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Preface to the Series 

The RIKEN BNL Research Center (RBRC) was established in April 1'997 
at Brookhaven National Laboratory. It is funded by the "Rikagaku 
Kenkyusho" (RIKEN, The Institute of Physical and Chemical Research) of 
Japan. The Center is dedicated to the study of strong interactions, including 
spin physics, lattice QCD, and RHIC physics through the nurturing of a new 

R generation of young physicists. 

The RBRC has both a theory and experimental component. At present 
the theoretical group has 4 Fellows and 3 Research Associates as well as 11 
RHIC PhysicsAJniversity Fellows (academic year 2003-2004). To date there are 
approximately 30 graduates from the program of which 13 have attained tenure 
positions at major institutions worldwide. The experimental group is smaller 
and has 2 Fellows and 3 RHIC PhysicsAJniversity Fellows and 3 Research 
Associates, and historically 6 individuals have attained permanent positions. 

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. Each workshop 
speaker is encouraged to select a few of the most important transparencies from 
his or her presentation, accompanied by a page of explanation. This material is 
collected at the end of the workshop by the organizer to form proceedings, 
which can therefore be available within a short time. To date there are seventy- 
three proceeding volumes available. 

The construction of a 0.6 teraflops parallel processor, dedicated to lattice 
QCD, begun at the Center on February 19,1998, was completed on August 28, 
1998 and is still operational. A 10 teraflops QCDOC computer in under 
construction and expected to be completed this year. 

N. P. Samios, Director 
November 2004 

*Work performed under the auspices of U.S.D.O.E. Contract No. DE-AC02-98CH10886. 
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Jet Correlations at RHlC 
March 10-1 I, 2005 

Several striking features are observed at RHlC in heavy-ion 
collisions (but not in d+Au) relative to pp: Large pT hadron yields 
are suppressed; Leading and sub-leading hadron jet-like back-to- 
back correlations are suppressed; Leading and soft hadron 
correlations are enhanced; Baryon to meson ratio is enhanced in 
the intermediate pT region, and yet the baryons seem to possess 
jet-like characteristics; And elliptic flow at intermediate to high pT 
exhibits a pattern suggestive of the relevance of the constituent 
quark degrees of freedom. These and other observations suggest 
that jets are modified in the hot and dense medium created in 
central heavy ion collisions, and the created medium is 
qualitatively consistent with a strongly coupled Quark-Gluon 
Plasma. 

However, the properties of the created medium are far from being 
fully understood. What is the degree of thermalization in heavy- 
ion collisions? How to probe thermalization experimentally? Is the 
away side correlation data a manifestation of sonic shock waves? 
If the jets are losing energy, where does the energy go? At what 
pT are effects from punching through of the away jet observable? 
What are the production mechanisms for large pT baryons (and 
mesons)? Is the relevance of the constituent quark degrees of 
freedom a proof of de-confinement? 

This workshop will provide a forum to gather theorists and 
experimentalists and to stimulate discussions about what the data 
are telling us about the properties of the medium, what the 
remaining questions are, and how to address them experimentally 
and theoretically. 
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k n-@ + h correlations, ds = 200 GeV 

$Qfl = $Q~cp Statistical errors only 
Carl Gagliardi - Jet Correlations at RHlC 

are suppressed at 
small exF> and <pT,z> 

Parton Gas 
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What Pythia tell us. 

0 2 4 

4 - 

1 

1 cr' 

1 o-2 

Inclusive hadron 

pr (GeVlc) 

Consistent with radiative contribution 
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We assume that all hadrons 
come from one of two sources: 
jet fragmentation (prompt) or 
thermal/flow (multicollisional) 

: to count same-jet pairs 
CJ 0 

and look at their distribution in 
relative angle. 

The good stuff 

Particles 
fro172 low-p,? 
“partner’ ’ bin 

t 

fl Unrelated jets 

t Thermal-thermal 
“Background” 

Jet 1 
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To see the same-jet pairs, all we have to do is subtract away the background, ie 
all the other kinds of pairs. It sounds so simple!. What can we expect? 

pairs distribution should have adrupole sh 

If += [l+2(v;)cos(2(~A -aRP))] and !!f = [1+ 2( v: ) cos(2(4' - aRP))] 
d@A dQB 

Questions : Is (I&:) = (vi)( I.$) ? 

Do we know (v;' ) and (vi) ? 

round pair rate follows from combin 

PairspereventnAB=(n A B  n ) = n  A B  n (I+{) 
\ I Question : How well 

can we estimate 8 Correction for residual multiplicity correlations 



In this PHENIX charged 
particle pairs analysis 
we raise the background 
level until the 
background meets the 
data at one point; the 
remaining jet pairs 

)-L distribution then have 
zero yield at minimum. 
We thus make no 
assumption about the 
shape of the jet pairs. 

