp + ﬁ* ; 8 T 4 } + 4y Lt e Away-side signal changing
E L E b TR e - .
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0 r o« .
0.008¢ 0o1f e Peripheral d+Au collisions
0,004 L ..
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Ermes Braidot
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Theory comparison: CGC

® Cyrille Marquet: arXiv:0708.0231
e calculation: central collisions b=0
® data: central collision <b>=2.7fm
Ny = 3.0;n,,=30 d4+Au — m°r’+X, vs = 200 GeV, 2000< T Qpae < 4000

¢ 7
* x;~0.002 é 0‘03:— pr>2 Ge\’/::(, 1 GeV/c<p,5<p§_
¢ uncorrelated background offset o - ++ m>=3.1, <ns>=3.2
* normalization fixed from inclusive §§0 oz5r _erTL L T CCCHoffset
o 3 ¥
%@ o.02f 7 1‘%
e More CGC calculations show: g'.g, ;f +~h. 4t ﬂwﬁél
. . o-o _‘ .’*.*
* away-side peak disappearance for £ 00151+ Frryeser T
central d+Au collisions - Peaks
. 0.01r Ag ©
e de-correlations are prdependent [ 0 0.46840.02
e de-correlations are centrality 0.00515 SAR n 1.75+0.21
dependent .Pnr:e“.mllncry I IO ST S S YO0 O S I | I
e near-side peak unchanged in d+Au 91 0 1 z g‘p

Ermes Braidot
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Conclusions

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

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

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

e |sthe CGC a unique explanation?

Ermes Braidot



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

LO1

Beau Meredith
University of lllinois at Urbana-Champaign
For the PHENIX Collaboration

Di-hadron azimuthal angle correlation functions using the PHENIX forward rapidity
(3.1 < n < 3.9) EMCal (Muon Piston Calorimeter or MPC) are shown for the 2008
RHIC d+Au, p+p vsyy = 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, Q,. 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 47 = 3.4 where one particle is a forward
70 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 I4a = 0.5), indicating a di-jet suppression.

Additionally, correlation functions where both particles are n® detected in the forward
MPC are shown. The away-side peak in these correlation functions probes
extremely small x (~ 10 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 A¢ Di-Hadron Correlations in PHENIX
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An = 3.4 Correlations: Widths

No significant broadening between p+p and d+Au within large

experimental uncertainties

Trigger n%: I < 0.35,2.0 <p, < 3.0 GeV/c

1'6;Tw0 Clustern®  Single Cluster
1-4"(closed) (open)
1.25%
15 éﬂ %de\u 0- 70%-»%

E@ pp=P> 3

dAu 40-88 74> [

A ¢ Width (rad)
o
T l“{l T

°
P

Trigger pT scale uncertainty 5%
L Associate pT scale uncertainties 10%

PHENIX
PRELIMINARY

e
'S

o
N

(-]

p, assoc (GeV/c)

Trigger n% 177] < 0.35,3.0 <p,< 5.0 GeV/c

i:h T l.m

LSS

® p+p
; " d+Au 0-20
{
'uﬂ A d+Au 40-88

i

i

Trigger pT scale uncertainty 5%

- Associate pT scale uncertainties 10%

PHENIX

- \\\ PRELIMINARY

W‘K\m U B o s S T

O

1.5 2 3
p, assoc {GeV/c)

B. Meredith, Quark Matter 2009, arXiv:0907.4832

Forward A¢ Di-Hadron Correlations in PHENIX



An = 3.4 Correlations: I,

691

. Associate °: 3.1 .9, 0. .
# |y, for central triggered socate <7 <3.9,045 <py<1.59 GeVie

events for Trigger Particle: |[n | < 0.35
reconstructed n° 1.8
: e % pT=20-50GeVic
@ Increasing 1.6

H +fe, -
suppression of /,, 4 K" pT=1.0-2.0 GeVic

reaches a factor 2 for
central events 1.2

# Indicates di-jet 3
suppression

1.4 Trigger=® pT scale uncertainty 5%

Associate pT scale uncertainty 10%

S e L L

0.8

i
'[rf!!lIidiill‘llf‘f[j_lll|lllllrha
[—8—]

0.6

: b
0.4
2ol PHENIX

““I PRELIMINARY

RN EEE TN N N T U N M N WO U TN ST N S S VO N N M
04 6 8 10 12 14 16

N

coll

B. Meredith, Quark Matter 2009, arXiv:0907.4832

Forward A¢ Di-Hadron Correlations in PHENIX
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Forward A¢ Di-Hadron Correlations in PHENIX




IL1

ntrig’ T]assoc:

= 3.1-3.8; d+Au Peripheral, p+p

1.0 GeV/c

Minimum y-points shifted te 0

erroted pomts for Ag > n

Pr tri

g
p+p, d+AU\[Sy = 200 GeV nmg 3.1-3.8,1,,

—> 2.0 GeVic
=3.1-3.8 PH“*'ENIX Prellmlnary

p+p and
d+Au
periph.
are very
similar

0.5 GEV/C 3 10005 Gevic 9 ¥ 125@05GeVIe 1 ¥ 15005Gevic 9 F 20005 Gevie
28t ig:;‘“ 60-88 3 2sf 1 a8t 4 2s
ki 7 2% 107 1 2
18- 3 ot 41 1 15
= 1T 1 1t E iﬁpﬂm, 3
o ] g s 3 E ) Iy £ a
@© o085 23 5 055 2Bby a4 08 W5 gh ] 08F
vs of SO R Lo P .
X b TR0 O [ SOV i U TR VMV SO [ 2 A
© 145 10® 0.75 Gevic 3 1401250075 GeVie 7 14 158075Gevic 1 14 2000.75GeVIc
= E 112 r % 125
12 4 1.2F 3 1.2 2t
= £ - ERE 2 3
= 08 3 08 3 o8 1 os
pT a o8r 1 oer 1 0g . 1 oe
’ :g 0.4 - bA- § N 0.4 B 0 5 4 04
assoc Z 2 F 02t 2 3 o0z £ 2% a4 02b
o 3 P M Pap B 1 F WAy A E
(=S 1 o T R g0 SN e L o
= T1000875Gevie 7 2500875 Gevie 7 t1500875Gevic 1 tao
S~ i 4 L |8 i .
~— o8- 1 o8- 4 o 3 o8-
8 0.6 < osf 1 oe 4 06
D N 1 [ ] L k L
o o 4 04f 1 04 1 04 By
. r L £ bt L
= E -1 E A < 02 4 02
o ** 3 a3 0% ¢ PO s g byszé FCINE Bt
8 gl Thage | o g el WRET e oo W
2 bt PSP E ot 125910 GeVie 5 0. 20910GaVic
v 056 3 osk 05t
1.0 GeV/c o4 3 o4 04 .
0.3 3 o3t 0%
0.2t 2 02 02
o 5 ¢ 2 0dF W“ﬂn o
o el Sens o MG o Sl
[V R N S M S - S| R R R | [

B. Meredith, Proceedings from DIS 2010

{Beam
Jview of
5 d+Au

i periph.
Jcollision

Forward A¢ Di-Hadron Correlations in PHENIX




Nisigr Nassoc = 3:1-3.8; d+Au Central, p+p

1.0 GeV/c thn » 2.0 GBV/C

Mlmmum y-points shifted to 0

Ll

Mirrored pomts for Ap > L]

pHp, d+AU\Syy = 200 GeV nm =3.1-3.8,1, ..

-31 3 8 PH; <ENIX Prellmmary

0.5 GeV/c 8 qugggg\élc H125905Geve F 15®05 Gevie 3 20005 Gevic
250 o 25 2 i 25 d+Au
2F 2 z central
; 155 155 ﬁ ﬁﬁha " 4 away-side
‘ﬁ_\ i Q
*c 1} 2 L3 ] A peak
© 0.5F 5 0.5 5 ° seems to
~ of 5E “EAZAE&% E disappear
X = -- Sy - 1 - - - s o of:-- oo S B
, + t E £ f |
o 145109 0.75 Gevic ERR3E zs®o75sewc 145 150075 GeVic 145 209075 GeVic 3
o ERRE:a 120 4 1z 3
N EE + i ¢
= o8 3 ogf L o 3 o0&
Pr o 4 oef 06 i oe
5 ke] 0.45 ﬂ 3 IS 0.4 @ &F s 3 04
— T F = T
assoc 2Z oi 4 oz %ﬁﬁ“m 1 o2t
o of ao 2 g0 48 3
.g) A_"'H T } ; } T F L 8 AT 0‘_‘
= 100 0.875 Gevie E +1.5® 0.875 GeVie 7  Taoeo0a8rs GeVlo
. L B - -
-~ 0.8 b 0.8~ 0.8-
-8 0.6 3 0.6- 1 o6 %ﬂ .
9 3 1 E t 1
8 0.4l B 0.4 1 04 Wp o 1Beam
S r ] Z k A 1 .
5 o Sﬂ P 2 0f i : 1view of
[&] vy A‘:‘c ] r r f 1
c (. - A AR e A o i z3d+Au
=2 Cossocevie 3 £ 20010 GeVie E
v 0. 1 0§ 08 1central
05 3 o0sf 0.5 : . .
1.0 GeV/c o ,  -jcollision
0. 3 o3 3 %p .
0.2) 1 02F 02 4
0.1 tog o1E b 0.1
0 % g -k of &j SR o R
0T 2T ¢ 2773 0 3745

B. Meredith. Proceedings from DIS 2010

Forward A¢ Di-Hadron Correlations in PHENIX




€Ll

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 small-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 Théorique, CEA/Saclay
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dilute/dense separation characterized by the saturation scale Q (x)

Parton saturation

—r X : parton longitudinal momentum fraction

e — Ky parton transverse momentum

Pt = (0,0,P7) :_ ~ x P kyp the distribution of partons
as a function of x and k;:
QCD linear evolutions: k7 > Qs In(1/z) ¢

DGLAP evolution to larger k- (and a more dilute hadron)
BFKL evolution to smailer x (and denser hadron)

QCD non-linear evolution: k7 ~ Qs meaning = < 1 o
zf(z,k3) gluon density per unit area DaLAP
P TTIR2 it grows with decreasing x .
Oree ~ as/k?  recombination cross-section In(k%/Agcp)
recombinations important when p orec > 1 this regime is non-linear
asef(z, Q2) yet weakly coupled

the saturation regime: for #* < Q% with @ ==~ -3 2s(Q?) < 1
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Di-hadron final-state kinematics

M Y2 -M —2
final state : kl’ yl kzj YV, Xp = kl_e__-“-kz—e x, = kl € + kz e
Vs Js
* scanning the wave-functions
/ x ~x,<1
. P A
GQ M e f:; central rapidities probe moderate x
\. s/ * .

