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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 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 currently consists of about twenty researchers, and the RBRC 
Experimental Group, of about fifteen 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 -40 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 arid 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-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. 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. 

N. P. Samios, Director 
October 2005 
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Heavy Flavor Productions and Hot/Dense Quark Matter Workshop 
December 12-14,2005 

Yasuyuki Akiba, Wei Me, Huan Huang, Ralf Rapp and Kirill Tuchin 

There are solid evidences that high temperature and high density partonic matter is formed in 
heavy ion collisions at RHIC. Heavy flavor production, open and hidden, is considered among 
the most important probes for studying QCD properties of the matter. 

In 1986, T. Matsui and H. Satz predicted that the J/v production would be significantly 
suppressed in relativistic heavy-ion collisions compared to that in p+p or p+A collisions due to 
the Debye screening effect. They suggest that the observation of a large suppression is an 
unambiguous signature of the QGP formation. Recent theoretical progress has made the picture 
more complicated. Lattice calculations indicate that J/v will not disassociate until reaching the 
temperature a factor of two above critical temperatures. Various recombination mechanisms of 
J/v formation from charm and anti-charm pairs have been proposed recently and some even 
predicted enhancement of the J/v production when QGP is formed. It is also important to 
distinguish dissociation of J/v in a hot medium from a similar effect in the Color Glass 
Condensate in order to have an unambiguous argument about the QGP formation. High statistics 
data are therefore needed to determine the J/v production mechanism in the medium. 

In heavy-ion collisions at RHIC, the production of high pT particles is strongly suppressed. The 
suppression is considered as being due to energy loss of light quarks in the dense medium formed 
in the collision. There are theoretical predictions that the energy loss of heavy quarks is smaller 
due to "dead cone effect". The amount of charm suppression would be essential for the 
understanding of the medium feature via investigating how heavy quarks behave differently from 
light quarks using high statistics data. Open charm production provides also crucial inputs for the 
recombination models of the J/v production. Open charm can be produced in the pre-equilibrium 
stage of the hot dense matter. The difference of open charm at central and forward rapidity can 
be an important signature of the formation of Color-Glass Condensate. It would be also very 
interesting to learn about possible transitions and their locations in PT from thermal to coalescence 
to pQCD energy loss for both open and hidden heavy flavor, similar to what appears to be 
emerging from light hadrons. 

In year 2004, RHIC had a high luminosity Au+Au run. Very important results on heavy flavor 
production from PHENIX and STAR experiment were shown at Quark Matter 2005. These 
results inspired a lot of theoretical activities trylng to understand the data in the following few 
months after the conference. We organized the workshop and invited top physicists in this field to 
discuss their latest progress in understanding heavy flavor production in the hot/dense quark 
matter produced at RHIC. There were many interesting new results and exciting discussions 
during the Workshop. 

We wish to acknowledge Dr. N. Samios and the RIKEN-BNL Research Center for their support 
in this Workshop presentation. Our thanks also to Brookhaven National Laboratory and the 
Department of Energy for providing the facilities, and to the speakers and participants for 
attending the Workshop. Finally, our sincere appreciation goes to Pamela Esposito and Jane 
Lysik for their invaluable assistance in coordinating and running the Workshop. 
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Heavy Quarks in QCD Matter: 
History and the Future 

D. Kharzeev 

Nuclear Theory Group, 
Physics Department, 

Brookhaven National Laboratory, 
Upton, New York 11973-5000, USA 

Abstract: 

The use of heavy quarks for the diagnostics of hot and dense QCD matter is reviewed. 
The history of the topic, recent advances, and the possible future developments are dis- 
cussed, including: 
1. The mechanism of heavy quark and quarkonium production in nuclear collisions, and 
the role of the Color Glass Condensate; 
2. Dissociation of charmonium states in the Quark-Gluon Plasma: weakly and strongly- 
coupled regimes; 
3. The mechanism of energy loss of heavy qua.& in QCD matter. 
Because of the recent experimental data from RHIC, both of these topics at present are 
profoundly puzzling. It is difficult to understand why the observed at RHIC J/$J sup- 
pression is similar in magnitude to the one observed at a much smaller SPS energy. Two 
proposed at present solutions a.re i) charm quark recombination, in which the observation 
is explained by a fine tuning of the suppression and enhancement contributions; and ii) the 
survival of the direct J / @  's at both energies, suggested by the lattice QCD calculations. 
The tests of these solutions are discussed. 
The observed energy loss of heavy quarks is perhaps even more puzzling: the present 
RHIC data on non-photonic electrons seem to indicate a large energy loss not only for the 
charm, but also for beauty quarks. This is very difficult, if not impossible, to reconcile with 
the radiative energy loss picture based on perturbative QCD. In my opinion, something 
very important is missing in the present theoretical understanding. 
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PHENIX Charmonium Measurement in p+p, d+Au, 
Au+Au and Cu+Cu collisions 

Taku Gunji for the PHENIX Collaboration 
Center for  Nuclear Study, Graduate School of Science, University of Tokyo, Japan . 

1 Summary of this talk 
Results on the charm quarkonium production in p+p, d+Au, Au+Au and Cu+Cu collisions by PHENIX 
experiment at Relativistic Heavy Ion Collider (RHIC) are presented. 

Charmonium production in A+A collisions is not simple compared to that in p+p collisions. As 
the initial state effects, J / y  yield could be modified due to gluon shadowing and/or color glass con- 
densate in the nuclei. Cold matter effect such as nuclear absorption could lead to the suppression of 
J / y  yield as observed in lower energy collisions. When the hot and dense medium is created by A+A 
collisions, where quarks and gluons are deconfined, J /  y yield could be suppressed due to the color 
Debye screening effect. Recent lattice QCD calculations show that the suppression of J /  y and higher 
charmonium states (xc and y') would be occurred above N 2 T, and N 1.1 T,, respectively. 

On the other hand, recent theoretical predictions show that the J / y  yield would be enhanced due 
to the recombination of uncorrelated CC pairs created at the initial stage of collisions at RHIC energies. 

Therefore, to understand the J / y  production in A+A collisions, it is very important to study 
J /  y production in different collision systems and rapidity ranges. 

PHENIX measured J /  y yield in p+p, d+Au, Au+Au and Cu+Cu collisions at forward-rapidity 
(1.2 < 117 1 < 2.2) using p'p-decay channel and mid-rapidity (I 77 I < 0.35) using e+e-decay channel 
to understand the J / y  production at each stage of collisions. 

From the J /  y measurements in d+Au collisions, nuclear absorption cross section was found to be 
from 1 mb to 3 mb, which is smaller compared to that at SPS energies. Gluon shadowing is also weak 
in small XA, region. The trend of Cronin effect observed by PHENIX is consistent with the results 
from lower energy experiments. PHENIX d+Au results give a modest baseline for A+A collisions. 
Further statistics are needed for the study of the cold matter effect. 

The J / y  measurements in Au+Au collisions show that a factor of 3 suppression can be seen at 
the most central collisions for both forward-rapidity and mid-rapidity. The suppression pattern is 
same between Au+Au and Cu+Cu collisions at forward-rapidity but not at mid-rapidity. The ob- 
served suppression is beyond the cold matter effects evaluated from PHENIX d+Au results. The 
comparison to the theoretical models show that the suppression is over-predicted by the suppression 
models which described the J /  y suppression at SPS energies successfully and that suppression and 
recombination models can describe the J /  y suppression at RHIC energies much better. On the other 
hand, < p: >and rapidity shape of J / y  cannot clarify the recombination effects due to the cur- 
rent large errors. Since the recombination models assume the charm P T ,  rapidity distribution, radial 
flow and thermalization of charm and do not take into account the longitudinal flow of the medium, 
charm production in A+A collisions at RHIC energies and its medium modification are needed to 
be understood. Feed down effect is also important at RHIC energies since melting of x, and $ can 
explain J / y  suppression at SPS energies. Up to mid central collisions, feed down effect can de- 
scribed J / y  suppression at RHIC energies. To understand the J / y  suppression at RHIC energies, the 
production of xc and y' in different collision systems are also needed to be studied. 
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Non-photonic Electron 212 and Heavy Quarkonia Measurements from STAR 

W. J. Dong for the STAR Collaboration 
Unaversaty of Calafornaa, Los Angeles 

(Dated: December 13, 2005) 

We present the recent non-photonic electron vz and J/$ measurements from STAR. 
v2 is azimuthal anisotropy of particle distribution in momentum space. In heavy-ion collisions, 

a particle's v2 is built up at the early stage of the collision so it can serve as a good probe of 
the hot and dense medium created at RHIC energy. At RHIC, we have already observed partonic 
collectivity and jet quenching, the measurement of heavy quark vz can test the thermalization of 
the medium. It can also help us to understand the heavy quark energy loss in the medium. Direct 

measurement of the heavy quark hadrons requires large statistics that are currently not available 
at STAR. The measurement of the vz of the decay daughters from the heavy-quark hadrons allows 
us to  gain insight into the ~2 of the heavy quarks. In this presentation, we present a method to  
measure the non-photonic electron VZ. Firstly, a high purity inclusive electron sample is obtained by 
particle identification. Then the background electrons are removed statistically from the inclusive 
electron sample. Finally, non-photonic electron vz is extracted from its event-plane-angle-adjusted 
q5 distributions. The drawbacks of the method that we presented in Quark Matter 2005 will be also 
discussed. 

Charmonium measurements have long been of interest in the context of heavy-ion collisions. 
Due to their large mass, charm quarks are primarily produced via gluon fusion in the early, hard- 
scattering epoch of the collision. These charm quarks form charmonium bound states, namely J/$ 
mesons. If the J/$J's then find themselves in the hot and dense partonic medium, they will be 
subjected to dissociation-or destruction of the c - 1 bound state-via a number of mechanisms 
such as color screening or gluon scattering. This dissociation will lead to  a suppression in the pro- 
duction of J/$J's with respect to the production expected from pQCD and conventional suppression 
mechanisms. Such suppression has long been thought of as one of the characteristic signatures of 
the formation of a Quark-Gluon Plasma in relativistic heavy-ion collisions. Recent theoretical devel- 
opments predict that another type of J/$ production will become relevant in relativistic heavy-ion 
collisions: J/$ formation via the coalescence of charm and anti-charm quarks in the final stages 
of the collision. One such regeneration scenario, Statistical Hadronization, maintains that there 
will be total J/$ screening in the QGP and that the observed J/$J production will be exclusively a 
consequence of regeneration. In STAR, we have made measurements of di-electron invariant mass 
spectra in Au+Au collisions at &K = 200GeV. Particle tracking information and electron identi- 
fication was obtained using the STAR Time Projection Chamber. After imposing various event-level 
quality cuts, a sample of 13 million events were analyzed. Di-electron invariant mass spectra were 
obtained via the event mixing technique, from which a J/$ signal of 3 . 5 ~  significance was observed. 
We compared the observed J/$ signal to what the corresponding uncorrected, theoretical signal 
from Statistical Hadronization would look like in STAR. The yield from the Statistical Hadroniza- 
tion model is markedly higher than the observed raw yield, and the difference is such that we can 
rule out the Statistical Hadronization scenario as a dominant mechanism behind J/$ production at 
RHIC. 
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Non-photonic Electron v2 and 
Heavy Quarkonia Measurements 

from STAR 

Weijiang Dong 
For STAR Collaboration 

200512-13 1 

What Is a Non-photonic Electron hR and Why do we measure its v2? m 
- A Non-photonic electron is an electron from nl 

heavy quark decay. Charm semi-leptonic 
decay branch rati0-9.6%, Bottom semi- 
leptonic decay branch rati0-10.5~/0 
At high pt, the v2 of the daughter electron is 

To measure the non-photonic electron v2 is 
to measure the heavy quark v2 indirectly 

correlated with the parent heavy quark v2: 

200512-13 4 

What is v2? 

given 

v2 is built up at the early stage of the collision so it is a nice 
probe of the hot and dense medium created at RHIC energy! 

v* =< COS[2(t$ - v,)] > 
2005-12-13 3 

Why is heavy quark v2 interesting? 

The heavy quark v2 
addresses two important 
physics issues 
- At  RHIC we have 

observed partonic 
collectivity and jet 
quenching. The 
measurement of heavy 
y k v 2 c a n t e s t t h e  ( 

ermalization of the 
medium created at RHIC 
energy 

- The energy loss of heavy 
quarks in the dense 
medium created in 
nucleus-nucleus 
collisions at RHIC 

2005-1 2-1 3 
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I -$&R DoesHeavyQuarkFlow? 

I V. Graco et a/., PLB 595(2004)202 B. Zhang et a / ,  nuc/-th/0502056 

P,(DSV) 

Coalescence approach: charm has same v2 as light quark or zero v2 
AMPT transportation model: mass ordering, same saturation level, 
cross section dependence, correlation of electron v2 and D meson v2 

2005-12-13 6 

&R Reaction Plane Angle WWA 
* Real reaction 

plane is unknown 

Event plane is the 
approximation of 
reaction plane 

Taketracks 
measured by TPC 
to get the event 
plane angle 

Limited resolution 
of event plane 
measurement 
dilutes the v2, this 
effect is corrected 
at the end a 

m Major Detectors Used 

STARDetecfor 

Time Projection Chamber (TPC): dEdx V.S. P - Electro-Magnetic Calorimeter (EMC): E 
Shower Maximum Detector (SMD): Shower 
size and shower position 
Signal: non-photonic electrons 
Background: hadrons and photonic electrons * 

2005-12-13 7 

w3A *' Electron ID: Cut on dEdx 
.. , . , .  ~ . .  . .____,__ ~ .... 

- _-__-________ ____ -_- -___ d€+%L--, 

TPC can identify charged particles to some extent 
Two orders of magnitude more hadrons than electrons 
Additional information needed to identify electrons 

