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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 and experiment: RSP Researchers, RSP 
Research Associates, and Young Researchers, who are mentored by senior RBRC 
Scientists. A number of RIKEN Jr. Research Associates and Visiting Scientists also 
contribute to the physics program at the Center. 

RBRC has an active workshop program on strong interaction physics with each 
workshop focused on a specific physics problem. Each workshop speaker is 
encouraged to select a few of the most important transparencies from his or her 
presentation, accompanied by a page of explanation. This material is collected at the 
end of the workshop by the organizer to form proceedings, which can therefore be 
available within a short time. To date there are seventy-six 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 

*Work performed under the auspices of U.S.D.O.E. Contract No. DE-AC02-98CH10886. 
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i 
INTRODUCTION 

Abhay Deshpande, Dima Kharzeev, Raju Venugopalan and Werner Vogelsang 

The RIKEN BNL Center workshop and symposium "RHIC Physics in the Context 
of the Standard Model" was held at Brookhaven National Laboratory from June 
19-23, 2006. Several physics workshops are organized by RBRC each year on a 
wide range of physics topics. This particular workshop was noteworthy because 
it represented the first reunion of RBRC Fellows and Research Associates since 
the founding of the RBRC in 1997. 

The workshop was organized as mini-workshops on heavy ion physics, spin 
physics and lattice QCD, as well as a symposium encompassing these topics in 
the broader context of the standard model. The talks at the mini-workshops were 
all by RBRC alumni, showcasing the range and depth of the contributions in 
these areas. The symposium was a mix of talks by RBRC alumni and a number of 
senior experts on various areas of the standard model. We hope these 
Proceedings convey a sense of the high quality of the physics talks in both 
presentation and content. 

In addition to the physics discussions, the workshop provided an excellent 
opportunity for the RBRC alumni to interact with each other and their colleagues 
at BNL. At an informal discussion session during the workshop, several ideas 
were suggested for a continuation of these reunions and for ways for the alumni 
to maintain their contact with RBRC. We hope some of these will come to fruition 
and contribute to the intellectual vitality of the Center. 



Experimental Overview 

Matthias Grosse Perdekamp 

University of Illinois at Urbana-Champaign 
1110 West Green Street 

Urbana, IL 61801-3080 USA 

and 

RIKEN BNL Research Center 
Physics Department 

Brookhaven National Laboratory 
Upton, NY 11973 
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at RHlCl 
o Overview 

o Heavy Ion Physics 

dP2PP 
Experimental challenges 
RBRC contributions 

p. . o Experimental Results I l s s R R i ' r l j i  

Initial state 
Elliptic Flow 
Hard Probes 
Heavy Flavor 

Formulate sQGP predictions and test with 
present and future precision data from RHIC, 
examples: 

* Ru at very high pr 
Charm energy loss - Baryon multiplicities in hadron'kation - Chiral symmetry restoration - Thermal radiation 
J/I# 
Modification ofjets 

Wodshop on H e w  Ion Phaics 3 

1. Jets are suppressed in central Au + Au collisions - suppre-im i.i nai UP to P,- i o  GBVIE - A b C e n C B d I U p p ~ f i o n i n d t A u  

- 2 Strong elliptic flow 
Scaling 01v~wilh crcentricilyshows lhata hi~hdegmao1~ l iEcb i~hv i ldsup  

Data described by ideal hydrodynamicmodel& fluid desdpLn Dlmnller 
enrlystagsofm~~,l!on-evidence brearlymerma~alion 

Energy density allows for a non-hadronic stab of matter 

- 
BPPlie5. 

Enemy density eslimales horn meahuremenLF OfdNldy am wall in excess oflhd 
-1 Gevllm' laitce OCD prsdicibn for lhe energy dmsily naadad lo form a 
demnflncd phase. 

3. - 

Strongly interacting Quark Matter 

June l Q m  Worli+hip on Heavy ion P n p u  

between final state and the 
Central Au-Au at RHIC 

.Is = 38 TeV 

the collisions 

final state 

ble collision systems and energy 

01 measurements and their systematics -28 TeV released in 
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RBRC r r h h  
(I) hard probes in pQCD 

Wmhhop an Heavy Ion Physics June l5'" 
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(Il l)  Event selection 
(vult Gob. Keniuka Okads 
HirayukIToril. MGP. Wei m) 

+ selection of rr0 in 
d-Au collisions at 
high rates makes 
control experiment 
possible. 

I RBRC (hardware] 

Yujie Goto. Kensuke Okada. r .  -ih"i.ZIkI 

I IVskd r Il>\.tri 

Hadron production is suppressed at large rapidity 
consistent with saturation effects at lowx in the 
Au gluon densities 4 CGC 

~ June 19' 

Is the Initial State  in Heavy Ion 
Collisions Determined by Saturation 

Effects in the  Gluon Field ? 

Elliptic Flow 
Strong Evidence for sQGP 
PDFs (partonic degrees offreedom)?! 
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Even open cham iiows (measured 
through singis elaatons) 
Strong Interactions at esilystage + 

i I 
r- -p,ia.hi 

WDtiiShOP an HeaW Ion Phymr; 43 0 

1 AuAu Run41 

High quality data: 

High PT 
Suppression 

I I 

t 
7 
ai 5 i n  as 

Suppression Is sfrang (RM n0.2) and flat up to 20 GeVlc . Matter Is extramety opaque . The data should provide a bnwrhundon the inlUal gluon dansily 

WOlkrhoD on Hsav Ion PhySIs 16 f!! 
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Heavy Flavor I Physics 

Dima Kharzeev et al., 

Muon arm 

0 NA50 data normalized to NA50 
pfp point. 

12 Suppression level is similar in 
the two experiments, although 
the collision energy is 10 times 
higher (2OOGeV in PHENIX w 
17GeV in NA50) 

o Enormous effort and advances to build RHlC with it's 
detectors as the first facility optimaliy adapted for Heavy 
Ion Physics. 

o Discovery of the strongly interacting quark gluon plasma. 
Many independent channels. Among the most important: 

3 strong elliptic flow 
9 large suppression + large energy densities 

o Enter second phase of the experimental program at 
RHlC to survey the sQGP. 

o Additional tools: detector upgrades in PHENIX and 
STAR electron cooling in RHIC. 

' J u n e W  Workhap on H e a ~  Ion Piiysics 20 8 
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Perfect fluid QGP or CGC? 
Tetsufumi Hirano 

Institute of Physics, University of Tokyo, Konzaba, Tokyo 153-8902, Japan 
Keywords: quark gluon plasma, relativistic heavy ion collisions, perfect fluid, color glass conden- 
sate 
PACS: 24.85.+~,25.75.-q,24.10.N~ 

We investigate, based on hydrodynamics, how robust the conclusion of dwovery for 
perfect fluid QGP at RHIC is. In hydrodynamic simulations, one needs to model (1) 
initial conditions, (2) equations of state, and (3) decoupling/freezeout. The conclusion 
was obtained essentially based on a particular set of the above three models. So it 
is very important to check whether the conclusion remains valid even by changing 
model assumptions. If chemical freezeout is considered in hydrodynamics, the slope of 
differential elliptic flow turns out to be deviated from the data. On the other hand, ideal 
hydrodynamics followed by a kinetic description based on hadronic cascade models 
can reproduce particle ratio, spectra, and elliptic flow parameters. We find that two 
canceling effects, namely, chemical freezeout and dissipation in the hadron phase whch 
are missing in conventional hydrodynamic simulations, cause an accidental reproduction 
of the elliptic flow data. So the dissipation in the hadron phase is turned out to be 
important as long as we employ the Glauber-type initial conditions. We find that the 
color glass condensate (CGC), whose cases are growing in deep inelastic scattering at 
HEW, gives a larger eccentricity for produced gluon distributions and in turn leads to 
a larger momentum anisotropy than the conventional Glauber model does. Whether the 
perfect fluid QGP is discovered depends strongly on the modeling of initial states in 
relativistic heavy ion collisions. 

REFERENCES 

1. T. Hirano.and M. Gyulassy, Nucl. Phys. A 769,71 (2006). 
2. T. Hirano, U. Heinz, D. Kharzeev, R. Lacey, and Y. Nara., Phys. Lett. B 636,299 (2006). 
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"RHIC Physics in the Context of the Standard Model" 
RBRC workshop on Heavy Ion Physics 

Perfect Fluid QGP 
or CGC? 

Tetsufumi Hirano" 
Institute of Physics, University of Tokyo 

* Visiting scientist at RBRC 
References: 
T.Hirano and M.Gyulassy, Nuc1.Phys.A 769(2006)71. 
T.Hirano, U.Heinz, D.Kharzeev, R.Lacey, Y.Nara, Phys.Lett.B 636 (2006)299; 
work in progress. 

Three Inputs for Hydrodynamic 
Models 

Free streaming particles 

Hydrodynamics can be valid 

pre-thermalization, instability? 
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Note on Hydrodynamic Results 

Obviously, final results depend on 
modeling of 

I .Equation of state 
2. Initial condition 
3. Freezeout 

So it is indispensable to check sensitivity 
of conclusion to model assumptions and 
try to reduce model parameters. 
In this talk, I will cover 2 and 3. 

v2(pT) for Different Freezeout 
Prescriptions 

2000 (Heinz, Huovinen, Kolb ... ) 
Ideal hydro w/ chem.eq.hadrons 
2002 (TH ,Teaney, Kolb. ..I 
+Chemical freezeout 
2002 (Teaney ...I 
+Dissipation in hadron phase 

"RHIC serves the perfect liquid." 

0.2 
0.18 
0.16 
0.14 
0.12 

9 0.1 
0.08 
0.06 2005 (BNL] 
0.04 
0.02 

'0 0.2 0.4 0.6 0.8 1 1.2 
pr (GeVlc) 

Why so different/similar? 
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Significant Hadronic Viscous Effects 
at  Small Multiplicity! 

Summary So Far 

When we employ Glauber-type initial 
conditions, hadronic dissipation is 
indispensable. 

hadronic corona 
Perfect fluid QGP core and dissipative 
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TH et a1.('06) 

QGP' Hydro + Hadronic Cascade 
hydrotcascade, CGC Glauber: 

J Mechanism? 

0.16 

0.12 o P H E N I ~ ~ O . ~ < L L < ~ G ~ V / C )  

0.14 PHOBOS(track) STAR(v,{Z}, 0.15-=&<2GeV/c) J Early thermalization 
STAR(v (4) O . l S < & C e V / c )  

CGC: 
J No perfect fluid? 

0.08 

0.02 J Additional viscosity 
is required in QGP '0 50 100 150 200 250 300 350 400 

I I mDortance of better understandinq of initial condition I 

Large Eccentricity from CGC Initial 
Condition Hirano and Nara('04), Hirano et al.('O6) 

Kuhlman et al.('O6), Drescher et aL('O6) 

y t  

Pocket formu 
v, - 0.2€ e 

-no diffuseness 

b (fm) 

la (ideal hydro): 
RH IC energies 

Ollitrault('92) 
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v,(p,) and v,(eta) from CGC initial 
conditions 

-0'050 0.2 0.4 0.6 0.8 1 1.2 1,4 1. 
p~ (GeVlc) 

v,(model) > v,(data) 

Summary and Outlook 

&iJ&fl , Db-. ++'* a pJ& a &/2mIrd 
l f i 6 ~ a 3 D l J ~  y%- q p _lqgfi3" @&L!lE 

flg "p&&z!Jq&cl" fd 

Much more studies needed for initial states 
Still further needed to investigate EOS 

To be or not to be (consistent with hydro), 
dependence 

that is the question! 

i 
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Some topics about Color Glass Condensate 

Kazunori Itakura 

Institute of Particle and Nuclear Studies, KEK, Japan 

Abstract 

Recent progress in the theoretical description of the Color Glass Condensate (CGC) 
was briefly reported. The CGC is a universal state of matter which appears in the limit of 
large scattering energy. It is made of gluons having colors, which axe created by almost 
frozen color sources (a situation similar to a spin glass). Besides, the density of gluon 
is very high, and the state is like a condensation. The standard theoretical description 
of the CGC is given by the Balitsky-Kovchegov (BK) equation, which is a result of the 
mean-field approximation. We know this equation has a variety of interesting phenomena, 
including saturation (unitarization) of the scattering amplitude and the emergence of a 
new scale ”saturation scale.” There are several experimental supports which are consistent 
with the CGC picture. 

However, recently, it has been recognized that the mean-field picture is not valid at 
very high transverse momenta. In this regime, the mean-field picture should be drastically 
changed due to fluctuation. This notion came from the remarkable observation that the 
BK equation is essentially equivalent to the F-KPP equation which is a famous equation 
describing the reaction-diffusion system such as chemical reaction. Since the F-KPP 
equation too is obtained in the mean-field picture, it has the same problem. I have 
discussed the importance of fluctuation in the F-KPP equation and presented the second- 
quantization method which produces a field theory containing all the information of the 
reaction-diffusion system, including the effects of fluctuation. 

13 



Some topics about 
Color Glass Condensate 

Some topics about 
Color Glass Condensate 

Kasunori Itakura 
IPNS, KEK 

At the RBRC Alumni workshop 
19* June, 2006 

Plan 

Introduction 
Theoretical framework for the CGC 
Mean-field picture 

-- The Balitsky-Kovcliegov equatioa 
-- Reaction-diffusion dg’iiamics (F-KPP equation) 

Beyond mean-field picture 
-- Reaction-diffusion dynamics: exact implementation 
-- Fluctuation & Stochastic F-ICPP equation 
-- Back to the saturation physics 

Summary 
I 

June 19fh, 2006 at BNL K. Itakura (KEIC) 
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Introduction 

High-enerw limit of QCD is the Color Glass Condensate (CGC)!! 
Named by Imcu, Leonidov, & M c k m m  (2000) 

Color : A matter made of gluons with colors. 
Glass: Almost “fkozen” random color source creates gluon fields 
Candensate: High density. Occupation number - o( Vas) 

g7.a s m 
x 

10 

CGC high density gluons 3 a ’  Dilute gas 

Experimental supports: 
Enhancctncnt of gluon distribution in a proton at small .h: 
Gcomctric scaling at DIS and eA 
Suppression of Rdn,, at forward rapidity in dctcutcron-Au collisions, etc, ... 