X, increases | x, ~ unchanged

‘/\/\/

forward/central doesn’t probe much smaller x

x, ~ unchanged | x, decreases

p

x,~1,x,<<1
forward rapidities probe smail x

‘e
NEL
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Uncorrected Ccoincidence

Evidence of monojets

ptp

d+Au central

p+p = m'n’+X, Vs = 200 GeV d+au = nn’+X, v = 200 GeV, 2000< T Qe < 4000
0.0225F 5,52 GeV/c, 1 GeV/c<pr<pu ¢ 003F pu>26eV/c, 1 GeV/c<pr<pn
T 0.02F <>=3.2, <ng>=3.1 B [ A:|-+ < >=3.1, <n>=3.2
= E AG=0 £ Sooosf Y
@.0175F ¢=. o8 S ALIRY
27 I (near side) Ab=n i oL i
0015} 4+ (away s1de) 1 € > o0.02F f
2 ois fo S i - Ay LR
Borosk o Lo 58 b F T jr\\%
3 + \ PO S 50.015(4 4 e
& 001F + - i 5a
K H S -
0.0075F  + Y g | 0.01F Peaks
e R b 3 by o
0‘005?\_ =" Peaks ! o 005'3/\5—.[ " 0 0.48+0.02
F A o 1 X r 7 :
A be o e o Al n 1.75£0.21
ERrenn‘J‘inoq . ‘.ﬂ,,‘,i L. c).vx:rxel’»rnnllpta‘ry‘|l|4_|1|..|AL.<|xJ
SERH L A o e &,
8¢ (rad)
transverse view e



LLT

Forward di-jet production

R it po .
‘ ? b: quark in the amplitude
x: gluon in the amplitude
b’: quark in the conj. amplitude

x’: gluon in the conj. amplitude

Fourier transform k. and g,

collinear factorization of quark density in deuteron into transverse coordinates
: A
2z d2z' d2b d?Y L oy in (B by
— 2 ik | (X ~X) (b'-b)
= agCprN: zqq(xg, 1) / (232 B2 (o) (32 etk elaL

dodAu—aqgX
d?k | dyy,d?q, dyq

fcb"—’qg(z.x—b,x’-l:v’)J2 {8(4) [b,x.b', X,z 4] — S(3z[b,x, b’ +2z(x'—b"); x 4]

l 7999 999
pQCD g — gg ~8 b4 2(x—b), X, b’ z4] + 2 [b+2(x~b), b/ +2(x' ~b'); :L-A]}

wavefunction

interaction with hadron 2 / CGC
|| je¥n

= VW n-point functions that resums the powers of g A and the powers of ag In(1/x,)
ek 1les

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

» in central collisions where Qg is the biggest

there is a very good agreement of the

an offset is needed to
account for the background

saturation predictions with STAR data

Albacete and C.M., to appear

to calculate the near-side peak, one —
needs di-pion fragmentation functions

« the focus is on the away-side peak
where non-linearities have the biggest effect

suppressed away-side peak

d+Au = 7°n°+X, vs = 200 GeYf, 2000<T0pe <4000

Probability (rddion™")
S o
- Q
©» N
AN

Uncarrected

§ 0.03- pr>2GeV/c, 1GeV/4d<ps<py
S hr < >=3.1) <ns>=3.2
5} ) ¥
w: ) ﬂ+ === CGC+otfset

0.01F
r 0 0.4840.02
0.005f %TAR w 1,75£0.21

4

Prelimingry o

S o 1 zZ 3 4 B

by

hatdir2.20091004.2 20081120

standard (DGLAP-like) QCD caiculations cannot reproduce this
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NON-UNIVERSALITY AND & FACTORIZATION VIOLATION NON-UNIVERSALITY IN LG

(81

‘ Two Farticle Correlations:
Saturation and Issues with Universality

Bo-Wen Xiao

Lawrence Berkeley National Laboratory

BX and F. Yuan, arXiv:1003.0482 [hep-ph].

e 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.

e In addition, we generalize the model calculation to the CGC formalism,
and find the non-universality for quark distributions in CGC. — ,
(trrrrr 1l

i

BNL workshop, May, 2010
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NON-UNIVERSALITY AND k; FACTORIZATION VIOLATION NON-IINIVERSALITY N3¢
[ le]

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

® [Bacchetta, Bomhof, Mulders and Pijlman; 04-06] 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.

o [Collins, Qiu; 07], [Collins; 07], [Vogelsang, Yuan; 07] and [Rogers, Mulders; 10]

Scalar QED models and its generalization to QCD (Counterexample to Factorization)
Jet 1

Jet 2

e Remarks: TMD parton distributions are non-universal.

e (O(g?) calculation shows non-vanishing anomalous terms with respect to standard
factorization.

. )

e Trouble? or Opportunity?

e Resummation up to all order of g including the anomalous terms/BX, Yuan,; 10].

e The effect of k, factorization violation is resummable and calculable.yvOpportunity‘;
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NON-UNIVERSALITY AND k; FACTORIZATION VIOLATION MON-TUNIVERSALITY IN 00
oe

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

e The total amplitude = the TMD pdf for the di-jet process [Xiao, Yuan, 10]

- xPT? 5 s o (R R

8t
<V (r )V () e —iggr (G(R1)~G(R))

{1 2881 G(Riﬂ-u_) —G(R ) }{1 *iggl{ (R_L+rL) —G(R', )]}
e TMD pdf in DIS and DY [Brodsky, et al; 02], [Belitsky, Ji, Yuan; 03], [ Peigne; 02]
P+2 .
dois. oy (x,q1) = o /dP_P” /dZRLdlederel“'(Ri—Rl)V(U_) v(rL)

{1 Jis81[G(Ry +7, )—G(RL) }{1 —iggl[G(RLHi)—G(Rl)]} :

: - /
with#| =R, +ry — R/,
e Non-Universality and k, factorization violation! However, calculable!
- 42
rreress f“’i

DERKELEY _A

N
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A

NON-LINIVERSALITY AND ky FACTORIZATION VIOLATION ' NON-UNIVERSALITY IN CGC

The Quark Distribution for a large nucleus in DIS

e TMD pdf in DIS [Brodsky, et al; 02], [Belitsky, Ji, Yuan; 03]

gpis (x,91) =

dxq (x,q, )
dzR_L

X

xpT? [ 2p o 2pr 2 gy (R, R
g4 / dp~p / CRLER dr 1 (R Ry (r) )V (7))

{1 o881 [G(R 47| ) =GR )] } {1 'ggl[G(R’_L+’ﬂ_)*G(Rl)]} :

Ne
1670

{1 + exp [—Q? (ry — rl)2/4] — exp {-eri/él] — exp [ frff/4]} ,

dyd?r &r e 4L =) G Ko () - v, Ko (Vo)

e Use fermionic quark.

e Perform a replacement as follows:

¢80 —— U (x)) = Texp l:——iggl /dz_dZZ_LG(X_L —21)pa (2 ,21) ta] :

Note that U (x )

pa(z= 2y J19=5(z,)6(z")
e Average the distribution over the gaussian distribution W [p].
e Agrees with [Mueller, 99]. Drell-Yan also agree with [Gelis, Jalilian-Marian, 02]

. o—iggi [GrL)] -
~—




ON-LINIVERSALITY ANU A FACTORIZATION VIQLATION NON-UNIVERSALITY IN CGC

€81

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

e TMD pdf in di-jet production [Work in progress]

_ xP+? — [ 2p 2p 2 g (R —R)
Qdijer (X,91) = /dp—p /d R d°R | d°r 9L \TL 781

8
XV (r )V ( / ) —iggr (G(R | )—G(R'))
{1 21 [G(R 47, )—G(R )] } {1 — e~ igs1 [G(R +7' )—G(R, )]}
4

dxé (xa QJ_)
d’R |
= 116\7 dyd‘udzr e —iq g - (f'J_ rmL) Vi Ky (\/—rl) Vr Ky (\/_’l)
6 .
o [-62 )" ] o0 -~
TeRP [—Q? ((’l —r) + ”i) /4} — eXp [—Qg ((11 —r )+ r’f) /4]

e Large N. approximation.

e Two point functions {U (x ) UT (x', ) )(DIS) /J\‘ ,
i receeee .ﬁiﬂ

and Four point functions (U (x | ) Ut (x', ) U (y ) UT (/).
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MON-UNIVERSALITY AND &7 FACTORIZATION VIDLATION NON-UNIVERSALITY IN CGC
[o]a] .
. .
Non-Universality
1.00F
0.50

TN

N
005 NI
: I

- L I L 1 i n 1 .
' 5 10 15 20

Figure: Comparison of quark distributions in DIS and di-hadron production as functions of q'i.
The blue curve stands for the quark distribution in DIS and the red curve represents the
distribution involved in di-hadron production.