(For fill1 explanation, 
see W. Holzmaiiii's talk 
~ ~ ~ i ~ r r o ~  morning.) 

UJ 

0.98 
0.94 

__-  

3.3 e + . . . .  I . . .  . I .  . . .  . . .  . .  I . . .  - I  . . .  - .  

Trigger pT>2.5 GeV; Partner pT>l .O GeV 



h, 
0 

1. The pairs distribution, the associated yield distribution, and the azimuthal 
correlation function contain essentially identical information. 

2. Isolating jet pairs is equivalent to identifling non-jet pairs and subtracting 
them away (duh). Three methods used in PHENIX have different ' 

s: 

1. 

2. 

3. 

Fitting. Can give ~ ~ m p l e t e  description of near- and awa 
even if they overlap. 6 ut 

9 u 

Absolute background normalization. Requires n 
eak shapes OF background shapes, and can be use 

acceptance is not available. 

Anchored-floating, PHENIX example is ZYAM approach. quires 
shapes QT background rates. 1% 1- 
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I I 

- L = 3 f m  

-.--.--- 

Expanding medium 

I.V., hepph10501255 

Radiation is 
(cancellation near the jet axis) 

0 gluon number 
2m if = - A z - L / 2  

* (m2 sin2 6 * -2q,wsin 6 * cos a + q:> 

3 

i 8 0.5 1 1.5 2 
0 

rn [GeV] 

The small angle and small frequency behavior of the radiative spectrum 
is under perturbative control 

March 10,2005 3 Ivan Vitev, 



w 
0 

Define a measure for nuclear modifications 
to di-hadron correlations: 

A. 4 + 3 

- ..I E-loss, no giuon feedback 

2 A STAR 0-5'% Ceg~tnf 

I. .5 

1 

0.5 

6 

a 

b 

I STAR 45-8076 t ~ n h h  

L = 3 ftn 

---=.-+. II_ 

*-*--.%- . 1  - - - .- _* *.h ~ - 

Fix the energy 
Ensure high Q2s 
Minimize the effect 
on the near side 
Maximize the effect 
on the away side 0.5 PTI = 4 - 6 GeV 

The redistribution of the energy is a 
parameter free prediction 

I I I I I I a I I I 
1 A 3 ? 4 -0 F 

PT2 [Gevi 
IN., hep-ph10501255 

a For large energy loss -the gluons 
dominate to unexpectedly high p,, i 

J.Adams et aL, nucl-ex/0503 01 6 

Ivan Vitev, March I O ,  2005 4 



AT [rad] 

I.V., hep-ph10501255 
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The width 

dominated by medium 
induced gluon radiation 

Reasessment of the 
of small and moderate pT 
away triggered hadrons 

Because: 

Ivan Vitev, 
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j - T, k - T and Fragmentation Functions in 
P+P 

Jan Rak, UNM 
March 10,2005 

for 
Jet Correlations at RHIC Workshop 

RIKEN BNL Research Center 
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Jet kinem 
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k, 
............... I..... ..... e... 

Fevnman, Field, Fox and Tannenbaum (see Php. Lett. 97B (1980) 163) 



'6 associated and t-ri 

1 I I I I I I I I I I I 

0.8- 

6 2 4 

4 A 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  

2 4 6 8 10 

However, the ( j2Ty) analysis done at 4 ~ x 6 2  GeV explicitly neglected ( zt). 
This may explain the slightly larger value seen by CCOR collaboration. 
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r tion functi 

These are preliminary results from QM04 - final are under collaboration review. 

1 

lo-* lo-' 
xT 

The QM analysis did not account for "conditioanl fragmentation. The 
D(z) = exp(-z/(z>) assumption is also not well justified. 

1 

3/11/2005 Jan Rak 5 



igh-p, azimuthal correlations in 
d+Au collisions at RHIC 

Jana Bielcikova (Yale University), 
for  the STAR Collaboration 

BNL, March 10-11,2005 

Physics motivation: Au+Au vs d+Au collisions 

Identified correlations: photon-charged, 
a Charged-charged correlations 

A, A, KOs-charged 
@ Summary 



d+Au = 200 GeV 

Q I 

63: 

0.1 

A h*-If, Fix 
o 
0 

h*-t#, Assort., C R , , ~ ~ ~  = 3.5 GeV/c 
x*-h*, Assort., CR ,,,, 8 = 6.9 GeV/c 

- 

- 
STAR preliminary 

L . 1  
P 0 1 2 3 4 5 
0 PTassoc GeV/c 

0 5 10 
PTtrio [GeV/c] 