K. Itakura (KEK) June 1gCh, 2006 at BNL 

Mean-field picture (2/4) ‘ 

The Balitsky-Kovchegov equation 

Consequences 
BFKL f non-linear term 
+ (I”,),, saturates (unitarizes) at fixed b = (x+y)/2 : (Tx.v)y 

-.) typical I size of gluons when 1. area is occupied l/Q,( Y )  
3 increases with rapidity Y : e,”( Y )  - ehY 

-3 amplitude ( T ~ , , ) ~  is a function of (x-y)Q,(Y) 

Saturation scale Qs( Y )  

Geometric Scaling 

Approximate scaling persists even outside of the CGC regime 

June 191h, 2006 at BNL K. Itakura (KEK) 
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Mean-field picture (3/4) . 
Emerging picture 

u3 

-8 k 

0 
9 
k 
Q) 

x 
l/x in 

log scale 

I b 
Fine transverse resolution + 
in log scale 

/‘QCD2 

K Itakura (KEK) 

x + o  

BFKL 

fBK 
I,- 
DGLAP 

June 191h, 2006 at BNL 

Mean-field picture (4/4) 

The Reaction-Diffusion dynamics 
Munier & Peschanski (2003-1 

Within a reasonable approximation, the BK equation in momentum space 
is rewritten as the F-RPP eauation (Fisher, Kotmogorov, Petrovsky, Piscounov) 

8tu 2 a2:u + u - u2 

’ 

2 where t - z ,  x-Ink2 and u( t ,x) -Nxk) .  

FKPP = “logistic” + “diffusion” 
Logistic : “reaction” part 
g+gg (increase) vs gg + g (recombination) 

rapid increase saturation 
Diffusion : expansion of stable region 

Travelin? wave solution 
Wave front : x(t)=vt + saturation scale 
Translating solution: U(X-vt) + geometric scaling 

. i-’ 

K Itakura (KEK) 
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Beyond mean-field picture (1/5) 

Lessons from the reaction-diffusion dynamics 

1. The F U P  equation is not complete: 

It is for an averaged number density in the continuum limit 

u(x, t )  = l im(nf( t )  / N )  
N - t a  

and is valid when allowed number of particles N is quite large. 

2. Fluctuation (discreteness) becomes important when the number 
of particles are few. 

3 At the tail of a traveling wave : u(&t) - 1/N .e< 1 

+ large effect: Diffusion controls the propagation. 
The velocity of a traveling wave is reduced. 

(Linear growth does not work without “seeds”) 

K. Itakum o(EK) June Wh, 2006 at BNL 

Beyond mean-field picture (3/5) 

Field-theory representation 
Secoad quantiZi3tiOn method Doi ’76 , Peliti ’85, c a d y  & Tauber ’98 

a useful technique for a system with creation And annihilation of particles 

Introduce bosonic operators 

”Hamiltonian” is defined for a “probabihty vector’‘ 

a,+ creates a particle at site i. 
[a. a?] = 6 ,  

-%lW)) = H/@(t)) ,  1w) .= p({w>l{4) 

[a j ,  aj] = [a’ a?] = 0 
” J ” J . .  

((0 

For A+AA and AA+A, the master equation is exactly reproduced by 
H =7 D E.(.,: -a;)(., - a j ) - a , , x  ((.;)2ai - a:a,)-Iz-z  (.;a; - (uc,za;) 

h <i.j> I 2 .  i 

K. Itakura (KEK) June 19ch, 2006 at BNL . 
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Beyond mean-field picture (5 /5 )  

to saturation physics 
1. Difference btw Balitslq and BK eqs. becomes significant 

when gluon (dipole) number is small (high transverse momentum). 
( ~ ( r ) ) ,  = a,: n(r, Y )  << a,: 

2. Inclusion of full fluctuation replaces the F-IQP equation by 
the stochastic F-IOP equation. 

3 Even the Balitsky equation must be modified so that it contains 

3 Pomeron loop 
dipole splitting. 

3. Saturation scale becomes 
slowly increasing due to diffusion at the edge, 
stochastic variable due to fluctuation term in sFI6P eq. 

I$ hfueller, Shoshi, Imcy Muidrr, Tyanta+llopoulos, Sop, ..... 
K. Itakura (KEK) June 19", 2006 at BNL 

Summary 

Theoretical description of the Color Glass Condensate is 
improving. Analogy with the reaction-diffusion dynamics 
is very useful.. 

In particular, the effects of fluctuation beyond the mean- 
field BK picture have been recognized to be significant in 
dilute regime (at high transverse momentum) 

Slowly-growing and stochastic saturation scale is obtained. 

Deeper understanding of the reaction-diffusion system is 
necessary. The field-theory representation will be useful. 

K. Itakura (KEK) June 19", 2006 at BNL 
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Quarkonium production and propagation in partonic media 

Hirotsugu Fujii 
( University of Tokyo ) 

RBRC FfA: 1997.9 - 1999.3 

Abstract 

Three related topics a,re discussed; quarkonium interaction with hadrons at  low energies, quarko- 
nium attenuation in nuclear target at high energies, and quarkonium production in high-energy 
proton-nucleus collisions. Especially, we shall apply the color glass condensate approach to the 
quarkonium production in dense partonic media, and show phenomenological implications. 

19 
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Charm production at high parton densities 

Kirill Tuchin a,b 

a Department of Physics and Astronomy, 

Iowa State University, Ames, IA 50011 

RIKEN B N L  Research Center, Upton, N Y  11973-5000 

We discuss open and hidden charm production in p(d)A collisions in High Parton 

Density QCD in quasi-classical approximation and including low-3: quantum evolu- 

tion. We argue that the coherence length of charm production at RHIC becomes 

much larger than the nuclear radius at forward rapidities. This allows us to use the 

dipole model and calculate the open charm production including effects of multi- 

ple rescatterings and quantum evolution. We also suggest a simple model for J / Q  

production which is in the reasonable agreement with experimental data. 

25 



26 



X 

27 



28 



29 



30 



Strangeness Physics at RHIC 

Jurgen Schaf fner-Bielich 

Institute for Theoretical P hysics/Astrophysics 

UN IVE RS I TAT 
FRANKFURT' AM MAIN 

RHIC Physics in the Context of the Standard Model: 
A Workshop and Symposium 

RIKEN BNL Research Center, BNL, New York, USA, June 18-23, 2006 
(partly based on topical review in JPG 30 (2004) R245) 

J. Schaffner-Bielich, Goethe University, Frankfurt 
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(J. Rafelski and B. Muller, PRL 48 (1 982) 1066) 

producing strangeness via quarks: 
4 + q ++ s + s, q = U ,  d quarks 

w w and gluons: g + g - s + s 
Q-value of re.action: Qqgp = 2m, 
comparable to critical temperature T,! 

200 MeV, 

Q-value for hadron gas (associated production): 
N N  + N A K ,  Qhg  = ~ Z A  + m K  - m N  670 MeV! 

J .  Schaffner-Bielich, Goethe University, Frankfurt 
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(JSB, PRL 84 (2000) 3261) 

0 50 100 150 200 250 
Temperature [MeV] 

q' becomes degenerate with ao, not q! 

reflects the fact, that q' is mainly nonstrange 

level crossing visible between q and q' around Tc 

the mesons q and q' switch roles at T,! (17' enhancement at and above T,) 
J. Schaffner-Bielich, Goethe University, Frankfurt 



enhanced strangeness production in QGP and in chirally restored phase 

issue is not fully addressed in resummed calculations and/or with effects from 
CGC or sQGP! 

SU(3) chiral symmetry restoration predicts huge effects on mass spectrum for 
mesons 

but measured particle ratios as in (free) phase-space statistical approaches 

where is the interaction? where is chiral symmetry restoration? 

solution 1 : there is no deconfined/chirally restored matter formed 
(we do not want that) 

solution 2: final particle production happens out of equilibrium 
(but s t ro n g co I I ect ive be h avi o u r o bse rved , e I I i p t i c f I ow) 

=+ need a collective out-of-equilibrium process! 
(reminds one of the physics of the very early universe) 

J. Schaffner-Bielich, Goethe University, Frankfurt . 



Fluctuations in Hot and Dense Matter 
Sangyong Jeon 

McGill University, 
RBRC-BNL RHIC Fellow (Jan.2001 - Dec.2005) 

Abstract 

In  the QGP phase, net charge fluctuations per entropy is small due 
to  the fact that  quarks have fractional charges and gluon contribution 
t o  the entropy is as important as quark contribution. If the system 
produced by RHIC collisions is inhomogeneous, this effect should be 
observable using a local measure of charge fluctuations, namely, the 
charge transfer f I uctuations. 
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Net Charge Fluctuations 

Motivations [Jeon & Koch + Asakawa, Heinz & Muller, 
PRL 85, 2000 ] 

* Quarks carry fractional charges 

* Gluons are abundant 

* In QGP (with appropriate degeneracy factors 
(12+12+12+16)) 

and invoking ’parton-hadron duality’ 

we get (and Lattice confirms it) 
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HG QGP - STAR acceptance 
End point fixed by (AQ2)/Nct- ,  

0.4 

0.3 
n 
F 
IF 

0.2 

0.1 

0 

STARDATA - 

at s"*=130 GeV - 

0.5 

0.4 

0.3 
n 
F 
P 

0.2 

0.1 

Left:  2-comp. results. Right: Single comp. results. 
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SU(2) for 3D+3V 
o B212 ~ ( 2 )  323 Np=200 smearing 

300 

10 events 

- 8'12 (iso) 

0 10 20 30 
m,t 

4 0 0 ~  1 

0 10 20 30 40 

We have developed a particle in cell simulation method 
by introducing current smearing in SU(2) case. 

Field strength grow with inverse lattice spacing! 



Time evolution of the Fourier 
transformed fields in SU(2) 3D+3V 

Y 

2 

fields rapidly avalanche to t he UV 
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Electric Dipole Moment Searches in Nuclei, Atoms, and Molecules 

A permanent electric dipole moment (EDM) of a fundamental particle would violate parity 
and time-reversal symmetries. Standard model predictions for EDMs are typically well below 
current experimental sensitivities, but theories of physics beyond the standard model often 
predict dramatically enhanced EDMs within the sensitivity of a new generation of EDM 
experiments. 
In the presentation, a few of these next-generation experiments and their prospects are 
described. 

Dave Kawall : RIKEN-BNL Research Center and University of Massachusetts at Amherst 



What is a Permanent Electric Dipole Moment (EDM) ? 

P 
T 

0 Non-rel. Hamiltonians of bare spin 1/2 particle with EDM $and magnetic moment ,G 

even even odd 
odd odd even 

-4 -i 

HMagnetic Dipole = * B - p z  ' B 
HElcctric Dipole = -d * E = - d z  ' E 

4 4  -4 

0 EDM is an analog of  a magnetic dipole moment 

0 Manifests itself as a linear Stark effect 

Behavior of  Moments under Parity and Time Reversal I 

I =+ For fundamental particle to have EDM P and T must be violated 



Effective Low’ Energy MSSM CP-violating Lagrangian 

(From D. Demir et al., Nucl. Phys. B 680, 339 (2004)) 

2 
“puvn nbc n - v p b  p,c I C , ~  = &GG;,G. 7 + -wf G,,G 9 G~ - 

32n2 3 

Y 

i=e,w,,d,s 

0 Contributions : 6, Weinberg 3-gluon, EDMs of e and quarks di ,  chromo-edms of quarks d! 
0 ldHpl limits --+ < 1.5 x a priori E 0 - 2;lr 

0 If Peccei-Quinn axions exist O -+ 0 
0 Radiative corrections t o  0 may induce non-negligible ED‘M 

0 The CP-odd term cubic in GE,, seldom dominates the EDM of a nucleon 

0 For given manner of SUSY breaking w, di, df can be calculated 

0 From quark level t o  nucleon level involves nuclear models : w, dW,,$,+, du,,d,s + d,  

d ,  = 7 (&id + nudug + &&), ... 
0 Experimental limits interpreted in terms of these parameters 

0 de “easily” extracted from EDM, dA,  observed in atom or molecule 



Algorithm for finding an EDM 

Put system with unpaired spin in parallel E and B fields 
Spin polarize system perpendicular to fields (superposition of spin up and down) 
Torques from E and B lead to precession through angle $ in coherence time ?; 
Flip E wrt B, look for change in $ (Le. look for energy shift) 

1 Torques Antiparallel I 
B B E  

' 5 = 2 p B  AE=2pB+2dE -I Spin Up 

Spin Down 

Look for precession frequency shift Av-4dE/h 
For E=IOO kV/cm, d,=l x 10-27e cm * Av-20 nHz <--> AB N few x IO-l4G 
Only works for neutral systems 
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QCD at the High Energy/Density Frontier 

D.E. Khnrzeev 

Nuclear Theory Group, 

Physics Department, 

Brookhaven National Laboratory, 

Upton, N Y  11973-5000, USA 

This talk is an attempt to review the current status of the theoretical studies of 

QCD at the high energy/density frontier, and to catalog the successes and failures 

of theory in describing the va,riety of phenomena observed at RHIC. I argue that 

there is a mounting evidence that RHIC has created new states of matter - strongly 

correlated Quark-Gluon Plasma and the Color Glass Condensate, even though a 

number of important questions still remain una.nswered. This is also an occasion 

to review the variety of profound contributions to the theory of strong interactions 

made by the former and current members of the RIKEN-BNL Research Center. 
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Fundamental questions 
addressed at RHIC 

1. What are the phases of QCD matter? 

2. What is the wave function of the proton? 

3. What is the wave function of a heavy nucleus? 

4. What is the nature of non-equilibrium processes 
in a fundamental theory? 



QCD phase diagrams, early XXI century 
Lattice: P.Petreczky, S .Aoki, . . . (and RBRC alumni) 
T.Hirano, Y.Nara; RYenugopalan; 
D.Bodeker; S.Jeon; H.'Fujii, Y .Hatta, 
S.Bass; T.Wettig; M. S tephanov K.Fukushima,. \ . . K.Itakura, I 
A.Mo,csy;. . . 