2005-1 2-1 3 9 



~~~ 

-$p Electron ID: Cut on P/E 

...... ._... ............ . . . . . . . . . . . . . . .  pre .. 

2005-12-13 

P from TPC, E 
from Barrel 
EMC 
The P/E alone 
contributed 
hadron rejection 
power is not 
great at low pt, 
but becomes 
better at high pt 

10 

-$$R Electron ID: Cut on WM 
Shower Size 

Shower hadrons typically have small shower sizes 
Number of SMD hits per shower indicates shower size 
Number of hits on SMD larger than I for electrons 

2005-12-13 12 

Electron ID: Cut on Projection Distance- 
*R 

2005-12-13 

Nice positional resolution 
from the help of SMD 

-3 CJ <phi-dist< 3 CJ 

-3 (5 <z-dist< 3 CJ 

11 

With All EMC Cuts Applied 
*R 

dEdx cut: from 0 to 3 sigma on electron band 
2005-12-13 13 



$4pR Electron Sample Purity MZM 

-- 
e Electron Purity>99% for measured pt range 

No worry about hadronic background 
2005-12-1 3 14 

UaA The Removal of 
Background Electrons 

OSLM: Opposite Sign Low Invariant Mass; SSLM: Same Sign Low Invariant Mass 

U m u ~ r r u u  

P ~ r m h . l * s * m r  
llu,,yzIu 5: 1 -(2-3)/eff 
.~urm.n.a* 

16 

.̂ ... , ..-.. w- 
2005-12-13 

-#pR Photonic Background ucm 

subtraction/eff 
eff calculated 

Reconstructed 
photonic 
electron is the 
subtraction 
Real produced 
photonic 
electron is the 

200512-13 15 

$P QM2005 Method m 
Calculating the non-photonic v2 

AssurnDtion: 

2 equation with 2 unknown 
e++d can be sotved analytically 

-'9 :w pr /(Gl?V/c) 

Measure the e*- vz twice: 

Sampk A: without phofonic electron rejection (indusive) 
Sample B: after photonic electron rejection 

2005-1 2-1 3 17 



&R QM2005 Method: Problems 

1. Two equations are almost 
the same experimentally 

2. Low invariant mass cut is 
essentially low opening 
angle cut, but v2 is just 
about opening angle: the 
v2 of non-photonic electron 
are not the same in two 
equations! 

3. Non-flow effect 

incomplete 
Pt (GeV) 4. Error calculation moa mwmm 

2005-12-13 18 

J/psi production 

4~&-ww6--%-&-&-&*r-l -.- 
J. Gonzalez 1 

D & & y u  &to? 
0 Select all possible electrons above 0.1 GeV/c, provided they don't impinge any of 

The di-electron lnvariant mass distribution is generated using the event-mixing 
.Our Jlpsi yields are lower than statistical hadronization model predictions (red- 

the hadron bands 

dashed curve) = Extreme enhancement scenarios ruled out 
2005-12-13 24 

Too much photon UaSA 
conversion electrons! 

-+ 

Both methods suffer from photon conversion electrons!!! 

2005-12-13 19 

*R Summary m a A  

We have developed a new method to measure 
the non-photonic electron v2 in heavy ion 
collisions. The material in STAR detector caused 
too much photon conversion electrons, which 
make the v2 measurement very difficult. Our 
result is not sensitive enough to make any 
conclusion about heavy quark v2 so far. More 
work ahead! 
We have observed a J/Psi peak in our data. The 
magnitude of the peak seems to rule out the 
extreme enhancement scenarios 
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h, 
0 

n a  
OG - Run2p+p at - 

Heavy flavor electron 
0 PRL accepted recently. (hepex/0508034). 

Data spectrum of Run 2 p+p seems to be the 
same or more harder than FONLL prediction. 
0 We are analyzing data of Run3 and Run5 
p+p for the extension in higher pT region. 

Red: RNlml2 h e a v  savor eneearorn Pt W V 4  

Blue: Run2 prompt muon 
We obtained the same result in the central (e, 1q1<0.35) 

and forward rapidity region (p, 1.2<lq 1~2.4). 
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- dNAA 
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0 We can see strong 
suppression even for 
heavy quark (charm) in 
high statistic Run4 data. 

We are preparing the 
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Theory curves: 
Greco, KO, Rapp, PLB 595 (2004) 202 

l f l l . l l l i l l l l ' l l l l ' l l l l l l l , t t l l l l ' l l l l '  

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 
Pr 

x 

0 Significant anisotropy is observed for heavy flavor electron. 

0 v2 has good agreement of charm flow assumption below pT < 2.0 GeVk 

0 In high pT region (pT> 2 GeWc), v2 is reduced. (b quark contribution?) 

0 If v2(D) = a*v2(n), v2(D) is non-zero value and 60% of v2(n). 



Open Charm Measurements in dsm=200 GeV p+p, d+Au and Au+Au Collisions at 
STAR 

Haibin Zhang 
Brookhaven National Laboratory 

haibin @bnl.gov 
for the STAR Collaboration 

The directly reconstructed Do meson production via its hadronic decay channel Do+nK in minimum bias 
d+Au and Au+Au collisions at dSNN=200 GeV with PT up to -3 GeV/c is measured in STAR. By using the 
STAR TPC (Time Projection Chamber), TOF (Time-of-Flight) and Barrel EMC detectors, single 
electrodpositron spectra with pT up to -8-10 GeV/c from the charm semi-leptonic decays are also analyzed 
from p+p, d+Au and Au+Au collisions. The charm production total cross-section per nucleon-nucleon 
collision is measured to be 1.11 f 0.08 (stat. error) f 0.42 (sys. error) mb in minimum bias Au+Au 
collisions, which roughly follows an Nbin scaling compared to the charm total cross-section 1.4 f 0.2 f 0.4 
mb in d+Au collisions at the same collision energy, which indicates charm quarks might be mainly 
produced in initial collisions via parton fusion. The nuclear modification factors (RdA, and RAA) of the 
single electrons/positrons in d+Au and various Au+Au collision centralities are measured. The RdAu is 
slightly above unity indicating the Cronin effect in d+Au collisions. The RAA in central Au+Au collisions is 
suppressed as strongly as that of charged hadrons at high PT (pT>-2 GeV/c) so that the charm transverse 
momentum distribution must have been modified by the hot and dense medium in central Au+Au collisions. 
However, the amount of bottom contributions to the single electron spectra is still unclear. In order to better 
understand the heavy flavor production and its interaction with hot and dense medium at RHIC, directly 
measured charm hadron PT distributions are necessary. 
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Open Charm Measurements in .\ls,,=200 GeV 

p+p, d+Au and Au+Au Collisions at STAR 

Haibin Zhang 
Brookhaven National Laboratory 

for fhe STAR Collaboration 

Heavy Flavor Workshop, 12/12i2005 Haibin Zhang 1 

Motivation - Charm vs. Thermalization 

a Charm or "charm resonance" 
interact with the medium via 
scattering: 

> Its phase space shape 
may be changed at low pr 
(c3-5 GeV/c) 

> Charm could pick up elliptic 
flow from the medium 

o Measurements of charm pr 
spectra and elliptic flow may 
give us hint that the partonic 
matter might he thermalized 

Hees and Rapp, PRC 71(2005) 034907 

Heavy Flavor Workshop, 12/12/2005 Haibin Zhang 3 

Motivation - Charm Production Mechanism. 

6 Our final goal is to understand the properties of the hot and dense matter produced 
in heavy ion collisions 

Q C h r m  can provide a unique tool to study important properties of the new matter 

charm production mechanism first 
we have to understand the Z. Lin 6; M. Gyulasy. PRC 51 (1995) 2177 

oi Charm is believed to be produced in 
initial collisions via gluon h i o n  5 
cham1 total cross-section should follow 

e--+ Bcllthard danbution 
0- hnni didnbulao 

Bjarken Catmlatlon 
N,,, scaling from p+p to Au+Au 

@It's important to measure charm total 
cross-section in Au+Au and compare to 
that in p+p and d+Au 

looO.O 2.0 4.0 6.0 6.0 10.0 
Pr ( O W  

Heavy Flavor Workshop, 12/12/2005 Haibin Zhang 2 

Motivation - Charm Energy Loss 

0 In 2001, Dokshitzer and Kharzeev 
proposed "dead cone" effect * charm 
quark small energy loss, but in vacuum 

0 Recent: H e a y  quark energy loss in 
medium, e.g.: Armesto et al, PRD 71, 
054027,2005; M. Djordjevic et al., PRL 94, 
112301,2005. 

Q A measurement of open cham enerby 
loss c3n teach us the energy density ofthe 
pwtonic medium 

Heavy Flavor Workshop, 12/12/2005 Haibin Zhang 4 



What STAR Measures 

1 Hadronic decay channels: DO+Kn, D'+DOn, D+'-+Knn 

1 Semileptonic channels: . c -+ e+ + anything (B.R.: 9.6%) 
.- Do -+ e+ + anything (B.R.: 6.87%) 
- D* --f e* + anything (B.R.: 17.2%) 

Heavy Flavor Workshop. 12/12/2005 Haibin Zhang 5 

Do Measurement Technique 

Event mixing technique 
8 Select K and 6 tracks from PID by energy loss in TPC 
6 Combine ail pairs from same event =) SignaicBackgrounc 

8 Combine pairs from different events 2 Background 
0 Signal =same event spectra- mixed event spectra 
0 More details about this technique can be found at 

PRC 71 (2005) 064902 and PRL 94 (2005) 062301 

Heavy Flavor Workshop. 12/12/2005 Haibin Zhang 7 

Do Signal 

1.7 1.8 1.9 2 

PRL 94 (ZOOS) 062301 
Q,JKn) (GeV/c2) 

1.7 1.75 1.8 1.85 3.9 1.95 2 

Kir Inv. Mass (GeVlc') 

QM05 n~~l-~x /0510063 

Heavy Flavor Workshop, 1 2 / 1 ~ 0 0 5  Haibin Zhang 8 



Electron ID - TOF 

o TPC measures particle energy loss 

0 The cut [lip-1 1<0.03 excludes kaons 
and protons 

0 TPC dE/& fiuther separates the 
electron and pion hands 

J a: 
$,, 

Heavy Flavor Workshop, 12/12/2005 Haibin Zhang 9 

1. TPC dE/dx for p > 1.5 GeV/c 
* Only primary tracks 

* Electrons can be discriminated 
(reduces effective mdiation length) 

well from hadrons up to  8 
GeV/c 
Allows to  determine the 
remaining hadron contamination 
after EMC 

2. EMC: 
a) TowerE +p/E 
b) Shower Max Detector (SMD) - Hadrons/Electron shower 

develop different shape - Use # hits cuts 
85-90% purity of electrons 

(pT dependent) 
h discrimination power * 104-105 

Electron ID - EMC 

Heavy Flavor Workshop, 12/12/2005 i 

Electron ID - TOF 

0 3  
o Project the 2-D distnbuhons into 
IoglO(dEdx/dEdxBichsel) for each pT 
bin 

0 Gauss~an + Exponenhal fit at lower 
pr and two Gaussian fit at higher pr 

-io= a 0‘  

2 5  
9 $5 1 

ZxJ.2 
xJ3 

5 Inclusive electron yields 
can then be obtained for each 
pr bin 

Heavy Flavor Workshop, 12/12/2005 Haibin Zhang 10 

Photonic Background 
For each tagged e+(e-), we select @e 
partner e(e+) from TPC global tracks 
to make invariant mass. II Dalitz decav 

x l e d  ’““b2? , , ,ToF, , , , , %* &’<?:;; @, *,,*$ track rotating technique 
I Combinatorial background reconstructed by 

lnvanant mass c 0 15 for photonic 
up. [&I CC~VlG, 

background. 

Heavy Flavor Workshop, 12/12/2005 Haibin Zhang 12 
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Inclusive Electron SDectra - TOF 

Heavy Flavor Workshop. 12/12/2005 Haibin Zhang 13 

Non-Photonic Electron Spectra 

Non-photonlc electron spectre I 
0 TOF non-photonic electron spectra 
are measured in p p ,  d+Au, Au+Au 
minbias, 0-20%. 20-40%, 4040% 

0 EMC non-photonic electron spectra 
are measured in p+p, d+Au, Au+Au 
minbias. 0-5%, 10-40%, 4040% 

0 Non-photonic electron spectra 
measured by TOF and EMC are 
consistent with each other by proper 
Nbin scaling 

pr ( G e W  

Heavy Flavor Workshop, 12/12/2005 Haibin Zhang 15 

Inclusive Electron Spectra - EMC 
I Inclusive electron spectra I I Inclusive I background 1 

ru.w.rilehycs, 

Y *li.~,O4c,i,,~"Ol 

'o"0 1 2 3 4 5 6 7 8 9 I O  
P. (GeVlcl 

0 1 2  3 4 5 6 7 8 9 10 
P, ( G e W  

0 Significant excess at pPiGeVic 3 contribution from heavy flavor 
semi-leptonic decay 

Heavy Flavor Workshop. 12/12/2005 Haibin Zhang 14 

Combined Fit 

DO and  eicombined fit 

€3 Power-law function with parameters 
dNldy, cpT> and n to describe the DQ 

Q Generate DO+e decay kinematics 
according to the above parameters 

8 Vary (dNldy, <p,.>. n) to get the min. 

e Advantage: D and e spectra constrain 
with each other 

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 
(GeWc) 

Heavy Flavor Workshop. 12/12/2005 Haibin Zhang 16 



w 
0 

Charm Total Cross Section 

Charm total cross section per NN 
interaction 

0 1 .I3 f O.OS(stat.) f 0.42(sys.) mb in 
200GeV minbias Au+ALI collsions 

1.4 k 0.2(stat.) I O.ri(sys.) rnb in 
200GeV rninbias d+Au collisions 

0 Charm total cross section follows 
roughly Nbin scaling from d+Au to 

0 Indication of charm production in initial 

Au+Au considering errors 

collisions 
102 i o 3  
Collision EnergyG (GeV) 

Heavy Flavor Workshop, 12/12/2005 Haibin Ulang 17 

Nuclear Modification Factor - EMC 

Q Chanii high pT suppression is as strong 
as light hadrons!!! 
o Any beauty contributions? 

wm o We need to measure direct D to 

*. 

1 2  3 1 5  8 zp;<&,*) t I J 4 5 * I s s 

clarify this 
Heavy Flavor Workshop. 12/12/2005 Haibin Zhang 19 

Nuclear Modification Factor - TOF 

P *,"lulWM.au%,.rr 

0 0.5 1 15 2 2.5 3 3.5 4 4.5 
pr (GeVic) 0 

th (GeVlc) 
Q TOF non-photonic electron spectra in central &a ininmas xutxu are lower man 
the Do+e curve in d+Au scaled by Nbln 
0 TOF non-photonic electron nuclear modification factor are significantly smaller 
than unitv at 02-1.5 GeV/c 

Heavy Flavor Workshop, 12/12/2005 Haibin Zhang 18 

Summaw 
Q Do is reconstructed via its IC-x hadronic channel in d+Au and Au+Au at 200GeV 
0 STAR Tim-of-Flight and EMC detectors provide good PLD for electrons 
o Non-photonic electron spectra are measured in p p ,  d+Au and Au+Au at 200GeV 
Q Combined fit with Do + e 2 charm total cross section per NN collision: 

i. 1.4f0.2S.4 mb in d+Au at 200GeV 
L 1.13fO.09fO.42 mb in Au+Au at 200GeV 
2. Within experimental uncertainties, charm cross-section follows Nhi, scaling from 

d+Au to Au+Au collisions at LOOGeV!!! 
0 Strong suppression of non-photonic electron R>,,, at high pr observed in crntnl Au+Au 
collisions 3 Challenge to existing energy loss models 

0 Cham transverse momentum distribution has been modified by the hot and dense medium 
in central AutAu collisions!!! 

0 In order to better understand the heavy flavor production and its interaction with the hot and 
dense medium at RHIC, isolated charm from bottom, directly measured charm-hadron pr 
distributions are necessary. High statistics of p p  and Au+Au data are important. 

Heavy Flavor Workshop. 12/12/2005 Haibin Zhang 20 



Charm (oni u m) and Bottom (oni u m) 
measurements 

E. Scomparin 
INFN Torino (Italy) 

Via P. Giuria I, 1-10125 Torino (Italy) 

Heavy quark and quarkonium production are an essential part of the 
heavy-ion program a t  SPS energy. I n  particular, quarkonium 
production has been studied by NA38, NA50 and, more recently, by 
the NA60 experiment. 
The results show that in both In-In and Pb-Pb collisions an anomalous 
J/v suppression is present, Le. suppression mechanisms different 
from nuclear absorption must be invoked to explain the observed J/v 
yield. The onset of the anomalous suppression occurs a t  around 
r-4 part =loo .  From the comparison of the centrality pattern of the J/v 
suppression between various systems, one can look for the physics 
variable, related to centrality, that drives the J/v suppression. 
A first study of open charm production, triggered by the previous 
discovery (by Helios-3 and NA38/NA50) of a dimuon excess in the 
intermediate mass region (mb<m,,<m,,,,,), has been recently 

roduction scales, with respect to pp and PA, with the 
number of nucleon-nucleon collisions. This result implies that the 
intermediate mass excess is not due to an anomalous open charm 
enhancement, but rather to a "prompt" source. Further work, by 
theory and experiment, is needed in order to understand if thermal 
dimusn production can account for the observed excess. 

reliminary results show that, in In-In collisions, 
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OJ/, ICrDY in Pb-Pb collisions a t  158 GeV 
Final NA50 set af data 

E,. (CeS'1 

Old reference 
[include S-U in the determinatian 

Study of various centrality estimators 

rn P a b r n  eswsi~brrut with E,-based analysis 
B~pm=im-tzi from normal nuclear absorption a t  mid-centrality 
Suppression incmas~s with centrality 
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y&--,---.d-.-.----.d-- --__-- Cam2pai~ the centrality distribution of the 
rm~asui-m! Spy sample with the distribution 

b 
t 
~. expected in case of pur- n ~ c l ~ m -  &maptisn ,J 

Use matched J/y sample 

+-++ +++ +-+- 
-t A- 4 

-i- 
-4 

c. 

Iw~ffkianeias introduced by the cuts, 
used in the event selection, affect in zw+- v'. 

0 Main advantage 

0 Main drawback 
=;' Fiiwch smdw statistical errors 

j .  No intrinsic normalization, if 
absolute cross sections are not 
known 

. lo.  ' $2.- Work in progress to obtain da,,,JdE,,, 0.97k---g--- 
b%k 0 2  

Comparison with expected yield 
Data are compared with a calculated J/y centrality distribution 

0 Use ~ , , ~ a b s =  4,18 f: 0.35 mb 

! 

I 

Numhex af partkipants 

0 Drrusat of anomalous suppression 
in the range 80 7: Npat < 100 
51ia$uratlsrru a t  large Npart 

I 

Number of participants 
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Comparison with 
- . - a ,  _-"- - - _ _ c  %.. 