PHENIX S. Rak (QM '04) 
7. PhysG30 (2004) SI309 

Very good agreement 
between STAR/PHENI 

@ 
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ntrality dependence of conditional yiel 

o . l ~ l  0 I (  I,, ,;, I I I I I ,  I I  I, I I I d+?# 
0 0.5 d 1.5 2 2.5 3 3.5 4 

centrality bin 

3.5 GeVImp,(hhgcr)<5.5 &V/c 

T t 
1 

* 

0 0.5 I 1.5 2 2.5 3 3.5 4 
centrality bin 

n 1, a 
0 
9 0.9: STAR preliminary ch-ch correlations 

*Within errors there 
is no apparent dependence 
o f  the conditional yield 
on centrality in d+Au 

1 yield(0 - 20%) 
= I  

yield(40 - 100%) 
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Summary 

We have discussed properties of Gaussian width + yield 
of near-side and away-side correlation peaks 

in d+Au collisions a t  dsNN = 200 GeV 

( vs . pTass0ciated I pTtri'''r ,cen t ra I it y , trigger part i c I e spec i es) 

P P no apparent centrality dependence o f  ch-ch correlations 
(contradicts expectations from parton recombination model) 

no difference between trigger particles (ch, y, A,T, KOs) 

(Gaussian width, yield) 

. <jT> 500 MeV/c for  ~ ~ ' 2 . 0  GeV/c 
b 4 <kT+ rises from 1.5 t o  3.0 GeV/c f o r  p+10 GeV/c 

Yale University Jana Bielcikova 6 
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kTyzeig for different - 0 

trigger pT ranges and 5 
different trigger 
particles 

u 

v 

'Ty'trig flat with PT,trig 

4 

2 

I 

2.5 GeVlc 
e 4.5 GeVlc 

E' - h'2.5 < p T,assoc e 5.0 GeVk 

T,assac 
-+-- h' - h' 2.0 < p 

+ - n? - h- 2.0 PT,assoc - 

N. Grau 
Jet Correlations at RHIC 03/10/05 
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dN/dx, sult 

xE distributions for 
trigger n+’- for 
several different 
trigger ranges 
Overlap of data 
indicative of 
fragmentation 
independent of 
parton momentum. 
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Jet studies in heavy ion collisions 

Carlos A. Salgado 

CERN Physics Department, Theory Division, CH-1211 Geneva 

The main mechanism of energy- loss of a high-energetic particle traversing a dense 
medium is the induced gluon radiation. The double-differential (in k and w )  of these 
radiated gluons is known and has been successfully applied to describe the suppres- 
sion observed in high-pt inclusive particle measurements in central nucleus-nucleus 
collisions. These inclusive measurements present , however, serious limitations for the 
characterization of the medium: the different trigger-bias effects translate into a small 
sensitivity of the suppression to  the density of the medium. Several possibilities have 
been proposed in order to  cure this deficiency. On the one hand, the effect on heavy 
quarks propagating in a medium is known to  be smaller and the corresponding sup- 
pression is also smaller. On the other hand, the experimental observation of the asso- 
ciated medium-induced radiation would allow for a much better characterization of the 
medium. We have presented several medium-modified jet observables in this framework 
and identified some hot-spots where these effects could be large for large jet energies 
(100 GeV). The main problem for true jet studies in heavy ion collisions is the large 
multiplicity background. The modification of the jet properties profits, however, from 
the infrared and collinear finiteness of the medium-induced gluon radiation. This ab- 
sence of infrared or collinear divergences is due to formation time effects and controlled 
by coherence factors. 

The medium-modified gluon radiation is asymmetric in the case of a flowing medium. 
The parEicZe wind that the emitted gluons feel induces a preferred direction for the emis- 
sion. We have explored this effect for the case of RHIC where we expect a larger jet 
broadening in the longihdinal than in the &direction and a new contribution to the 
high-pt elliptic flow. 

Based on: 
N. Armesto, A. Dainese, C. A. Salgado and U. A. Wiedemann, hep-ph/0501225 
N. Armesto, C. A. Salgado and U. A. Wiedemann, hep-ph/0411341 
N. Armesto, C. A. Salgado and U. A. Wiedemann, Phys. Rev. Lett. 93 (2004) 242301 
K.J. Eskola, H. Honkanen, C.A. Salgado and U.A. Wiedemann, Nuc1.Phys.A 747 (2005) 511 
N. Armesto, C. A. Salgado and U. A. Wiedemann, Phys. Rev. D 69 (2004) 114003 
C. A. Salgado and U. A. Wiedemann, Phys. Rev. Lett. 93 (2004) 042301 
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Mass effects suppress gluon 
radiation [Dokshitzer, Kharzeev 
(2001); Zhang, Wang, Wang (2004); 
Djordjevic, Gyulassy (2004); Armesto, 
Salgado Wiedemann (2004)] 

IO" IO-* IO-' 1 IO I# 
m/mc 

$ 1.4 
[r E 1.2 

J 

0.8 

0.6 

0.4 

0.2 

'0. 2 4 6 8 10 12 14 16 
c quark pr [GeW 

0 2  3 1.8 
I 1.6 

1.4 

0 1  
- ? 0.8 

8 0.6 % 0.4 
0.2 

- 

2 1.2 . 
In 

'0 2 4 6 8 10 12 14 16 
c quark pr [GeW 

1.4 
U 
c 1.2 

g 1  
n 

0.8 

0.6 

0.4 

0.2 

'0 2 4 6 8 10 12 14 16 
D meson pr [GeW D meson p~ [GeV] 

-f. 

electron p, [GeV] 

No additional Darameters for 

9 0.8 

a 0.2 4 
I 



Needs a more quantitative analy- 
sis (hadronization. I .). 