W .Vogelsang ; 
D . B oer ; 
S .Kretzer; . . . 

Relatitis 
\, Heavy 

-150 r .  
MeV 

Quark-Gluon Plasma 

c r  
Superconductor 

I 

I R.Pisarski, D.Rischke; 
D.Son; T.Schaefer; 

I .  , I  

\ K. Tuchin 

Parton Gas 
, )  . & * * . ,  

. 
-%--.. LHCat y=O 

* -*  

RHIC at y=3 

J. Schaffner-Bielich 



What have we learned from RHIC so far ? 
I. "Small" hadron multiplicities + 
suppression of high pT particles at forward rapidities => 
coherent interactions in the initial state, consistent 
with the mesence of parton saturation/Color Glass Condensate 

I 

'" 
: dNCh/dq W = 130 GeV 

coo - 

600 - 

4m - 

200 - 

1110 - 

100 - 

I U I & [GeVlc 
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What have we learned from RHIC so far ? 

111. Suppression of high pT particles => 
consistent with the predicted jet energy loss from induced 
gluon radiation in dense QCD matter (but: heavy quarks?) 

xo &lo% central: 
0 Au+Au 0 s= 200 GeV pT(trigger) = 4-6 6eV, p,(asstlc) = 2-4 GeV 

3 ';7 Au+Au Q a= 130 GeV - 
d+Au FTPC-AU O-ZO% 4 -  fi a c a  Q s = 3 1 . 0 G e V  

Pb+Pb Q \ISNN= 17.3GeV 
4 :  

2.5 5 0.2 
23 a 
z 
'0 

* Au+Au Centra -.. 

L 

cn 
& 0.1 
- 
i-' 
F 
7 

-1 1 2 3 4 
0 2 4 6 8 10 

P, ( G e W  

1.5 

0.5 

A @ (radians) - - - - 
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Experiments at RHIC: 
Exciting Discoveries & Future Plans 

Barbara V. Jacak, Dept. of Physics & Astronomy, Stony Brook University 

The matter created at RHIC shows collective flow, which is developed early. Quarks 
& gluons are the likely d.0.f. The flow magnitude implies that QGP is a liquid 
with veiy low viscosity, similar to other strongly coupled plasmas. The QGP is 
very opaque to color charged probes, and even cham quarks lose energy and 
flow. J/u/ are suppressed, but only partially. This has been posited to be due to 
screening + recombination from thermal bath, or alternatively, as a result of 
sequential melting of the x and u/’ . The observed behaviors are as expected for a 
plasma. 

The next step is to use RHIC I1 tofigure out the plasma physics of this new kind of 
matter. Compelling properties to probe are the temperature, transport properties, 
collective excitations, expansion dynamics, density waves, screening length and 
existence of possible instabilities. Addressing these will require detector upgrades 
(planning and construction are now well underway), the order of magnitude 
higher luminosity to be provided by electron cooling of RHIC 11, and precision 
measurements of low CY probes, as well as scanning these properties as a function 
of colliding nuclei & beam energy. 



Implications of AD - 0.3 fm 

can use to estimate Coupling parameter, r 
0 r = <PE>/<KE> but also r = l/ND 

for AD = 0.3fm and E = 15 GeV/fm3 
VD = 4/3 AD3 = 0.113 fm3 
E,= 1.7 GeV 

for T - 2T, and g2 = 4 
get ND = 1.2 - 2.5 

to convert to number of particles, use gT or g2T 

r-i 
0 N B : f o r r - l  

plasma is NOT fully screened - it's strongly coupled! 
other strongly coupled plasmas behave as liquids, even 

crystals for I' 2150 
dusty plasmas, cold atoms+ions , warm dense matter 



flat RAA via radiative energy loss only 
PHENIX-Au+Au (central collisions): 

4: 
a A no Preliminary 

107 . r l  
a 

- - - .- , . . - ._ . .- . GLV parton energy loss (dn8/dy = 1200) - 
- 
- 

1 - ............................................................................ w - - - - r 

lo-' ~ 4Jn4i 

1.4 .1' 
1 

T 



Ru wrt reaction plane - more discriminating 

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

0 I 2 3 4 5 6 7 8 9 1 0  

. .  
@HE&X ~eiiwjinaaj i . .  i . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . .  . . . . . .  1L .... i.. ...... 4 

0 1 2  3 4 5 6 7 8 9 10 

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

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

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

2 3 4 5 6 7 8 9 1 0  
Energy loss depends 
on the path-length, 
ex pans ion, col I is i ons(?) 

. . . . . . . . .  .... i ...... i .... ..i ...... i ...... : ...... i ...... i ...... i ...... : ...... 
0 1 2  3 4 5 6 7 8 9 10 

- . . I . .  . . * . . . . * . . . . I .  ... I . . .  

. . . . . . . . .  . . . . . . . . .  ...... ; ...... : ...... i ...... : ...... i ...... i ...... : ...... : ...... 
..YIY............1....1..'. 
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- 2mm Smmk -+ 
Mach cones 
CAN BE and 
HAVE BEEN 
observed 
in strongly 
coupled 
plasm as!! 

_-- e.- - - -e 

compressional 
wave front 

lateral wake 
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are gem 
a pherzo 
in crystc 
not liqu, 

ves 
pa@ 
wnon 
!s but 
lS  



3 particle correlations support cone-like structure 
_-_ 

Au+Au Central 0- 12% Triggered A 
d+Au ~ F I  Preliminary 

0 ” J.  Uley, HPOd 
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Spin: 
Some Answers 
Many Questions 

The issues raised by the “spin crisis” of the 
have been around for nearly two decades. 

Much has been learned 
Some conclusions can (tentatively) be drawn 
Some old questions (for both theorists and 

experimenters) persist 
Some new questions come to 

R. L. Jaffe 
Workshop RHlC Physics in the Context of the 
Standard Model, RBRC, BNL, June 2006 

the fore 



4 
0 

Is there a gauge invariant description of all the components of the nucleon spin in terms of 
.(in principle) obsewables? 

Not one, but two! And neither is experimentally accessible. 
1.q 

1 1 1 = k1 dx [+AE(~ ,  ~ 2 )  + 
- r )  = -AE(Q2> r )  3- Ls(Q2>-+ Jc(Q2) 5 
L 

RLJ & Manohar, Ji, Hoodbhoy & Ji 

Bashinsky & 
RLJ, Hagler 

& Schafer 
Harindranath & 

Kundu 
Is the OZI role in the nuwon? 

SAMPLE, HAPPEX, A4, GO @ JLab 

Does the strange quark carry a small, significant, negative fraction of the nucleon spin? 

Does the quark spin carry a mere 30% of the nucleonspin? 
Yes, but? 

0 Can single particle- inclusive DIS unravel flavor/spin correlations? 
We’ll see Sum rules and SlDlS disagree at this point ... 

Is there significant SU(3)-flavor symmetry violation in the axial charges? 
Perhaps?? 

Can this question be answered on the lattice? 
Yes, Now! 

Yes, but? 

R. L. Jaffe, RHlC Physics in the Context of the Standard Model, BNL, June 2006 



Is the gluon spin associated with a well-defined, gauge invariant operator? 
Yes 

Not as complicated as it looks! 

Is the gluon spin operator related to the axial anomaly? 

What about the old assertion that an anomalously large gluon spin could somehow 
No! 

restore the quark spin content of the nucleon to -loo%? 
It’s dead theoretically and on life support experimentally 

Can the gluon spin contribution to the nucleon spin be computed on the lattice? 
No - not without major breakthroughs 

What is the relation among all the effects in DIS that vanish for on-shell, collinear, NRQM 
quarks? 

Transversity and the tensor charge 
Orbital angular momentum 
Sivers distribution function 
Magnetic moments 

No one knows! 

R. L. Jaffe, RHlC Physics in the Context of the Standard Model, BNL, June 2006 



What is the leading twist physics of transverse spin? 
Transversity Collins & Soper; RLJ & Ji, Artru & Mekhfi, Ralston & Pire 

Collins 
Sivers distribution function Sivers 
Collins fragmentation function 

Can transversity be measured? 
Yes, with the aid of the Collins function, or in transverse Drell-Yan 

But is the Collins function non-zero? Is there any transverse resolving power in 
fragmentation? 

Yes 

8 Ogawa, Gabbert, Gross-Perdekamp, 
Seidl & Hasuko @ BELLE 

a 

8 a 4 $ 0 
combln& z-hlec 

But I thought the Sivers function is zero by time-reversal invariance? 
NO the gluon field of the nucleon dresses the initial state with a phase 
“borrowed” from the final state. 

Sivers 
Brodsky, Hwang, and Schmidt 

What does all this have to do with single transverse spin asymmetries in DIS? 
We don’t yet know for sure! 

R. L. Jaffe, RHlC Physics in the Context of the Standard Model, BNL, June 2006 
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Final Thoughts on Angular Momentum 1 
Rest frame quark Dirac wavefunction 

Orbital angular momentum k‘= j +  1/2 
Orbital angular momentum t’=l4 1 

Things that depend on the lower components of the Dirac wavefunction, .or quark 
excitation beyond ground state orbital -- “relativistic” effects.. . 

Difference between quark helicity and transversity distributions 
Deviation of nucleon axial charge from NRQM 5/3 
Difference between nucleon’s axial charge and its tensor charge 
Quark orbital angular momentum 
Correlation between transverse momentum and transverse spin 

Lacking any model independent connection between these things! 

R. L. Jaffe, RHlC Physics in the Context of the Standard‘Model, BNL, June 2006 



RHIC Spin Experiments 
current status and future prospects 

Naohito Saito 
(Kyoto University, Department of Physics/ RIKEN BNL Research Center) 

The structure of the nucleon reflects the complicated quark-gluon dynamics as a 
result of quark confinement. Its mass, magnetic moment, and spin cannot be easily 
constructed from the characteristics of the quarks and gluons. Especially the spin of 
the proton was found to be hardly explained &om its constituent quark spin, which 
is known as the proton spin crisis. 

At RHIC, we have been investigating the spin structure by utilizing 
electro-magnetic, strong, and weak interactions. These interactions are sensitive to 
electric charge squared, color charge, and weak charge (-flavor), respectively, and 
the full picture of the spin-flavor structure of the proton can be obtained by using all 
interactions. 

Particularly the constraints on the gluon polarization from inclusive hadron 
production have been obtained. The production is a mixture of gluon-gluon, 
gluon-quark, and quark-quark interactions, therefore the double helicity 
asymmetiy ALL for pion production is sensitive to the Ag/g. When we include the 
PHENIX results from year of 2005 in the global QCD analysis together with 
inclusive DIS data, the uncertainty on the Ag/g(x) has been reduced significantly; 
the first moment of the polarized gluon distribution was extracted to be 0.3t0.3 at 
Q'=I GeV2. This should be compared with the previously obtained value 0.5k1.0. 
Now we think the large gluon polarization scenario is unlikely, but a modest value 
of gluon polarization (-0.3) is still possible. This size of gluon polarization is enough 
to compensate the deficit in the spin sum rule, but si@cantly smaller than the 
initial expectation basing on the axial anomaly concept to fill the gap between nayve 
expectation and observed small quark contributions. 

The RHIC has just started to show its powerfulness to probe the spin structure 
of the nucleon. It will continue to provide crucial information including 
sea-structure of the nucleon using Wproduction and transverse spin effects. With 
the newly obtained data, a qualitatively new picture of the nucleon is emerging and 
it will lead us to a deeper understanding of the strong interaction, therefore the 
standard model. 
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First Crisis? 
n Proton has gone through many crisis 

” Mass : me-5 MeV/c2, md-IO MeV/c2 

Gluon is expected to be Polarized 
n TO compensate the Spin SR: (not necessarily) 

I 
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Constraints on Ag(x) w/ no Prod. 
n p p 3  no x X+ + f l ~ + M + X . t + f l  +KI 

AAC updates 
(S.Kumano, M. Hirai, NS hep-ph/0603213) 

HERMES, 
COMPASS new 
data 

n Include J-Lab, 

x x 
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H A p O  preferred 
at large-x 

HERMES and 
COMPASS AId 

I rn proved Co nstra i nts 
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MALL(n0) from Run 6/7 
(65 pb-I) will extend x 

Sea Constraints: RHIC VV Prospects 
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BRAHMS 
observed 
Large A, in 
charaed tion 

! 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

Growing Fields.. . 
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Lattice QCD: 
Past, Present and Future 

Norman H. Christ 
Columbia University 
New York, NY 10027 

Understanding, computing and in some cases predicting the properties of Quantum Chromody- 
namics (QCD) at low energy presents a major physics challenge. This is a strongly-coupled, 
relativistic and therefore many-body problem with no known analytic solution or tractable sys- 
tematic approximation scheme. However, the explicit calculation of masses and matrix elements 
by Monte Carlo evaluation of the discretized, field-theoretic Feymnan path integral (lattice QCD) 
provides an increasingly successful technique for making these computations and predictions. 

This has proven to be a very demanding task. It is only through spectacular advances in com- 
puter technology, remarkable developments in the lattice formulation and enormous advances in 
numerical algorithms that we can claim increasing control over all of the systematic errors present 
in such a first-principles calculation. 

The RBRC, 10 Teraflops QCDOC computer provides the large-scale resources for competitive 
lattice QCD calculations. The domain wall fermion formulation, developed to a large extent 
within the lattice QCD program of the RBRC, allows fermions to be treated in a numerical 
simulation in a fashion that reflects the flavor and chiral symmetries of Nature with a controlled 
accuracy. This permits a wide range of quantities from CP violation in K meson decays to 
nucleon structure to be studied. The rational hybrid Monte Carlo method, invented by our 
UKQCD collaborators and tested and refined on the QCDOC machines at the RBRC and the 
University of Edinburgh has increased the speed of demanding full QCD calculations by at least 
a factor of three. 