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

o Integrated quark distributions are universal.

e Similar conclusions with respect to the &; factorization violation have been reached in
sea quark productions [Blaizot, Gelis, Venugopalan, 04], r::} QJ';I\

two-gluon production /Jalilian-Marian, Kovchegov, 04] and
quark-gluon production [Marquet, 07].
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Resolving the puzzle

L . Three effects, which can be well cq‘lcuqued
' . explain the puzzling behavior of R}/, (pr) |

1.5-
3 / ® Final state in-medium attenuation of J/¥
| controlled by the transport coefficient

® TInitial state shadowing/attenuation of the Gc
Au-Au dipole (not J/¥) passing through both nuclei

—+——3, (® Gluon saturation leads to broadening of (p3) A
p; (GeV) \_ of J/¥ and to a strong Cronin enhancement. )

The only fitted parameter is the Transpdrf coeffici’en‘l', which is found to be
Go = 0.3GeV?/fm, smaller than what comes out of jet quenching analyses.

J/% suppression offers a novel way to measure §

BK, I.Potashnikova, I.Schmidt

* B. Kopeliovich, BNL, May 10-12, 2010,
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15

Nuclear effects

.5l CucCu * The absorption cross section for a dipole born in a
. central AA collision at impact parameter s is directly
Sl related to the parton broadeping in the medium, i.e.
e e to the transport coefficient 4
oot R(s.pr) = =+ [ dé exp [—1 ) [ q@ﬂ}
Go = 0.2 GeV?/fm T, 2

0 P IV R ORPOR WY ot

0 2 p:(Geﬁ,) ® ' The breakup of J/¥ in the medium is controlled by
the same transport coefficient 4 as the energy loss.

. ~ 610 t0 npart (ba S) .
b ,t = fey N
We relied on the popular model d(b.s,t) £ Dpare(0,0) * fixed to = 0.5 fm

and adjusted the transport coefficient Go to reproduce the data

L 8. Kopeliovich, BNL, May 10-12, 2010

LUNIVERSIDAD TECNICA
CEDERICO SANTA MARIA B
Tuesday, May 11, 2010
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Nuclear effects

2
sl CuCu % The Tc production time in the nuclear rest frame
: i e — Vs 1
& Comny4mEiph o max |
e * ______________________________ is sufficient (5 < t, <13 fm) for quark shadowing.
TR S ~ o
05+ 3 -- ) ] :
¢ However, x> 0.015 is too large (18 is too short) for
gluon shadowing, which sets up only at x, < 0.01 !

pr (GeV) ‘
Charm shadowing comes together with the breakup cross section, they are not
‘separable. The result, Sya ~ 0.8, is known from data. However, the impact
parameter dependence is important and can be only calculated.

We assume S,p(s) = Sna(s)Sns(s) L ,
E—»Ei B. Kopeliovich, BNL, May 10-12, zom?yf

P

UNIVERSIDAD TRCNICA
FEDERICO SANTA MARL
Tuzsday, May 11, 2010
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Nuclear effects

Due to saturation gluons experience broadening Ap2 = 2C(s)Ta(b)

with the coefficient C(s) known from DIS data. i3

The Pt distribution of J/®¥ has the form: 1ol

do p \°

apf (1 i 6<p%~>) 11

- Broadening results in  (p%) = (p%) + Ap3 5 1]
do

dp% | (p3)+Ap% 09}

R~y (p'T) = do i
S dpZ. |(p2)
9 This can be tested with the E866 data for

J/W production in pA at 800 GeV: o 2QL34
pr (GeV)

0.8}

‘ Works amazingly well with no adjustment! e
o B. Kopeliovich, BNL, May 10-12, 2010

UNIVERSIDAD TECNICA
FERERICO SANTA MARIA
Tussday, May 11, 2010




061

Nuclear effects

Eventually, combining all three mechanisms we arrive at the final re‘sﬁul‘tx

J ds? T2 (s) R(s, pr) Saa (5)Rer(s, pa)

J/w, 0
Ria (PT) = oo =
J ds® TR (s)
2 0 2
! - . :
15+ Cu-Cu |——— + gluon saturation 1.5+

+ initial state 2 1}
_~"shadowing/absorption i

0.5

in~medium attenuation

e hesica B. Kopeliovich, BNL, May 10-12,
EERERICE SANTA MARIA . »
Tuesday, May 11, 2010
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Jhy 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 JAy 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
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Jiy and Cold Nuclear Matter Effects

Before attempting to understand what
happens in Au+Au we must understand
“cold nuclear matter” effects, including:

- Pdf modification in nuclei
- Breakup by surrounding hadrons
- Gluon saturation at low x / CGC

- [nitial state energy loss
- Cronin effect

2008 d+Au data sample has ~40 times more

statistics than 2003 published results and allows

finer rapidity binning.

R, ~1 at negative rapidity (Au direction)
R, < 1 and decreases with rapidity at positive
rapidity (deutron direction)

o

Rep

o

x|

9.5

ITEHE ....... P !:!E.'?!.l?ﬁ.gre

RHIC 2008
amu\j’s',; = 200 GeV
+11% Global Scate Uncertainty
40-60%

CGC K. Tuchin (QMBB)

------------ mad

0.8

0.5

E Fih

0.5

%—J@ 3

+8.27% Global Scale Uncertainty %3
20-40% 3
1.4 T ‘ l ¥ S T T T , ¥ v___
4'%[% [%] .........-.-.-..-....--..3
03 Eb i ;,}3 . E
o ey P E
0.7 -"*.,' E%J %JE]T_J —é
o.8f—+5.05% Clobal Scale Uncertainty '.; , E
0-20% g

3 i 3
y
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Jiy in Aut+Au

J/Iy 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.

[ T

........................ _—

Q NA3&50/60 J
0.8 @ PHENIX lyl<0.35 | |
1 B PHENIX 1.2<yl<22 | ]
T0.61 NA38/50/60 syst 1 19—
e F : -
0.4 T §og o —
0.2 |- <035 syst 12% ] " io a
T 1.2<lyi<2.2 syst 7% i .
0 X H | . { L
« 9T y i ' T T i 1 1
g{ L2
=M .
2 03 ]
£ -
r4 0.6 1
o
5 04f ]
% 0.2+ Global syst 14% -
= oL : l I L
0 100 200 300 400
N
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Can CNM Explain Observed Suppression?

Not a Phenix result, uses Phenix preliminary (QMQ09)
Calculation by Tony Frawley
CNM with rapidity dependent effective breakup cross-section.

- I I I ' ® PHENIX Au+Auy =0
. EKS98 CNM baseline m PHENIX AutAuy=17
# PHENIX Cu+Cuy=0

# PHENIX Cu+Cuy=1.7

a « |
0.6 Nurrow buaes - correlaled sys M [ 7
[ Wide hoxes - CNM haseline sys EJ
0.4+ (%lobal for each idal:aL set) 1 | ' T
0 100 200 300 400

Npart

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



Open Heavy Flavor in Au+Au

Heavy flavor electrons from Au+Au
compared to N__ scaled p+p

(FONLL x 1.71)

¢61

.F 103 ,‘u lllllllllll\\I||1||‘|—[TIIIIIII]1]1I|IIIII
— &
o 2 . + T L anans T 1
% 10 ;tgz_s— @ 4
o 215 LE
g 10 gle *
P L - D1.5F .
zZls. 1 f & Ty @§ £ @
O ot R N D SR
107 Eg N v Ty 0'57/ E
|°¢ B e
- _ 2 a3 4 9
~ \ 75

1 MinBiasx 100
0-10% » 107

10-20% % 10"
20-40% x 10°
40-80% x 10”

60-92% % 107 T

p+p x 10%42mb Au+Au @ \[s, = 200 GeV

I!‘llllll;]lll\‘]lllllllllliiill’llll\\ll

1 2 3 4 5 6 7 8 9

P, [GeV/c]

e B e RN T
C R, 0-10% —— Point-by~point amor
1.8 A 3 Sualiny erow

- AutAu @ \[s . = 200 GeV ! s
IPRL 98, 172301 (2007) W UnceriintyinT,,

B o A " without scaling error

o 1 without scaiing error

@ ©*1rom heavy tlavor

Lu?u.n;lnllulu Liasl

0.6
04—
0.2

1

A I

% 1 2 3 4 5 3 7 8 o
p, [GeVic]

Charm suppression is almost
the same as for light quarks
at high P_!
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Open Heavy Flavor Flow
HF electrons flow

L=L~ 0.2“ T T T TTETT T T T
> ©  20-40%
[),15:" H -
0.1 H .
: - :
]
L 4
0.05 -
] :
o— _
T PR RS RN YRR BTN ST N e
-0. 05 1 15 2 55 3 35 4 45 5
o [GeVicl
[T 0.2 LI AR SUALE B LA I L B A B L IR
I>N
L 40-60%
0.15— H —
0.1— H H -
0.05— H ]
or- ]
]
MR PN PR PPN I PR N TS ST u
00y s Y s 2 25 3 35 4 45 5
p_{[GeV/c}

Photonic electrons flow

>N 0.25—””|'||rl|»>||:x|||s|rl]"r 1H|1’Trl}ll|z;|‘rt_
- * 0-10% b
™ 5 10-20%
0.2— ]
: = ¢ 20-40% ‘_‘
i * ¢ 40-60% |
0.15} e
- M
Q.1 ]
L. a
- .
0.05— R
oL el bty
[} 2 25 35 4 45 5
P, [GeVic]

arXiv:1005.1627

Submitted today to PRC

Heavy flavor (charm) flow is comparable to that of light quarks!