The characteristic angular dis- 
tribution of the medium-induced 
gluon radiation could be better ob- 
served in the quantity . 

ul 
w 

r th uum we simply use 
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The Medium Modification of Two Hadron Correlations 

Abhij it Ma j umder 

?VIS: 70R0319, Berkeley, California 94720 
Nuclear Science Division, Lawrence Berkeley National Laboratory 

In the study of jet suppression, correlations between two high p~ hadrons in azimuthal angle are used to 
study the change of jet structure. While the back-to-back correlations are suppressed in central Au f Au collisions, 
indicating parton energy loss, the same-side correlations show a rise above the p - p value for the most central 
collisions and drop below the p - p value for semi-peripheral events. In two particle correlations in Deep-inelastic 
scattering off a large nucleus, one notes a minimal variation with atomic mass of the nucleus used. In this case the 
associated particle multiplicity shows a slow drop with momentum fraction of the associated particle. Given the 
experimental kinematics, this is considered a,s an indication of parton hadronization outside the medium. However, 
since the same-side correlation corresponds to two-hadron distribution within a single jet, the observed phenomenon 
is highly nontrivial. Why a parton with a reduced energy would give an enhanced two hadron distribution in a 
heavy-ion collision? 

To answer this question we study the dihadron fragmentation functions and their evolution in the process 
of e+e- annihilation. Under the collinear factorization approximation and facilitated by the cut vertex technique, 
the two hadron inclusive cross section at leading order (LO) is shown to factorize into a short distance parton 
cross section and a long distance dihadron fragmentation function (see slide 9). We provide a rigorous definition of 
such dihadron fragmentation function in terms of parton matrix elements and derive its DGLAP evolution with the 
energy scale of the reaction at leading log. This has been presented in detail in R.efs. [l, 2, 31. We note that the 
ratio of the dihadron to the single hadron fragmentation functions shows minimal change with the energy scale of 
the fragmentation functions (slide 12). This is expressly true for gluon fragmentation. The cause for this is identified 
as due to the new additive contribution from the independent fragmentation piece, where a quark or gluon jet splits 
into two partons with large rapidity and sufficient transverse momentum between them to allow for these to fragment 
independently of each other. 

Modifications to the dihadron fragmentation functions due to medium enhanced higher twist effects are com- 
puted for two hadron inclusive cross sections in deep-inelastic scattering (DIS) off large nuclei. The modification is 
similar, formally, to that for the single fragmentation functions. As a result, comparisons with the data for single 
particle production, lead to the determination of the overall normalization constant and there remain no free pa- 
rameters in the prediction of the modification of two particle productions. In spite of such constraints, the medium 
modification of the double fragmentation functions are found to be in excellent agreement with the data. These are 
presented in slides 20 and 22 and in Refs. [4, 5, 61 

The medium modifications of the dihadron fragmentation functions are then generalized to include modifica- 
tions in a hot deconfined environment of a Quark Gluon Plasma. In such a scenario, one also has to include the 
effects of trigger bias: due to energy loss the initial energy of a parton in a nucleus-nucleus collision is much larger 
than that in a p p  collision. This leads to the detected hadrons acquiring a lower momentum fraction z than they 
would have 'had in a p - p event. This leads to the enhancement for the most central event. One also has to include 
effects from the Cronin effect in peripheral collisions which has an opposite effect as compared to the trigger bias 
caused due to energy loss. The results obtained, show very good agreement with the experimental results and have 
been presented in slide 24 Refs. [5]. 

References 
[l] A. Majumder and X. N. Wang, Phys. Rev. D 70, 014007 (2004) [mXiv:hepph/0402245]. 

[2] A. Majumder, J. Phys. G 30, S1305 (2004) [arXiv:hep-ph/0404292]. 

[3] A. Majumder and X. N. Wang, ~Xiv:hep-ph/0411174. 

[4] A. Majumder and X. N. Wang, J. Phys. G, t o  appear arXiv:hep-ph/0410078. 

[5] A. Majumder, E. Wang and X. N. Wang, arXiv:nucl-th/O412061. 