The present, joint computational program of the RBC (MKEN, BNL, Columbia) and UKQCD 
collaborations gives a good view into the future. Large scale calculations have been underway for 
more than one year on both 163 x 32 and 243 x 64 volumes with a single lattice spacing, 1/u = 1.6 
GeV, including dynamical up, down and strange quarks. In the present calculation light quarks 
with masses as small as 1/4 of the strange quark mass are being studied. These calculations 
will be followed in a few months by a second series at the smaller lattice spacing of 1/u = 2.1 
GeV. The resulting ensembles of gauge configurations will form the basis of a series of RBC and 
UKQCD calculations which should have a major impact on particle and nuclear physics. 

An example of what has become possible is shown in the final slide below. The quantity BK 
relates the CP violating phase in the CKM matrix with the indirect CP violation measured in 
the K meson system. The domain wall formulations provides the best method to compute this 
quantity and the 2+1 flavor lattice ensembles described above will permit its calculations to 
unprecedented accuracy. The graph shows the matrix element of the weak interaction operator 
located at a time t between the operator creating the K meson (at t = 59) and the operator 
destroying the resulting (at t = 5). The broad plateau demonstrates the absence of excited 
state contamination and provides a highly accurate volume average promising results with small 
statistical errors. (See the talk of Jun Noaki for a further description.) 
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Lattice QCD 
Introduce a space-time lattice. 
Perform the Euclidean Feynman 
path integral. 
- Precise non-perturbative formulation. 
- Capable of numerical evaluation. 

Evaluate using Monte Carlo., importance sampling., with 
hybrid molecular dynamics/Langevin evolution. 

“First principles” ability to determine the consequences of 
QCD with controlled errors. 

RBRC Symposium June 20,2006 (1) 



00 
W 

Well understood sources of error: 

*Finite 
Volume: 

Quenching: 

Finite MC 
statistics: 

Kinematic: p = 2nn/L 
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Autocorrelations 
(A. Hart, UKQCD) 

Effort - I/(Error)2 

20 

h 
0 m 10 
7 
Y 
0 0  5 
i 
c! g -10 + 

-I 

-20 

0 500 1000 1500 2000 2500 3000 3500 
Trajectory 

RBRC Symposium June 20,2006 (2) 



o
m

 
k
 

0
 

k
 

k
 

Q
) 
c. 
0

 
m

 
Q

) 
u
 

0
 

m
 3 

.. 

H
 

1 ‘k
r 

K
 

6 .. & 8 
4
 

0
 

0
 

c-, 
m

 
d
)
 

m
 

8 0
 

84 



RBRC Computers 

QCDSP 
- 0.6Tflops 
- Completed 1998 
- Gordon Bell Prize 

QCDOC 
- 10 Tflops 
- Completed 2005 
- Parent of Bluegene 

Oveevview of the QCDSP and QCDOC 
coutzputem, IBM Research Journal, Vol 
49, No. 2/3, p 351 (2005) 

RBRC Symposium June 20,2006 (4) 
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Chiral symmetry restoration 

and 
in-medium hadron DroDerties 

Dirk H. Rischke 

Institut fur Theoretische Physik 
and 

Frankfurt Institute for Advanced Studies 
of the 

Johann Wolfgang Goethe - Universitiit Frankfurt am Main 

I study linear sigma models with chiral U(Nf),. x U(Nf) l  symmetry and compute 
the masses of scalar, pseudoscalar, vector, and axialvector mesons selfconsistently 
in the Hartree-Fock approximation around the chiral symmetry restoration tem- 
perature. 
I also go beyond the Hartree-Fock approximation and compute scalar and pseu- 
doscalar spectral functions selfconsistently including a nonzero decay width. 
I point out the direction for future studies which should comprise an extension to 
vector meson and baryonic degrees of freedom and a calculation of the invariant 
dilepton mass spectrum. 
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RBRC workhop and symposium “RHIC Physics in the Context of the Standard Model”, BNL, June 19-23 2006 

Linear Sigma Models (IV) 

Masses in HF approximation: Dirk RSder, JSrg Ruppert, DHR, PRD 68 (2003) 016003 
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RBRC workshop and symposium ‘1RKIC Physics in the Context of the Standard Model”, BNL, .June 19-23 2006 

Linear Sigma Models (XI) 

Spectral densities in 2-loop approximation for O(4) model: 

Dirk Roder, JGrg Ruppert, DHR, hep-ph/0503042 (NPA, to be published) 
- .. . . .  . . - . - . . - . . .. .. - . . .. . . .. .. .. ._ . - - . .. . . .. . -. .. . . ”, , . .. I .  



RBRC workshon and s.ymposium 'IRNIC Ph.ysics in the Context of the Standard Model", BNL, June 19-23 2006 

I Vector Mesons (11) 

Particle content of U(2) ,  x U(2)g model: 

Hart ree-Fock approximat ion: 
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The State of the Universe 
John Huchra 

Haward-Smithsonian Center for Astrophysics 
RBRC Symposium, BNL, June 2006 

COSMOLOGY is a modern subject: The basic framework for our current 
view of the Universe rests on ‘ideas and discoveries (mostly) from the early 20th century. 

The Absolute Basics are: Einstein’s General Relativity & The Copernican Principle 
There are four Fundamental Observations & a few Fundamental Principles on which our 
view (model) is based: 

Fundamental Observations: 
The Sky is Dark at Night (Olber’s Paradox) 
The Universe is Homogeneous on large scales (eg. the Cosmic Background) 
The Universe is generally Expanding (Hubble’s Law) 
The Universe has Stuff in it, and the stuff is consistent with a hot origin: Tcmb = 2.725’ 

I Hubble’s Expansion Law I 
Logarithmic SAD Abundances: Log(H) = 12.0 Olber’s Paradox Hubble UDF , 

Atomic Number 
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Basic Principles: 
Cosmological Principle: (a.k.a. the Copernican principle). 

There is no preferred place in space --- the Universe should look the same fi-om 
anywhere 3 The Universe is HOMOGENEOUS and ISOTROPIC. 

This leads to the STEADY STATE Model whch we’re sure is wrong (XXX ) 

i.e. when Humans can exist. This is distained by theorists but has some 
= predictive power and does represent e bit of a conundrum 

Relativistic Cosmological Principle: The Laws of Physics are the same everywhere 
and everywhen. This is absolutely necessary (! ! !) and we check it often 

Perfect Cosmological Principle: The Universe is also the same in time. 

Anthropic Cosmological Principle: We see the Universe in a preferred state (time etc.) 

Taken together these principles imply a geometry for the Universe: the Friedman- 
Robertson-Walker metric is the most general description of space and time that is 
“Homogeneous,” “Isotropic,” and “Non-Static:” 

or in spherical coordinates and simplifjmg, 

Remember: Ths  is just geometry! 

ds2 = c2dt2 - R2(t)(dx2 +df + dz2)/(1+kr2/4) 

ds - c dt - R2(t)[d?/(l-kr2) -t r2(d02+.sin20 d$2)] 2 -  2 2 

What about the scale factor R(t)? R(t) is specified by Physics Einstein’s equations plus 
Friedman’s equation. 

Cosmology is now the search for three numbers + the geometry: 
The Expansion Rate = Hubble’s Constant Ho 
The Mean Matter Density = Q (matter) = Q M  
The Cosmological Constant = Q (lambda)= Q A 

The geometric coiistant k = -1, 0, +1 

N.B. Ho = dR(t)/dR 

Taken together, these numbers describe the gepmetry of space-time and its evolution. 
They also give you the Age of the Universe, and how its geometry evolves with time. 

The best routes to the first two are in the,Nearby 

distances and redshifts to galaxies. It changes g 
with time in real FRW models so by definition 3 

it must be measured locally. Q M  is determined g 
locally by (1) a census, (2)  topography, or (3) 2 z 
gravity versus the velocity field (how things *5i s! 

g 1  move in the presence of lumps). 
2 

EXPANSION OF THE UNIVERSE 
Universe: Ho is determined by measuring 4 

J 

N 

- 
The best current value of Ho comes fi-om the 

HST Key Project and is - 70 km/s/Mpc. 0 
-10 Now 10 20 30 

Billions of Years Omega(matter) Q M is determined by counting 
and/or weiglung things plus theory. 

94 



0. Baryons fi-om Nucleosynthesis 
1. Sum up Starlight (count stars and 

or count galaxies) 
2. Count and Weigh Galaxies 

Dynamics, lensing . . .. 
3. Use Global techniques: 

Large Scale Structure 
Large Scale Flows 

t I  I I I I l l  I I I t  I I I  I I l l 1  I l l  
-18 -20 -22 -24 -26 -28 

Absolute Mag K 

From Stars QM -0.01 counts 

N 0 I; , , , j z  
0 0 
N 

From Baryon Genesis - 0.044 theory+ 
From Rotation Curves -0.08 gravity 
From Galaxy Groups - 0.20 gravity Cosmological Constant = Lambda A is 
From Clusters - 0.22 gravity measured by observing the geometry of 
From Flows - 0.25 gravity the Universe at large redshift (distance). 
From Large Scale Structure - 0.27 theory There are two main methods 

1. Supernovae as standard candles (the SN Ia Hubble Diagram) 
2. The comparison of CMB Fluctuations and Models 

Pcrlr9ildite~ et a!. (1 9%) 

Levels of Certainty in Science: 

You bet: 
$0.1 A Dime - 

YourDog = $100 
YourHouse = $100,000 
Your Firstborn = $100,000,000 . . . . 

each is x 1000 
(except in New York and Boston where 

everything is x lo!!!) 

- 

0.0 0.2 0.4 0.6 0.8 1 .o 
redshift z 
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WMAP Microwave Skv 

Bennett, Page, Spergel, et al. 2003,2006 

p 4000 

P 
Y 

c 

..I 

& 2000 

From CMB Fluctuations matched to constrained models, the positions and amplitudes of 
peaks give estimates of the cosmological parameters. The model has 20+ fit parameters, 
and a strong dependence on priors (Tegmark ‘05). 

Large scale geometry: 

CMB Fluctuations as measured by WMAP indicate Q (total) = Q T is very nearly unity 
(1.026 +/- 0.03 for the k-unconstrained OCDM model, 3 years of data) thus the Universe 
is probably FLAT, k = 0, and 

With that we can finally write down for the contents: 
Q (stars) =0.005 +/- 0.002 
Q (baryons) = 0.044 +/- 0.004 
Q (neutrinos) < 0.008 

Q (matter) = 0.27 +/- 0.04 
Q (Dark Energy) = 0.73 +/- 0.04 
Q (Total) = 1 

Q A  = Q T  - Q M  = -0.73 

(whch includes the stars) 

Q (CDM) = 0.23 +/- 0.04 
(which includes baryons, neutrinos, CDM . . .) 

(of course, as an assumption) 

Age of the Universe: The age of the Universe is estimated in two ways: 
1. Cosmological Expansion Age is (l/Ho) x geometric factors 
2. Ages of the Oldest Things: stars, galaxies, star clusters, whatever. 

The Age of Flat Universes 
HO/Q A 0.0 0.6 0.7 0.8 

55 11.9 15.1 17.1 18.5 
65 10.0 12.7 14.5 16.2 
70 9.4 11.9 13.6 15.1 
75 8.7 11.1 12.6 14.0 

Where Qttotal = 1 .OOO, and the Q A  = 0 model is the Standard CDM models in Gigayears 
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JPH’s Favorite Guess Today: 

Ho = 70+/-5 WSMPC 
The Universe is going to expand forever 
Its current age is around 14 Billion Years, 
There is a good chance its FLAT with a Cosmological constant = Q A - 0.7 

and 

(or the equivalent) 

This is called the “Concordance Cosmology.” 

But Big Open Questions Remain: 

1. Is the Universe really FLAT? If so, is that due to a Cosmological Constant? 
Quintessense? Dark Energy? Or something else?? 
What is the equation of state of DE? 

2. How much Dark Matter exists? What exactly is the Dark Matter? 
3. How did Large Scale Structure form? When did it form? 
4. When and how did galaxies form? (“semianalytic” models cute, but 

contain no physics) Is the distribution of ordinary matter different &om that of 
dark matter? How different? Why? 

5. Can we understand baryon aysmmetry? 
6. What made the chemical elements? (P.S. The Sun isn’t average) 
7. Are we absolutely sure the laws of physics are not space and/or time dependent? 
8. Do we have the right laws of physics?! 

Its quite a hoot to think that 95.5% of the Universe has never been physically seen or 
detected in a laboratory and at the same time that we have solved it all! (a.k.a. chutzpah) 

Some Cautions: 
Gold’s Law: Complex problems often have simple, easy to understand, wrong 

Yogi’s Caution: It ain’t what you don’t know, Its what you know that ain’t so. 
solutions. 

(originally M. Twain) Beware of Myths and Biases. Or, “Traditional 
Wisdom” can lead you down the garden path. 

Ask clear questions. Know why you asked them. Remember your 
assumptions! (and communicate them to your colleagues) 

Tarzan’s Dilemma: Don’t miss the forest for the trees. Keep the Big Picture in mind. 
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Electroweak Physics 

William J. Marciano 
Brookhaven National Laboratory 

Upton, NY 11973-5000 

summary 

An overview of electroweak physics is given. The role of precision measurements for 
constraining the Higgs mass and probing for “new physics” is discussed. Examples where 
lattice calculations can be very valuable are described. Disagreement between the two best 
measurements of the weak mixing angle is shown to suggest very different interpretations 
(supersymmetry versus Technicolor). Future possibilities for resolving that discrepancy are 
mentioned. 
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Solar neutrino 
measurements by SNO 
and Super-K. The 
observations clearly 
show non-zero vcL + v, 
flux. (This figure is 
taken from SNO collab. 
Phys. Rev. C72: 
055502,2005.) 
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Observed energy spectmm of reactor 
neutrinos by KamLAND. The energy 
dependent deficit of events constrains 
the oscillation parameters. (This figure 
is taken fi-om KamLAND collab. Phys. 
Rev. Lett. 94: 081801,2005.) 