previous results 

The 5-U, In-In and Pb-Pb data 
points do not overlap 

in the L variable 

S-U most central point ? 

Comparison with theoretical models 

I 

No quantitative agreement with any model 
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NA50 spectrometer 

Matching in coordinate 
and momentum space 

I Improved dirnuon 
I f%=igiw OF m~cians can be accurately determined 

--..llr=;=== 
BF ,.,.*.,- .*" 

Weighted offset distribution 
of the expected sources 

1 3 4 5 6 

0 Br~n-upt contributian -+ average of the J/y and p measured offsets 
0 Dp~in  charnu contribution -+ MG distribution, after smearing 

35 



I 

Check NA50 hypothesis using muon offsets 
Fix the prompt contribution to the expeckd DY 
Can the offset distribution be described with an ~nhamcad cham7 yleOd? 

Kinematical domain 
1.2 c M c 2.7 GeV/c2 

< YCM < 
lcosel c 0.5 

Answer: No, the fit fails 
Charm is too flat to describe the remaining spectrum ... 

AI t e  rn a t ive opt i o n 5 

.Try in describe the offset distribution leaving both contributions free 

Answer: Two times more prompts than the 
expected Dmll-Yan provides a good fit 

[and the charm yield is as expected from the 
NA50 p-A dimuon data] 
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el 

where we assume the .following system 
B thermal equilibrium 
b homogeneous in finite volume with periodic b.c. 

n B ' 7 j f y Q  DQp\Q#I 5 r" )2 ii \%Q 1 10 0 Tr2 j 1 li 

Of course the situation is rather different from 
that o f  actual experiments 

Heavy Flavor Productions & 
HotlDense Quark Matter 
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P 
0 

6 

4 

h 

8 
7 

2 

n 

V, smeared, t,3,=NV2 
niDM=2.4 

t I , I , .  . . I . ,  ,~ 
u 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
0) 

2 

h 

$1 

J/$ aboveTc 
- T-i.08T~ - T=I.lTTc 

TTi .40Tc 
___) T= 1 .~SC 
- 
V, smeared, t,,,=Nt12 

mDb3=2 .4 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 
w 

TxTc : no mass shift ,  almost same SPF as T=O 
T>Tc : peak structure survives up t o  1.2Tc (?) 

Heavy Flavor Productions & 
HotlDense Quark Matter 
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Heavy Quarkonium Formation via Recombination in QGP 

R. L. Thews 

Department of Physics, University of Arizona 

Tzlcson, AZ85721, USA 

(December 12, 2005) 

Theoretical predictions and models which incorporate in-medium recombination of heavy 

quarks in the formation of quarkonium states are discussed in the light of the most recent 

RHIC results. At present the models fall into two general categories, both of which as- 

sume that the number of quark-antiquark pairs produced via the initial hard interactions 

of nuclei remains essentially unchanged throughout the subsequent evolution of the sys- 

tem. The first utilizes a statistical description of hadron abundances with temperature and 

baryon chemical potential k e d  at the hadronization transition. These abundances are then 

adjusted by a heavy flavor fugacity factor to account for oversaturation due to the initial 

number of pairs. The second type also starts with this fixed number of pairs, and follows a 

time evolution of the system during which formation and dissociation of charmonium pro- 

ceed via various mechanisms determined by the state of the system. The initial PHENIX 

measurement of RAA for J /@ as a function of centrality favors the inclusion of in-medium 

formation. The measurement of ( p ~ ~ )  of the J /$  as a function of centrality, also appears 

to require substantial in-medium formation. The (p& values are consistent with charm 

quark momentum distributions unchanged from their initial production predicted by pQCD 

calculations. At present however, the experimental uncertainties are too large to reliably 

exclude the possibility of some degree of charm quark thermalization. 
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DO THE Y AND P, SPECTRA PROVIDE A 
QUARK RECOMBINA.TION SIGNATURE? 

R. L. Thews and M. L. Mangano: nucI-th/O505055, PRC (in press) 

1. 

2. 
P 
P 

3. 

4. 

Generate sample of ccbar pairs from NLO pQCD 
(smear LO qJ 

Supplement with 
confinement effects 

to simulate initial state and 

Integrate formation rate using these events to define 
particle distributions (no cquark-medium interaction) 

Repeat with cquark thermal+flow distribution 
(maximal cquark-medium interaction: thermalization?) 



J 

T 
J/ \~f Formation pT Distributions 

1 oo 

10-1 

Comparison with direct Thermal Distxibution 
1 I I I I f I t I I I I I I I I I t I I 1 I 

EBlsAll 3 & I Fornation from thermal charni, T = 170 MeV, yTmX = 0.5 

PI 

Fornation from pQCD cham 
pQCD diagonal cc pairs 

B 

I m Formation from thermal charm, T = 128 MeV, y,--- = 0.65 4 

I U  



4
 
e
 

I
 

46 



47 



I 
I 

48 



Collective Flow, RAA and Heavy Flavor Rescat tering 

Hendrik van Heed, Vincenzo Greco2 and Rdf Rapp’ 
‘Cyclotron Institute and Physics Department, Texas A&M University College-Station TX, 77843-3366, USA 

2Laboratori Nazionali del Sud INFN, via S. Sofia 62, 1-95123 Cata.nia, Italy 

December 12, 2005 

Abstract 
Open Charm and Bottom 
We evaluate thermalization and collective flow of charm (c)  and bottom (b)  quarks in relativistic heavy- 
ion collisions. Motivated by recent lattice-QCD results, we assume the existence of D- and B-meson like 
resonance states in the strongly interacting quark-gluon plasma (sQGP) for temperatures ‘1’ 5 2YL to 
study heavy-quark thermalization via resonant elastic heavy-light quark scattering. We calculate drag 
and diffusion coefficients within a Fokler-Planck approach which we use in a Langevin simulation to 
compute transverse-momentum ( p ~ )  spectra and elliptic flow (212) of c- and b-quarks in the quark-gluon 
plasma (QGP), while the flow profile of the expanding QGP is parameterized by an elliptic fireball model 
adapted to describe findings from hydrodynamic models. We find large suppression factors and 212 for 
c-quarks without further upscaling of cross sections as is necessary in perturbative-QCD calculations 
for both elastic scattering and radiative energy loss. We use a combined heavy-light quark coalescence 
and fragmentation model for the hadronization of the heavy quarks to U- and B-mesons. We find that 
the RAA and 212 of the associated decay electrons is in approximate agreement with recent experimental 
results from the Relativistic Heavy Ion Collider (RHIC) for non-photonic single electrons (e*). Thus, 
the existence of resonances in the sQGP is a viable non-perturbative mechanism for early charm-quark 
thermalization as suggested by the e* data from RHIC. 

Bottomonia at RHIC 
We investigate the properties of bottomonium states, T, T’, and X b  (Y) in the QGP by evaluating 
dissociation rates, taking into account in-medium modifications of b-quarks and color screening. The 
latter renders bottomonia less bound in the QGP, and the usually applied dipole approximation for the 
gluo-dissociation process (Y + g 4 6 + 6) becomes inefficient. Therefore, we introduce quasi-free inelastic 
scattering, i.e., g, q+Y + g, q+b+b, as the most relevant breakup mechanism for bottomonia in the QGP. 
We apply corresponding dissociation rates in a rate equation to calculate the time evolution and centrality 
dependence of bottomonium yields under RHIC conditions. While in a similar approach for charmonia 
it was shown that a large fraction of the final J / 4  yield at RHIC is due to secondary regeneration in the 
quark-gluon plasma, for the T we find a large suppression. This finding depends sensitively on the color- 
screening effects for the T in the QGP. If this scenario is valid, it may lead to a larger (net) suppression 
for bottomonia than for cha,rmonia which would be an intriguing new signature for the formation of a 
strongly interacting QGP in heavy-ion collisions at collider energies. 

49 



. Motivation 

Measured p~ spectra and v2 of non-photonic single electrons 
coalescence model describes data under assumption of thermalized c 
quarks, flowing with the bulk medium 
What is the underlying microscopic mechanism for thermalization? 

pQCD elastic HQ scattering: need unrealistically large a, 
[Moore, Teaney ,041 
Gluon-radiative energy loss: need to  enhance transport coefficient @ by 
large factor [Armesto et  a l  'OS] 

Assumption: survival of D- and B-meson resonances in the sQGP 
faci I itates elastic heavy-q uark rescattering 

elastic heavy-I ight-( a nti-)q uark scattering: Dress propagators with 

D- and B-meson like resonances in sQGP 

parameters 
mu = 2 GeV, Tu = 0.4.. .0.75 GeV 
rnB = 5 GeV, rB  = 0.4.. .0.75 GeV 
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-Res. s-channel - 
- - Res. u-charnel - 
- - pQCD qc scatt. - 

10 - 

8 -  

4 s  [GeV] 

Use LO pQCD with Debye-screened t-channel gluons (pg = gT) 
total pQCD and resonance cross sections: comparable in size 
BUT pQCD forward peaked * resonance isotropic 
resonance scattering more effective for friction and diffusion 

Calculate drag and diffusion coefficients in Fokker-Planck approach 
from elastic resonance scattering cross sections 

A(t, p )  friction (drag) coefficient = 1 / ~ ~ ~  
Bij: time scale for momentum fluctuations 

to  ensure correct equilibrium limit: Bl(t,p) = T(t)E,A(t,p) 
(Einstein d issi pat ion-f I uctuation rela tion) 

Resonance scattering + enhancing FP coefficients by factor N 4 
compared to  pQCD 
describe bulk QGP medium by elliptic fire-ball parameterization 
fitted to hydrodynamical flow pattern [Kolb '001 
Isentropic expansion: S = const (fixed from N&) + T(t)  
simulate FP equation as relativistic Langevin process 

initial conditions from exp. pT-spectra for D-mesons and non-phot. 
electrons =+ initial b, c spectra 
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Hadronization: Coalescence with light quarks 
(fixed before [Greco et al 031) + fragmentation (3, b6 conserved) 
input for e- and b-quarks from Langevin simulation 
single electrons from decay of D- and B-mesons 

25 1 0 PHEI~IX I " " I -c+dreso : 

20 : 3 

OSTAJZprel. -c+bpQCD 
- .PHENIXQMO5 I - creso - 

5 :I 0 

Rough agreement with data from elastic reson 
a% crass sections! 

Hadronization: Fragmentation only 
single electrons from decay of D- and B-mesons 
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Assumption: survival of resonances in the ( 
nonperturbative re-interactions of heavy quarks in QGP 

servables via Langevin approach and coalescence+fragmentation 
( c )  ( c )  nance scatterin + RAA fi 0.2, 112 fi 0.1 

of cross sections 
small effects on bottom quarks 
Heavy-light quark coalescence enhances up) and RAA for p f l  N 2 GeV 
bottom dominates for p~ > 3.5 GeV + reduced suppression, 11:) 

For details, see: HvH, R. Rapp, Phys. Rev. C 71, 034907 (2005) 
[ n ucl-t h/0412015], 

Greco, R. Rapp [nucl-th/0508055, hepph/0510050] HvH, V. 

Further nvest iga t ions 
improved (softer) fragmentation 
better control of coa I escen ce/f ragm en t a  t ion rat io 
i m pl em en t a  t ion of gl uo n- ra d i a t ion processes 
quantitative consequences for qua r kon ia 

Motivation 

Matsui & Satz (1986): 
Quarkonia suppression due La color screening as signaLure of QGP in 
heavy-ion collisions 
sQGP: from IQCD Q resonances survive a t  T 

I I  J /$  and qc melt" a t  T(iL') li 2Tc 

Resona nces faci I i ta t e  secondary regenera t i 
cE recombination substantial part of final 
[Braun-Munzinger e t  a l  01, Thews e t  a l  01, Grandchamp, Rapp 011 
J / @  supp~essioua dominant a t  SPS 

T: T2ss Ili 4Tc 
of quarkonia in QGP 
+ yieUd a t  RHIC 

Bottomonium a t  RHIC? 
similar to  Charmonium a t  SPS? 
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gluo-dissociation becomes inefficient for loosely bound states 
+ destruction by quasifree scattering of bound c(or E )  with q and g 

I . ' . ' . " ' ' I ' . " ' . . . ' I ' ' ~ " . . . ' l r  - 
8 -  - Total - - Direct - . Regenerated 

NUC. Abs. - 
......................... . 

- 
- Quasifree 
- Feeddown included 

00' 100 200 300 400 
' "..- 

NP,,t 

Au-AU 
4 s  = ZOO AGeV 

0 50 LOO 1.50 200 250 300 350 400 

Nm 

[Grandchamp e t  a l  031 S u p pression preva I en t effect 
color screening in QGP [Karsch, Mehr, Satz 881 
suppression of higher bottomonia and feeddown to T 

with vacuum T masses: thermal suppression for T negligible 
magnitude of suppression sensitive to  color screening 
J/$: yield dominated by regeneration 

rate-equation approach to  evaluate T abundances 
Dissociation rates from quasi-free destruction process 
Suppression predominant effect a t  RHlC (and LHC) 
At LHC: substantial fraction of total T yield due to  regeneration 
Color screening main microscopic mechanism for suppression 

7' may be more suppressed than J/t$ 
intriguing new signature for QGP formation in ultra-relativistic 
heavy-ion collisions! 

For details see: L. Grandchamp, , S. Lumpkins, D. Sun, HvH., R. 
Rapp [ hep-ph/0507314] 

Future work 

more microscopic approach for dissociation-regeneration processes 
pi' spectra (v2) for bottomonia 
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Ma evic 
io State University 

Quark Gluon Plasma is the new form of matter expected to be created in Ultrarelativistic 
Heavy Ion Collisions. Heavy quark production and attenuation will provide unique 
tomographic probes of that matter. To compute nonphotonic single electron spectra we 
apply the radiative energy loss. We show that both charm and bottom contributions have to 
be taken into account. Surprisingly, recent data on nonphotonic electron quenching in 
central Au+Au collisions at 200 AGeV at RHIC show significant discrepancies with 
theoretical predictions (that are based on radiative energy loss mechanisms) as long as 
realistic values for multiplicity are used. We discuss whether the inclusion of the elastic 
energy loss can lead to the agreement with the experimental results. 



1.2 

1 

0 1 2 3 4 5 6 7 8 9  

J. Dunlop, J. Bielcik; QM2005 talks 
__-- 

V. Greene, S. Butsyk, QM2005 talks 
__I______ 

v u c i o n  at high .-_l_l___ pT suggest sizable energy _l__ll_- loss!E __ 

Outline 

2) Heavy meson (I3 and B) and single electron 

3) B mesons can not be neglected in the 
computation of single electron spectra. 

5) Inclusion sf elastic energy loss as a solution? 
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Radiative heavy quark energy loss 
Three irmposrtarmt meolimm effxxts control the radiative energy loss: 
1) T ~ r - ~ i ~ ~ y e ~ a n  effect (M. D. and M. Gyulassy, Phys. Rev. C 68,034914 (2003)) 
2) Transition ra iation (M. D., to be published). 

3) Energy ]loss due to the interaction with the medium 
(M. D. and M. Gyulassy, Phys. Lett. B 560,37 (2003); Nuel. Pliys. A 733,265 (2004)) 
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I 

Transition & Ter-Mikayelian for charm f What about light quarks? 
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3- 0.3 
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0.2 

/ 
I 10 15 21 

E[GeV] 

Two effects approximately cancel 
each other for heavy quarks. 

I /  l i i  

n 
n 
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n 
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0.25 

For 10 GeV heavy q~uarrk (e, b) jet, thickness dependence is closer 
to Kmear Bethe-Heitler like form L1. This is different than the 

0.2 

E 
0.1 

0.05 

Medium induced energy loss for charm and bottom 

mglue =0.35GeV / 

L=5fmI ,I= Ifm 01, 
5 10 15 20 25 

E GeVl 

0.4 

0.3 

b E g  
- 0.2 

E 

a. 1 

0 
I 2  3 4 5 . 6  7 

L S m l  

Y 

Before quenching 

1 02 Au+Au 

. .  . .  
2 4 6 i I O  12 14 16 

P I  [GeVI 

After quenching 
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Practical solution is to increase 
the gluon rapidity density 

[ L d  . . . c 
1.2 

1 

. _ _ ' , _ _ _  0.4 

Reasonable agreement, but the 



1s elastic emC2rgy loss impmtamt? - 

Early work I 
I Recent work: 
I 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 
I 

I Used correct a = 0.3 

I mastic ~ p d i a t i ~ e  energy nosses Conclusion was based on wrong I 
assumptions (Le. they used a =0.2). 1 are! eaDmparTableP 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
First results indicate that the elastic energy loss may be important 

(see talk by Simon Wicks) 

Pd0r.e Rm=k is me:@d.@OlP, calculations can give only rough 
estimates to jet quenching. 

. c ~ u ~ ~ ~ ~ s i o m s  
We applied the theory of heavy quark energy loss to 

compute heavy meson and single electron suppression. 

The recent single electron data show significant 
discrepancies with theoretical predictions based only on 

radiative energy loss. 