[6] A. Majumder and X. N. Wang, to be pubZished (2005). 
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Dihadron fragmentation in e' e- Collisions 

The basic process may be factorized as: 

= Hard Cross section (70 

z z p ) = Dihadron fragmentation function 
D 4 (  1, 2, 

- A2 << p2 << Q2 
QCO 

P 

Even t generator distribution 1 dN 

events N dz dz 1 2  
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IC 
The expt. curve is 
number ofevents with a 
subleading hadron at 
and 2.1 > 0.5. 

No. of events with at least 2 hadrons with z 1 > 0.5 
No. of events with at least one hadron with z > 0.5 ExIlt ratiu = 

20 
same ratio on deuterium 
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Conical Flow induced by 
Quenched QCD Jets 
Jorge Casalderrey-Solana, 

Edward Shuryak and Derek Teaney, 
hep-pW04 1 13 15 

SUNY Stony Brook 



Jet Quenching and Energy Loss 

High pt particles lose energy in the medium 
Radiative losses (main effect) 

I 
S huryak+Zahed, 
hep-pW0406 100 

(bound states) I 

0 The second type of losses are 
iU  

We study this modification 



Basic Assumptions 
eposited ener y themnali es at a scale: 

fbr S 
r l 4  

e + p  3 

The cation of 

deposited 
11 

Edeposited << &V 

The ].in ed hydrodynamic description is valid: 
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Distribution of radial velocity v P (left) 
and modulus v (right). 



How to observe it? 
Q 

0 the direction of the flow 
defined entirely by the ratio of the 
d to the speed of light 

cn 0 
00 

with the increase of the 

0 At high enough pta 
a 
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Jets interact in the plasma, causing 
and relative to j et-axis 
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What's n? 

recombination 

partner yield 

0.05 - 

- .__" ___7 I--- - - ---- 

]II (i) F-F~nly 
(11) SS-SS F-F CO = 0 
(iii) SS-SS F F  cu = 0.08 
(iv) SS-SS F-F co scaled 

9 
Fries, Bass & Mueller 
nucl-th/0407 102 
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MESON TRIGGER BARYON TRIGGER 
0-5% x 2000 a~ 10-20% x IC: Q 40-60% 120 A dAu /8000 

- - 5-10% x 100 u 2040% I 2  -- 0 60-70% 1400 B pp (incl.) 110*5 

lo6 - 
r;y 

3 Qt 

h 
0 

_- ."  -- 
Soft-hard recomb. also explains -?* 

1 1 1 1 1 l 1 1 1 1 1 1 1 1 1 1 1 1 1 1 l l l l l l l l  I l l  I l l  I l l  I l l  

baryon Cronin effect! 
No jet-correlated medium flow 

1 1.2 1.4 1.6 1.8 2 1 1.2 1.4 1.6 1.8 2 
pr (GeVk) 
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Identified trigger particle 
correlations at intermediate pT 

Ying Guo for STAR Co//aboration 

Wayne State University 
RIKEN Jet Correlation Workshop 

BNL March I Ith,2005 



00 
0 

Motivation 
> Get a better understanding of the 

high pT azimuthal correlations 
> Particle identified jet correlation 

study provides us with additional 
information about jet quenching 
and medium effects. 

> The strange particle identified jet 
correlation can be used as a 
probe to study the flavor 
dependence of the strong 
interaction and the fragmentation 
process (e.g. quark vs gluon jet, 
recombination vs. fragmentation, 
etc.). 

SampleA +h correlations in 
AuAu and pp 

. . . . . . . . . . . .  9 

4-4 
4.3 10-30% 

9.16,- 

p 0.1 ," 
0.08 

f S  ndf 22.88 8 23 
0.02787 L 0.007196 c1 

sigma1 6.4011 e. 0.09433 
mean1 -0.W821- 0.09907 
c.2 
slgma2 -1.325 .L. 4.5032 
mean2 3.10 * 0.1122 

0.02282 - 0.00662 &I 

0.036m .: 0.0083tm 

0.06 

0.041 

0.02 



Same side yield for different trigger particle 
species 

0.8 

I 
0.2 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 l 1 1 1 1 l 1 1 1 1 1 1 1 1 1  
2 2.5 3 3.5 4 4.5 5 

Indication of different 
trigger pT dependence 
for different trigger 
particle species.. 