Allowed neutrino oscillation 
parameter region fi-om solar and 
KamLAND experiments. .(This figure 
is taken from SNO collab. Phys. Rev. 
C72: 055502,2005.) 
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I Search for non-zero b I 
Reactor experiments. + They search for anti-neutrino disappearance. Pure measurement 

of sin228,,. It is very important to control systematics. There are several projects going on. 
The typical sensitivities are sin228,, = 0.01 - 0.03. 

.Long Baseline Accelerator experiments. 13 They search for electron neutrino appearance. 
The size of the appearance signal depends not only on e,, but also on CP phase, mass 
hierarchy and 023. T2K and Nova experiments. The expected sensitivities are about 
sin220,, = 0.01 or slightly smaller. + 0 00 

If sin228,, is near the present limit, collaborative work between T2K and Nova together 
with more neutrino events will be usehl to understand the mass hierarchy, since Nova has 
longer baseline than T2K. 

0 In order to measure the CP violation and mass hierarchy, much larger scale, long baseline 
neutrino oscillation experiments are discussed. These include BNL or Fermilab to DUSEL 
and T2K phase-I1 (with and without a detector in Korea). These experiments have high 
sensitivities on these measurements, if sin228,, is larger than -0.01. 



Present 
Dominant oscillations (Am23 sin20,,) and (Aml2, + already in the precision study phase. 

Future 
The key parameter is 013. 
Future reactor and LBL experiments intend to 
search for non-zero 813 with a factor 10-20 better 
sensitivity than the present limit. 
If non-zero 813 is observed, the neutrino 

. community hopes to proceed to the next phase 
for the measurement of the leptonic CP violation 
and the determination of the mass hierarchy. 
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AdSICFT, Gubser, RBRC Symposium, 6-21-06 

1. Int 
A recent string theory computation of drag force on a heavy quark moving through 
a thermal plasma of N = 4 super-Yang-Mills theory gives 

a 

My aims are 

0 To summarize relevant aspects of string theory (Le. AdWCFT). 

0 To caution you that string theorists have not yet solved QCD! 

0 To explain where (1) comes from. 

To describe further calculations that give evidence for a “wake” of gluons and 
their superpartners. 

0 To speculate about the possible relevance to jet-quenching at RHIC. 
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AdS/CFT, Gubser, RBRC Symposium, 6-21-06 

ills 
Strings can’t exist without higher-dimensional objects: D-branes. 

D-branes can be defined as locations where strings can end. 

o One one hand, strings ending on D3-branes act as gluons for interesting four- 
dimensional gauge theories. 

X,Y?Z 

fake 
separation 

ARB P 

t 
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AdS/CFT, Gubser, RBRC Symposium, 6-21-06 

e 

Gtt -+ 0 at the horizon of Ads-Schwarzschild, so the static force between quarks 
goes to zero as separation increases. But drag force on a moving quark is finite. - 

R391 v 

Ads, -Schwarzschild 

We need to know the shape of the trailing string and the momentum flow down it. 
We assume a “co-moving” ansatz: 

The Ads’s-Schwarzschild background is 
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AdS/CFT, Gubser, RBRC Symposium, 6-21-06 

onclusions 
0 AdS/CFT gives us a lot of computational power over Jv = 4 super-Yang-Mills 

at large N and large g&,,JV. Maybe this is useful to RHIC physicists. 

0 A drag force F N d m  T2  comes out of a trailing string picture. 

0 The “shadow” on R3J of -the trailing string is the QCD string stretching out and 
widening in a wake around and behind the quark. 

0 This wake involves high-momentum fields. 

0 More theoretical information soon, in the form of ( Tmn). 

0 A question for the experimentalists: I 
ne 



Using AdS/CFT to explore the strong coupling regime of gauge .theories: I1 
Dam T. Son (Institute for Nuclear Theory, University of Washington) 

We show how the AdS/CFT correspondence can be used to compute the shear viscosity 

of strongly coupled plasma. In theories with gravity duals, the ratio of the shear viscosity 

and the entropy densith is equal to a universal number, fil(47r). 
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Viscosity: Kubo’s formula 
For our goal, it is best to start from Kubo’s formula for viscosity: 

citcixeiwt([T,,(t,x), T,~(o,o)~) 
W+O 2w 

= - liin lim 
wt+O q 4 0  

Similar relations exist for other kinetic coefficients (diffusion constants, 
conductivities.. .) 

Using AdSiCFT to explore the strong coupling regime of gauge theories: II - F 
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Viscosity as absorption 
From optical theorem: absorption cross section of graviton is proportional to the 
imaginary part of the correlator of stress-energy tensor of gauge theory (coupling: 
h,,TC””). 

Viscosity = absorption cross section of low-energy gravitons 

Using AdSlCFT to explore the strong coupling regime of gauge theories: II - F 
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Universality of v / s  
So we found 

Horizon area 
'= 16nG 

However the entropy density is 

Horizon area 
4G S =  

The ref0 re 

This result is valid for all theories with gravity duals: universal, but within a 
restrictive class of theories, including N = 4 SYM theory at infinite 't Hooft 
coupling and deformations (less SUSV, non-conformal). 
(also proven by Buchel and and Liu) 

Using AdSiCFT to explore the strong coupling regime of gauge theorles: 11 - F 



QCD Thermodynamics 

Jean-Paul Blaizot* 

ECT*, Villa Tambosi, strada delle Tabarelle 286, 38050 Villazzano (TN), Italy 

Abstract 
The ideal quark-gluon plasma, a weakly interacting gas of quarks and gluons, was predicted 

on the basis of QCD asymptotic freedom. Lattice calculations provide evidence that thermody- 

namic functions go over those of ideal massless particles at high temperature. However RHIC 

data have forced us to look more carefully into the region of moderate temperatures, T 2 T,, 

where the quark-gluon plasma seems to behave more like a liquid than a gas, showing behavior 

reminiscent of that of strongly coupled plasmas. The region T, 6 T 6 3Tc is still poorly un- 

derstood theoretically. However, above 3T,, an accurate description of the thermodynamics can 

be obtained using weak coupling techniques. In this talk I argue that in spite of the fact that 

perturbation theory is ill behaved, weak coupling techniques can provide useful information on 

the thermodynamics, even in regimes where the coupling constant gets of order unity. I present 

in particular results from dimensional reduction, and skeleton expansion, and show in the later 

case that a good description of lattice data is achieved for temperatures above 3T,. Finally I 

suggest that the functional renormalization group can provide insights into what happens when 

the various scales characterizing the quark-gluon plasma start to mix. 

“Member of CNRS; Electronic address: blaizot@ect.  it 
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-- - 0  6P 
6G 

from J.-P. E., E. lancu. A. Rebhan: 
Compare Lattice - 2PI Nucl.Phys.A698:404-407,2002 

-1 0. Ij . '  

0. I(;( 
/ 4d lattice data (Boyd et al.) 

1.5 2 2.5 3 3.5 4 4.5 
TIT, 

pure-glue SU(3) Yang-Mills theory 

- J.-P. B., E. lancu, A. Rebhan: Phys.Rev.D63:065003,2001 - F. Karsch, Nucl.Phys.A698:199-208,2002: - G. Boyd et a/., Nucl. Phys. 5469,419 (1996). 

127 



0. 

0. 

0.1- 

0.096. 

0.092. 

T=O 
0.098./ 

T = A / l O S  ~- 

IIJ 1 % - - I -  A 

128 



Instabilities in non-abelian plasmas 

Dietrich Bodeker (Bielefeld U), Kari Rummukainen (Oulu U & CERN) 

RBRC Symposium, Brookhaven 2006 

Abstract 

I first give a brief review of recent work on QCD plasma instabilities and their 
potential role in thermalization in heavy ion collisions. Then I describe a numerical 
lattice study of instabilities in strongly anisotropic SU(2) plasmas. We find tha t  the 
energy grows quasi-exponentially beyond the naive saturation bound for weak field 
initial conditions. The growth appears to  stop only due to  the finite lattice spacing. 

The lattice spacing dependence of the final energy density indicates tha t  the 
continued growth is due to  rapid energy transfer into high momentum modes which 

are not unstable in the weak field regime. This behavior is also seen in the gauge 
field spectrum in Coulomb gauge, 
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Results: growth of energy for strong anisotropy 

quasi-exponentia t growth beyond weak field regime 
stops when lattice UV modes saturate, a A  N 1 
how far does it continue when a -+ O? 

+-. 
W 
W 

mo 
WedMay 10 155833 2006 



Coulomb gauge spectrum 

gauge fixed to  Coulomb gauge, f,,f,(k) oc kA(k) 

c 
W 
P 

Fri May 5 103540 2006 

I" 0 2 4 6 8 10 

k/m, k* 
max. growth rate 



QCD phase diagram 
M. Stephanov 

U. of Illinois at Chicago 
RBRC 1999-2004 

QCD phase diagram - p. 111 



QCD thermodynamics 
Applications: 

Neutron stars (large density, low T )  
Heavy-ion collisions (large T ,  large density) 

QCD allows first principle calculations 
Questions: phases, phase diagram, as function of T ,  ,UB, . . . 

Early expectations j 

Natural scale: 

hic 
lfm kT  N - = 0.2 GeV. 

(T N 1012K) 

or 

0.1 

U/K N a.9 << 1 
Asymptotic freedom 

\ 
\ 
\ 
\ 

- \ 
\ 
\ 
\ 
\ dilute hadron gas \ 

\ 
I 
1 

I I 
I auark matter 
I 

Yvacuum I I (Fermi gas) > 

QCD phase diagram - p. 2/1 



Contemporary view 

. 

Lattice 
simulations 

vacuum 

I I 

0.1 I Onlynodels 1 

“M i n i m al” phase d iag ram 

1 nuclear physics 

QCD phase diagram - p. 3/1 
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Locating the QCD critical point 
200 

T 

150 

100 

50 

- -  
-. 

NJLinst98 +RM98’ 

+ + 
LSMOl + cJTo2 

C094 + 
NJLb89 

NJLO 1 + 
2 O  + +  

NJLa89 

Experiments can scan the phase diagram by changing fi: RHIC. 

Sign at u res : event - by- eve n t f I u ct u at io n s. 

Susceptibilities diverge +- fluctuations grow towards the critical point. 

QCD phase diagram - p. 4/1 



Critical point on the lattice 

0.8 1 1.2 1.4 1.6 1.S 2 42 3 

2 

1 

0.8 1 1.2 1.4 1.6 1.8 2 

Allton, etak peak in X B ,  but 
not in XI 

Several approaches: 

S Reweighting: Fodor-Katz 
2001: pug N 725 MeV 
2004: pug N 360 MeV (smaller m4 and V )  

Taylor expansion: Bielefeld-Swansea (to p6) 
2003: pg N 420 MeV 
2005: 300 MeV 5 p~ 5 500 MeV 

S Taylor expansion: Gavai-Gupta (to p8) 
pug N 180 MeV (more precisely > 180 MeV) 

Imaginary p: Philipsen-deForcrand, Lombardo, 
et a/ 

Fixed density: deforcrand, Kratochvila 

Sensitive to m,, perhaps p~g >> 300 MeV 

? ( N f  = 4, small volumes) 

QCD phase’diagram - p. 5/1 . 
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P 
0 

Current status and summary notes 

Phase diagram of QCD at nonzero baryon density is under active theoretical 
investigation: much progress in lattice calculations. 

Still a lot to be done to narrow down the prediction for the critical point. 

Heavy ion collision experiments can discover the critical point by observing 
non-monotonous signatures. 

Needed: 

s Accelerator with variable & to scan phase diagram 

Detector with sufficient acceptance and p.id. at p~ 5 500 MeV to 
s measure fluctuations (of mean p ~ ,  ratios, etc.); 

measure pug, T of freezeout. 

AB RHlC is the ideal machine to do this 

QCD phase diagram - p. 7/1 



StaticlDynamic Correlations in Hot QCD 

T. Hatsuda 
Phys, Dept,, Univ. of Tokyo 

hatsuda@ph ys.s.u-tokyo.ac.jp 

After briefly summarizing o n e  of the  big questions in modern 
physics, namely the  “origin of the  masses”  in particle, nuclear 
and  astrophysics, I discuss  the  following topics closely related 
to the  strong correlation inside the  hot QCD plasma. 

[I] QCD P h a s e  Structure 
-- similarity to High Tc superconductivity 
- anomaly induced critical point at high density 

[2] QCD P h a s e  Transition and  the  Hagedorn’s s lope 

[3] Strongly Correlated QCD Plasma 
-- plasma screening and  viscosity 
-- heavy flavor as a probe 
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Initial state 

Thermalization 

CMB & anisotropy 
(C Y B, CGB & anisotropy) 

Expansion 

Freezeout 

I Collective flow & anisotropy 
Jets, leptons, photons 

Observables I 
8-10 cosmological parameters 

.Initial density fluctuation 

.Cosmological const. A etc 

CM B FAST 

Parameters 

determined 
1 t o b e  

Evolution Code 

~ 

QGP parameters 
.Initial energy density 
.Equation of state etc 

3D-hydro 

I Little Bang I Big Bang 
~ 

Inflation ? (10-36 sec) 

lnflaton decay decoherence 

Color glass ? (< IO- ’  fm) 

(T = 1.95 K neutrino) 
T = 2.73 K photon 

Tchem - 170 MeV 
Tther,,, - 120 MeV 

I “Oriain of masses” Structure of the vacuum 1 

m g  = 0 4% = baryons mq N 10 MeV 
23% = dark matter mN N 1000 MeV mQ N 10 MeV 
73% = dark energy 

Cosmological constant “Chiral” condensate “Higgs” condensate 

Englert-Brout, Higgs (1964) 
Einstein (1917) Narnbu (1960) Anderson (1963) 

WMAP (20014, Planck (2007-) RHlC (20009, LHC (2007-) LHC(2007-) 
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I Origin of each “phase” 1 

“ 1  T 

I----._ QGP 

1. Com.peting order parameters 
2. strong coupling effect + pre-formed pairs in T, < T c T’ 

T, = decoherence temp. 
T’ = dissociation temp. 