Chris Perkins

UC Berkeley/Space Sciences Laboratory
Stony Brook University

For the STAR Collaboration

J/¥ and Charm at STAR

Gluon saturation effects and Color Glass Condensate models become important at a scale Qs*(x)
which is proportional to A®¢". Hence, this scale can be reached by going to lower-x, larger sqr(s),
~ forward rapidities (y), or nuclear “targets” (large A). Inregards 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; < my, as is the case at mid-rapidities at RHIC, charm production is not affected by
gluon saturation/CGC 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 pr 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 Mescn
Spectrometer (FMS). The FMS is an electromagnetic calorimeter at STAR with full azimuthal
coverage over a pseudorapidity range of 2.5 to 4. Tts large acceptance provides excellent geometric
efficiency to measure high-xr J/Psi production in p+p and d+Au collisions. A significant observation
of high-xr J/Psi has already been reported at QM09 with work ongoing to report forward cross sections
and potentially x¢ dependence. The FMS also has the possibility to measure forward apen chann
production by reconstructing D" through the decay channel D — K%+ n® - 31" - 6 photons.

By comparing d+Au measuremments 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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vor Production

» G Ve Vet

vy

Also Open Charm
Production

Kharzeev, Tuchin Nucl.Phys.A770:40-56,2006.
cC pair scatters coherently off all nucleons along its trajectory

* Traditional scale: m, > A cp = perturbative production

$ g« ES] ;w«» {m N{Q q““"ﬁ“ o ; 3 e ¥ % 1
= But in CGC/Saturation picture, more relevant scale is Qg

* Q,>m, -> saturation affects heavy flavor production
» Heavy guarks should follow similar pattern to light quarks

« AtRHIC: Forward Rapidity + Nuclear Target - Q. > m¢
« Charm quark production subject to CGC/Saturation

5/12/2010 Chris Perkins
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W\\ Vi
& o

fm‘éf%ﬁ«%w PN {%

3 \
DS Vo 2

O—-mesons specirum

E 16
S ycaling | ~ 0= 70 % cerir
2 LE e NegnScaling} = [ T ]
>“ L ! g 1 - 1 Vs = 20C Gev !
— {2 = = 0% e, 2 Vs =130 Gev X T00
e i ~ 3 1 o g . -
Q - 310 5. dots: PYTHIA
° = 7 - 4 N
8 . - § 10 . i,
8 - e S0’ e N
2 r L10°L .. .
6 [ & o7 -
) g0 ...,
L 4 . 200 .
=B sqrt(Np,,) Scaling | 3+
— ;- e Lo IS T I SN ST SO S T SN S Y T ._.L.J
E 0 it TS N SRR SR R AR SV ENETEN B ! e 0 2 4 6 8 10
&) 2 4 6 8 10 12 14 16 pr (GeV)

‘? Ncoll 7 Rioy
© AA:IN_,, scaling, p(d)A: sqrt(N_, ) scaling

par
«  Harder spectrum because of harder gluon spectrum
«  Total Transverse Momentum doesn’t vanish

’ ( <PT2> = Qsmax2 for forward rapiditief} at RHlC} x

As y grows

S e -

-
-
bl T .

3 4 5
k/Qs
Kharzeev, Tuchin Nucl.Phys.A735:1-2,2004.

A St
i\i 5/12/2010 Chris Perkins
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2.

Fit with Gaussian + Offset
Gaussian Fit Parameters:
- @=3.080 % 0.020 GeV/c?
— 0=0.082 £ 0.026 GeV/c?
— x?/d.o.f. = 20.83/26
— Significance from fit
s 45¢
Cuts Applied:
E_pair > 60.0 GeV
- ZW <0.7
— Isolation Radius:
— 0.4 Eta-Phi
- py_cluster > 1.0 GeV/c

Presented at QuarkMatter 2009
First measurement of high-x. J/U at sqgrt(s)
> 62 GeV at a collider.

26 27 28 29 3 34 32 3.3 3.4 3.5 periins [STAR Collaboration], Nucl. Phys.

M_pair [GeV/c"2] g3 331c (2009)

Yo
ES !AR

5/12/2010

Chris Perkins
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* Look for forward D° through decay channel:

D = K%+ nY = 6 photons
{KOS _,_;} ﬂ:(} 4 m@}

DO

. . L
Using bare FMS calorimeter response %%, 0 v

« Total Branching Ratio (from PDG) for
D -> Ko+ 1° > 30> 6y = 0.00361

iS'I_A'R '
5/12/2010 Chris Perkins
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» 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

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

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

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

* Feasibility for measuring open charm through the D® meson looks promising

‘l'fsf/ia
5/12/2010 Chris Perkins




Understanding 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 QCD factorization formalism for inclusive produc-
tion of heavy quarkonia at large transverse momentum pr at collider energies [1]. This factorization
formula for calenlating quarkonium cross section includes both the leading power (LP) and heavy
quark mass m¢g enhanced next-to-leading power (NLP) contributions from the m%-g /P2 expansion.
Both the LP and NLP contributions are factorized in terms of perturbatively calculable short-
distance partonic coeflicient functions and universal non-perturbative fragmentation functions. We
calculate at the leading order (LO) in a, the partonic coefficients for both LP and NLP; as well as
the evolution kernels of the fragmentation functions. We estimate the non-perturbative fragmen-
tation functions at a scale jg ~ 2mg 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 o, without asking any ordering
in mg and pr, we organize all partonic contributions in a power series of mg/pr whose coefficients
in a power series of a;(pr), and resum all logarithms from the huge phase space between pr and
po ~ 2mg into the fragmentation functions. For producing a color singlet heavy quark pair that
turns into a heavy quarkonium, we get different sizes of contributions depending on where the pair
was produced and the pair’s quantum number. To produce a color singlet spin-1 heavy quark pair
at the collision point of a distance scale 1/py, QCD power counting told us that the production
rate for producing such a pair is of the order of ( ],’p%)(mf‘z/ p}) which is suppressed by m‘(‘z_/’péx in
comparison to the typical leading power 2 — 2 subprocesses. If the color singlet heavy quark pair
was produced at & much later time 1/mg from a single parton fragmentation, the production of
the single fragmenting parton is of the 1/pf-type leading power behavior. But, such contribution
suffers in rate to convert the single parton, say gluon, to a color singlet heavy quark pair. In
between these two sources, the spin-1 color singlet heavy quark pair could be formed at the 1/mq
while a color octet heavy quark pair with the vector or axial vector charge was produced at the time
scale of 1/py. This contribution has a characteristic of (1/ pf})(m% /pa) with powers of log(p2./110)
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 to have a large final-state
phase space to keep the pair in an octet state until the Jast minute before the pair hadronize.

We also find that the leading power single parton fragmentation likes to produce a transverscly
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 pr > mg, it secms
more likely to produce transversely polarized heavy quarkonia.

References

{11 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

L1 Cusrk massss: Quark masses span a wide
A . kinematical range:
Flavor Mass MUY
iy
u 1.5 = 1.5 MeV
- 1
d 5.0 — 8.5 Mav Light quarks
5 80 — 155 Mev A
QCD
¢ 1.0 - 1.4 GeV Q.(z ~1//3)
‘\ _______ —
b 10— 4.5 GeV .’;3- | Heavy quarksjl a, (mQ )<< 1

i s ce

L3 Hamvy quark i haavy 1 Qoo ~1/V5) <Cmg

L Heavy guark s “Halt” i Qula ~ 1/Vs) Zmq

May 12, 2010 Jianwei Qiu, BNL
i . . . 1
L The basic production mechanism ‘E
G Production of an off-shell hisavy guark pair
g : | Goherent soft interaction |
af

. === Quarkonium

rturbative Non-perturbative

s L
2m,

L} Agproximation: on-shell haavy quark palr + hadronization

45 (()?
TAB— Iy = Z /dFQ() [ (IF(QQ)} Erent@@)— a0 (PQs Gy Laja)
states

Different models <> Different assumptions/treatments on

how the heavy quark pair becomes a quarkonium?
May 12, 2010 Jianwei Qfu, BNL

204



(1/Py)" vs (a )" expansion 1

Kang, Giv and Sterman, 20410

L1 The s=1 NR projection operator:

P -
P(Pg—0s=1)= /.__'y“EAP)[ —+mqj
Picks up contributions that vanishas mg —> 0
L3 {0} supansion does not plck up leading power in (180
LOis(1/P;)*  wvs NLO gives (1/P;)¢