Systematic Errors: 
Uncorrelated background -- 
8-1 0% 

0 Flow - 2.1-2.6% 
0 Fitting method - 3% 

misidentified VOs 1% 
trigger bias 4.5% 



Same side associated particle spectra 

I 

Pln agreement with thermal distribution ? 
P large AA/pp ratio. 
>No significant difference between 
distribution different trigger particle species. 
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od. 0 

1 2 3 4 6 7 8 
pT (GeVlc) 

RCp h+- 20% higher 
than n+- pT=3-4 GeV/c 
consistent with h/pi ratio 
Vitev prediction at 
dN/dy=650 
TOFr agrees with dE/dx 
n+- 
ISR pp parametrization 
same as PHENIX 
Estimated Syst. Error: 
5-10% 

Jet Correlations at RHIC 2 
Zhangbu Xu (BNL) 
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Barvon Production 
J 

0.7, 

0.6 

9.4 "I 

f 
O 1  2 3 4 5 6 7 

P,, GeVle 

GCV 

I_-- 

/ 

P,, GeVlc 

pion, proton spectra at high pT; 
PID jet correlations 

Jet Correlations at RHIC 
Zhangbu Xu (BNL) 
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Charm Total Cross Section 

4 0’ 
Frl Mar 411:21:W2005 

4 o2 I o3 
Collision Energy& (GeV) 

Can we confirm or rule out Cosmic Ray experiments 
(Parnir, Muon, Tian Shan) under similar conditions? 
Pamir, Nuovo Cim 24c (2001) 557; NPB 122(2003) 353c 

Data 
STAWPHENIX: x2 (<20)? 
Lower Energies: inconsistent? 

Models: 
PHENIX: consistent with default 

STAR: >3 above ? 
Energy dependence 

PYTHIA,pQCD 

Jet Correlations at RHIC 5 
Zhangbu Xu (BNL) 



Combine STAWPHENIX Charm 
9 
3 10- 
3 
8 W 

1 0-! 
0 

I I I 1 I I 1 I I 1 

A 

I 

X.DongUSTC 
STARd+AuD’ 4 
PHENIXp+p e 

1 2 

~ , , = l . l f O . l  fi 0.3 rnb 
STAR (1.4) PHENIX (0.7) 

3 4 5 
pr (GeV/c) 

PRL 94(2005) 

PHENIX p+p (QM04): 
S. Kelly et al. JPG30(2004) S1189 

sliroaald be ~~~~~~~~~ 

J. Stachel, ICPAQGPO5 
Summary talk 

DO 1.3 GeVi’c - : 

Jet Correlations at RHIC 
Zhangbu Xu (BNL) 

6 



onclusions 

Au+Au 62.4 GeV 
- h/n ratios depend on charge, centrality and pT 
- R,, of h and pions approach each at pT-=5 GeV/c 

Au+Au 200 GeV 
- Identification at high pT possible, p/h ratios decrease at pT>3 GeV/c 

Rapidity Asymmetry of pions in d+Au follows closely that of inclusive 
hadrons 
More and exciting results from high pT PID soon. 

Charm cross sections measured in p+p, d+Au and Au+Au(soon). 
Comparisons to Models and other experiments discussed 
Open Charm measurements at RHIC exciting, but also have 
lirnitationdpuzzles so far. 

Jet Correlations at RHIC 7 
Zhangbu Xu (BNL) 
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Wolf G Holzmann 

From the transverse energy distributions, there is evidence for the creation of matter 
with energy density well above that required for a deconfined phase of quarks and 

gluons (QGP) in mid-central to central Au+Au collisions at RHIC. 
Substantial elliptic flow signals indicate that the medium is thermalized early and 

undergoes rapid collective expansion. 
This picture of hydrodynamic expansion is further corroborated by the observation 

of strong radial flow and possible indications of a large emitting source from an 
HBT-Imaging analysis. The hydrodynamic evolution of the system implies strongly 

interacting matter at RHIC. 
This matter is expected to modify the properties of jets, copiously produced at top RHIC 
energies. At the center of the discussion is the'question of how this modification might 
take place. The study of jet characteristics (topologies and yields) via azimuthal angular 

correlation functions holds much potential to provide answers. 

z 

1 
RBRC workshop, W. Holzmann 
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High Den 
Thermalized ptwtonic 
material formed early 

One might conjecture, that hard scattered 
partons, produced early in the collison, 
traverse the rapidly expanding, thermalized 
high-energy density matter and thus could 
couple with the flowing bulk partonic 

6 
RBRC workshop, W. Holzmann 



Sergei A. Voloshin 

@ 

r ~ u n ~  and the spatial distribution o f  fast ~ a r ~ ~ n ~  in 

mentum conservation, and ' m ~ h e r ~ a l ~ ~ ~ ~ ~ o ~ u '  o 

" for the correlation je t  study: Correlations due 

> pt correlations 
Elongation of rapidity correlations with centrality; narrowin 

Azimuthal correlations & Balance function in A 9  
High p t  - medium/low p t  correlatkms: ( and 'jet tomography') 

of the Charge Balance Function in Aq. 

-Summary 



c.L 
0 
0 

The values of the 
background larger 
than given by the 
inclusive single 
particle spectrum 
means 
that the probability 
of two hard 
collisions is larger 
than the square of 
probabilities of 
single hard collision. 