HTS - BEC - QCD connection ? 
* Babaev. PRD (‘00) 

7 

Hole concencentration x 

- Abuki, ltakura 8, Hatsuda, PRD (‘02) 

* Chen, Stajic, Tan & Levin, Phys. Rep. (‘05) 
Kitazawa, Koide, Kunihiro & Nemoto, PRD (‘02) 
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1 Pre-formed pairs (PFP) for T, < T < T" 1 
Hatsuda & Kunihiro, PRL ('85) 

T=t70MeV 0 and n 

8 

Asakawa & Hatsuda, PTP ('04) 
12 I 

5- 

8 at TnC= I .4 V -  

- la s5 mesons 

6 .  (LQCD+MEM) - 
4 

Asakawa & Hatsuda, PRL ('04), Datta et al., PRD ('04) 

T = 0.78Tc--'-' 

(LQCD+MEM) T = 1.62~~- 1.5 

0 5 10 15 20 25 30 
w [GeVl 

Anomaly Induced Critical Point 

Most General Ginzburg-Landau Potential with the symmetry: 
SU(3)L x SU(3)B x U(1)B x g l &  x SU(3)c 

T I 

QGP 
Emergence of a 

high-density critical point (CP-D 
Yamamoto, Tachibana, Bayrn 
& Hatsuda, hep-ph/0605018. ,..... 

Hadron-quark continuity 
Schafer & Wilczek ('99) 
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1 Viscosity updated 
(quenched QCD) 

2.5 

2.0 

l.._........ ..... .... ,.._....’ 
..... 

Baym, Monien, ‘ 

Pethick & Ravenhall (‘90) 
Arnold, Moore & Yaffe, (‘03) 

0.0 0‘5 b k  AdSlCFT 

-0.5’ I , . , I , . , . ~ , , 
5 10 15 ’ 20 25 30 

Trr, 
24~24x24~8 
Nakamura & Sakai, Phys.Rev.Lett.94072305,2005 

updated: hep-lat/0510100 

Kovtun, Son & Starinets (‘04) 

I Charmonium “Wave Function”af Finite T (wenched QCD) h 

.O 0.5 1.0 1.5 

t (GeV-I) 

quenched, 1 62x24x(96,26,22,1 6) 
x=3.95, a,=0.12 frn, a,=0.03 frn 

Urneda, Katayama, Miyarnura & Matsufuru, 
Int.J.Mod.Phys.Al6 (2001) 2215 [hep-lat/0011085] 
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- T 

103~,  

f7r 

n 

A modern 
“picture” 

of hot QCD 

I S u m m a w  C 

I. Hot QCD is strongly interacting: Tc < T” ? 
Just  like high T, superconductor 

{ BEC regime of systems of atomic fermions 

2. Several critical points in (T, p)-plane ? 
Chiral C P  a t  high T, Chiral-super C P  at high p ,  Liquid-gas C P  a t  low p 

3. Progress in spectral analysis on the lattice 
Heavy and light bound s ta tes  above T, 
Small viscosity even up to 30 T, ? 
Full QCD study is started 
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Alexander Kusenko (UCLAJ RIKEN BNL '06 

Physics of ultrahigh-energy cosmic rays 

Alexander Kusenko 
Department of Physics and Astronomy 

University of California 
Los Angeles, CA 90095-1547 

Ultrahigh-energy cosmic rays can teach us about the astrophysics of the 
most powerful objects in the universe. In addition, they provide an 

opportunity to  study the physics of strong interactions a t  the extreme 
values of the center-of-mass energy and for some very small x. 

Measurements of neutrino-nucleon cross section a t  fi N lo5 GeV can 
shed light on the small-x behavior of parton distribution functions, as well 

as new physics. 
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Alexander Kusenko (UCLA) 

LO and saturation effects may affect the cross section 
RIKENBNL '06 

Q 
The cross section 
F. Paccanoni, A. 

A,, 
OWN decreases 
Papa, E. Predazzi] 

[R. Fiore, L.L. Jenkovszky, A. Kotikov, 
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Alexander Kusenko (UCLA) RIKEN BNL '06 

Neutrino-nucleon cross section at f i  - W G e V  
Calculations necessarily use extrapolations of PDF and standard model 
parameters. 

SM calcu 
this cross 

Neutrino Energy (eV) 

ation [Q 
section. 

iigg e t  al.] is most likely right, but we want to  measure 



Alexander Kusenko (UCLA) 

The shower probability per incident neutrino: 

1 032 1 0'' 

RIKEN BNL '06 

3 -3 1 
10 0, cm" 

The energy threshold for detection of UAS was assumed &h = 1O1'eV for curve 1 and 
Eth = 101'eV for curve 2. Additional UAS events, not included here, can be detected 
by EUSO or OWL via Cerenkov radiation of tau leptons. 



t 

Thomas Schaefer, North Carolina State 

We discuss effective field theories of dense baryonic mat- 

ter. We concentrate on the regime of very low density, 

where effective theories of point-li ke non-relativistic nucle- 

ons are appropriate, and the regime of very high baryon 

density, where the  relevant degrees of freedom are quarks 

and gluons. 
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T in the C L Phase 

Consider HDET with a CFL gap term 

Quark loops generate a kinetic term for X , Y  

Integrate out gluons, identify low energy fields (e = C 1/2  ) 

c = X Y i  

s 



n the Lattice 

Sinya AOKI 
University of Tsultuba and RBRC 

In this talk, I will review on-going full QCD simulations with light quarks 
by several groups including my own in a rather critical way. In 
particular I focus on advantages and shortcomings of various lattice 
fermion formulation employed in simulations, which includes staggered 
by MILC, Wilosn-type by CP-PACSIJLQCD, domain-wall by RBC and 
overlap by JLQCD2. 



gered Fermions 

e Advantages 

exact non-singlet U( I) 
chiral symmetry 

0 single component/site 
simulations are easier 

0 0(a2> scaling violations 
0 Shortcomings 

4 taste --> 4-th root 
t r ick  

large taste breaking 

Gottlieb, LFTN2006 

P 

7 ( %flavor lattice QCD reproduces Nature !? 



e fermions 
Advantages 
t~ well-defined formulation (locality, no doubling, ...) 
8 straight-forward interpretation 

reasonable computational cost 
* Shortcoming ............................................................................................ ; ,+ O(a) improvement 

(Clover) 
O(a) scaling violation 

1 explicit violatio'n ofchiral' symm-etry i ............................................................. ..................................... 
? .......................................................................................... i . 
no protection against small eigenvalues I 

. Improved Algorithm 
i large cost for small quark mass 

v I .................................................................................................... 

Meson masses agree with 
experimental values within 
large errors after 
continuum extrapolations. 



c-- - - - - - - -  '.f.,,~""""............~~~~' 
' New project using DDHMC (PACS-C$collaboration - - . - _ _ _ _ _ - - *  

[Gt) 
New cluster at University ofTsultuba 
I4  TFlops peak 

N f = 2 + 1  

volume 

sustained 
speed 

days for 
IO000 trajs. 

total days 

RG actionhon-perturbative Clover (same as before) 
DDHMC + (UV-filtered) PHMC 
a=O. I, 0.07 fm 
L= 2.4 fm or 3.2fm 
much lighter quark masses 
IO000 trajs. for IO0 independent configurations 

m,/mp = 0.4, 0.3, 0.2 

m,/m, 

0.62 
0.5 
0.4 
0.3 

Cost estimates based on test runs 

n, (MeV: 

660 
480 
350 
250 

a =O.lfrn, La =3.2 frn 

SRI 1000 

L63 x 32 
13.8 Gflops 

96 
I48 
243 
333 
820 

PACS-CS 

4 Tflops 

I1  
16 
27 
37 
91 

SAP+GCR 

8 
I 1  
17 
20 
56 



ornain-wall errnion 
. , . . . . . * *'.' - - - -+...P." size of 5th dimension 

e Advantages 
0 exact chiral symmetry at  (-x6,;-+ - -  00 ' 

0 no O(a) scaling violation 
0 renormalization is simple, no extra operator mixings 
0 small quark mass 

Shortcomings I 

large computational cost 
at  N,  # 00, small chiral symmetry violation N e-cNs 

N S x  ordinary fermions 

0.09 

0.08 

0.07 

J 

~' 

fT = 0.781(17) N 125 MeV 

(I i n ear c h i ral ext  rap0 I at i o n) i 
0.06 ' I '  I I '  I ' I ' '  

-0.02 -0.01 0 0.01 0.02 0.03 0.04 0.05 0.06 
am" 



Fermion 

H w :  negative mass Wilson op. 
HW Do, = 1 + 75sign(Hw) = 1 + 7 5  

Q satisfies GW relation 
equivalent to  domain-wall fermion at, N, + 00 

a exact “lattice” chiral symmetry 
0 low eiganmodes of H w  (main problem) 

[Overlap project (JLQCD2 Collaboration)) Blue Gene/L at  KEK ( I  0 racks, 57.3 TFlops) 

Fixed topology by topology conserving 
action(IwasaI<i+det -ffw ) to suppress 
small eiegn-modes 

- Rg16x32-b2.37-rhol.6O-mu0.20 --- RgOvr~l6x32~b2.35~rho1.60~mu0.20~mud0.065_QO ---- RgOvr~l6x32~b2.35~rhol.60~mu0.20~mud0.02O~QO 

n 

eigenvalue distributions with dynamical 
overlap 



RBRC Symposium 
J u n e  22,2006 

Semi-leptonic decays on the lattice 
= from CKM unitarity to Proton spin problem - 

Shoichi Sasaki 
(.RBRC/U. of Tokyo) 

The computation of weak matrix elements in lattice QCD is now progressing with 
steadily increasing accuracy by utilizing domain wall fermions (DWF), which have a big 
advantage in dealing with both the flavor symmetry and the axial symmetry. In this 
talk, I mainly review the present status of semi-leptonic decays: K13 decays and 
hyperon beta decays, in DWF simulations of lattice QCD. 



Semi-leptonic decays 
Kaon semi-leptonic decay (Kr3 decay) 

0 Hyperon beta decay B‘ -+ B I- t!* 4- vt (vi> 

Sem i-leptonic decays 

The simpler weak matrix elements: 

J Vector and Axial symmetry play important roles 

SU(3) breaking effects (IAsl= I process ) 

- CKM unitarity (K13, HBD) 

J described by form factors 

struture of hadrons 

- Proton spin problem (HBD) 

Needs the precise theoretical calculation ! 
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K13 decays 

K13 decays are described by 2 form factors 
pure vector transition 

To determine lVusl r from experiment 
f,(O) from theory 

KI3 (K-u~) form factor 

f+(O) (=f0(0))=0.968(9) (6) 
combine with the experimental data IVusf+(0)l=O.2 I73(8) 

+ CKM matrix IVUsl = 0.2245(8)e,pt(26)t~,eory 

IKd12 4- IKs12 IKb12 = 1 - 6 6 = 0.0013(16) 
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Hyperon beta decay (?+Z+) 

- = O + t +  is the direct analogue of n+p under d - s 
- 

W -,.. /,""e- 
S0(ssu) c+ (suu) 

highly sensitive to SU(3) breaking 
Center of mass correction approach (Ratcliffe) 

( @ l g ~ ) n p  > (gn/gv)z 8- 10% 

I IN, expansion approach (Flores-Mendieta-Jenkins-Manohar) 

(gd9)np > (gdgv)s 20-30% 

su(3) breaking effect on gi / fi (gdgv) 

Model estimate t-04 

I /N, expansion - 
Expt. (KTeVaFNAL) - 
Lattice (Quench) 

I 1 I 
0.4 0.6 0.8 

.-I 1.023 _f 0.017 
tiny symmetry breaking (2%) 

1 1.2 
I 

Center-ofmass correction approach (with a bag model) 
Ratcliffe, Phys. Rev. D59 (1999) 0 14038 

R. Flores-Mendieta, E.Jenkins,A.V. Manohar, Phys. Rev. D58 (1998) 094028 
* I INc expansion approach 
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2nd-class form factors 

4 Lattice results (quenched lattice QCD) 

f3(0) - +0.250 f 0.022 g2 (0) 
fl(0) fl(0) 
- = -0.757 f 0.057 - - 

% KTeV@FNAL 

SU(3) breaking effect on fl(0) 

lfl------ Ademollo-Gatto theorem 

11 - fl(0)I J2 

2nd order symmetry breaking 

fi(0) = 0.953(24) 1 I I , I , lI \I Combined with 

Ifi(0)Vzlsl = 0.209(27) (KTeV) 
0.90 

0.00 0.02 0.04 0.06 0.08 0.10 0.12 

6=- n g  - M E  I k s  I = 0,219 (27)expt (5)theory 
M E 1  8 0  + c+ 
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Summary of lVusl 
./ K13 decay: f+(O) = 0.9G0(5)stat(7)syst 2 flavor DWF 

./ Hyperon decay: f l ( 0 )  = 0.953(24),tat quench DWF 

agreement with the CKM unitarity 

fl(0) has about 5% negative breaking effects 

fi(0) has about 20% positive breaking effects 

f3(0) is large positive: about I14 of fi(0) 
I st-order breaking (20-25%), 2nd-order breaking (-5%) 

g2(0) is large negative: about 315 of gI(0) 

gI (O)/fl(O) is suprisingly tiny breaking around 2% 
This doesn’t conflict with Cabibbo-model fits for HBD 

However, this doesn’t mean that an estimation of As is reliable. 