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Influence of Energy Loss on 
Heavy Flavor Quenching 

Simon Wicks 
Columbia University 

Work done with William Horowitz, Magdalena Djordjevic and Miklos Gyu 
with input from Azfar Adil 

assy 

a 

Collisional energy loss must be included to account for all perturbative physical effects 

Important theoretical issues remain to be resolved 

- Retardation effects 

- Collisional - radiative interference 

- Running coupling 

e Fixed L predictions get closer t~ single electron RAA data 

Fixed L predictions move away from the mo RAA data 

BNL Heavy Flavor Workshop, 12th December 2005 



0 I .o I I I I I I 

PHENIX dN$dy=lOOO - STAR QM05 prelim - 

. Constraint on dN /dy: - 
bulk entropy dengity from total pion 
rapidity density. n 

0 

0 

0 

0 

AIM: TQ establish experimental limits 8n the kinematic range 
in (pT,y) where perturbative QCD can be accurately used 

to predict jet dynamics in dense QCD media. 

F . Cannot jus;:: vo!ial inu dN /dy =: -3500 -y*6 

Stay with pQCD, where falsifiable 

oc" Ql 
c 

0 

W 

2 
A!? 0.4 
+ N on-pertu rbative effects? 

predictions are possible 

Include collisional energy loss in 
addition to radiative. 

0.2 

2 6 8 
0.0 (as suggested in M. Djordjevic thesis) 
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~ 

~ 

Models of elastic energy loss 

I I I I I I I I I  I 1  1 ' 1 1  1 1  

\ dNg/dy = 1000 
. Collisional energy loss is of the 

same magnitude as radiative in 
the kinematic region of interest 

kinematic estimate of magnitude 

L=5frn - 0.3 - *v. \., (see M. G. Mustafa, Phys.Rev.C72:014905,2005) \6 
g-- - . First estimate: Bjorken c -Elastic 

1- 

w 
(FERMI LAB-PUB-82-059-THY, unpublished), 
then over time, improved 
treatment of IR and UV. 

I 

- - - _ . - - -  
b -Elastic 
c------ 

0.1 c 
0 IF M rthe r poss i lo u e i n7l p rave lime n 8: 

------ input from evolving medium 
simulations by Molnar and 
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Results - Partonic Raa ( d L=5fm 
I_ - - _ _ _  

Fixed L=fifm; a=0.3; dNs/dy=l 000 
Charm 

1.0 1 I I 1  1 1 ’  1 1 l I  I 

1 0.8 

L 

----------- 
Elastic only -------_--- 

dNg/dy = 1000 
L=Eifm 

- 

0.2 

6 8 10 12 14 16 18 20 
Y.” 

PT GW 

1 .o 

0.8 

n 

a‘ 

z 
v 

3 0.6 E 

% 
0- 

0.4 
c. .I.- 

0 m 

0.2 

0.0 I I I I I I I I I I I I 

6 8 I O  12 14 16 18 20 
PT ( G W  

oRadiative + collisional -2x suppression of radiative alone 

nLarge difference between BT and TG for bottom quark quenching 
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Role of Dynamic Geometry in Heavy Quark Tomography 

William Horowitz 
Columbia University 

We show that models based on simplified nuclear geometries lead to surface emission 
bias. As a result, we use the more realistic Woods-Saxon distribution; unfortunately, 
natural definitions for,the edge and for the length a parton propagates in the medium are 
lost. Defining the length as a line integral through the participant density divided by the 
density’s average value, we calculate the incoherently convolved DGLV inelastic loss 
(with multigluon fluctuations) with the infinite time elastic loss for fixed strong coupling. 
We see that the partons probe a significant portion of the medium, and that the average 
partonic lengths of emission do not evolve intuitively as a function of parton species and 
transverse momentum. Using pQCD production (with bottom) and fiagmentation, 
inclusion of both energy loss mechanisms, allowing path lengths to fluctuate, and varying 
the coupling all lead to large effects on the theoretical RAA values, which may be seen as 
simultaneously fitting the lion-photonic electron RAA and the pion RAA within error. 
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f Nuc I 

* Simpler I densities create: a surgace bias 
Hard Cylinder 

j O . 6  -3 0 3 

Hard Sphere Woods-Saxon 
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Av Lenoths e3 o Ernission 

* Dynamic volurne dkpends on partonic 
species and pT 
- For pT= 5, 10, 15, 20 GeV, a,= .3 
- <L 3 = 1.74,1.93,2.16,2.41 fm g 
- <Lu3 = 3.83,4.21,4.47,4.62 Em 
- <L,> = 4.45,4.43,4.48,4.50 fin 
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The Results 
as= .3 

* Electro'ns * Pions 

P =I 
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* E1e~tro1-1~ 
a, = .4 

* Pions 
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P.-B Gossiaux (gossiaux@subatech.in2p3.fi-) 

SUBATECH - Nantes (France) - UMR 6457 

Ecole des Mines de Nantes, IN2P3 et Universitk de Nantes 

Thermalization of heavy quarks and consequences 
on charmonia production 

summarv: 4 w 

We study the time evolution of the phase space distribution of charm quarks during QGP expansion within the 
fi-ame of the Fokker-Planck equation. This permits to include mechanisms such as energy loss and fluctuations in a 
very natural and flexible fashion, without resorting to a microscopic description of the surrounding medium. As a 
first application of this formalism, we study the RAA of the decay-electrons of outgoing D mesons, which permits 
to calibrate the transport coefficients. From this observable, we deduce that experimental data point towards a 
significant although not complete thermalization of c quarks in QGP. As for the elliptic flow of those D mesons, 
first results of our model seem to indicate that a significant part of it would be produced after the end of QGP. 

Having gained a better control on the evolution of the charm quarks during QGP, we turn to the study of the 
c+cbar + J/Psi+g reaction within this phase, i.e. to the (( delayed )) JPsi production. We present integrated as well 
as differential (as a he t ion  of its transverse mass and rapidity) rates and discuss the impact of QGP parameters as 
well as the dissociation temperature on these observables. It is found that the absence of chmonia enhancement 
at RHIC puts strong constrains on the dissociation temperature (and thus on lattice results) as well as on the initial 
number of charmed quarks produced in incoherent hadronic collisions. 



Schematic view of our model for hidden and open heavy 
flavors production in AA collision at RHIC and LHC 

(hard) production of heavy 
quarks in initial NN collisions 

of QGP through coalescence of 
c/b and light quark 

Quarkonia formation in 
QGP through c+c+Y+g 
fbsim process 



Four sets: 
I Transport coefficients I 

1. 
2. 

FP coefficients (A,B)=(drag,difis) deduced by Mustafa, Pal and Srivastava ( M P S )  
Adapt (A,B) + (& =A,B,) such then the associated fasympt 
Boltmann distribution, and then + (qOl Ath, qO1Bth) with qOl 
varying from 0 + in order to span from free streaming + 
instantaneous thermalization. 
M P S  + (( radiative )) coefficients deduced using 
the Gunion and Bertsch elementary cross section 
for qQ +qQ+g and its equivalent for gQ +gQ+g 

3. 
[-15 1 

4 ul 
in t-channel (u & s-channels are suppressed at 
high energy). I I 

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

0 2 4 C E 16 4. No LPM for the time M P S  + K , , ~ x  RAD 
B,, (GeVA2/fm c) 

u - 4 0 p(GeV/c) 



Leptons (t D decay) transverse momentum distribution (y=O) 

1.4  

1.2 

1 

0.8 

0.6 

0.4 

0.2 

- 

0-10% 

I . , , , , , , 

2 4 6 8 

1 .4  

0.8 

0 .6  

0.4 

Min bias 

2 4 6 8 

20-40% 

2 4 -  6 8 

Conclusion I: 

One can reproduce the RM either : 
With cranked up collisional processes 

With (( reasonnable )) ( K ~ ~ ~  not far 
away fkorn unity) use of radiative 
processes. 
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NP-Electron elliptic flow at RHIC: comparison with 
experimental results 

0.1 

0.05 

4 
4 

-0 .05  

0.1 

0.05 

-0.05 

Collisional I 

Collisional + adiative I T ”  1 .  

BslS?2> . . c- quarks 
-= D - Decay electrons 

- Tagged const .quarks 
0.5 1 1.5 2 I 2 . 5  3 3 . 5  4 

Conclusion 111: 

One cannot reproduce the vz 

Contribution of light quarks to the 
elliptic flow of D mesons is small 

consistently with the RAA. t t l  . 



4 
00 

Results for J/\y production at mid-rapidity, central 
I 

- Heinz & Kolb’s hydro Component stemming out the recombination mechanism: 

T ~ ~ S S O C  = 300 

T dissoc = 180 MeV 

O N  C andT dissoc : key parameters as far as the total numbers are considered 
Thermalization increases production rates, but only mildly. 

Radial expansion of QGP has some influence for a very specific set of parameters 
Firm conclusions can only be drawn when the initial number of c-cbar pairs is 

known more precisely. 



Heavy Flavor Production in p-A Collisions 
Jen-Chieh Peng, Univ. of Illinois at Urbana-Champaign 

A-dependence of quarkonium production has been 
reasonably well studied in p-A. Negative 
are becomin available from HEM-B 
Open-cham A-dependence data at a wide range of 
rapidity is needed for understanding the RHIC 
A+A open-charm data 

* Polari ation of quarkonium remains a mystery. 
Additional information from E866 on Y’ and 
upsilon polarization will become available. 
New results on heavy quark production are 
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PT - distributions for J/Y! and Y 

Clark e t  al. 
0 Js=52 GeV 
A&=63 GeV 

2 2  ( p  IF ') = 2.48GeV /c 

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 

P T  (GeV/C) 

2 2  ( p T 2 )  = 3.45GeV /c forp + Cu + Y(1S) (E605) 



Polarization of JIV in p + Cu Collision 
R - I + A  COS*^ 

(A=l  : transversely polarized, A = -1 : longitudinally polarized 
A = 0. umolarized) 
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Polarization of V' is being analyzed 



Azimuthal cos24 distribution for DrelI-Yan process 
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Lingyan Zhu, DNP05 talk 
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Nuclear effects of open-charm production 
p + A -+ D + x at SI/* = 38.8 GeV 

E789 open-aperture, silicon vertex + dihadron detection 

h+h- mass spectrum 
(after vertex cut) 

9OOA Be 
do > 7.2 

t I 9OOA Au 

t h  1 OOOA Au 

1.0 - 

0.9 - 

a 
0.8 - 

0.7 - 

8 J/yt 
va 
D (E789) 

E866INuSea 
800 GeV p + A -> J/v 



Quarkonium Production and Cold Matter Effects in pp,  dA and AA Interactions 

R. Vogt 

Nuclear Science Division, Lawrence Berkeley National Laboratory, 
Berkeley, CA 94720, USA 

Physics Department, University of California, Davis, CA 9561 6, USA 

We describe hadroproduction of quarkonium in the color evaporation model 
(CEM). We show that the data is in qualitative agreement with the predictions 
of the model: ratios of xc/$ and $'/$ are independent of a. We describe 
the parameter choice of mQ and ,!LF = ,!LR for several sets of parton densities. 
The agreement between the CEM and the Tevatron Run I and Run I1 data is 
relatively good [l]. Measurements of the relative chi, to J / $  production rates 
in pp  and p p  as well as of their A dependence should provide more complete 
information about the production method [2]. 
Currently, the J /$  program at PHENIX is making progress, with data taken 
in pp,  dfAu, AufAu and CufCu collisions at & = 200 GeV and CufCu 
data at = 62 GeV. The CEM agrees well with the shape and magnitude 
of the pp  data. Initial-state shadowing and final-state absorption have been 
compared to the dfAu data as a function of rapidity and centrality [3]. The 
shadowing parameterizations (EKS98 and nDSg) and absorption cross sections 
(gabs < 3 mb) that best agree with fits to the d+Au data [4] are calculated 
for the AA case to determine the baseline from cold nuclear matter effects [5]. 
These predictions are compared to the AA data to determine the strength of 
possible dense matter effects [4]. Predictions for cold matter effects on J / $  
and 'Y production at the LHC in pPb and PbfPb collisions at 8.8 and 5.5 TeV 
respectively are also shown. 
[l] M. Bedjidian et al., arXiv:hep-ph/0311048; N. Brambilla et al., arXiv:hep- 
ph/0412158. 

[2] R. Vogt, Nucl. Phys. A 700 (2002) 539. 

[3] R. Vogt, Phys. Rev. C 71 (2005) 054902. 

[4] M. Leitch and R. Vogt, in progress. 

[5] R. Vogt, Heavy Ion Phys., in press [arXiv:nucl-th/0507027]. 
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Prediction of J /+ Rapidity Distributions at RHIC 
Agreement of CEM with overall normalization of Run 3 data good 
Shape has right trend for d+Au with EKS98 shadowing 

pp JB? - PHENJX Preliminary 200 GeV 

+PHENlX Run2 p+p & e'e- 

I PHENIX Run3 ete- T 80 PHENlX Run3 p+p- t PP 

9 60 
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dAu J/Y - PHENIX Preliminary ,200 GeV ~1 
t .  , . I .  I 
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Figure 10: The inclusive J/$! ;y distributions in fi = 200 pp (left-hand side for $1 (solid), $2 (clashed), $3 (dot-dashed) and $4 
(dotted)) a id  d+Au (right-hand side with +l a.nd EI<S98) interactions. Plots coiirtesy of Mile Leitcli. 



Setting Baseline Cold Nuclear Matter Effects at RHIC: 
In Collaboration with Mike Leitch 

Determine balance of shadowing and absorption from RHIC data 
Compare combinations of shadowing parameterizat ions and 
absorption cross sections to RHIC d+Au data 
Make x2 fits to R ~ A ~ ( z J ) ,  R d ~ ~ ( N ~ ~ l 1 )  for all combinations - are some 
parameterizations more favored than others? 
Take results with relative best agreement to determine the maximum 
range of cold nuclear matter effects in AA collisions 
This becomes baseline onto which hot matter effects of color screening 
and recombination can be added 
Results shown here for EKS98 and nDSg shadowing since their shapes 
are most compatible with the data 
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Absorption and Shadowing at RHIC: R d ~ ~ ( y )  
EKS98 and nDSg compared to d+Au data with 0 < o,bs < 3 rnb and 
MRST parton densities with m = 1.2 GeV, p = 2 m ~  

1.5 

< 1  oc" 

200 GeV p+Au -> J/Psi 
Vogt expanding octet absorption 

1 1 I I I 
- - EKS98 0 mb -- EKS981 mb ... EKS98 2 mb .-. EKS98 3 mb .-. EKS98 5 mb 

T 

-2 0 2 
Rapidity 

::", 
1.2 
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or" 
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0 

200 GeV p+Au -> J/Psi 
Vogt constant octet absorption 

1 I 1 1 I 

- deflorian ndsg 0 mb - - - deflorian ndsg 1 mb 
. - - . deFlorian ndsg 2 mb 
. - deflorian ndsg 3 mb - deFlorian nds 0 mb - - deFlorian nds 1 mb - .... deFlroian nds 2 mb 

- 
- 

T 
deflorian nds 3 mb 

------- 

-2 0 2 '  0.4 

Rapidity 

Figure 14: Octet absorption for 0 5 galj, 5 3 inb calculated with EKS98 (left) and nDSg (right) using the MRST PDFs and m = 1.2 
GeV, ,u = 2nzT compared to PHENIX data. (An additional overall norinalizatioii error of 12% is not shown.) RV and Mike Leitch, in 
progress. 
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Absorption and Shadowing at RHIC: R A A ( N & ~ ~ )  

Cold matter effects with Crabs - 2 - 3 mb in relatively good agreement 
with all but most central data 
Room left for some dense matter eEects 

AuAu - PHENM Preliminary data 
200 GeV JPsi - MRST, EKS98 

CuCu - PHENIX Preliminary data 
200 GeV JPsi - MRST, EKS98 

.. 
B 

1 

............... 
I - Omb *-.-.-.-._.-. B 

-- I m b  cucu . e - .  2mb .-. 3mb. 

e: 0.5 

PP 
0 

1 

0.5 

AuAu - PHENIX Preliminary data 
200 GeV JPsi - MRST, ndsg 

111 I I I I I I I I I 1  I 

------ 
* - a _ . -  ._.-.-._ 

0 
0 50 100 150 200 250 300 

NP& 

CuCu - PHENM Preliminary data 
200 GeV JPsi - MRST, ndsg 

I I I ~ I ~ I ' I I  

t 
- 

-- lmb  cucu ..-- 2mb .-- 3mb PP 

0 20 40 60 80 
NP& 

Figure 17: Octet absorption for 0 I: crabs _< 3 in12 (top to bottom) calcula.tecl with EKSS8 (left) aiid nDSg (right) with the NIRST PDFs 
and m, = 1.2 GeV, p = 2 m ~ .  PHENIX data are sliomi for Au+Aii and Cu+C!u collisions at 200 GeV in the forward /y i  (upper) and 
central ee detectors. RV and Mike Leitch, in progress. 



Heavy Quark Workshop, BNL 
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Heavy 0 uarkonia in a Hot Medium 

Cheuk-Yin Wong 
Oak Ridge National Laboratory 

& University of Tennessee 

CI Successes of the phenomenological recombination 
model suggest the possibility that heavy and light 
quarkonia may be bound in quark-gluon plasma 

Ll Two new surprising results from lattice gauge 
calculations 

Lattice spectral function analyses in quenched 
QCD show that JIy is stable up to 1.6Tc 

0 Lattice static Q-Q “potential” appears to be very 
strong between 1 and 2 Tc 
Shuryak, Zahed, Brown, Lee, and Rho suggested 
that even light quarkonia may be bound. in quark- 
gluon plasma 

0 We need 
0 

0 

0 

to confirm these lattice gauge results 
to study effects of dynamical quarks on J/y, 
stability 
to assess the strength of the Q-Q potential 
to examine the stability of heavy and light 
quarkonia in quark-gluon plasma to provide 
useful support to the recombination model 