If the probability of hard collision is proportional t o  --- PZ I tA") >1 
P: (A}' the area A of the overlap region, then 

P2 1.84 Consider a case when more energetic parTons are distributed 
in a region occupying only a fraction q of the total area 

-=- 
P: 4 

(crccupied by soft parfons). Then 



Ns y stern - number of particles in the system, all 
of them equally "participate" in the momentum 
balance. 
Assumption: Nsystern >> 3, (needed t o  apply CLT) 

Results of the fit t o  the data is consistent 
with Nsystem = Ntotal and this creates a common 
confusion: how all the particles could 
participate? 

N,,, - number of particles "participating", 
in the momentum conservation. 
w - probability that a given "associated" 
particle belongs t o  Nm,m. 



All  particles produced in the same NN-collision 
(qq-string) experience the transverse radial "push" 

that  is 
(a) in the same direction (leads t o  correlations in phi) 
(b) the same in magnitude (+ correlations in pt) 

expansion "brings" totally n 

I Just a few "details": I 
-Long range rapidity correlations ("bump"- narrow in 
phi and wide in rapidity, charge independent) 
-Stronger 2-particle p t  correlation in narrow phi bins 

I AA LUII131UII L--...--.y,m-- ----*-, ,.I I -Narrowing o f  the charge balance function 

I n  what follows, radial expansion is treated as given. Not  
necessarily as due t o  pressure in thermalized matter, could be 
considered a la "parton wind"; but numerical calculations are done in 
the blast wave model. 

. 



11_uI* 

I n  this picture, the transverse 
momentum of -the (Same side, large Aq) 

associated particles would be a measure 
of the space position the hard scattering 
occurred 

P 



+ 
0 
P 

1. 

3. 

Transverse radial flow leads t o  strong space-momentum correlation. 
I n  combination with space correlations between particles created in 
$he same NN collision, it leads to  characteristic two (and many) particle 
rapidity, transverse momentum, and azimuthal correlations. 

This ~~~~~~~~~ 

?kt43 ~~~~~~~~t~ d 
~~~~~~~~~~~~= I? 

o f  ~~~n ~~~~~~ 

Transverse radial flaw "push" o f  particles created in the same NN collision 
where hard sca?tering occurred + j e t  quenching leads to  azimuthal 
correlations of high p t  "trigger" particle with "soft" particles at rather 
different rapidity. The mean transverse momentum of the associated 
particles would be a measure o f  how deep in ?he system the hard collision 
occurred. 
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0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 
pt [GeVIcl 

~---.ll Hydro+GLV quench., dNg/dy=lOOO 
Hydro+GLV quench., dNg/dy=500 

++ Hydro+GLV quench., dNg/dy=200 
Quenched pQCD 0 STARdata 

I 
0.20 

r 
n & 0.15 - 

0.10 - r 
0.05 - 

0.00 - 

v 

Hydro v,(pT)=Tanh(p,./12) 
I " ' " ' " ' " "  

0 1 2 3 4 5 6 

P T  [-VI 

-0.05 

).).I STAR prelim. (Filimonov, Nov '01) .. "r I 

I parton-hadron 
duality MPC Au+Au 0 130A GeV 

~~~ 

0 1 2 3 4 5 6 

A R=74 
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Rainer Fries 
University of Minnesota 

Talk at the RIKEN Workshop Jet Correlations at RHlC 
Brookhaven National Lab March 1 I, 2005 



Hot Spots 

Strong energy loss (dE/dx up to 14 GeWfm, X.N. Wang) 
k 1 a lot of quenched/partially thermalized jets 
r : ~  Localized deposition of energy and momentum 

Hot spot can be correlated with remaining jet 
Partons in the hot spot can be correlated with themselves 

Rainer Fries Recombination and Hadron Correlations 2 



I 

, - 

Associated Yield 

List of assumptions 
1:j Only look a t  near side 
si Small correlations, keep only terms linear in co and v2 
L Narrow wave functions 
IJ Correlations constant over volume V' 

Associated yield 

Here 

Rainer Fries Recombination and Hadron Correlations 3 



Amplifications 'of Correlations 

Q: Amplification factor 
Count 2-parton pairs between 
the 2 hadrons; for effects linear 
in co, only 1 correlation allowed. 

lQ=4 I Meson-meson I 
IQ=6 Ill/leson-baryon I 
I Q=9 I Baryon-baryon I 

4 pairings that lead to meson correlations 2 pairings without correlating the mesons 

U ncor re1 a ted bac kg rou nd (for meson-meson) 

Rainer Fries Recombination and Hadron Correlations 4 



Numerical Example 

Proof of principle using Duke parametrization 

Consistency with PHENIX data can be reached. 

Rainer Fries Recombination and Hadron Correlations 5 



Conical or Radial 

Flowing hot spot? 
J Defocussing throug I radial flow 

Different from conical flow 
f ( " 3  J q-ppicture 

Flow? 