170 



QCD spin physics - a theoretical overview 

Daniel Boer 

Vrije Universiteit, De Boele1aa.n 1081, 1081 HV Amsterdam, The Netherlands 

QCD spin physics is about defining and extracting universal nonperturbative quantities that capture 
aspects of the proton spin. These quantities are hadronic matrix elements of operators of the quark 
and gluon fields. For the sum of the contributions of the quarks and antiquarks to the proton 
spin, a local operator matrix element can be defined, that is straightforward to interpret and 
can be (and has been) extracted from polarized Deep Inelastic Scattering (DIS). In contrast, for 
the contribution of the gluons the operator is intrinsically nonlocal along the lightcone. It only 
becomes local in a lightcone gauge and after a partial integration upon neglect of the boundary 
contributions. The latter contributions may be veiy relevant however and this issue yas part of a 
long debate. Experimentally the polarized gluon distribution Ag can be obtained from DIS or from 
hadron-hadron collisions, such as performed at RHIC. Knowledge of Ag provides information on 
the contribution from orbital angular momentum (OAM) of the quarks and gluons. The question 
of how to separately treat the quark and gluon OAM is a longstanding issue and seems to require 
either the choice of a gauge or of a preferred frame in which to interpret the different operators. This 
problem gave rise to the investigation of the Deeply Virtual Compton Scattering (DVCS) process 
and the field of Generalized Parton Densities (GPDs) which yield a more complete picture of the 
momentum and spatial distribution of partons. 

OAM requires transverse momentum of the quarks inside a hadron, so it is natural, but theoret- 
ically highly nontrivial, to extend the parton distributions (which are functions of the lightcone mo- 
mentum fraction only) to transverse momentum dependent parton distribution functions (TMDs). 
The transverse spin dependent TMDs can offer explanations of several observed single spin asym- 
metries and also of unpolarized azimuthal asymmetries. Despite this successful phenomenology, the 
proper gauge invariant definition of the TMDs gives rise to theoretical questions. This definition 
contains operators that are nonlocal of7 the lightcone and that are dependent on the color flow of 
the scattering process. This means that TMDs are sensitive to the process as a whole, which is 
not the case in standard collinear factorization of high energy scattering processes. The process de- 
pendence does not imply lack of predictability however, since it is a calculable process dependence. 
Nevertheless, factorization theorem proofs of processes involving a small, observed transverse mo- 
mentum, and studies of the Q2 evolution properties of TMDs need to be revisited. Despite these 
unresolved issues, the TMDs are the main candidates to describe the spin-orbit coupling effects that 
lead to single (transverse) spin asymmetries and the phenomenology of TMDs has led to several 
successes, in which several people and workshops of the RBRC played an important role. 

Several people have started to investigate a possible connection between the TMDs and the 
GPDs, for example via the introduction of quantum phase space (Wiper) distributions, but thus 
far this has not resulted in new insights or proposals for new experiments that may shed light on 
such relations. 

The large asymmetries that have been observed in polarized A production in hadron-hadron 
collisions were discussed as an example of how a full understanding of spin asymmetries can be 
used to turn them into diagnostic tools for indicating changes in underlying physics. For example, 
asymmetries in proton-nucleus scattering at large energies and baryon number can be sensitive to 
saturation effects and in nucleus-nucleus collisions to the formation of a quark-gluon plasma. 
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Measuring the Sivers effect: two examples 

One can probe the kT-dependence of the Sivers function directly in “jet SIDIS” 

D.B. & Mulders, PRD 57 (1998) 5780 

Upon integration over the transverse momentum of the jet :  no SSA remains 
Christ & Lee, PR 143 (1966) 1310 

Asymmetric j e t  or hadron correlations in p f  p -+ hl hz X 
D.B. & Vogelsang, PRD 69 (2004) 094025 
Bacchetta et  al., PRD 72 (2005) 034030 

RHlC Physics in the Context of the Standard Model, June 23, 2006 
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Saturation effects in p + A += A + X 

Asymmetries can also be used to  indicate changes in underlying physics 
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At high p ~ ,  leading twist pQCD predicts: 

N -  

dP$ P4T 

For p ~ s Q ~  saturation effects modify the 
cross section 

Figure: cross section (times p$)  in the 
McLerran-Venugopalan model (large A & &) 

Since Dl'?; is kT-odd, it essentially probes the 
derivative of the partonic cross section 10 20 40 50 pJA 30 
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Chiral-odd TMDs 

Besides f$ and OfT, there are two other, equally interesting kT-odd functions 

One is called the Collins fragmentation function: 

I s>q;<q; 
I H, = 

ST 

Collins, NPB 396 (1993) 161 

It can be extracted from e+ e- + I-+ 7r- X: (cos(24)) oc (HI  1 2  ) 
D.B., Jakob & Mulders, NPB 504 (1997) 345 

Matthias Grosse Perdekamp (around 2000): use ofF-resonance BELLE data 

RHlC Physics in the Context of the Standard Model, June 23, 2006 



EXPERIMENTAL OVERVIEW 

Douglas E. Fields 
University of New Mexico/RBRC 

Being the lowest energy baryon state, one would, with good foundation, expect that the 
quarks that make up the proton would be in an s-state. The naive expectation then, is that 
there is no orbital angular momentum contribution to the proton spin. However, 
measurements of the quark spin contribution to the proton spin, AX, have determined that 
only a small &-action of the proton spin is due to quark polarization. Recent 
measurements of AG, the gluon polarization inside the proton, are still statistically 
limited, but may have excluded large values of gluon polarization. Forthcoming data 
from RHIC should place tighter constraints on AG, and perhaps will solve the spin-puzzle. 
However, progress in the quark and gluon spin distributions has rekindled interest in 
orbital angular momentum. In fact, it has been shown recently, in a model independent 
way that the proton anomalous magnetic moment vequives orbital angular momentum of 
the quarks, although net orbital angular momentum may be zero. 

The history of the theoretical interest in orbital angular momentum inside hadrons can be 
traced to a paper by Chou and Yang in 1976, describing hadronic matter current inside a 
polarized hadron. Later, Meng Ta-chung et al. proposed two experiments to access 
hadronic matter currents, one in semi-inclusive deep inelastic scattering of unpolarized 
leptons on transversely polaized protons, and the second in collisions of longitudinally 
polarized protons. It is the latter which is the theoretical basis for this discussion. 

In the late 1990's, Ji proposed a method to access quark orbital angular momentum via 
Deeply-Virtual Compton Scattering. Several groups have pursued this experimentally 
challenging path. The concept upon which the present analysis is based is 
complementary, as it should access both quark and gluon orbital angular momentum, 
depending upon the process which dominates the hard scattering. 

We have proposed a method to probe the spin-correlated transverse momentum of 
partons involved in hard collisions of longitudinally polarized protons leading to jet 
events at RHIC. The basic picture is that if some part of the transverse momentum of 
partons is correlated to the (longitudinal) spin direction, as it would be in the case of 
orbital angular momentum, then hard collisions involving these rotating partons may lead 
to jets with more or less average transverse momentum kT, depending upon the relative 
orientation of the spin directions and the centrality of the collision. Since, at present, 
there is no good experimental tool to determine the collision centrality inp+p collisions, 
one must determine if the effect remains when the impact parameter is undetermined. It 
has been found that by integrating over the entire range of impact parameters, a net 
overall effect is still found. 
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Sivers Effect in Double Spin? 

~ r A l p d d  Mi? 

Left vs. right also adds for central + W ? O  

blw 1 0Msphup Front vs. back: effect adds. X>W@ Out d 

rad shift collisions, Bum 
But for peripheral collisions, it 

? 

reduces the effect on average. W vs RlgM OC c h q & p d  

differentiate these two effects? 
by dlhmt+$w nzgi~w 

BlM s %)% - k w  htjtd 
Can double spin asymmetries 

%d S ~ I &  #4& - kiqh b+d 
CN cl978) 

From D. Sivers 



Like Helicity 
(Positive on Positive Helicity) 

G W -  Measure jet dm 

Can also have an affect on& i 
Peripheral Collisions 

4 
Larger &?) 

Central Collisions 

I Smaller dm .t 



Un-like Helicity 
(Positive On Negative Helicity) 

'eri p h era I Col I is ions 

Smaller Jm 4 

Central Co I I is ions 
c 

7 Larger Jm 



Impact Parameter Dependence 
Have followed Ta-Chung’s 
calculation to determine if effect 
remains when the impact 
parameter is undetermined. 
Assume constant angular 
velocity of partons, pe, 
regardless of distance to the 
proton center. 
We set (arbitrarily) the 
maximum transverse 
momentum of the partons to be 
300 Mev at the radius of the 
proton equal to 1.3 fm. 
Basically independent of 
transverse density distribution. 
kT difference ranges from 0.3 to 
0.6 times the initial momentum. 

I R. Hobbs, PhD Thesis, UNM (2006). I 



Summary 
RHIC Spin program has made much progress, 
and has great promise in the near future. 
Deliverables are not “easy”, but so far we have 
been successful in overcoming difficulties. 

orbital angular Jet k, may probe partonic 
momentum.. . 
- In single transverse spin.(S vers). 
- In double transverse spin??? 

- In double longitudinal spin? 

These may be sensitive to orbital angular 
momentum. 

Could be tested with existing data from RHIC. 

Some data have been shown, more coming. 

Need theoretical guidance.. . 



Parity-Odd Asymmetry in W- Jet Events 

Hiroshi Yokoya 
Dept. of Physics, Niigata University, Niigata 950-2181, Japan 

Parity-odd asymmetries in the decay angular distribution of a W boson 
produced with a hard jet in pji collisions arise only from QCD rescattering 
effects. If observed, these asymmetries provide a 6rst demonstration that 
perturbative QCD calculation is valid for the absorptive part of scattering 
amplitudes. We propose a simple observable to measure these asymmetries 
and perform realistic Monte Carlo simulations at Tevatron energies. It is 
shown that the Tevatron Run-I1 should provide sdc ien t  statistics to test 
the prediction. We also give a simulation on RHIC p p  collider and discuss 
the possibility of measuring the parity-odd quantities. 

References 
[l ] K. Hagiwara, K. Hikasa and N. Kai,Phys. Rev. Lett. 52,1076 (1984); 

67, 931(E) (1991). 

[2 ] K. Hagiwara, K. Hikasa and H. Yokoya, arXiv:hep-ph/0604208. 

[3 ] D. Acosta et  al. [CDF Collaboration], Phys. Rev. D 73, 052002 (2006). 

[4 ] E. Mirkes, Nucl. Phys. B 387, 3 (1992). 

[5 ] D. Boer and W. Vogelsang, arXiv:hepph/0604177. 
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I 

Distributions 

Rich information on the polarization of W-boson, i.e. 
the details of production mechanism can be investigated 

6 

1 d40 
d&d COS Bd COS Od$ = ~ ~ ( 1  t cos2 e )  t ~ ~ ( 1 -  3 COS e2) 

P-even i + ~3 sin 2e COS 4 + F~ sin2 e cos 24 

t F5 cos0 + F6 sin e tos$  

+ FS sin2 e sin 24 1 P-odd 

8 : scattering angle in W-jet c.m. frame 
8 , 4  : lepton decay angles in Collins-Soper frame 

Fi : structure functions 



lar Distributions 

pQCD calculation : 

8 

P-even parts : LO (tree-level) Chaichian,Hayashi,Yamagishi(’82) 

N LO (0 ne - 100 p) M i r kes, KO r n e r, Sc h u I er (’9 I), M i r kes( ’9 2)  

P-odd parts : LO (one-loop) Hagiwara,Hikasa,Kai(’84) 



. .  

ulation 16 

Hag iwa ra, H i kasa, Ka i ('84) 
one-loop calculation in pQCD 

on the absorptive part of scattering amplitude 

4 6  + W g  ... *.* .*** .* .. ... 

..I ... .... . ..*" 
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25 Results : Observable P-odd asymmetries 
-=%-TI- 

t 4-l 
-0.1 I I I 

> 1  [ - L O 1  [O, 11 ' < -1  

4 

+ = O  
I 

more than 50- deviation 
from zero-asymmetry is expected 

sign(sin26) asymmetry t--.) 

7r - 37r 
2 2 
- 

AQ = [@ - @ + @ - @]/Nsum 

N -0.9% & 0.5 (1.80) 

7r 
(combining all A y  and qT) 



Structure Functions on the Lattice 

Kostas Orginos 
College of William and Mary / JLab 

In this talk I present lattice calculations of moments of nucleon structure 
functions with lattice QCD. In particular I present the first lattice calculations 
done with domain wall fermions. The main results of these calculations are two. 
First we demonstrated the finite volume sensitivity of the nucleon axial charge 
gA, explaining the reason why older lattice calculations seemed to disagree with 
experiment. Our result for gA is consistent with the experimental value with in 
the errors of ow calculation. Second we investigated the chiral behavior of the 
first moment of the quark density and the helicity distribution functions. Down 
to 400MeV pion masses we observe no evidence of chiral curvature that would 
reconcile the lattice results with the experimental expectations. However, we 
observed that the ratio of the two moments is consistent with experiment. This 
was the first time this observation was made. The use of domain wall fermions 
is central in accurately determining this ratio. Finall17, I present some new 
results for the first few moments of the nucleon structure functions in the 
context of mixed action lattice calculations. We use Kogut-Susskind fermions to 
represent the quark determinant and domain wall fermions for the valence 
sector. I discuss the details of these type of mixed action calculations and 
present our result (LHPC) for the gA, which is the most accurate up to day lattice 
calculation of this quantity. 
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(polarized and unpolarized) 

1 .o 

0 a 
a 
2 0.8 x 
V > 
R x 
V 

0.6 
::t Experiment 
0 n,=2 dynamical 
0 Quenched 

4. 
i 

0.0 0.2 0.4 0.6 0.8 
mn2[ dev2] [Blum KO Ohta ‘OS] 

No curvature observed down to 400MeV pions 
Renormalization constant cancels in the ratio €or DWF 

0 Ratio agrees with experimental expectations 

(Quenched) 



I 
5 

O
N

 

193 



194 



Electromagnetic splittings of Hadrons, 
and calculations towards g, - 2 light-by-light 

contribution. 