TR
“, | Leading power
Projection

== (1P~ power expansion before ()"~ expansion

May 12, 2010 Jianwei Qiu, BNL

]{ PQCD factorization" foi;malism

Ty e meal s sy b« samer Clite 2
Lt Expansion in mgfP Hang, Qi

2
(1.’7],' i
E—. + +...
Pz f 3 Pz
l()(r (/(_’é 77__‘_,( ,u[,log ( 2)

e ’ ;[(] \'27’?»@
P(;

I

< Leading power in 1/P: == much smaller FFs
- color, symmetry, high orders
+ Subleading power in 1/P;: =z much larger FFs

May 12, 2010 Jianwei Qiu, BNL
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I
i PQCD evolution
Ld ﬁﬁﬁgée ﬁ@ﬁﬁﬁ: Kanyg, Qlu and

: Same as normal DGLAP
. Difference from input distribution

Dys iy (2, oy ma)

U Heavy quark pain
’ Differ from DGLAP - still iogarithmic
Spin-color sensitive

infrared safe evolution
Nonperturbative input distribution

L . hd:' o S IO
I T‘r)(\n\h,;u;' v it 7 = Diggrannx(omg.py K2/ ag
T Lo e

Kt = 22020 {

\E

Evehition dominated by ool

May 12, 2010 Jianwei Qiu, BNL

 NRQCDtoinput distributions |

L} Single o

Cxa

Mayak, Qv end Slorman, 3805

Dy arelz o me) - Z fig_)lqg((»)](f‘-:llu:“W)(C)[qQ((»)]{(m\NRQCD
(0@

Dominated by transverse poiarization

L} Heavy quark palr

Hang, (Hu aw

(2o, g} = Z dioainys10ates (5 40 M H O () nnaen
Q@)

Doty iy

Dominated by longitudinal polarization

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

Hay

May 12, 2010 Janwei Qiu, BNL
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Jhp polarization

1 Competition between LP and NLP:

Both dominated ]‘

i

. — |
EBVErsa

i
g
3

1 T . . : e

oeE @ NRQCD E
041 ¢ CDFDan
0.2F )_ERfQL‘D e

S 0 E“ —— k;-factonzouon E

]g

i mm

L
10 15

@
=1

a1
20 25
)

pr (GeV

May 12, 2010

o=

Hang, Qv and Sterman, 2018

By octet channels! |

Py {GeV)

statwer i, oL

l Broadening of heavy

d+A

AT ATIN i

2.3
i
07! NRQCD and CEM
! < w2S)
13 Jiw
Ly £ /
05 — C&M
.\% = DY
g o4 .Y
= * Uk {
NS
o 9a /

May 12, 2010

A qﬁ'(GeV")
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quarkonia in

Kang, Qhe, §

- L3

NRGCD and CEM
{28y
Jh
R £
-— CEM
" DY
a ¥
® Jhs

Jiapwei Qiun, BNL



Broadening of quarkonia in A+A ‘
U f no hot madium was formed: ‘

. srin, " P s
Syii = (5 (\ AT ;)

Superposition of pA

L1 hot medium s formed:
‘g
, o et
G 8 £ 12ay-22 5 SR
) e é s S
o Lompesetticn of N B8 R0 N
SsE ro
o . . E e
Some kind of siow moving maedium | ey
was produced af RHIG! 2k
_\’\qi} Y could be as smali as 0! 0 50 100 150 200 250 300
final-state energy loss, initial-state thermal medium? i
May 12, 2010 Jianwei Qiu, BNL

Summary and outlook

0O 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

0 Heavy quarkonium has two intrinsic scales, and could be a
good probe to study the formation of bound states in QCD

QO Harder to form J\p if m, ~Q, —» suppression of JAp  Tuehie's

O Experimental measurements, in particular, the upsilon
polarization at LHC, are needed to test the production
mechanism!

May 12, 2010 ' Jianwei Qiu, BNL
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IHClUSiVQ gluons Kovchegov, KT, 2001

There is an approximate kr - factorization (LO). Though no pdf’s...

do?” Cr 1 2 127 32
2k dy QSW(QW)3EdedbdZ
A @0 @6 S o)

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.)
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Phenomen

ology: light hadrons

4
p; (GeV/c)

2
1AL n=0 b b o= .hIZLh. E n=22 hoE =32 B
1.5¢ = = =
5 afee m# .......... _O_N@ ......... S SN S
o e e 000
**F @ 0-202/60-80% 3 e o0
o O 30-50%/60-80% o N
T T s S R R R S R S SR R
py [GeVic] pr [GeV/c] py [GeV/c] pr [GeV/c]

0; Au'+Au Vsp= 130 IC-ieV ' I ) . ) ]
contal 0-10% T Due to factorization we can infer the size
DhmE ] of the cold nuclear matter effect in AA

2 b / Pb+Pb(Au) CERN-SPS .
v CERNASR / l | from that in DA
..,.._m.}m % ‘
wevsang | 1HIS IS true only if there is a
1 — 2 . . .
J /ot ] factorization between the nucleil
',, !-"ﬂn-- nes® gy w ¥ +
»“_’.. -4 N‘"‘ - &, *_
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Factorization for J/\ ?

14 - T . T T T
U
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*Number of Collisions
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+35% global systematics @\ 25+12%

i
R

+30% global systematics
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&7

150 200 250 300 350 400
Noan

50 100

Can we infer the the cold nuclear matter effect in AA from DA?

NOI Because factorization is badly broken!
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Production of J/W: pp vs pA [Tz . oo

Vel 2 Uy (r)

201 202

hadron — hadron  collisions hadron — nucleus collisions
o I o o 1/ A S WEs < 1/ s
3 41/3 r2 173N 4 A2/ ;2 /3N2 P
L A G e , f P %L ] . i < | i 'ﬁi‘ RS
a AT =addalAVT) oo o AT = (oA ~ 1

This mechani

Uo(me,r,2) & Uy(r,z) = \/

S

m is dominant only for central enough collisions

r

3T 1 mete Mypg mir?

W 16

I{Q (m, T’)

48 T Qem,
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14 |
12}

1 -

< 08}
0.6 |
0.4}

c2r

0

Cold J/\Y suppression

y=1.7

A+A—=]/YP+g

must be included

0 50 100 150 200 250 300 350 400
L o NJNpan

Kharzeey, Levin, Nardi, KT,2009

® Our results agree reasonably
well with the data.

e Important corrections must
be taken into account:
¥ Finite coherence length effects
o~ R
¥ Contribution of a conventional
process: A+A—=J/\P+g

e Overall suppression must
also include a certain plasma
effect.
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Photons and Dileptons

What have we learned at RHIC?

Well established p+p reference

« strongly correlated to centrality
» mostly at low mass, low p+

First measurement of thermal photons

Future work
» Ongoing Run10

T ——"

PH ENIX

e baseline for Au+Au, Cu+Cu, d+Au
e charm, bottom cross section measurements

Discovered low mass enhancement in central Au+Au

« extrapolation of quasi-real virtual photons to m=0
« indicate initial temperature > 220 MeV

« HBD is installed to improve dielectron S/B
« energy scan (Vs = 200/ 62.5/ 39 GeV)
« 2008 d+Au dielectron spectra coming soon...

Jason Kamin, Stony Brook University
PHENIX Collaboration

RIKEN BNL Research Center Workshop

May 12, 2010
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Lepton Pair Continuum

diverse physics

Modifications due to QCD phase transition

E|||||rlll‘[lll|I|1fl‘rilrl||'
known sources of lepton pairs at Vs = 200 GeV

Chiral symmetry restoration
continuum enhancement
modification of vector mesons

dN, /dydm

thermal radiation
& modified heavy flavor

suppression

(enhancement)

Illlliu_‘ Illlllul (I uanl

,,,,,
.....
,,,,,,,,
1,
-
v,
,,,,,,
.....
,,,,,,

........

IIII[IL1I1IJ1I!IIIIIL1J_|

[
1 2 3 4 5
mass (GeV/c?)

Jason Kamin, Stony Brook University

Sources “long” after collision:
* 1%, 1, o Dalitz decays
* (p), ®, ¢, JAP, ¢* decays

Early in collision:
* Heavy flavor production
* Drell Yan, direct radiation

Baseline from p+p

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

Medium modifications of mesons:

ot — p —> U0
» chiral symmetry restoration

Medium effects on hard probes

_+ Heavy flavor energy loss

Y

RIKEN BNL Research Center Workshop, May 12, 2010
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p+p Dielectrons

agreement with cocktail

w - e — Low Mass Region:
% 10° p*p at\'s = 200 GeV g‘ fhorm e o * Excellent agreement with
E 104 v f::: 3 e T hadronic decay cocktail.
2 10 T ‘ » Intermediate Mass Region:
g £ » Open Charm Continuum
Z 10° g * integrating the yield:
s Z o = 544 £ 39(stat) + 142(syst)
e ‘ + 200 (model) ub
310*’ * agrees with single electron x-sec:
2 E 0. = 567 + 57(stat) + 193 (syst} ub
k-]

b
g,m » High Mass Region:

10 * Dominated by bottom
- Op; = 3.9 + 2.4(stat) *3(syst) ub
8 Purpose of p+p:
a e ® Provides a baseline for Au+Au

b ° 5 Gevicd ® New channel to measure x-sect for
Phys. Lett. B 670, 313 (2009) charm and bottom X

Jason Kamin, Stony Brook University

RIKEN BNL Research Center Workshop, May 12, 2010
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Au+Au Dielectrons

regions of enhancement
!!T]!II!]|I§&Tll11)l&‘!l|ll|llll I| TT \

L}
(S’ N AR )
1 % min. bias Au+Au Sy = 200 GeV gw‘ Opy<6 Gavic o7 8 Auh s, =200 GeV
b . * DATA HE s yee e iy - ee AT S . Qﬂi‘i‘,“"?""‘?:‘l 5
Hogek M<036  anovee o yioee P ¥ o RS B0 %
< ® % 02Cevic—— W -ryee T c€ - ea (PYTHIA) g o » AutAu 20-40%
> P> Do Ee —— sum % 10k * AueAu 40.60% x 107
Z 100 s o6 & xleg™™" €& €€ {random correfation) z g + Aushu S152%c10
e b-> g & TEe T bb — ee (PYTHIA i > .