+ A. Dumitu's talk 

Rainer Fries Recombination and Hadron Correlations 6 
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For STST recombination 

with trigger particles and with 
und subtracted 

e I I 
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Jet Physics in Heavy Ion Collisions at the LHC 

Andreas Morsch (CERN, Geneva, Switzerland) 

Copious production of jets in PbPb collisions at the LHC 
< 20 GeV many overlapping jetdevent 

6 105 Jets ET > 100 GeV for ly1<0.5 
Jet studies via inclusive leading particle correlation 

Background conditions require jet identification and reconstruction in reduced cone R < 

We will measure jet structure observables (kT, fragmentation function, jet-shape) for 
reconstructed jets: 

0.3-0.5 

High-p, capabilities (calorimetry) needed to reconstruct parton energy 
Good low-pT capabilities are needed to measure particles from medium induced 
radiation. 

In particular ALICE needs calorimetry (EMCAL) for triggering and jet reconstruction 
... and this would make it the ideal detector for jet physics at the LHC covering the needed low 
and high-p, capabilities + particle ID. 

~~~~~~~ o kg ~~T~ would have been i nip 
sure fromn ex ntal dava. Let’s keep 



Naturally the next step: Reconstructed jets ... 

The leading particle as a probe 
becomes fragile in several respects: 
Surface emission “trigger bias” leading 
to 

Small sensitivity of R to variations 
of transport parameter @t. 

Yields lower limit on color charge 
density. 

For increasing in medium path length 
L leading particle is less and less 
correlated with jet 4-momentum. 

Hskola et al., hep-ph/Q4063 19 
1.0 

0.9 

> Oms &p 200 Gev, ( h + + h y  
&. = 181 (03%) 6 0.7 

2 0.6 

0.5 

8 0.4 

3 0.3 

0.2 

0.1 

0.0 

- I non-yw 

2 4 6 8 10 12 14 16 18 20 

4 [ ~ e v ~ i f m l  

Ideally, the analysis of reconstructed jets will allow us to measure 
the original parton 4-momentum and the jet structure (longitudinal 
and transverse). From this analysis a higher sensitivity to the 
medium parameters (transport coefficient) is expected. 

Jet as an entity (parton hadron duality ) stays unchanged 
Map out observables as a fbnction of parton energy 



Jet rates at LHC I 

. . . . . .. , . . . .  . .  , , .  .. 

Copious production: 

1.7 tr 
- ___- 

#Jets per central Event 

j ET threshold N j e t s  

I I 50GeV 2x107 

150 GeV 1.2 x 105 

200 GeV 2.0 x 104 

ry for measuring the jet fragmentation function close to z = I, >A04 jet 
In addition you want to bin, ie. perform studies relative to reaction plane 

rmap out L dependence. Need trigger ! 
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Interpretation of Fragmentation Functions 

d 
L7-- 

Intrinsic limit on sensitivi 

Energy-Loss Spectrum 

E =  IOOGeV 

0 0.2 0.4 0.6 0.8 - 1  
z 

higher moments of the expected 
distribution. 
Possible additional bias due to out-of- 
cone radiation. 

'rec < 'parton 

'ret - p'Erec ' 'hadron 
- 

0 w.2 0.4 0.6 0.8 I 
z 



Limit experimental bias . . . 
By measuring the jet profile inclusively. 

Low-p, capabilities are important since for 
quenched jets sizeable fraction of energy 
will be c&ried by particles with 
GeV. 

Exploit y-jet correlation 

Caveat: limited statistics 

Does the decreased systematic error 
( l 03) smaller than jet production 

uenched (Pyquen) 

compensate the increased itatistical error ? Energy radiated 

energy region 20 < ET < 50 GeV. 
Certainly important in the intermediate outside cone p,-cut. 
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contributes differently to 
tation function Pythia 6.2 

200 GeV p+p 

fla 

(see Bourrely & Soffer, hep=ph/0305070) 
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w RHlC II Detector: nucl-ex/0 
I The RHlC physics program will NOT be complete without RHlC I I  I 

rr 
W 
P 

Forward tracking: 

Forward maqnet 

Forward wectrometer: 

EMCal (CLEO) 

I I I The RHIC I! program will NOT be successful without a comprehensive new detector! 
John Harris (Yale) RIKEN-BNL Workshop on Jet Correlations - 10-1 I March 2005 



Xin-Nian Wang (LBNL) 
R shop on. jet correlations 

Energy dependence of jet quenching 
Azimuthal angle dependence of jet 

0 Hadrons correlations in jets 
quenching 

- Dihadron fragmentation function 
- Jet cone structure 

0 Heavy quark energy loss 
Future of jet quenching 

March 11,2005 
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Beginning of jet tomography study 
- Details of modified fragmentation 
- Heavy quark fragmentation 
- Dihadron fragmentation 
- Jet-gamma events 
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