Taku lzubuchi 

RIKEN BNL Reserch Center Kanazawa University 

Having precise lattice QCD calculations with dynamical quarks, QED effects on Hadron 
physics become more important ingredient for reducing systematic errors. Isospin (and 

S U ( 3 ) p )  breaking of Hadron mass spectrum due to the Electro-magnetic effects 
calculated from QCD+QED simulations are reported. Also novel ideas to combine 
perturbative (QED part) and non-perturbative (QCD part) aspects of nature are 

presented, which will be useful towards the exciting calculation, Hadronic light-by-light 
contribution to the muon anomalous magnetic moment. 

based on a collaborations with [RBC, RBC-UKQCD collaboration] 

T. Blum, T. Doi, M. Hayakawa, N. Yamada 
Koichi Hashimoto 

Taku Izubuchi, RBRC "RHIC Physics in the.context of the Standard Model", 23/Jun/2006 



QCD + QED simulations 
(T. Blum, T. Doi, M. Hayakawa, T.I., N. Yamada) 

0 In most of lattice QCD simulations, up and down quarks are treated to have 
equal mass and effects of electromagnetism (EM) i s  ignored (Isospin symmetry). 

0 More realistic f i rs t  principle calculation i s  desirable for accurate hadron spectrum 
and quark mass determination. 

0 Hadron mass differences due to isospin breaking are measured very accurately in  

m,rt - m,o = 4.5936(5)MeVj 
m N  - mp = 1.2933317(5)MeV 

experiments: 

o In 1996, Duncan, Eichten, Thacker carried out SU(3)xU(1) simulation to do the 
EM splittings for the hadron spectroscopy using quenched Wilson fermion on 
a-1 N 1.15 GeV, 123 x 24 'lattice. ' 

0 Using NF = 2 Dynamical DWF ensemble (RBC) would have advantages such as 
better scaling and smaller quenching errors. 

Taku Izubuchi, RBRC "RHIC Physics in  the context of the Standard Model", 23/Jun/2006 



QCD + QED simulations 
0 muon anomalous magnetic moment gP - 2 (BNL-€821) . 

g, gyromagnetic ratio: muon (spin 1/2)’s coupling to magnetic field 
I 

0 Hadronic contributions dominates theory error. 

Had - Had,LO Had,HO Had, LBL 
aP - aP + + 

=134(25) x 

(before : 86(35) x 

~ ( ( m , l i v m e U J > ” )  
new 

aP 

aP 
C. Aubin 8 T. Blum new analysis using SChPT. 

was explored by T. Blum in  PRL 91, 2003, 

PI Pz 

Taku Izubuchi, RBRC “RHIC Physics in the context of the Standard Model”, 23/Jun/2006 



AM:, Das-hen's theorem 
o Mass splitting of ITo and IT, with fixed quark mass. 

o preliminary results 

e Breaking of Dashen's theorem, AdT,& : pure QCD pion (e2 = 0) 

m,f - m: = 3.5(6)MeV(4.43exp) m d  - mu = 2.6(3)MeV 

2 M20 -7r - A&;Q = I e 2 m  logm + Ke m 

e Extraction of quark masses,m,, "&down, mstrange, from experimental values of 
0 

mrf, m.rr, "&Kf? mKO. 

nz f 

0.03 0.03 0.05 0.01 
%+InES 

Taku Izubuchi, RBRC "RHIC Physics in the context of the Standard Model", 23/Jun/2006 
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Future prospects 
0 EM splittings using non-perturbative QED. 

Nucleon mass splittings in progress (Takumi Doi) . (important !) 

0 EM splittings using the direct calculation of the QED diagrams. 

0 O(&) contribution to gp - 2 (pure QED). 

h, 
0 
0 

0 Auxially small uniform EIM field on lattice. 

0 O(a3) contribution (light-by-light) to gp - 2. 

F T  
i& 

3 

Taku Izubuchi, RBRC “RHIC Physics in the context of the Standard Model“, 23/Jun/2006 



Lattice and Effective Field Theory for Cold 
Fermionic Atoms 

Matthew Wingate 
Institute for Nuclear Theory 

University of Washington 

Trapped and cooled gases of alkali atoms can be manipulated to exhibit 
a variety of interesting phenomena. For example, dilute gases of fermionic 
atoms, in 2 hyperfine states, can be cooled to temperatures where they be- 
come superfluid. An external field can be applied to tune the scattering 
length a. When Jal exceeds the interparticle spacing, nonperturbative tools 
are needed to study the system theoretically. The unitary limit, \a\ + 00, 

is particularly interesting due to its universality and symmetry. Lattice field 
theory and effective field theory can be used to systematically calculate prop- 
erties of this system. 

I discuss the formulation of the problem on the lattice and present results 
of Monte Carlo computations of the critical temperature between normal 
and superfluid states. Then I turn to zero temperature and discuss the 
effective field theory from which corrections to superfluid hydrodynamics 
can be calculated. A by-product of this work was the realization that this 
unitary Fermi gas possesses nonrelativistic general coordinate and conformal 
invariance. 

20 1 



h, 
0 
h, 

COD Fermionic A ~ o m  Outline 
General motivation, specific system 

Lattice Field Theory & Monte Carlo calculation 

$$ First  results -- superfluid/normal phase transition 

Road to understanding and reducing uncertainties 

a (see M. W., cond-madO502372) 

Symmetries & Low Energy Effective Field Theory 

All cold atoms: general coordinate invariance 

Unitary Fermi gas: scale and conformal invariance 

(see D.T Son & M.W., cond-mad0509786,Ann. Phys. 32 I ,  I97 (2006) ) 

Future directions 
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Phonon Lagrangian to NLO 

General coordinate invariance yields the combination 
(Oie)” X = D , 8 -  

2m 
c =@ 

+ aixai + 
+ 

Conformal invariance tells us the functional form 



Applying the EFT 

Equation of state 
2 5 / 2  

co = 
N 1 5 ~  5 

- 
2 3/2 

E Efree = t  N 
Dispersion relation 

Static density response function 

Static transverse response function 

X T k >  = -9Cz $$FqZ + 0 ( q 4  In 4 )  



Thermodynamics at p = 0 on the lattice 
Y. Aoki 

University of Wuppertal 

QCD thermodynamics at vanishing chemical potential with three light 
flavors is investigated. The aim of these works are to control most of the 
systematic uncertainties in the lattice simulation with staggered fermions. 
Tree-level improved Symanzik gauge and st out-link improved fermion action 
is employed, which results in substantial reduction of the taste symmetry 
breaking of staggered fermions. The exact fermion algorithm, RHMC is used. 
We tune the quark masses to be the physical ones for the finite temperature 
simulation. Zero temperature simulation which is needed to renormalize the 
finite temperature quantity einploys pliysica1.s quark and slightly heavier u, 
d quarks than the reality, which are used to extrapolate to the physical point. 
Equation of state at p = 0 is calculated with Nt = 4 and 6 lattices. Further 
study with Nt = 8, which is a simple extension of this work is needed for 
the reliable continuum extrapolation. Order of the transition at the physical 
quark masses is studied employing the finite size scaling. Peak height of the 
properly renormalized chiral susceptibility of u, d quarks is extrapolated to 
the continuum limit using Nt = 4, 6, 8, 10 results, showing the transition is 
a crossover. 

Equation of state has been studied with Z. Fodor, S.D. Katz, K.K. Szab6, 
and published in JHEP 0601:089,2006 [hep-lat/0510084]. 

The order of the transition is being studied with G. Endrijdi, Z. Fodor, 
S.D. Katz, K.K. Szab6. 
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Strategy 

Exact algorithm (RHMC) 
LCPZ 

0.3 3' 
o Finite size scaling 0.25 

0.2 

'" 0.15 

Correct quark masses 
F tune m, and mu so that 

ratios of m,, mK, fK take 
physical values. 0.1 
LCP2: mu = m,/27.3, m, -+ 

0.05 

0 
o Continuum limit 

P 



Finite Size scaling of chiral susceptibility Xud 

o NS/'Nt 3 - 5(6). 
No volume dependence found. 

Q How about in the continuum limit ? 

200 

150 

100 

3.4 3.5 3.6 3.7 



Finite Size Scaling after continuum extrapolation 

3c 

n 20 

E 
b' 

cu -3 
W 

I- 10 

0 p- ,  I I I I 

0 0.01 0.02 0.03 0.04 
1 /(VTc3) 

Susceptibility does not diverge as V -+ co 

-+ Crossover 



Kaon physics in the full domain-wall QCD 

Jun Noaki 

RBC+UKQCD Collaboeations 
U n ive rsity 
of Southampton 

Summary: The RBC and UKQCD joint collaborations started a new project of generating the 
N f  = 2 + 1 domain-wall QCD gauge configurations. Using configurations generated so far, 
UKQCD calculated spectrum and kaon 6-parameters. These results are very promising and 

signal the coming of new age of lattice QCD simulations. 

June 23,2006 



1992 

1994 

1997 

2000 

2001 

2005 

2006- 

Brief history of DWQCD 

Domain-Wall fermion 
Ian, Shamir 

Domain-Wall QCD 
Fcrman & Shamir 

First quenched simulation 
Blum & Soni, RBC 

RG improvement + DWF 
CP-PAC§ 

BK, E ) / E  CP-PACS, RBC 

N f  = 2 simulation 
RBC 

N f  = 2 + 1 simulation 
RBC+UKQCD 
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1.6 

1.4 

1.2 

0.8 

0.6 

Non-perturbative Renormalization 

I I I I 

L 

$ 
ZRI/MOM 

- 
ZBK(MS NDR, p = 2GeV) 
= 0.9382(13) 1 

I I I I 

0 0.5 1 1.5 .2  2.5 
2 

Ptatt 



0.60 

- > 0.55 

cu (5 
9 
lg 
vY 0.50 
M 

0.45 

Current status of BK 

I , I 

I 
I 

T -I- 

i-i . 
I 
I 

I 

I 

I 

I 

I 

I DBW2 pz1.22 
I 1 DBW2 fk1.04 
I 0 Wilson p=6.0 
I 1 CP-PACS (Iwasaki) 
I + RBC (DBW2, N,=2) 

I 

0 0. I 0.2 0.3 0.4 
a2 [GeV-*] 

Good starting point, isn’t it? 



Light hadron spectrum in 2+1 flavor QCD 
with Wilson quarks 

Tomomi Ishikawa 
CPPACS and JLQCD Collaborations 

University of Tsukuba 
tomomi@ccs.tsukuba.ac.jp 

SUMMARY 
CP-PACS and JLQCD collaborations are performing simulations of 2+1 flavor full QCD using the 

non-perturbatively O(a) improved Wilson-clover quark formalism. We have completed HMC runs a t  three 
lattice spacings, a N 0.07, 0.10 and 0.122 fm, keeping the physical volume constant a t  (2.0fm)3. On 
the generated gauge configurations we calculate light meson spectrum, light quark masses and PS decay 
constants. The light meson spectrum is consistent with experiment and obtained ud and strange quark 
masses are m y ( p  = 2GeV) = 3.50(14)('::) MeV and m y ( p  = 2GeV) = 91.8(3.9)(::::) MeV. 



Simulation and Analysis 
Wilson quark formalism 

Dynamical up, down and strange quarks 

Algorithm 

Simulation palameters 

+ lwasaki gauge action + NP clover quark action 

+ Up and down have a degenerate mass, strange has a distinct mass. 

+ HMC for ud quarks, PHMC for strange quark 

+ p = 2.05 ( a  N O.O7fm), L3 x T = 283 x 56, HMC traj. = 6000 - 6500 
p = 1.90 ( a  N O.lOfm), L3 x T = 203 x 40, HMC traj. = 5000 - 9000 
p = 1.86 ( a  N O.lZfm), L3 x T = 163 x 32, HMC traj. = 7000 - 8600 

h, 
h, 
0 

+ 5 ud quark mass parameters (mpslrnv N 0.60 - 0.78) 
2 strange quark mass parameters (rnpslmv N 0.7) 

Chi ral extra polation 
+ Polynomial fit in quark masses up to quadratic order 



Light meson spectrum 

;i Quenched(RG+PT clover) 
Nf=Z(RG+PT clover) 

- 

Resu I ts 

0.895 

+ In the continuum, meson spectrum is consistent with experiment. 
+ The statistical error in the continuum limit is large. 
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Light quark masses 

140 9 
Q 130- 5 9 120- 
8 110- 
2 

E- 

5- 100- 
12- go-  

80 

Renormalization 

- 
- 
- 

- 

- 
- 
- 

I I I I I I I 

mLAT 4 (6') + mFS(/i! = 2 GeV) 

I 1 I 1 I I I I 

i - - - - - -  -i 
~ 

tad-pole improved 1 -loop matching 
4-loop running to 2 GeV 

Res u Its 
2 2.5 

2.0 
0 0.01 0.02 0.03 0.04 0.05 

mud M S  = 3.50(14)(+9!) MeV 

mys = 91.8(3.9)(22::) MeV 

(AWI, combined K with @-input) 

consistent with Nf=2 

MILC staggered (2-loop matching) 

mud M S  = 3.2(0)(2)(2)(0) MeV 

ms AM = 87(0)(4)(4)(0) MeV 

- 

a2 [frn2] 



PS meson decay constants 
PS decay constant fT, fr-c 

Renormalization 
(oIA41.i.r) = f rmr  

+ tad-pole improved 1 -loop renormalization factor 

Results K-input 
0.2 

fx = 140.7(9.3) MeV 
fK = 160.9(9.1) MeV 

9 
Q) m 

fK/ fr = 1.142(17) 
(K-input) 

e A  

0) 

0.15 

experiment 

fK/fT = 1.223(12) 0. I 
f T  = 130.7(0.4) MeV, fK = 159.8(1.5) MeV 

- 

- 

- K  
- 

- 

- 3 - 6  

- 

- 

I I I I I I I 1 I 

0 0.01 0.02 0.03 0.04 0.05 
a2 [frn2] 



h, 
h, 
P 

Next direction - lighter quark mass - 
J- 

PACS-CS collaboration 
+ clover quark with domain decomposed HMC (Luscher, 2004) 
+ We wish go down to light quark mass : 

m r r l m p  E 0.4 (mud/ms = 0.2) or less ... 

+ PACS-CS 

to be 

@ CCS, Univ. of Tsukuba 

nstalled soon !! (July lst,  2006) 

cluster, 16x1 6x1 0=2560 nodes 
14.3 Tflops peak 

By this simulation we hope that the ambiguity in 
the chiral extrapolation will be removed ! 
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