£ | o—eedmee py ee((PYTHIA)j £ : - ,
z zug:
%10 ; SIO‘Z et o Aurh B
Q
% b10?
éﬂﬂ 5'10 - # 0.10%
g .
g Z10°)

10° B 3

10 X 16-20%
107 ,

107 § 103 2040
= 10k e & & acorn
g 10 & 10 P e :
§ g TSR 10" « £C92%

1
L 0l ‘ ol .
10’ T 4T_L,1~5 ! NEERITETI NN FUE TR IR AT RRUNEARTNE | Nl AT
ArXiv-0912.0044 ine (CeVic) 0 05 1 15 2 25 3 35 4 45
M, (GeV/cY)

Centrality Dependence

« LMR excess in more central

» slight IMR excess in more peripheral

« dashed line is result of max smearing
of charm pairs j

« data and cocktail of known sources.
« striking enhancement below the m mass (LMR)
 Au+Au matches cocktail in IMR ~ surprise?

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

Centrality Dependance

[¥e] JE20 S 1 0 B L 2 B B B B RS TTT EL B
&S T T f I 77T T T
z 10§ 0<p <5 GeVic  pp&Auliu ahf5,; = 200 GeV
N : Au+Au min. bias xéos T
&0y LA e
2 10°% a AutAu 20-40%
| ® Au+Au AC60% x 107
X 10  AUTAU 60-92% x 107 -
h = opAn Y
I
[
=10 '
510'2 [Kvee e [
ol T,
E=10 i 0-10%
Z10°}
1078 10-20%
10'7
wod ?
1w 40.60%
10
PTdl 60.92%
40 12 :_ prp
' = N TS RN R RS PN ST FREVE IERTE SNTEE Wl EWET:
0 05 t 15 2 25 3 35 4 45
m,. (Gevic?)

« Enhancement in low mass region is a
strong function of centrality.
- Statistics are also sufficient to analyze

p; dependence.
+ Need methodical approach to the spectra.

8

Jason Kamin, Stony Brook University

* Yield/(N,,/2) in 2 mass windows (a & b)

« 20 region scales apprx with N,
» Excess region:
expect contribution from hot matter
« in-medium production from
nre or g annihilation

« yield should scale faster than N,

(and it does!)
Au+Au  \[s =200 GoV

rt

‘{\301_""|"’ LR N SRR B B
3 ;(a) Yield (150<m <750 MeV/c®)/ (N, /2)
@E 25% L ptp
g 'E " AwAu
g o~ [l cockTaL | aycessregion
> f RO

15?‘

10~

F

5~

% aff

& 3.

-2 20 - Yield (0<m_ <100 MeVIcz)l(NW‘IZ)
s 1t i region l 4

2 g 50 160 150 200 250 300

RIKEN BNL Research Center Workshop, May 12, 2010
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Thermal Radiation at RHIC

—
S

2

Soldp® (mb GeV2c?) N
> Q,

-

IHHlll lhll\lll IITHH[I IHIIIII! lHlfm[ llIIIlHl Illlllil] TTT

e_,,/ , “ |
. B .
, . J
2 , , /
4 J . ,
, B .
/ 4 / ,
; B
, , ,
/ ,
; b
,

4 AuAu MB x10*
*  AuAu 0-20% x10?

= AuAu 20-40% x10

P N ‘\"\g )
lllllll[dpQLC[QIm

ptp

2 3

£

4

5 6 7
p_ (GeVic)

Direct photons from real photons

* measure inclusive photons

* subtract nt® and 1) decay photons at
S/B <1:10 for p;<3 GeV

* blue points

Direct photons from virtual photons

* measure e*e” pairsat m_<m << p;
* subtract 1} decays at S/B ~ 1:1

* extrapolate to mass =0

* red points

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 carlier 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 pr>2 GeV/e: (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~0.001; (3) large analyzing powers, that increase with xp, 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 Vs =200 GeV, nearly unchanged from those observed in ptp
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 suppressian 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 of parton 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 preduced 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 1P2

2015

HP13
(new)

Test unique QCD predictions for relations between single-transverse spin
phenomena in p-p scattering and those observed in deep-inelastic lepton
scattering

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

* Timeliness — HP13 milestone completion by 2015. This could be
accomplished during W program if 3IR 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 Yan production to probe low-x through
scaling violations or virtual photon p; dependence.
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Schematic of detector considered

Run-13 configuration

100 cm

(Uses PHOBOS Split Dipole for charge sign)

2nd Pre—Shower

Pb Converter

Pre—Shower—>

—
R@
|

=

i [

»

Nn_ /T

N

FiberTrackers

PhobosMagnet

EMCal

HCal

« Hcal is existing 9x12 modules
from E864 (NIM406,227)

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

- Preshower would require
construction

« PHOBOS spilit-dipole magnetic
field in GEANT model

« Fiber tracker stations require
specifications and construction

http://www.star.bnl.gov/~akio/ip2/topview3.jpeg
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Strategy for estimates

+~1072 p+p interactions in 50 / pb at Vs=500

GEANT, response of IHEP lead glass to m

o

\ /N dN/df

GeV = full PYTHIA/GEANT not practical

* Parameterize GEANT response of EMcal and
use parameterized response in fast simulator
applied to full PYTHIA events

MWRL”% » Estimate rejection factors from GEANT for
hadron calorimeter and preshower detector
(both critical to h*/e* discrimination)

| * Explicit treatment in fast simulator to estimate
pathlengths through key elements (beam pipe

0 0.2 C.4 0.6

—-and preshower), to simulate photon conversion

3 — Uls,l.']‘
F=0Zsan/Ermm  to e+e- pair

GEANT simulation of EMcal - Estimate effects from cluster merging in EMcal
response to E>15 GeV n* from (d < ed__, / recommended is £~1)

PYTHIA 6.222 incident on
(3.8cm)?x45cm lead glass « Estimate/simulate EMcal cluster energy and

calorimeter position resolutions. oz=15%/VE and
Gy(y)=0-1dq Used to date for n0—yy rejection.

cell
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Comments:

Estimate 3

p+p, v8=500 GeV, PYTHIA 6.222, L,,=14.8 pb”’

5 _AIDY F
10 -
i DY model 2
7=7e+?ah+h11
L
107
1027 o
s
10 E_ 10 3
- I--
' A
. L Tl

11 N ENITIN BANE | i1 1 #lr
"0 5 10 150 80 100 150% 2 4
M, (GeV /") Pu (GEV/C)  Prp (GeV/C)
hadron simulation (linear dN/df).  Pu=0.5 f,.—0.9 P.,=0.9%
photon conversions included,/0.5 cm anthracine Preshower

neutral—pion cluster rejection

Conversion photons significantly reduced by n°—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 Vs=500 GeV in RHIC run 11

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

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

Planned Staging:

1)

2)

3)

Hcal + newly constructed BBC at IP2 for RHIC run 11 with goals of
establishing impact of 3IR operation and demonstrate calibration of Hcal to

get first data constraints on charged hadron backgrounds

Hcal + EMcal + neutral/charged veto + BBC for RHIC run 12 with goals of
zero-field data sample with L, >50 / pb and P,,,,=50% to observe
dileptons from J/y, Y and intervening continuum. Split-dipole tests
envisioned.

Hcal + EMcal + neutral/charged veto + BBC + split-dipole for RHIC run 13
with goals data sample with Lint>50 / pb and Pbeam=50% to observe
dileptons from J/y, Y and intervening continuum to address whether
charge sign discrimination is required
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Decadal Planning in PHE

Jamie Nagle
University of Colorado, Boulder

for the PHENIX Collaboration

What You Might Know (0-5 Years) What You Don’t Know (6-10 Years)
Flavor Focus | J%thhot n Focu%

!

Saturation, t

What Have we

RIKEN BNL Ressarch Center
My 10-12. 2010 at Braskhave
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TOF-

Next 5 Years

PHENIX Detector

~ PC,
~PC3 Central .
g Magnet TEC

Y9 =weL

Aerogel

West eam View East

ZDC South

N

Centeal Magne

South Side View

185 m= 60 ft

Run-11:

Silicon VTX on schedule.
Precision heavy flavor eral!

Muon Trigger Upgrade on
schedule! Forward W—->p

DAQ Upgrade on schedule!
Run-12:
Forward silicon VTX available.
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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Counts per 2.5 GeV bin in 50B AuAu Events

10"e

| NLO pQCD (W. Vogelsang) |.

CTEQ6MS5, DSS FF
pp @ 200 GeV |n|<1.0

q.9 jets
Direct y
Fragmentation y
7’ (assume Ry, = 0.2)

IIIiE!HIl![Il‘IIII

h

!