and the thermal model of chemical yields 
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How to get the potential for a ()-(?bar pair? 
1. 

2. 

Consider a static color-singlet Q and Qbar separated by a 
distance r in a gluon medium at temperature Tin quenched 
QCD. 
Study a dynamical Q-Qbar in motion in the gluon medium. 
For a fixed temperature and volume, the equilibrium of the 
Q-Qbar and gluons is reached when the grand potential A is a 
rninimum. 

Get F1, U1, and T&= Ul -Fl 

Grand potential A = $ + Langrange multiplier terms 
= U - TS + Langrange multiplier terms 

SA / S y: = 0 leads to the Schroeding er equation for yi : 

= v - ( r )  + Jdr ’ p, ( r ’ )  QQ 

= u  - + U , + U z g  QQ 

But, U ,  = U , ,  + U ,  + u~~ + U , .  
By thefirst law of thermodynamics, 

Therefore, U F i ( r )  = U ,  - U ,  

dug d s ,  - = E = T - - p 
dV dV 

( S ,  is the gluon entropy) 

a(T) = 3 p k  is known from the equation of state 

TS, . But TS, = Ul - Fl 3 u =- 
3+a 

so, 
5 Hence, U i i  = U ,  - U,= U ,  - -(Ul - Fl ) 

3+a 
a 

Fl +- u, 3 (1) - 
%c? - 3+a 3+a 

The potential for between Q and e is 

b 
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Y 

Spectral 
Analvsis 

below 1.1 T, 

4.1 OT, 

l.fOT, 1.73TC 
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Y 

Xb 

1 .GZT, 

3.1 OT, 

1.18T, 

1.42Tc 

3.30 Tc 

1.22TC 

Analysis 

- 1.6 T, 

below 1.1 T, 

1. B 5- 1-54 

The quark drip line is the h i e  in the (~&T)  
space above whkh a Q-Qbar is unbor-rncl. 
It can be characterized by the nature of the 

-Qbar state: 1s drip line, lp  drip liiie?.* 
* Given the Q-Qbar potential, the drip line 

c m  be determined by locating the 
spontaneous dissociatioii temperature as it 
function of the reduced mass. 
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Dynamic a1 quarlcs 
modifies the 1 s drip 
line but only slightly 
the Ip  drip line, 

O1 1.5 2 2.5 3 3.5 4 
T/T ~ 

The potential model is consistent with the lattice gauge 
spectral filiiction analysis, if the Q-Qbar potential is a 
linear coinbination of F, and IJp- i th  coefficients that 
depend 011 the equaticrii of state, 

slightly the stability of J / ~ L  
spontaneously at al-tout 1-62 Tc in quenched QCD a i d  
at 1.42 Tc~ in 2-flavor QCD. 

* The interaction between a static quark and antiquark is 
such that the quark drip lines limit possible quarkanium 
states with light quarks to temperatures close to Tc. 

* The effects of the dyiiamical quarlcs modify oiily 
J/\v dissociates 

95 



96 



Heavy flavor production in nuclear collisions 
Jorg Raufeisen 

'Institut f. Theoretische Physik, Philosophenweg 19, 69120 Heidelberg, Germany 

At high center of mass energies, hadroproduction of heavy quarks can be expressed in 
terms of the same color dipole cross section as low Bjorken-z DIS. The corresponding formula 
is given on transparency one: the cross section for heavy quark pair production can be written 
as convolution of a light-cone wavefunction qG-,&~ describing the transition G --$ QQ 
and the cross section C T ~ ~ G  for scattering a color neutral quark-antiquarl-gluon system on a 
nucleon. The latter can be expressed in terms of the same dipole cross section as low z DIS, 
for which we employ a phenomenological parameterization. The light-cone wavefunction is 
calculable in perturbative QCD. This dipole formulation has first been introduced in 1995 
by Nikolaev, Piller and Zakharov with the intention of developing a theoretical framework 
for the description of nuclear effects. 

Since the heavy quark cross section varies o( l / m i  (modulo logs), most of the theoretical 
uncertainties arise from the choice of the heavy quark mass VZQ. This is shown for the case 
of open charm pair production on the second transparency. Of course, the same uncertainty 
is also present in the NLO parton model. Once free parameters are ked to describe ex- 
isting total cross section data, dipole approach and NLO parton model calculations agree 
numerically well. 

Simple eikonalization of the dipole cross section accounts only for part of the initial-state 
effects. Since the heavy quark pair has a small transverse size, p N l/rnQ, double scattering 
gives a higher twist contribution to shadowing. The leading twist contribution to shadowing 
for heavy quarks originates from rescattering of higher Fock states, containing gluons. This 
is accounted for by multiplying the nuclear thickness T(b) is the eikonal formula by the gluon 
shadowing ratio &(b) < 1. However, in the case of charm the suppression from higher twist 
rescattering is comparable to the leading twist gluon shadowing, because the former will be 
enhanced by a power of the saturation scale Q:, which is of order of the charm quark mass. 
Numerical results are shown on the fourth tra.nsparency. 

Additional suppression may be caused by energy loss. The energies of the initial state par- 
tons are always in a regime where the Landau-Pomeranchuk suppression of bremsstrahlung 
makes radiative energy loss independent of the projectile energy. Hence, initial-state radia- 
tive energy loss is negligible at collider energies. The magnitude of final state energy loss 
depends on the value of the transport coefficient 4, which is related to the density of the 
medium and to the dipole cross section. I employ a successful parameterization of the dipole 
cross section (KST) and use Bjorken's estimate of the energy density to obtain a value for 
4 ( m h  transparency). The time averaged transport coefficient turns out to be at least one 
order of magnitude below the value that needed to reproduce the measured quenching of 
light and of heavy flavored hadrons. 

. 
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The Dipole Approach to Heavy Quark Production 

0 The result for the QG cross section is, (Nikolaev, Piller, Zakharov, JETP 81, 851, 1995): 

- a: Light-Cone momentum fraction of the heavy quark Q 

- p :  transverse size of the QQ pair 

- and 

0 General rule: 

~ ( a  + N + beX) = dr I*a+bc(r)I 2 N  a b , E ( r )  s 
- I?: set of all internal variables of the (be)-system 

- @a+bc: Light-Cone wavefunction for the transition a -+ be 

- ObcSi : cross section for scattering the bcG-system off a nucleon 
Jorg Raufeisen, RBRC Workshop on Heavy Flavor Production, Dec. 12-14, 2005 



Theoretical Uncertainties 

lo4 

1 o3 
1 o2 
10' 

1 oo 
lo-' 

1 o-2 

p f p  + (CE) +x 

PHENIX - 
E743 - 1 

NA27- 
dipole - E769 - 

NA32 I--+++ 

10 100 1000 10000 

NJO PM ----____. 

1 

& (GeV) 

1 o3 
1 o2 
10' 

1 oo 
lo-' 

1 o-2 
NLO PM ------__I I , , , , , , , I I 

100 1000 10000 
dS (GeV) 

p + p + (bb) + X 

1 
dipole - 

- E789 - h UA1 - 2 
HEM-B - E 

E771 - 3 

JR, J.C. Peng, Phys. Rev. D67, 054008, 2003 

0 Large uncertainties for open charm production from choice of m, 
1.2 GeV 5 m, 5 1.8 GeV, m, 5 p~ 5 2m,, p~ = 2m, 
4.5 GeV 5 ? n b  5 5.0 GeV, m b  5 /UR, / U F  5 2mb 

0 Dipole Approach valid only a t  high energies (HERA-B energy too low) 

Jorg Raufeisen, RBRC Workshop on Heavy Flavor Production, Dec. 12-14, 2005 



Inclusion of Higher Fock States 

0 Higher Fock states are included in the parametrization of o g ( x ,  p).  

0 However, the rescattering of these higher Fock states is neglected in the  eikonal approximation. 

e This can be cured by the following recipe: 

0 
0 where 

F ( b )  = T ( b ) R G ( x ,  b )  

and R G ( z , ~ )  is the leading twist gluon shadowing, calculated from the propagation of a GG 
dipole through a nucleus. 

e Expansion of the nuclear dipole cross section: 

d2b [ T ( ~ ) R G ( x ,  b ) x G ~ ( x ) ] ~  + . . 
36 Oqq_(Z,P)  A = ---asp 7T2 1 d 2 b T ( b ) R G ( x ,  b ) x G ~ ( x )  

3 

Already the single scattering term is suppressed due to  gluon shadowing. 

Jorg Raufeisen, RBRC Workshop on Heavy Flavor Production, Dec. 12-14, 2005 



Suppression of Open Charm and Bottom in p A  Collisions 

JR, J. Phys. G30(2004)S1159 

0 Dashed curves: Gluon Shadowing only 

0 Solid curves: Total suppression (including QG rescattering and Gluon Shadowing) 

e Gluon Shadowing reduces the probability for 8 rescattering. 

Jorg Raufeisen, RBRC Workshop on Heavy Flavor Production, Dec. 12-14, 2005 



The transport coefficient in heavy ion collisions 

0 In HIC, a medium with high energy density is created. Bjorken's estimate of the initial energy 
density a t  RHlC yields 

a t  initial time TO = 0.5 fm. 

0 Because of  the expansion of the  medium, the hard parton sees an averaged transport coefficient, 

Salgado, Wiedemann, PRL89,092303(2002) 

0 The averaged transport coefficient is then 

amed = 10Qcozd = 2 GeV/ fm2. (3) 

f2 
(Armesto e t  al, hep-ph/0511257) 

to reproduce pian q adienehin 

Jorg Raufeisen, RBRC Workshop on Heavy Flavor Production, Dec. 12-14, 2005 



Pair Pro uction in th 
Color GI ss Con ensate 

Raju Venugo.palan 
Brookhaven National Laboratorv 

J 
> *  

RBRC Heavy Flavor Workshop, Dee. 12th-I 4th, 2005 



Work done in collaboration with J.-PI Blaizot, H. Fujii 
and F. Gelis. 

. Based on, 

a) F. Gelis and RV, PRD 69: 014019, (2004) 
b) J.-PI Blaizot, F. Gelis and RV, NPA 74357, (2004) 
c) H. Fujii, F. Gelis and RV, PRL 95162002 (2005) 

d 

2 

d) H. Fujii, F. Gelis, and RV, in preparation. 

Also discuss related work of 

Kharzeev & Tuchin; Tuchin; 
Gelis, Kajantie and Lappi 
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lo 

We can compute both small x evolution (shadowing) and 
multiple scattering effects in quark production on same 
footing. More detailed 
studies in progress for D-Au collisions 

c 
0 
\o 

Quark production in AA collisions can be computed at 
the earliest stages. 

Energy loss? Is NLO in this picture but recent theoretical 
developments suggest it can be computed consistently. 
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pQCD approximations 
assume one dominant hard scale: 

Massive scheme: + x%b Massless scheme: + m, O2 
16 b massive 
I.I neglects [ash( 

. a b massless!!! 
a Resums [ash( 

+ Perturbative production: + b also in Proton and Photon! 

m 

-+ at small I Q2 massive, 1 at large massless 

which describes HERA data best? 
13. 12. 05 A. Geiser, Heavy Flavour Production at HERA 



Charm in photoproduct ion 

5 

5 d 10 
E v 

n' 1 

3 -1 
10 

-2 
10 

10 
-3 

ZEUS 
14 

12 

10 

8 
6 

4 

2 

0 

F '  : I "  I '  I ' '  ' '  1 ' ' - 1  

Y 

-1 0 

QCD calculations using 
CTEQ5M1+ AFG structure functions 
m, = 1.5 +- 0.2 GeV, po2 = mc2 + pT2, 
Pr = Pf = Pt 
f (c->b*) 0.235 
'Peterson = 0.035 (FO NLO), 0.02 (FONLL) 

Pol2 < P < 2Po 

reasonable agreement I some deviations a t  forward q 

I FONNL (Cacciari et  ai.) 
Isimilar, not better a t  large pT I 
I NLL (Kniehl et  al.) I larger norm., shape not better I 

13. 12. 05 A. Geiser, Heavy Flavour Production at HERA 
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c 
c 
v1 

Beauty contribution t o  F2 

Beauty contribution to inclusive DIS 

dQ2dx 

Use inclusive lifetime tagging to determine I 
- I fraction of b quark events -+ F$? I 

13. 12. 05 A. Geiser, Heavy Flavour Production at HERA 



Beauty contribution t o  F2 

0,007s 

0.005 

Q.0025 

0 
0.03 

0.02 

0.01 

0 
0-06 

0.02 

O*M I 

Q2= 2s CeV2 

t 

k U 

e First measurements at  all! 

e W i s e  t rds smaller x and 
larger t) gluon density 

A 

0 HI Data 
HP Data (High 4") 
R4.RS.TO.I. 

..._._ .... CTEQGHQ 
CCFM 

- 

_ _ _ _ _  

MRSTO4 and CTEQ6HQ 
differ up to factor two! 

Data described well by cd- 
culatiolns 

A. tieiser, Heavy Flavour PrOduCtiOn at HtKA 



S
 

0
 
t
 

c
)
 
1
 

W
 

0
 
c
 

Q
 

0
 
c
 
t
 

c
)
 

0
0

 

Q
) 

1
8

 i/ 
-
 I#. 11 

v
) 

tl 

S
 

'i 

Q
) 

m
 L u w
 Q
) 

7
3
 

0
-
 0
 
t
 

a
 

lx W
 
I
 

+
.-' 
m L
 

S
 
0
 

>
 

m 
ii >r 
> m a> 
I
 

L
"
 

a
 

cn 
a 
.- c3 
a Lo 
0
 

r,K
 

0
6
1
1
 

117 



_
l.. . 

I. .. .. 
, 

~ 

’
!

 

I
i

 

-
1
 i I I I j ! I 1 I I 

U
 

S
 
3
 

0
 

L
 

m
 

m
 

S
 
t
 

v
) 

Q
) 
t
 

- 

I I 

Lc t 
0
 

rn 

c
-
 

I- 
n- 

0
 d
 

3
 

-
 

. 
w

 S 
0
 

U
 

w
 

U
 

I 

k
t
 

! 

! 
! . .. .

 
1 

118 



Surprises and Anomalies in Heavy Quarkonium 
Product ion 

Jianwei Qiu 

Department of Physics and Astronomy, Iowa State University 
Ames, Iowa 50011, U.S.A. 

Quantum Chromodynamics (QCD) as a theory for strong interaction is a very solid build- 
ing block of Standard Model. It has an exact SU(3) color gauge symmetry and the 
asymptotic freedom at short-distance. QCD perturbation theory has shown a tremen- 
dous success in interpreting phenomena in high energy collisions. 

How QCD behaves outside the asymptotic region? How QCD bound states were 
formed? And many many questions about QCD and strong interactions have not been 
answered or not yet asked. Although lattice QCD calculations have been providing new 
insights to the non-perturbative regime of QCD, its full potential is still limited by the 
power of modern computers. In this talk, I will demonstrate why production of heavy 
quarkonia is arguably one of the most fascinating subjects in strong interaction physics 
and it might offer unique perspectives into the formation of QCD bound states. 

Because of the heavy quark mass, heavy quarkonium has two intrinsic scales: the 
scale to binding the heavy quark pair together, a non-perturbative scale; and the scale 
to produce it, a perturbative scale of the order of heavy quark mass. Heavy quarko- 
nium provides a non-relativistic system of strong interaction, which naturally allows us 
to use the non-relativistic approximation of QCD (NRQCD) to study the formation of 
heavy quarkonium while the strong coupling constant is small enough for calculating the 
production of the heavy quark pair. NRQCD model for calculating heavy quarkonium 
production has been very successful in interpreting many data, in particular, the high p~ 
data from Tevatron at Fermilab. 

On the other hand, there are still many surprises both experimentally and theoret- 
ically. For example, NRQCD failed to explain the data on J/$ .polarization measured 
at the Tevatron while it is very consistent with the unpolarized data. The prediction of 
NRQCD is about one order of magnitude smaller than the data on production of dou- 
ble charmonia at Belle. It is fair to say that after 30 years, since the discovery of J/$, 
theorists still have not been able to fully understad the production mechanism of heavy 
guar konia . 

RHIC with its capability to accelerate different particles could offer an excellent op- 
portunity to learn and exam the formation of heavy quarkonium, and in general, QCD 
bound states. Nuclear matter could be an effective filter to distinguish the differences 
between various production models. 
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Heavy quark mass: 

mQ > GeV 2 as (2mQ) < 0.3 

A perkur ale 

0 Heavy qu rk pairs are rodueed IiaxzdOy: 

fh (forachrmnquarkP@ 
produced at a distance 
scale much less than fm 

1 Ar-- 
2m!2 

4 0.025 fin (for abqmkpair) 

Flavor Mass 

u 1.5 - 4.5 MeV 

d 5.0 - 8.5 MeV 

s 80 - 155 MeV 

A heavy quark pair needs to be coherently self-interacted and 
expanded before a heavy quarksnium can be formed 

t 

vy quark pair is OhCy to become two open 
heavy mumms if the invariant mass of the pair 

an the total mass of the two mesons: 

174.3 & 5.1 GeV 

meson e A 

B 1 antimeson 

. . -  

Open flavor threshold 
for the quarkonium 
production 

Jianwei Qiu, ISU 
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Berger, Qiu, Wang 

Jianwei Qiu, ISU 

-31 I 

0 5 10 15 20 

Berger, Qiu, Wang 
p,@V) 

Jianwei Qiu, ISU 
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I Data are more than an order of 
magnitude larger than the predio 
tions of the color-singlet model. 

I Color-octet matrix elements are de- 
termined from fits to the data. 

I p~ distributions are consistent with 
NRQCD, but not with the color- 
singlet model. 

Bodwin's talk 

Jianwei Qiu, ISU 

122 
Jianwei Qiu, ISU 
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0 No proof for NRQCD factorization for production for pTS m, 

Cl When p,>>mQ, single hadron inclusive cross section factorizes 
(Nayak,Qiu,Sterman) 

X 

H 0 Further factorization: Draig(zq r7lc. P I  = 

succeeds up to two-loop level, after a redefinition of NRQCD 
matrix elements - No all order proof for the production! 

$-eE[n] (2. P a  4 {On 
rz 

Jianwei Qiu, ISU 

I 

i l i  

Comparison to Belle & Theory 

See Bodwin's talk for updated numbers ! 

Jianwei Qiu, ISU 
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l~ scatterim 
0 J/w is unlikely to produce at #* 

the production point 

Final-state: 
Increases the relative 
momentum of the pair - 

Q2 > Q2 