0 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 cm
Step #4: Compact EmCal (Silicon/Tungsten) |n|<1.0
8 cm total depth and preshower layer
Step #5. Hadronic Calorimeter Outside Magnet
Step #6: Maintain high DAQ bandwidth and triggers

—

‘ X

Result = PHENIX Reborn

Some steps can be done
incrementally, and some would
require a longer shutdown
(~1—=17% years).



1€2

Jet Fragmentation Functions

g g T '
3 Jet E = 40 GeV % P Jet E = 40 GeV
5 s
5 PYTHIA LA PYTHIA
£ QPYTHIA - o QPYTHIA
ghat=10 GeV/fm?2 3 o " ghat=10 GeV/fm?
L=3fm F % L=3fm
- 2.5; 9‘03”% + ‘. ]
E o o ' 3
: . F ' W, ‘
A 1 C ¢ b
- 150 t =
E| ¢ 4o
t 3 - ¢ 'd-
+ ~ kol .:' % —
? % — - ‘:. ".;.
E 0.5 o
| ; } : Faast ] Lty ey o] ..T..:'f!!
] 18F
1 f ::5: W, ;M“\ t +H—
e 2 W WH; 1 e 2 sgpteetetanet™t {.*{»*H :
I T 1 AR I Y TR o =
8] taaty J’ A o.s;-§+1? E
oy @ A
o 52 04 o8 [ 1 % i £ 3 3 5 3
z; ¢ =log(1/z;)

Without HCAL, if fakes dominate above p; > 10 GeV, then
yellow region is not possible without HCAL.
Key for understanding full evolution of high energy parion
(far out of equilibrium) rapidly interacting in medium.
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Forward Direction Ideas

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

Current Lead-Scintillator and Lead-Glass PHENIX central arm EMCal

n 3 gk 5 See e R S G
HCAL  pemm T ‘

VTX + 1 layer

Silicon Tracker
FVTX
1.2<h< 27
8°<q <37°

Transverse Drell-Yan measurement under study!
Collins/Sivers measurements beyond FOCAL under study
ePHENIX capabilities under study (led by Elke Aschenauer

)
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FOCAL a Forward Calorimeter for PHENIX
Richard Seto, 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.
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What is the FOCAL?

Si-W calorimeter
e 44cm from the interaction point

e Replaces existing Cu
nosecone

o Modular Brick construction
» Prototype performance

consistent with

expectations

e Detector is well
understood

®

This is a very new type of detector!
A hybrid between a calorimeter and a trackmg detector
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FOCAL Design

FOCAL Supertower

.t 4mm W plates, -21 X One sensor =
21 layer of ~500y Si pads 15x15 mm? 4x4 array of pads
8 layers of ~300u 0.5 mm wide Si strips (4 X « 4 Y)

» 4mm tungsten plates in three longitudinal segments
e Detector is 24X, 0.9,

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

» 8 layers of 500um Si strips in Segment 0 (4X layers, 4Y layers)
» Positioned at 2X,, 3X,, 4X,, 5X,
» 10/y separation for E<50GeV J
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Key to measuring 74 ..
=>Measuring the n°

» A high energy n° shower as Segment 0 1 2
seen by the pads: _

o Reconstruct “Track”
¢ Find Center of gravity in each
segment
e NOTE: It's a tracking
calorimeter with several
planes

Transverse Distance (x) [cm])

e Found Center of Gravity but

e |Individual photon tracks not Longitudinal Distance {2} [cm]
distinguishable

_Look at GEANT Hits
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Invariant Mass Distribution
“Single track” w’

» Calculate invariant mass
e Opening angle: derived only by
strips
o 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 compiete

o Ratio can be gotten from test
beam

Counts/Event/Bin Width [GeVc?]

0.8
0.6

0.4y -

- o #
% : 0.2 0.3 0.4

3 p+p@200 GeV
LA B S e BN S
} (p]) =4.75GeV/c j

black: full simulation

/ after y2<4,
- ][ contains n%n*, K, y, etc

J[Jf#tj{ grey: sing—fle 7o

t -HJ' i
+ } + N
; » +‘+++ ++++‘{"+++++ ;

Invariant Mass [Ge\ﬂczl
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»n
=3
=1
=3
P T TTTT TT T T I YT

»2 ! ndf
a0
p1

3125710 |
71.62+ 0.03842
0.06136 + 0.0007342

“Enérgy resolution |

1|
60

Lt
70
beam energy

L LA
80

sigma/mean
o
@
T

22/ ndf 87.43/10
po 0.03835 + 0.0002097
p1 0.21714 0.0009704

e

Simul

ation: 0.23NE

(test beam- cable problem, HV?)

DATA

S

longitudinal "

and
transverse
profiles

i i

i 5 % 3

1t

Segment 2

R
Evner (G6V}
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Timescale and Summary

e Timescale

e 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 (W physics), AuAu

e Summary

e 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
lon Collisions

Main channel: Direct photon

» direct probe of the gluon distribution making it simpler theoretically

- complementary to existing efforts
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May 12, 2010

Small x physics with ALICE

OUTLINE:

1.Introduction

2.ALICE: present Capabilities

3.ALICE Future plans: Forward EM Calorimeter
4.Sample of Results from ALICE p-p runs so far

CGC - 2010: Nayak
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Study of Small-x Parton
Distributions

Low energy
Large x

B

Gluon
density

increases

High energy
Small x

>

More increase in
Gluon Density \

Mid' Forward Rapidity
Rapidity Smaller x

May 12, 2010 CGC - 2010: Nayak
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Collisions at the LHC |xiRaTindi
p-Pb: Vs =8.8TeV

p-p collisions Pb-Pb: Vs, = 5.5 TeV

— Test of pQCD 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




A3 €

J

.

Zpue 6o

FapmEmem

245



44

Summary

* 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 p; 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 smali-x physics (CGC) 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 CMS 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 Vsyy = 14, 8.8 and 5.5 TeV
respectively with peak luminosities of 103, 10%° and 5-10%° cm2s!. Such large energies and
luminosities will allow detailed QCD studies at unexplored low-x values using different probes like
jets, quarkonia, heavy quarks, etc.

CMS 1s a general-purpose experiment designed for the exploration of the physics at the TeV
energy scale. CMS is the largest acceptance detector at the LHC. This detector is a 22 m (length)x
15 m (diameter) apparatus featuring a 3.8 T solenoid surrounding central tracking detectors (silicon
pixel and microstrip detectors) and electromagnetic (n|<3) and hadronic (n|<5) calorimeters.
Muon detectors (n|<2.4) are embedded in the flux return iron yoke of magnet. CMS has unique
detection capabilities in the forward region thanks to CASTOR (-6.6<n<-5.2) and the ZDC (|n/>8.3)

calorimeters.

We present a selection of five observables which are sensitive to parton saturation effects and
measurable in CMS in both p+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 CMS collaboration
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[ p+p collisions: FORWARD JETS j

e  very low-x ghion density in the proton is poorly known: forward jet cross sections
do(pt+p—jet) = PDE(x1,Q>)®PDFE(x2,Q*)®do(qg—jet) constrain low-x gluon PDF

e forward jet production in CMS calorimeters: for HF x~104, for CASTOR x~105

e  the minimum x probed decreases by a factor of ~10 every 2 units of rapidity

x10 - 925
—y i il
S | Gendet: p+p->jet +et , Js=14 Tev =t Forward jets relative yields:
('] H NI 2 -
g L jett , in HF&CASTOR (3.0, g 2F [o(CorrCalodet)/o(fastNLO MRSTO03)]-1
o : \: £ [o(CorrCaloJety/o(fastNLO CTEQEM)]-1
Iteratlygscone, R=05,4 v ‘—? JES uncertainty
| =15 T CTEQSBM PDF uncertainty
| 1,27 0g ] r
100~ 3 T

- S 1

— : —

B Q C

L i:, 0.5

L . :

0.5 -
" ‘ C CMS Preliminary
Ll 1 T T NS P S S L B Y WO WA -1 C ! i L i 1 L L !
-6 -5 -4 -3 -2 '|1 ? 30 40 50 60 70 80 90 100
09,5, P, [ GeV/c ]

‘unprecedented calorimetric coverage in pseudo-rapidity !:
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[p+p collisions: MUELLER-NAVELET DIJETS]

e  Mueller-Navelet dijets with large An separation very sensitive to low-x QCD evolution
allow testing ground for BFKL evolution

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

4 enhanced radiation partially compensated by gluon saturation?

e  increased azimuthal decorrelation with increasing An

< E
% HF dijets (3.<i, I<5.)
?'45» Mueller-Navelet cuts ‘
;s - z 0.4-Generator-levet F’t ~7<=An<8
s g | _
i '//h\‘ - L Ly, = lules /<08y '—0.35 - I ‘8<-—-A’ﬂ<9
= t
. Iy o 0.3~ % | —9<=An<10
T 0.25E / Jf
Ar; lwfaryrgs 2 Chy kg )) - | i
Pal . H = il
- *—\'f ; 0.2; i‘!’;“f ‘h’ -L
S / E T |
G o N 0.15[F Jr | / \\q\‘ﬂ% Jr .
134>»31—3" 7 ’“/"({“:,‘:?;’i hNE kar Zln( Va/ bl 01CT ,f;%‘r"#‘ W T i 'H
h N~ o A ﬁ +t£}
N O +
o.osf—Jr ot "ﬁ + %4%&;&4
;f!*"i:*ﬁ'TT“r““—FT_“_ A R ] S