0 Threshold effect leads to 
different effective crabs 

0 Leads to curved line for the 
suppression factor. 

Jianwei Qiu, ISU 

vi h SPS data 
Qiu, Vary, Zhang, PRL 2002 

I 

i 

Calculation for RHlC kinematics IS underway 
Accardi and Qiu 

Jianwei Qiu, ISU 
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In summer 2001, Run II of the Fermilab Tevatron began. As of December, 2005 more than 
Ifb-1 of p p  data at fi = 1.96 TeV has been collected by both the CDF and DO detectors. 
There have been several notable new results in heavy flavour production: 
Quarkonia: New measurements of the inclusive J / $  cross-sections down to p~ = 0 GeVk 
(CDF) and 131 < 2.0 (DO). The new measurement of Y(1S) cross-sections at f ls) = 1.96 
TeV (DO) is found to be in good agreement with the Run I measurements from CDF. The 
measurement of J /+ polarization at &) = 1.96 TeV by CDF is found to follow the same 
general trend of increasing longitudinal polarization at high p~ as the Run I measurement 
and is still in conflict with the COM predictions. Evidence for diffractive production of 
exclusive ppuy candidates has been observed by CDF. 
Charm and Bottom production: The measurement of the central (131 < 0.6) b-hadron 
cross-sections over all p~ has been performed by CDF and is found to be in good agreement 
with FONLL calculations. The b-jet cross-sections at f ls) = 1.96 TeV have been measured 
by CDF and DO and found to be in good agreement with Pythia LO MC. The Df?O?*, D,  
differential cross-sections have been measured by CDF and found to be consistent with 

CL E3 
VI 
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CQF Run II measurement of the 
prompt J / $  polarization at .Js = 

1.96 TeV. 188 k 11 pb-l. Bath 
Run 0 andl Run 0 8  shmv increasing 
longitudinal po0Brization at higher 
PTn 

Prompt JIty Polarization 

CDF 2 Preliminary, 188 & 1 I pb” 

0.4 

Lansberg, hep=ph/0507175 (July 
2005). Introduced non-static relativistic 

eflects to the hadroproduction of quarko- 

nia + contributions which produce only 

longitudanlly polarized quarkonia. 
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QCD: 
parton shower, gluon 
splitting, hadronization 
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“fragmentation function” 

electroweak phase: 
decay of most resonances 
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DELPHI (prelim.) 

3518 4318 112 
42/8 5318 212 

- - 3613 
28719 24519 18713 

xwd SI, z 

- - - 

- - - 
- - 53613 

- - - 
- - - 
- - - 

1 1 
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OPAL 

67/44 
75/44 

99/45 
159145 

- 

- 
407145 

4279f46 
540146 

- 

Kartvelishvili 
t 0(,=4.0 
! X2/d.o.f.=861 I60 , 

Peterson 
E,=O .039 

I X2/d.o.f.=2230I60 

... but not much changed sinc 

Overview: model test Xa/d.o.f. 

Bowler 
Lund 
UCLA 
Kartvelishvili et al. 
Peterson et al. 
BCFY 
Collins /Spiller 
Herwig 6 cldir=l 
Herwig 5 cldir=l 
Herwig 5 cldir=O 

ALEPH SLD 

17/15 
17/15 
27 f 17 
32/16 
70116 

105/16 
142116 

149117 
10l5/17 

- 

same ranking observed by all experiments1 
(fragm. function parameters: rough agreement) 
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c most D'+ at 91.2 GeV are from B decays 
9 gluon splitting-@ -__- __ .......... - 

! 3 parameter fit: relative contributions from bb and gluon an 
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eC parameter of Peterson frag.fcn. 
for comparison: Belle @ 10.6 GeV E~ = 54- I O 3  

= (33.9 * 3.7) - lo9 

incl. 
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4 previous corrections applied: 

Mellin moments 
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NRQCD and Heavy-Quarkonium Production 

Geoffrey T. Bodwin 

High Energy Physics Division, Argon.ne National Laboratory, 
9700 South Cass Avenue, Argonne, Illinois 60439 

The effective field theory NRQCD is a convenient formalism for separating physics at the 
scale of the heavy-quark mass from physics at the scale of quarkonium bound-state dynamics. 
The NRQCD factorization approach provides a systematic met hod for calculating inclusive 
quarkonium production (and decay) rates as a double expansion in powers of as and v,  
where v is the heavy-quark or antiquark velocity in the quarkonium rest frame. NRQCD 
factorization for production rates relies upon hard-scattering factorization and has not yet 
been established. 

The NRQCD factorization approach for quarkonium production has enjoyed a number 
of successes [l]. These include quarkonium production at the Tevatron, yy -+ J / $  + X at 
LEP, quarkonium production at DIS at HERA, and quarkonium production in p p  collisions 
at RHIC. For other processes, the agreement between theory and experiment is less than 
-satisfactory. Examples include production of polarized quarkonium at the Tevatron, inelastic 
quarkonium photoproduction at HERA, and double cC production at Belle and BaBar. The 
Belle and BaBar results on exclusive double-cE production and the Belle results on inclusive 
double-cC production present particularly severe challenges to pQCD. A check by BaBar of 
the inclusive results would be very useful. 

In many cases, inclusion of corrections of higher order in as and v and soft-gluon resum- 
mation should help to bring theory into agreement with experiment. More precise theoretical 
predictions are hampered by uncertainties in the NRQCD matrix elements. Lattice calcula- 
tions can help to pin down the decay matrix elements. However, it is not yet known how to 
formulate the calculation of production matrix elements on the lattice. 

Although a great deal of progress has been made in the last decay in understanding 
heavy-quarkonium production at a fundamental level, there are many challenging problems 
that remain to be solved. 

References 
[l] For a comprehensive review of the status of theory and experiment in quarkonium pro- 

duction, see N. Brambilla et al., arXiv:hep-ph/0412158. 
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0 Explanation (color-octet mechanism) of Tevatron data for J /+,  $', Y production. 
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-L 
lo 0 .  1 

Comparison of theory (Klasen, Kniehl, Mi- 
haila, Steinhauser) with Delphi data clearly 
favors NRQCD over the color-singlet model. 

Theory uses Braaten-Kniehl-Lee matrix ele- 
ments from Tevatron data and MRST98LO 
(solid) and CTEQ5L (dashed) PDF’s. 

Theoretical uncertainties from 

(varied by a factor 2)’ 
- Renormalization and factorization scales 

- NRQCD color-octet matrix elements. 

Different linear combination of matrix ele- 
ments than in Tevatron cross sections. 

2 3 4 5 6 7 8 9 10 
P; (GeV2> 



situation in 2003 

0 TCaere are also large uncertainties from Gorrections of higher order in a s 2  w 9  and uncertainties in 
matrix etlsments. 

Exclusive process: the color-octet contribution is suppressed by v4, so only color-singlet matrix 
elements are needed. 



Present Situation 

1 a(e+e- + J / $  + qc) x B>2 = 25.6 Zt 2.8 3I 3.4fb. 

BaBar: a(e+e- -+ J / $  + qc) x B>2 = 17.6 Zt 2.8 3.1 2.1 fb. 

Belle cross section has moved down. 

BaBar cross section is somewhat lower. 

0 Braaten and Lee corrected a sign error in the QED interference term, raising the prediction. 

QCD part confirmed by Liu, He, Chao: a(e+e- -+ J / +  + vc) = 5.5 fb. 

d 

P P 

(Different choice of mc, NRQCD matrix elements, as.) 

QCD calculation confirmed by Brodsky, Ji, and Lee in light-front QCD in the quarkonium nonrel- 
ativistic limit. 

- Not sufficient to remove the discrepancy between theory and experiment by itself. 



Heavy Flavour Productions & 
Hot/Dense Quark Matter 

BNL I4/ I2/2005 

(Theoretical) review of heavy quark production 

Matteo Cacciari 
LPTHE - Paris 6 

Outline 

-What can be calculated 
- How accurately we caddo calculate it? What tools are available? 
- Does it work? Comparisons with data 
- Implications for RHIC 

We review the calculation in perturbative QCD of open heavy quarks in the vacuum. 
The limits of pQCD predictions, the state-of-the-art of the calculations, their phenomenological 
implementations and the comparisons with the experimental data are addressed. 

We also consider the theoretical uncertainties of a baseline calculation of heavy quark 
production in pp collisions at RHIC. We show how the limited knowledge of the charm and 
bottom relative contributions reflects into an uncertainty for a prediction of the quenching 
ratio R-AA. 
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$ i. ,. NLO implementation _“ ~ ,.._ . of ,.. ., _r factorization .,.. .., .. . . . , -“ . theorem _.. . .. .. . -.-.____“”...I __I--. -2 

Hadroproduction 
Nason, Dawson, Ellis, NP B327 (I 989) 49, NP B303 (I 988) 607 
Beenakker, van Neerven, Meng, Schuler, Smith, NP B35 I (1991) 507 

Photoproduction 
Nason, Ellis, NP B3 I 2  (I 989) 55 I 
Smith.van Neerven, NP B374 (1992) 36 

This is still the state of the art for fixed order perturbative calculations, and 
should be the building block of all phenomenological predictions: 
- it incorporates in a rigorous manner production “channels” like flavour 
excitation and gluon splitting which Monte Carlo calculations have to include 
by hand (beware MC tunes and recipes!!) 

- it allows a rough estimate of the theoretical uncertainty 

NNLO is perhaps in the works, but it’s not for tomorrow 

The rule of thumb on uncertainties 

-A  LO calculation gives you a rough estimate of the cross section 

- A  NLO calculation gives you a good estimate of the cross section 
and a rough estimate of the uncertainty 

- A  NNLO calculation gives you a good estimate of the uncertainty 

Believe it or not, this is one of the motivations for embarking in 
years-long NNLO calculations (I’m serious .....) 

Of course, when the NLO calculation sti l l  suffers from large 
uncertainties an NNLO one can also bring real improvements in 
the determination of the cross section 
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When extracting the heavy quark -+ heavy meson non-perturbative 
fragmentation function from data, one must consider the unavoidable interplay 
with perturbative physics 

‘I 

Non-perturbative: hadronization 

P@rtUrbdiVe: 
gluon radiation 

Not  being the c/b quark a 
physical particle, the 
non-perturbative 
fragmentation 
function cannot be a 
physical observable: 
i t s  details depend on the 
perturbative calculation it 
is interfaced with. 

A single 
fragmentation 

function cannot do 
for all calculations 

The non-perturbative FF is usually employed in hadronic collisions by writing 

3ear in mind that when the transverse momentum is small two things happen: 

I. The “independent fragmentation” picture fails, as factorization-breaking higher twists grow 
large. So, whatever the result of the convolution above, there will be further uncertainties 
looming over it 

2. Scaling a massive particle’s 4-momentum 5 
is an ambiguous operation. One can scale 9 
the transverse momentum at constant $ 1 

rapidity, the 3-momentum a t  constant angle 2 
in a given frame, etc. 

ed: default, ~~20.3 nb 

$4 _’ 

Different fragmentation choices 
0 26 6 7.6 10 12.6 16 

d € I d  IGeV) 
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A modern tool for producing phenomenological predictions for heavy quark at the 
differential level will 

I - properly resum (say to next-to-leading log accuracy) the large logarithms 

2- match the resummation to  a full NLO fixed order calculation 

3- properly extract from data (and use for predictions) non-perturbative 
fragmentation functions describing the hadronization of the heavy quarks 

NB.Whether you need all this or not depends, of course, on your accuracy goal. If 
you are happy with a factor of two uncertainties or  more none of this is probably 
necessary: take the I5 years old NLO calculation and go ahead (but then don’t come 
t o  me complaining of discrepancies with QCD!) 

On the other hand, if you aim at a few IO% accuracy then you need this stuff. 

‘Before’ ‘After’ 

‘Factor of 3’ excess Perfect agreement 

Key improvement: 
b + B non-perturbative fragmentation properly extracted from LEP data within the 
FONLL framework 
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1 Does ~ it work? Charm *_I production l..l..-llll_l.l.l @Tevatron . . t l . " - . l _ ~ - ^  l___l.^_____ Run I _.I____._ 2 ' i 
The same FONLL framework also provides a good description of charm 
x-oduction at  the Tevatron: 

CDF Run II c->D data rPRL 9 I :24 1804.20031 

The non-perturbative charm fragmentation needed to describe the c 
hadronization has been extracted from moments of ALEPH data at LEI? Now even 
better fragmentation data from CLEO and BELLE are available: 

D 

I Charm and bottom Droduction @- RHlC 

The slope of the charm and bottom 
contribution is fairly similar: the crossing 
point easily moves, though the relative 
contributions are less affected by 
uncertainties 

NB. Especially for bottom the 
transverse momentum is small: all the 
further uncertainties previously 
mentioned can apply 

." 
0 2 4 6 8 1 0 1 2 1 4  

Pt [-VI 
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The charm and bottom spectra easily translate into R-AA via the 
application of quenching weights 

0 STAR (Prelim) 

0 2 4 6 6 1 0  
Pt [Gevl [Armesto et al., hep-phl05 I 12.571 

The uncertainty on the charm and 
bottom relative contribution reflects on 
an uncertainty of order 0. I on R-AA 

R-AA looks too high. However, 
remember the very large perturbative 
uncertainty on charm: the NNLO 
prediction could be quite larger. 
Observation: if you normalize charm to 
the data R-AA comes out about right 

Heavy quark phenomenology is mature and has the tools to produce 
predictions in many realistic situations.These predictions can include all 
the available knowledge for calculating heavy quark production in QCD. 
Since they are implemented in a rigorous framework, it is usually possible 
to also provide-a (more or less reliable) estimate of the theoretical 
uncertainty 

Most predictions seem to agree well with Tevatron and HEM data for 
charm and bottom production. For Heavy Ions collisions they should 
provide a solid benchmark against which to compare in the search for 
nuclear effects 

Final note: given the size of intrinsic pQCD uncertainty, it is very unlikely 
that effects of the order of a few (tens 09 percent will ever be visible just 
by comparing to the absolute value of the cross sections 
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Quarkonium Recombination In Presence of 
Strangeness Rich Expanding QGP 

BNL, December 14, 2005 

Presented by Johann Rafelski, with: Jean Letessier, and Inga Kouznetsova 
Bepartimermt of P h y ~ i c ~ ,  U n i ~ ~ s i k g  of A~~ZBLWL,  TUCS~LII~ AZ 86721 

OBJECTIVES: 
1. Understanding the strangeness RHIC results; 
2. Dynamics of thermal s and c production at RHIC-200 (and extrapolate to LHC); 
3. Strangeness/expansion impact on redistribution of charm/bottom into hadrons. 

ABSTRACT: Kinetic strangeness production is compared to  the available strangeness yield mea- 
surements at RHIC. QGP yield saturation as function of initial conditions and evolution scenarios 
are considered. Insights gained allow to narrow down the expectations for strangeness produc- 
tion at LHC and to evaluate thermal charm production yields at RHIC and LHC. Implications 
for yields of Charmonium, D,3 meson, and B, are presented. 

,I. Rafelslri, Arizona Quarconium Recombination In Presence ofstrangeness Rich Expanding QGP BNL, December 14,200.5,pa& 2 

, ' .  S.;raa~el2ess / Eni;:..opy: i Z2_=eh62EL'6 ei- s,;xii~s:less ccK:snl; f;? QGF 

Relative s/S yield inemures the number of active degrees of freedom and degree 
of relaxation when strangeness production freezes-out. Perturbative expression 
in chemical equilibrium: 

much of O(a,) interaction effect cancels out 

Allow for chemical non-equilibrium of strangeness y2GP, and possible quark-gluon 
pre-equilibrium - gradual increase to the limit expected: 

+ 0.028. S 0.03y2GP 
s - 0.47~ + O.ly,&GP+ 0.5y,QGP+ 0.05y,&GP(ln 
_ -  

We expect the yield of gluons and light quarks to  approach chemical equilibrium 
fast and first: 7~ + 1 and y,QGP --+ 1, thus s/S 21 0.028y2"p. 
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J. Edeklii, Arizona Quarconium Recombination In Presence ofstrangeness Rich Expanding QGP BNL. December 14,2005,page 3 

ITherrnal average rate of strangeness and charm production1 
Kinetic (momentum) equilibration is faster than chemical, use thermal particle 
distributions f(pi,T) to obtain average rate A per unit time and volume: 

The generic angle averaged CLrOSS sections for (heavy) flavor s, s prodnctiorm pro- 
~essQsg+g-,s+Sandq+g--;.s+~, are:’ 

8-gg--ts8(s) = 2 27ra2 [ (1 + 4m& + $) tanh-’W(s) - ( 7 + <) 31m,c W ( s ) ]  , 
3s 

8-qq+sj(s) = - 8na; ( 1+- 2 ~ : , ~ )  W(s )  . W(s)  = JG 
IRESUMMATION I 

27s 

0.7 The relatively small experimental value 
as(niIz) N 0.118, established in recent years helps 
to achieve QCD resummation with running 
a, and m, taken at the energy scale p = fi. 

0.6 

0.5 

0.4 EEeet ive T- dep endence : 

a,(p = 27rT) 3 a,(T) 21 

with cl.$(T() = 0.50 & 0.04 and 2;. = 0.16 GeV. 

a 
0.3 QS ( Tc) 
0.2 a + (0.760 0.002) ila(T/2;:) 
0.1 

0 a: varies by factor 10; we also use running mS+. 
1 2 3 4 5 

T/T, 

J. R2fcklci, Arizona Quarconium Recombination In Presence ofstrangeness Rich Expanding QGP BNL. December 14,2005,page 4 

ISTRANGENESS, 613ARM IN ENTROPIT CONSERVING ~~~~~~~~~ I 
QGP expansion is adiabatic Le. (gG = 2 3 ,  = 16, gq = 2,3,nf) 

The volume, temperature change such that 6(gT3V) = 0. Strangeness phase space 
occupancy, gs = 2,3, ( 1  - e + . . .) , k = 2 for m,/T + 0: 

evolves due to production and dilution, keeping enatropy fixed: 

d S,C AG A, 
d r  S S/V SIV 
-- - - - [?& - “/s,?] + - [r,“ - ~ s , c ~ ]  

Which for ys,c assumes the form that makes dilution explicit: 

For m, + 0 dilution effect decreases, disappears, and ys 5 y ~ , ~ ,  importance grows 
with mass of the quark: ;5 = m,,,(T)/T grows rapidly near phase transition. 
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J. plafelslii, Arizona Quarconium Recombination In Presence of Strangeness Rich Expanding QGP BNL. December 14,2005,page 5 

- 0.6 
ff 
% 
Y 

0.4 

L. E 0.2 
N 

>i 0 

s 
1 

' 0.5 
i 
2 

0 
0.03 

0.6 - 
% 
9 0.4 

hrn 0.2 
E 
N 

0 
2 ' 1.5 
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1 10 1 10 

7 [fm/cl 7 [ W c I  

On right: study of the influence of the initial density of partons. 

Implications for Charm at RHIC and LHC 
Similar for thermal charm yield: guaranteed to be thermalized distribution at central rapidity 
And look at statistical hadronization on rapidly expanding strangeness oversaturated system, 
evaluating all specific 

charmed hadron yields 
all charm (bottom) yield 

J. Rdelski, Arizona Quarconium Recombination In Presence ofstrangeness Rich Expanding QGP BNL, December 14,2005,page G 

ComDarison of thermal with direct charm Droduction - 2 0.6 
cl - 0.4 
Y 

2 0.2 
\ 
K O  

10 
$ 1  

$ 10-2 
0.1 

10-3 
10-4 
10-3 

e------------ 

10-6 
1 10 

.r[fm/c] 

3 / / - - - - - - - - - - -  

0.1 1 l o  
d f m l  

Left RHIC and right LHC: lid lines total charm -yc, dashed lines yc corresponding 
to thermal charm production; and bottom panel: specific charm yield per en- 
tropy, solid lines for all charm, and dashed lines for thermally produced charm. 

Direct production yield (to see assumed values multiply with dS/dy = 5000 on left 
(RHIC) and =20,000 on right (LHC)) remains significantly (300 at RHIC and 
60 times at LHC) above thermal production (compare lines in bottom panel). 

Thermal charm production alone exceeds significantly ck*emica% eqnilibrinrm! 
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J. Rnfehlii. Arizona Quarconium Recombination In Presence of Strangeness Rich Expanding QGP BNL, December 14,2005,page 7 

Charm chemistry in presence of high s/S 

Recombination hadronization of charm has to be considered at a given s and S 
created in the dynamics of RHIC collision rather than for prescribed statistical 
yields. Charm distribution among particles according to: 

1 
0.15 0.2 0.25 

T (GeW 

For dbldy = 1, dcldy = 10, dsldy = 650 and dS/dy = 
12,000 (only 2.5 times RHIC) the hadron occupan- 
cies were obtained (equilibrium values for yFGP = 1 
for freeze-out at T ) .  

..... .... --. -. . 
.............. 

2 

...... .... 
d.13 0.14 0.15 0.16 0.17 0.18 

T IGev1 

J. Rafekki, Arizona Quarconium Recombination In Presence ofStrangeness Rich Expanding QGP BNL, December ld.2005,page 8 

Yields of D ,  Ds and B ,  Bs at s/S = 0.053 

.-.- D(eq) ................ -.. -._. ....... 
_-.. Ds(eq) a 0.6 

P 
0 ...................... 

I . . . . . . . . . . . . . . .  I 
0.12 0.16 0.2 0.24 0.28 

0.8 

n 
m 0.6 
- 
n 
m 
3 0.4 

'812 0.16 0.2 0.24 0.28 

I . . . . . . . . . . . . . . .  
0.24 

T lgew 0.12 0.16 8 
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J. Rafelsii, Arizona Quarconium Recombination In Presence ofstrangeness Rich Expanding QGP BIVL, December 14,2005,page 9 

" -1 
u) .......... --. --.-. --. -. .-. -. -. . *.. 

**. 
*. *. 

3 B I -  

B 

Yields of D ,  D, and c-baryons at variable s/S 

812 0.16 0.2 0.24 , 0.28 
T PeVl 

' 0 . \2 '  ' '0,;s' ' ' 0:2 ' ' ' 0.24 ' ' ' O h  

I . . . . . . . . . . . . . . .  I 
0.24 0.28 

T F2eq 
0.12 0.16 

J. Rafelski, Arizona Quarconium Recombination In Presence of Strangeness Rich Expanding QGP BXL, December 14,200.5,page 10 

Yields of charmonium, css-baryons and Bc 

io-' . . . . . . . . . . . . . . .  

Further work on heavy flavor chemistry on the way. Return now to discuss rel- 
evance of understanding of strangeness at LHC and phase transition dynamics. 

Conclusions 
1) We understand the CHEMICAL conditions of the QGP at freezeout at RHIC and in presence 
of fast hadronization. Hadron abundances are controled by prevailing valance quark yields and 
are not in chemical equilibrium; 

2) Thermal charm (aside of direct charm) is present, produced in thermal glue fusion; 

3)Charmed strange baryons enhanced, impact multicharm hadron yields, charmonium reduced. 
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Gluon Polarization from Heavy-Flavor Production 

Werner Vogelsang 

Physics Department and RIKEN-BNL Research Center, 
Brookhaven National Laboratory, Upton, NY 11973, U.S.A. 

To measure the so far largely unknown polarization of gluons, Ag, in the nucleon is a key goal 
of several current experiments in high-energy nuclear physics. The successful start of polarized 
proton-proton collisions at the BNL Relativistic Heavy Ion Collider (RHIC) has opened up new, 
unequaled possibilities. Gluon polarization can be accessed by a variety of probes, such as single- 
inclusive hadron, jet, prompt photon, or heavy quark production. In the COMPASS experiment at 
CERN, instead, a beam of longitudinally polarized muons is scattered off a polarized fixed target. 
Here, high-plr hadron pairs, both in photoproduction and in deep-inelastic electroproduction, and 
heavy-flavor photoproduction have been identified as promising tools for gaining knowledge about 
Ag. The RHIC and COMPASS experiments have presented their first data at the recent PANIC ’05 
conference in Santa Fe, New Mexico. 

A meaningful extraction of parton densities from experiment requires a reliable interpretation 
of the underlying data in the framework of perturbative QCD. Factorization theorems assure that 
in the presence of a large scale, for instance, a heavy-quark mass m, the cross section can be 
written as a convolution of partonic hard scattering cross sections, which depend on the process 
under consideration, and certain combinations of the universal parton densities. The partonic 
cross sections are amenable to  QCD perturbation theory. For a reliable theoretical framework, 
knowledge of higher-order corrections is in many cases crucial. 

In the present talk we first give an introduction to  gluon polarization and describe what is 
currently known about Ag. We then turn to photoproduction of heavy flavors, as studied by 
COMPASS. We find that next-to-leading order corrections to  the spin-dependent charm cross 
section may be very large in the COMPASS kinematic regime. QCD “threshold” resummation, 
even though showing some success in the unpolarized case, does not seem to be able to bring the 
theoretical calculation under better control. We next discuss the spin asymmetry for heavy-flavor 
production at RHIC. At RHIC’s rather high energy, the spin asymmetries for the total charm 
and bottom cross sections are rather small, but cuts on the transverse momenta of the produced 
charm or bottom quarks make the asymmetries more favorable. Measurements of a lepton-signal 
will contain a mix of charm and bottom events; future vertex detection capabilities at the RHIC 
experiments PHENIX and STAR should prove very useful here. We finally also briefly discuss spin 
asymmetries in charmonium production. 
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Future of heavy flavor Measurements in PHENIX 

Tony Frawley 
Florida State University 

For the PHENIX Collaboration 



CharFed Particle TraclkinP: 
Drift Chamber 
Pad Chamber 
Time Expansion Chamber/TRD 
Cathode Strip Chambers(Mu Tracking) 
Forward Muon Trigger Detector 
Si Vertex Tracking Detector- Barrel (Pixel + Strips) 
Si Vertex Endcap (mini-strips) 

Time of Flight 
Ring Imaging Cerenkov Counter 
TEC/TRD 
Muon ID (PDT's) 
Aerogel Cerenkov Counter 
Multi-Resistive Plate Chamber Time of Flight 
Hadron Blind Detector 

Calorimetrv: 
Pb Scintillator 
Pb Glass 
Nose Cone Calorimeter 

Event Characterization: 
Beam-Beam Counter 
Zero Degree Calorimeter/Shower Max Detector 
Forward Calorimeter 

Data Acquisition: 
DAQ Upgrade 

Particle ID: 
- 

A PHENlXDetector ' A 

West Beam View East 
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Summary for VTX detector 

Open heavy flavor from tight displaced vertex cuts. 
Much cleaner c+b -+ e measurement. 
Separate c -+ e and b -+ e statistically. 
Separate B -+ J A p  ee from prompt J/y. 

Reduces background in open charm measurements 
0 Reduces combinatorial background in quarkonium measurements. 

Improved momentum resolution -+ improved invariant mass resolution. 
J/y and y' separation 
Upsilon states separation 

Background reduction from loose vertex cuts to reduce light meson decays. 
CI 
a! 
VI 

pA program improvements 
Jet reconstruction in central barrel? 



Summary for NCC 

no separation from y and electrons to 30 GeV/c allows xc measurement 
via xc + J / I ~  + pp y. 

This measurement will be hard in central AuAu because of the 
m w 

combinatorial background. We are presently trying to quantify the 
m expected signal/background and signal significance. 

Even a measurement at Npart - 100 would be very useful, since J/w 
suppression is almost fully turned on by then. 

The improvement in reaction plane resolution provided by the NCC 
enhances the J / I ~  v2 precision by - 2.5. 
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Conclusions 

RHIC I1 and the detector upgrades bring us dramatically expanded 
capabilities in heavy ion collisions, including: 

Separated open charm and beauty, RAA and v2 measurements to high pT. 
Clean measurements of heavy quark energy loss. 

J/y R U  to high pT. J/v v2 versus pT. J/v <pT2> vs centrality. Precise J / I ~  
rapidity dependence. All are strong tests of production models. 

Excited charrnonium: xc + J / ~ y y  and v' R U .  
Y RM. Which Upsilons are suppressed at RHIC? 
B + J/v. Independent B yield measurement, background to prompt J/v. 
Jets tagged with J/v, b, c, bb, cc - many clean handles on jet properties. 

u? c-r 
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I 

e s for heavy flavor 

- Electron identification using three detector systems (TPC, 

- Photonic background rejection using topological methods 
- Triggering capabilities to utilize full luminosity for rare probes 
- Direct reconstruction of charmed mesons 
TAR has a clear path for i 
- Completion and extension of calorimetric coverage 
- Extension of TOF coverage to full azimuth for electrons and 

com binatoric background rejection in direct reconstruction 
- Upgrade of Data Acquisition to increase effective luminosity 

and untriggered data samples 
- Installation of the heavy flavor tracker for displaced vertices 

TOF, EMC) from 1 to > I O  GeVk 

abi I ities 

Heavy Quark Workshop, Dec. 2005 



I 

0 Physics motivation: what 
remains to be learned in the 
heavy quark sector? 

Current detector and 
upgrade strateg y/timeli ne 

Limitations of current 
detector and how upgrades 
remove these 

STARd+Au 

STAR ALI+ALI (0-5'PO) 

STAR preliminary 

2 3 4 5 6 7 8 9  E 

STAR: nucl-ex/O511005, nucl-exl0510073, nucl-exl0510063 

. - -  
Heavy Quark Workshop, Dec. 2005 
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I 

Y 

Barrel Electromagnetic Calorimeter (EMC): Hi 

Barrel Time of Flight (TOF): dron 

Forward Meson Spectrometer (FMS): 

- 3/4 barrel of run 5 has been instrumented to full azimuthal coverage, -1 q 
1, for next RHIC run: COMPLETE 

- Current prototype patches to be upgraded to full azimuth, -1 q 1. 
- Project is funded and proceeding 

d 4 - Full azimuthal EM Calorimetry 2.5 q 4.0 
P - Possibility of charm measurements in this region 

- Project is proceeding: complete by next d+Au run 

- Upgrade TPC readout an order of magnitude, -double effective Luminosity 
- Target for completion: RHIC run in 2008 

Data acquisition upgrade (DAQI 000): 

Heavy Flavor Tracker (HFT): vertic 
- High precision (4 8 um) measurements for displaced vertices 
- Goal: standalone detector in place for RHIC run in 2009 

Heavy Quark Workshop, Dec. 2005 
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The LHC heavy flavor program (from ALICE point of view) 

P. Crochet for the ALICE collaboration 

Laboratoire de Physique Corpusculaire, CNRShN2P3 
Universite Blaise Pascal, 24 Av. des Landais 

F-63000 Clermont-Ferrand 
Philippe.Crochet @clermont.in2p3.fr 

With a nucleus-nucleus center-of-mass energy nearly 30 times larger than the one reached at RHIC, 
the LHC will open a new era for studying the properties of strongly interacting matter at extreme 
energy density. One of the most exciting aspects of this new regime is the abundant production rate 
of hard probes which can be used, for the first time, as high statistics probes of the medium. 
Furthermore, heavy flavor measurements at LHC should provide a comprehensive understanding of 
open and hidden heavy flavor production at unprecedented low x where strong nuclear gluon 
shadowing is expected. The heavy flavor sector at LHC is subject to other significant differences 
with respect to SPS and RHIC energies. First, the large production rate offers the possibility to use 
new and large variety of observables. Then, the magnitude of most of the in-medium effects is 
dramatically enhanced. Physics perspectives with heavy flavors with the ALICE detector at the LHC 
are reviewed 
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SPS RHlC LHC 

4 
00 

charm 

bottom 

Heavy flavors: 
what is different @ the LHC 

0-8 
0.2 10 130 

--L 0.05 5 

c 

0.5 1 1.5 2 2.5 3 3.5 4 4.5 a lot of charmonia from b hadron decay \ - O  -_ 
large secondary production of charmonia 

statistical hadronization, kinetic recombination, DD annhililation 

Statistical hadranization model 
kAndronlc et aL, PLB 571(2W3]3ii 

\ go*. 
'CI 0.6 

z m 
3 
g 0.4 
s n 

0.2 

I -  

1/1, 

J/!p saQ), LHC 

hep-ph/0311048 
r \  
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, i,,, I I I O! - 
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Philippe.Crochet@clermont.in2p3.fr N,fl 
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rg 

(d i) leptons : 
what is different @ the LHC 

dimuons in ALICE, ppt > 2 GeV/c B-c hain : 
X + B B  +p-+ 

RE-diff: 
X + $ +  RE d p - + X  

charm pure NLO 

B j. D decay: 
X + p’ + B’B++ x+ += 6’ 

Bo oscillations: 

PbPb,D<b<3fm 
x + p- f- B0BD-+ BO-+ p- + x 

p* in ALICE 

0 10 20 . 30 40 50 60 70 80 
P, ( G e W  

S. Grigoryan (2004) M,, [Gevj- 

large combinatorial background 
dileptons from b decay dominate the spectrum below Y & J/y 

0 large yield of secondary J/y from b decay 
dileptons from b decay have different origin at low & high mass 

0 sizeable yield of like-sign correlated dileptons from b decay 
W* stick out from single lepton spectra with large statistics 



Centrality dependence 
of quarkonium yields in ALICE-muon 

J/Y 

Pb-Pb, 4s = 5.5 TeV, L = 5.1026 crn"s-l, T = lo6 s 
20 mass cut, E assumes dN,,,/dy = 4000 @ y = 0 in central 

b (fm) 0-3 3-6 6-9 9-12 12-16 min- 
E (GeV/fm3) 32 30 28 16 5 bias 

S (x103) 132.6 234.6 198.2 94.75 21.66 681.4 

S/B 0.2 0.27 0.48 1.08 3.13 0.33 

S/dS+B 148 224 254 222 128 413 

cross-sections from R. Vogt in hep-ph/O311048, 
with shadowing & feed-down, w/o nuclear- 

absorption/suppression/en hancement 

\v' 

J/w: large stat., good sign. 
(allows much narrower centrality bins) 

o r :  good stat., S/B > 1, good sign. 
9 

S (x103) 3.69 6.53 5.5 2.61 0.59 18.92 

S/B 0.012 0.017 0.03 0.063 0.172 0.02 

similar rates for Y in the dielectron channel 

Y 

ALICE PPRVll Philippe.CrochetQclermont.in2p3.fr 

~ ~- ~ ~~ ~ ~~ ~ ~- 

S (x103) 1.349 2.38 1.991 0.932 0.204 6.33 