03 ) A
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(p+p collisions: FORWARD ENERGY FLOW

e 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 significant difference observed in the large pseudo-

rapidity region (|n>2)

e  cnergy flow ratio definition:
Ratio = Energy deposited for 2.36 (7) TeV / Energy deposited for 0.9 GeV

results on the detector level, no systematics uncertainties included

~
@

CMS Preliminary 4.5

3
o 2" cMs Preliminary
L, — MinBias Data: 2.36 TeV / 0.9 TeV 2
>~k e Pythia D6T: 2.36 TeV /0.9 TeV [T 4L_ —e— MinBias Data: 7 TeV / 0.9 TeV
o 3 |-~ Pythia D6T: 7 TeV/ 0.9 TeV
D, F Uncorrected Energy > 4 GeV [,
3.5 ; & Uncorrected Energy > 4 GeV

C 77 No Systematics are Included D3
wor ooy Lﬁ 3 5? No Systematics are Included
° o L
@ 3 T 4 mteer
o - D °F
sl 3 r
Q 25—
g » g —

2F & L
o T —— o
o L Y r
o5 ] o r
ﬁ C .9 1.5_'

- -— (o
nf."l....l....m,,_‘rsl..éj &:LJ | | . ‘
) 4. 4L Loia Cle v L
3 3.5 4 3 3.5 4.5 5

5 4
4 | "
e  more energy deposited when increasing energy; more energy deposited in the large n

....____..__-....-_-----~...----_....__--—_..-__-
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[Pb+Pb collisions: TOTAL HADRON MULTIPLICITY]

final hadron rapidity density « number of initially release partons at given n o Qs?

reduced multiplicity predicted by saturation models: gluon recombination reduces

Incoming parton flux
saturation driven predictions for LHC: dN/dn (n=0)~2000 (8000 before RHIC results)

method: hit counting in the pixel tracker for [n|<2.5

10 . :
PbhPb @ 5.5 TeV @ Simulated primary tracks PbPb @ 5.5 TeV
easans, S _ ’ :er' et Reconstructed tracks (Si Pixel)
2843 "‘ 586 ;A:f== T P ATa7 (2005) 600) M
o 2%, ‘ 7 '~
3 S ; s Si TRACKER N\
0 i@ VENUS4.32 3\ / \
o / ECAL + HCAL \
i o sHakeR i / \
: /C c\
A HIZNG1. 31 / é g \\
; / T HF HF T \
102 o DPMJET-H } / (s} 0o \
" 102‘ / R R \
i @ SFM (no-fusion) i
L ) oo ™ oT2
| * SFI (:us::m)l ‘,/_ B » \\
o 1 T 10 5 0 5 k1]
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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 ~ Z?: enhancement factor of
7000 is expected for Pb beam (if compared to proton beam)

sensitive to the square of the gluon density in the nucleus; x probediny+A — Y + A

process at LHC: for y=0 x~2-10-3, for y=2.5 x~10-4; unexplored (x,Q2) range can be
studied !

background from coherent production of lepton pairs in two-photon processes

full CMS simulation (background subtracted)

S c :‘%\
"g r PbPb UPC - 5.5 TeV - 0.5 nb™’ g PbPb UPC - 5.5 TeV - 0.5 nb™!
g L FSTARLIGHT madel. Full CMS sim+reco] g [STARLIGHT model. Full CMS sim+reco]
3 g —— yPbY (—e'e) g r YPboY (= p')
~ sof- o SO
8 L
= = P |
g s
30

H
-

large statistics for detailed studies of PDF !:
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Some ancient histor

p-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

— 1) coverage, calorimeter performance, b tagging,
lepton identification, inner tracking.

April 2. 2002 B.A. Cole — p-A physics w/ ATLAS

e Low-x physics was the reason | became interested in
ATLAS in the first place ...
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The ATLAS Detector: Schematic

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

~

\ ~.

Toroid Magnets Solenoi‘d Magnet SCT Tracker Pixel Detector TRT Tracker
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The EIC,
Saturation,
and the
CGC

| Thomas Ulirich (BNL)
RIKEN Glasma Workshop, BNL
Wednesday, May 12, 2010
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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 QCD?

e 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 QCD

® Measure momentum & space-time distributions of glue
» Study the nature of color singlet excitations (Pomerons)
» Test and study the limits of universality (eA vs. 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 QCD?

e What is the nature and role of gluons and their self-
interactions (eA, ep)

e \What is the internal landscape of the nucleons

» What is the nature of the spin of the proton?
® AG(Q?, 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
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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 QCD?

e What is the nature and role of gluons and their self-
interactions (eA, ep)

e 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?
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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 QCD?

e \What is the nature and role of gluons and their self-
interactions (eA, ep)

e What is the internal landscape of the nucleons

e \What governs the transition of quarks and gluons into pions
and nucleons?

e 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 QCD?

The machine presents a unique
opportunity for fundamental physics:

abinitio: ‘
QCD Caicilations .

& Comptitational. -
Development. -

Physics of Strong P Violatio
Color Fields . 'Lepton Number
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Using Heavy lons (Pb+Pb) to Search for New forms
of QCD matter at LHC

Can the sQGP shed light on its Glasma embryo?

Miklos Gyulassy, Columbia University 5/12/2010

Abstract: In this talk | discuss how the sQGP discovered at RHIC be used as a sensitive
detector at LHC to illuminate the theoretical Glasma phase of CGC 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 05/12/10 BNL
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Unshadowed modern LO pdf => much higher entropy dN®t/dy

~ 5004 than popular CGC models (M.Gyulassy 2010)
MSTW 2008 Glue LO
1 dN,
A dy \/ $=0.2, 5.5 TeV (RhIC,LHC)

2xg(x=2Qy/5"%, Q%) k=1.6 (Gevfm)?2

2xG(x_,Q,)

25| g 7LHC ?? LO LHC
20 |

' 3/2 KLN1 5500

e
15¢ How much

i nuclear

- Shadowing

3 212 Busza 5500

: 2xG(x_,Q,)

5 LO RHIC

dN®Ydy
RHIC 200

0 . 5 3 4Qsat(Ge)

Gyulassy 05/12/10 BNL ng/ de (N part/ 2)"’: 2 XG( xszzQs/ N 1/2, ‘Qsz) - k QSZRZ/ (Q" (QS)A)
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RHIC v2 systematics suggests that v2(LHC) maybe > v2 (ideal, 1/s=0)

fluidity
Au-Au collisions 0-40% centrality
0.08
G~ e 3 LA LA I LA LN I N R R S IR N
Divine L N — 5.5 TeV - /s <0
0.07 - ; gEAR 200 GeV n
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Figure 4. The elliptic flow va. averaged over centrality (0—40%), at various collision energies.
Data (full symbols) from PHOBOS [41] and STAR [42] are plotted as a function of §§ — ¥beam and
reflected {open symbols} across the LHC — ypeam value.
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Fuji,Itakara: arXiv:0806.1840

The ideal Glasma flux tube YM Solutions expand radially

equilibrate on fast 1/Q_ < 1 fm time scales

-~
ET(BT) ool 7
{ ' [}
AT A
i1 o.‘gj noby
g {0 AN
A Y
ot LY ¢ f K
A | ;3 [l 'k Y
[ "? { RS
/oy I ! flsl y L
H " i } x "
L Y | ST Ve
Py i A.d HY & 4 "\ s
f,“,t / \ﬂ" 1‘ S» K ‘1‘ 1\ \‘. t‘\
£ N S
A ’j s X \_\H:‘
4 -4 -2 e 2 4
Qx|

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 et al)

Gyulassy 05/12/10 BNL
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{zetting to the bottom of the heavy quark jet puzzle Physics 2, 107 (2009)

Bottom Quark Jet Quenching
QCD View

b g

Quark Gluon
Plasma

DGLV HG
WHDG NGT
BFGW BNGT

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 CGC 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 CGC, Glasma, and final
state quenching physics in AAat LHC

the LHC butcher block awaits our predictions!
Gyulassy 05/12/10 BNL
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OUTLINE

what is the wave function of a nucleus at high energy ?
what is saturation, CGC, Glasma ?

cawn one probe the CGC?

where do we stand?

Looking forward

conclustons
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Saturation is a generic feature of the now linear evolution
equations. It is a won perturbative phenomenon produced by
the Large densities of gluons (in special kinematical regimes).

The CGC formalism is well established theoretically
(evolution equations are derived from controlled
weak coupling technigues).

The CGC can be improved, by caleulting evolution
equations beyond leading order. whew this has been done
carefully, this led to a better description of the data.



SLT

The cqe (or CGC inspired models) have produced a systematic
and sucessful phenomenology, based on a few basic ingredients:
the saturation momentum and its variation with energy, size
of the systems, and stmple (but not alwa Yys accurate)
approximations, such as the RT-factorization. Some features
are common to other models (and hence not discriminant),

but one may argue in most cases that the CGC provides a better
connection to RCD, and the overall picture it provides

Ls more systematic.

The CGC has establihed itself as an extremely useful reference,
organizing principle, suggesting new ways to Look at
the data and new experiments.
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CGC has become an essential step i the building of a space-time
picture of nucleus-nucleus collisions (‘CGC initial conditions’, or
‘Glasma tnitial conditions’ are wow used in many analysis).

New theoretical results have beewn obtained
(factorization theorems) that allow for controlled
caleulations of initial stages of heavy tow collisions.

The transition between the glasma and the thermalized
quark-gluown plasma remains an outstanding issue.

Recent progress have been truly impressive: the CGC
s becoming a reliable, predictive tool (and not only
a phewomewoLogicaL guide).
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