S/B 1.66 2.31 3.6 6.06 9.12 2.46 

S/dS+B 29 40.8 39.5 28.3 13.6 67.14 
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b-hadron irlclusive differential 
cross-section from single electrons 

d 

E 
5 1.2- 

1 

1 C. Bombonati, ALICE PWG3 Pb-Pb* 0-5% 

1 _I 

IO7 evts A - F \\\\ 
rl 

same method as the one used with muons 
plus scenario for b-quark energy loss 

€3 py fGeV/c] 

F. Antinori, C. Bombonati, A. Dainese, M. Lunardon & R. Turrisi (2005), ALICE PPRVll 
Philippe.Crochet Qclermont.in2p3.fr E-loss: N. Armesto, A. Dainese, C.A.Salgado & U.A. Wiedemann, Phys. Rev. D 71 (2005) 054027 

I I ,  , . .  . - . . . . . . . .. . . . . . 



Hadronic charm differential x-section 

PP 
~~ 

pPb I PbPb I system 
14 8.8 I 5.5 t + 

I trig MB MB I CC 
109 108 I 107 

I time (months) 8 

-4 I pt min (GeV/c) 0.5 0.5 I 1 
3 2 1 7  * p-Pb m:b.:\ls,, = 8.8 TeV ( x  5 4  

.t---. - 14 16 I 17 

the most precise measurement 
of the total charm x-section in 

pp collisions @ LHC 

ALICE PPRVll Philippe.Crochet@clermont.in2p3.fr 
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T.Umeda (BNL) 
Lattice Heavy flavor 

MEM spectral densities hep-lat10509115 new 
lighter at 1.75 Tc, also in Bielefeld chi-c goes to the left 
with rising T (not eta-c but chi-c) 
Potential model analysis: Miyarnura et al PRL 57 (1986) 
suppression from the screening - Color averaged free energy was used before 
Timing: F or U? 
several new papers Wong hep-ph10507084, Alberico 
0509088 

0 del studies are in agreement 

C.Y.Wong, PRC65,034906 (‘05) 
TITs 

C.Y.Wong, PRC65,034902 (‘02) 
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R.Thews 
New scenario with recombination 
2040 cbar c pairs (phenix-star) in central AuAu 
Statistical hadronization for J/psi works but Nce2 
different in models 
cbar c should find each other in QGP before 
deconfinement ... . 

0 $/psi is q ~ a d ~ t i ~  in NC in this SCWEX~O: (notin 
mine,szo belw) and shoukl be quite large at LHC 
Non-diagonal give smaller pt (flow can distort) 

and warrotvery (the latter do not seem to agree with 
data.. .) 

Leptons (C D decay) transverse momentum distribution 0-0) 

RAA 

Po I-Berna rd Gossiaux 
0 Foeretcr-PIaiPalr and 640T BoUkrnanm 
0 F"7oaaUoae transpork coefliGiontss, not caUcmlate 

A and B, Diffusion coefficient in p space: mean kicks etc, 
Mustafa et al Srivastava 97 gave FP coefficients - Relaxation time largerthan collision time 

* Asymptotic distribution is Tsallis distr (?) Rafelski 99 
* Large coefficient on top of pqcd like Molnar, Both for collisional and 

radiational - No force on c afler QGP - Small broadening of y distribution 
Vs pt distribution: kappa-collisional=l0-20 or radiational+coll - V2: 20 kappa-coll is not enough, nor is coll+rad. All give too little: 
light quarks contribute very little to v2 of D, way below - J/psi= alpha N-d2, how large is alpha? 

* Ncc=2O depends on kappa-coll and depend on Tdiss . Ratio of jpsi(y)/nCA2(y) is due to diffusion 

Cbar c pair flies till it meets the hydro cell moving 
with the same speed, and then get stuck in it 

Possible if 
v(Jpsi)< 
V(flOW)<.7 
Agrees with the 
idea that 
suppression is 
seen below 
pt=3GeV*.7=2 
GeV 
(fig. at right from 
Gunji (PHENIX)) 

1 an 
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I M.Djordjevic (Ohio S )  
* Hea quark. larger losses that light or not? DK- dead cone but this Is 

onlyrradladon. Other processes can be the opposite at sainept (ES I 97). - Ter-Mikaei an effect (medium modif. of gluons=>no soft massless 
gluons) miance yield of c (reduces radiation) 
Transition radiation at the boundary:TM effect reduced from 30% to 

15%, so nearly cancel each other 
* Now we Ignore those two effets and look at radiation 
* Charm looses about 25% and bottom only 10% orso, linear in energy 

and not quadratic as light quark 
For 5 gev charm delta E Is 50% lower than for light, but at 25 GeV both 
are about the same, but bottom much less (good fig) - Prediction for suppr is for charm .S pm.1. After quneching b 

starts to dominates after 3 GeV pt, not 5 
Single electron from both c and b: RAAs.7 or so at p e l 0  GeV disagrees 

with data by large factor1 
1 OPTION: INCREASE DNlDY OF GLUONS 
2 option: elastic energy loss (7) to be calculated 
CoweBuoisa: b io impaftant, and e is mot that mu& 

saapgress.od as Bight 6$g j@@: 
Radiative energy Boss not enough! 

S.Wicks Columbia 
Elastic and radiative dEdx (ES: not enhanced by 
resonances like for RR+HH) 
Improved elastic in UV and IR, 
(fig) same order as radiative 
But Romatschke*Strickland -improved 
Finite time effects? Formation? Energy "gain" at lower pt 
compared to vacuum radiation? 
Combining the h?m9 %%WiC@ the 
sup,pr@ssi~,w 
But bmat about Gaslmir sca.8in 
pb,rine? Those cvouUd bs ~V~~~~~~~~~~~ 
Playing with L since light prop.to LA2 and elastic to L. 



Results - Electron Raa (fixed L=5fm) 

Fixed L=Sfm; rr=D.3; dNg/dy=lODO 

I Simon Wick. Columbia University 
(Heavy Flavor Wwkshop. 1% 

17 

Strength of dE/dx 
BDMPS, Gyulassy+ ..., all assumed QGP is 

e Eu% w h m  they ZIKZ 
(e.g. + and - alternated) local electric 

made of Uk''dCOkk%k&& ChW@2S 

field is larger => 4 oc fd~,!?(z)~2 

No contradiction between large DEldx 
and entropy 

PHENIX Reaction Plane Angle 

(from B.Cole) 
38". Dependence '"j ' 1 '  " 1 ' ' C  

My comments on that: 

sWhat  is radiated is not 
gluons, which do not 
propagate in sQGP, but 

alderray, Teesnoy,ES 

chain (qgg ...gq) network or 
crytalline order must be important 

IBindingl>T only at 
T4.5Tc 
a ''laiani i i m "  del 
tau at RHlC before I 

local order settles? <. - 
+----- T h e  at RHI( 

j (T_max=2Tc) 4-a 2 ofmic 

193 



194 



Heavy Flavor Productions and Hotmense Quark Matter 
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Heavy Flavor Productions and Hot/Dense Quark Matter 

Physics Department Large Seminar Room 

Agenda 

Mondav Morning. December 12 
08~00 . 09:OO Registration 

09:oo . 09:lO Welcome 

09~10 . 0955 

09~55 . 10:25 

10~25 . 1055 
1055 . 11:05 COFFEE BREAK 

11~05 . 11~35 
11:35 . 12~05 
12~05 . 13~30 

(Chair: M . Tannenbaum) 

D . Kharzeev ........... Historic Review of Probing Quark Matter via Heavy Flavor Measurement 

T. Cunji .................. PHENIX Charmonium Measurement in p.p, d-Au and Au-Au 

FK Dong ................. Non-photonic Electron v2 and Heavy Quarkonia Measurements from STAR 

F . Kajihara ............ PHENIX Open Charm Measurement in p.p, d-Au and Au-Au 
H . Zhang ................ Star Open Charm Measurement in p.p, d-Au and Au-Au 

LUNCH (only served at the Berkner Hall Cafeteria until 13:OO) 

Mondav Afternoon. December 12 
13~30 . 14~10 

14~10 . 1450 
1450 . 15~30 
15~30 . 15:40 COFFEE BREAK 

15:40 . 16~30 

16~30 . 17~10 

17:lO . 17~30 

17:30 . 17~50 

(Chair: R . Rapp) 
E . Scomparin .......... SPS Charm and Bottom Measurements 

2? Umeda ............... Lattice Calculations on Heavy Flavor: Open and Hidden Charm States Above T-c 
R . Thews ................. Heavy-Quarkonium Formation in QGP via Recombination 

H . van Hees ............ Collective Flow, R-AA and Heavy Flavor Rescattering 
M . Djordjevic ......... Heavy Quark Energy Loss in Nucleus-Nucleus Collision 

S . Wicks .................. Heavy Quark Elastic Energy Loss 
JT Horowitz ........... Role of Dynamic Geometry in Heavy Quark Tomography 

Tuesdav Morninp. December 13 

09~00.- 09~40 

09:40.- 10~20 
10~20 . 10:30 " COFFEE BREAK 

10~30 . 11:lO 
11:lO . 1150 
1150 . 13:10 

(Chair: N . Xu) 

P.-B. Gossiaux ...... Thermalization of Heavy Quarks and Consequences on the Charmonia Production 

J..C . Peng .............. Heavy Flavor Production in p-A Collisions 

R . Vogt ................... Heavy Quarkonium Production and Color Evaporation Model 
C.-Y. Wong ............. Heavy Quarkonium Dissociation Cross Sections and in-Medium Effects 

LUNCH (only served at the Berkner Hall Cafeteria until 13:OO) 
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Tuesday Afternoon, December 13 (Chair: M. Leitch) 

13~10 - 1350 

13~50 - 14:30 

14~30 - 15~10 

15~10 - 15~30 

15~30 - 16~30 

16~40 - 17~20 

. 17:20 - 18~00 

19~30 - 22:30 

J. Raufeisen ............ Effect of Shadowing and Initial State Energy Loss on Heavy Flavor Production 

R. Venugopalan ...... Heavy Flavor Production and Color Glass Condensate 

A. Geiser ................ HEM: H1-Zeus Heavy Flavor Measurements 

COFFEE BREAK 

J.  Qiu ..................... Heavy Quark Physics and QCD (BNL Colloquium in Conjunction wNorkshop) 

M. Bishai.. .............. Tevatron Heavy Flavor Measurement 

R. Seuster ............... Heavy Quark Fragmentation Functions from e-e Collisions 

DINNER 

Wednesdav Morninp, December 14 (Chair: G. Bunce) 

09:OO - 09~40 

09~40 - 10~20 

10~20 - 10:30 COFFEE BREAK 
10:30 - 11:lO . 
11~10 - 11~50 

G. Bodwin .............. NRQCD and Heavy Quarkonium Production 

M. Cacciari ............ Theoretical Review of Heavy Quark Production 

J.  Rafels ki............... Quarkonium Recombination In Presence of Strangeness Rich Expanding QGP 
IK Vogelsang ......... Heavy Flavor Measurements from Polarized p-p Collisions for the Gluon Spin 

Structure Function 

LUNCH (only served at the Berkner Hall Cafeteria until 13:OO) 11 50-13 :20 

Wednesdav Afternoon. December 14 (Chair: F. Antinori) 

13~20 - 14:OO 
14:OO - 14:40 

14~40 - 1450 COFFEE BREAK 

14~50 - 15~30 
15:30 - 16:30 

16:30 - 17:30 . 

T. Frawley .............. Future of Heavy Flavor Measurement at PHENE 

J.  Dunlop ............... Future of Heavy Flavor Measurement at STAR 

P. Crochet .............. LHC Heavy Flavor Program 

J.  Nagle .................. Summary of Experimental Results 

E. Shulyak .............. Summary of Theory Results 
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Additional RIKEN BNL Research Center Proceedings: 

Volume 78 - Heavy Flavor Productions and HotiDense Quark Matter, December 12-14,2005 - BNL- 
Volume 77 - RBRC Scientific Review Committee Meeting - BNL-52649 
Volume 76 - Odderon Searches at RHIC, September 27-29,2005 - BNL-75092-2005 
Volume 75 - Single Spin Asymmetries, June 1-3,2005 - BNL-74717-2005 
Volume 74 - RBRC QCDOC Computer Dedication and Symposium on RBRC QCDOC, May 26,2005 - 

Volume 73 - Jet Correlations at RHIC, March 10-1 1,2005 - BNL-73910-2005 
Volume 72 - RHIC Spin Collaboration Meetings XXXI(January 14,2005), XXXII (February 10,2005), 

Xxxm (March 11 , 2005) - BNL-73866-2005 
Volume 71 - Classical and Quantum Aspects of the Color Glass Condensate - BNL-73793-2005 
Volume 70 - Strongly Coupled Plasmas: Electromagnetic, Nuclear & Atomic - BNL-73867-2005 
Volume 69 - Review Committee - BNL-73546-2004 
Volume 68 - Workshop on the Physics Programme of the RBRC and TJKQCD QCDOC Machines - BNL- 

Volume 67 - High Performance Computing with BlueGene& and QCDOC Architectures - BNL- 
Volume 66 - RHIC Spin Collaboration Meeting XXIX, October 8-9,2004, Torino Italy - BNL-73534-2004 
Volume 65 - RHIC Spin Collaboration Meetings XXW (July 22,2004), XXWI (September 2,2004), XXX 

Volume 64 - Theory Summer Program on RHIC Physics - BNL-73263-2004 
Volume 63 - RHIC Spin Collaboration Meetings XXIV (May 2 1,2004), X X V  (May 27,2004), 

XXVI (June 1,2004) - BNL-72397-2004 
Volume 62 - New Discoveries at RHIC, May 14-15,2004 - BNL- 72391-2004 
Volume 61 - RW;,N-TODAI Mini Workshop on “Topics in Hadron Physics at RHIC”, 

Volume 60 - Lattice QCD at Finite Temperature and Density - BNL-72083-2004 
Volume 59 - RHIC Spin Collaboration Meeting XXI (January 22,2004), XXII (February 27,2004), Xxm 

Volume 58 - RHIC Spin Collaboration Meeting XX - BNL-71900-2004 
Volume 57 - High pt Physics at RHIC, December 2-6,2003 - BNL-72069-2004 
Volume 56 - RBRC Scientific Review Committee Meeting - BNL-7 1899-2003 
Volume 55 - Collective Flow and QGP Properties - BNL-71898-2003 
Volume 54 - RHIC Spin Collaboration Meetings XW, XVIII, XIX - BNL-7175 1-2003 
Volume 53 - Theory Studies for Polarizedpp Scattering - BNL-71747-2003 
Volume 52 - RIKEN School on QCD “Topics*on the Proton” - BNL-71694-2003 
Volume 51 - RHIC Spin Collaboration Meetings XV,  X V I  - BNL-71539-2003 
Volume 50 - High Performance Computing with QCDOC and BlueGene - BNL-7 1 147-2003 
Volume 49 - RBRC Scientific Review Committee Meeting - BNL-52679 
Volume 48 - RHIC Spin Collaboration Meeting XIV - BNL-7 1300-2003 
Volume 47 - RHIC Spin Collaboration Meetings XII, XIII - BNL-71118-2003 

BNL-748 13-2005 

73604-2004 

(December 6,2004) - BNL-73506-2004 

March 23-24,2004 - BNL-72336-2004 

(March 19,2004)- BNL-72382-2004 
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Additional RIKEN BNL Research Center Proceedings: 

Volume 46 - Large-Scale Computations in Nuclear Physics using the QCDOC - BNL-52678 
Volume 45 - Summer Program: Current and Future Directions at RHIC - BNL-71035 
Volume 44 - RHIC Spin Collaboration Meetings WI, My X, XI - BNL-71117-2003 
Volume 43 - RKEN'Winter School - Quark-Gluon Structure of the Nucleon and QCD - BNL-52672 
Volume 42 - Baryon Dynamics at RHIC - BNL-52669 
Volume 41 - Hadron Structure from Lattice QCD - BNL-52674 
Volume 40 - Theory Studies for RHIC-Spin - BNL-52662 
Volume 39 - RHIC Spin Collaboration Meeting VII - BNL-52659 
Volume 38 - RBRC Scientific Review Committee Meeting - BNL-52649 
Volume 37 - RHIC Spin Collaboration Meeting VI (Part 2) - BNL-52660 
Volume 36 - RHIC Spin Collaboration Meeting VI - BNL-52642 
Volume 35 - RKEN Winter School - Quarks, Hadrons and Nuclei - QCD Hard Processes and the Nucleon 

Spin - BNL-52643 
Volume 34 - High Energy QCD: Beyond the Pomeron - BNL-52641 
Volume 33 - Spin Physics at RHIC in Year-1 and Beyond - BNL-52635 
Volume 32 - RHIC Spin Physics V - BNL-52628 
Volume 31 - RHIC Spin Physics ID & IV Polarized Partons at High Q"2 Region - BNL-52617 
Volume 30 - RBRC Scientific Review Committee Meeting - BNL-52603 
Volume 29 - Future Transversi@ Measurements - BNL-526 12 
Volume 28 - Equilibrium & Non-Equilibrium Aspects of Hot, Dense QCD - BNL-52613 
Volume 27 - Predictions and Uncertainties for RHIC Spin Physics & Event Generator for RHIC Spin Physics 

Volume 26 - Circum-Pan-Pacific RKEN Symposium on High Energy Spin Physics - BNL-52588 
Volume 25 - RHIC Spin - BNL-52581 
Volume 24 - Physics Society of Japan Biannual Meeting Symposium on QCD Physics at RKEN 

Volume 23 - Coulomb and Pion-Asymmetry Polarimetry and Hadronic Spin Dependence at RHIC Energies 

Volume 2 i  - OSCAR E Predictions for RHIC - BNL-52591 
Volume 21 - RBRC Scientific Review Committee Meeting - BNL-52568 
Volume 20 - Gauge-Invariant Variables in Gauge Theories - BNL-52590 
Volume 19 - Numerical Algorithms at Non-Zero Chemical Potential - BNL-52573 
Volume 18 - Event Generator for RHIC Spin Physics - BNL-5257 1 
Volume 17 - Hard Parton Physics in High-Energy Nuclear Collisions - BNL-52574 
Volume 16 - RKEN Winter School - Structure of Hadrons - Introduction to QCD Hard Processes - 

Volume 15 - QCD Phase Transitions - BNL-52561 
Volume 14 - Quantum Fields In and Out of Equilibrium - BNL-52560 

III - Towards Precision Spin Physics at RHIC - BNL-52596 

BNL Research Center - BNL-52578 

- BNL-52589 

BNL-52569 



Additional RIKEN BNL Research Center Proceedings: 

Volume 13 - Physics of the 1 Teraflop RIKEN-BNL-Columbia QCD Project First Anniversary Celebration - 

Volume 12 - Quarkonium Production in Relativistic Nuclear Collisions - BNL-52559 
Volume 1 1 - Event Generator for RHIC Spin Physics - BNL-66 1 16 
Volume 10 - Physics of Polarimetry at RHIC - BNL-65926 
Volume 9 - High Density Matter in AGS, SPS and RHIC Collisions - BNL-65762 
Volume 8 - Fermion Frontiers in Vector Lattice Gauge Theories - BNL-65634 
Volume 7 - RHIC Spin Physics - BNL-656 15 
Volume 6 - Quarks and Gluons in the Nucleon - BNL-65234 
Volume 5 - Color Superconductivity, Instantons and.Parity won?)-Conservation at High Baryon Density - 

Volume 4 - Inauguration Ceremony, September 22 and Non -Equilibrium Many Body Dynamics -BNL- 

Volume 3 - Hadron Spin-Flip at RHIC Energies - BNL-64724 
Volume 2 - Perturbative QCD as a Probe of Hadron Structure - BNL-64723 
Volume 1 - Open Standards for Cascade Models for RHIC - BNL-64722 

BNL-66299 

BNL-65 105 

64912 
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For information please contact: 

Ms. Pamela Esposito 
RIKEN BNL Research Center 
Building 5 1 OA 
Brookhaven National Laboratory 
Upton, NY 11973-5000 USA 

Phone: (63 1) 344-3097 
Fax: ’ (63 1) 344-4067 
E-Mail: pesposit@bnl.gov 

Ms. Jane Lysik 
RIKEN BNL Research Center 
Building. 5 1 OA 
Brookhaven National Laboratory 
Upton, NY 11973-5000 USA 

(63 1) 344-5864 
(63 1) 344-2562 
lysik@bnl.gov 

Homepage: http://www.bnl.g;ov/riken 
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