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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. :

During the first year, the Center had only a Theory Group. In the second
year, an Experimental Group was also established at the Center. At present,
there are four Fellows and eight Research Associates in these two groups.
During the third year, we started a new Tenure Track Strong Interaction
Theory RHIC Physics Fellow Program, with six positions in the first academic
year, 1999-2000. This program had increased to include ten theorists and one
experimentalist in academic year, 2001-2002. With five fellows having already
graduated, the program presently has eleven theorists and three
experimentalists. Of these eleven RHIC Physics Fellows, five have been
awarded/offered tenured positions, and this will be their final year in the
program.

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 sixty
proceeding volumes available.

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

N. P. Samios, Director
April 1,2004

*Work performed under the auspices of U.S.D.0.E. Contract No. DE-AC02-98CH10886.
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Introduction

The RIKEN-TODAI Mini-Workshop on “Topics in Hadron Physics at RHIC” was
held on March 23rd and 24th, 2004 at the Nishina Memorial Hall of RIKEN, Wako,
Saitama, Japan, sponsored by RIKEN (Institute of Physical and Chemical Research) and
TODAI (University of Tokyo). The workshop was planned when we learned that two
distinguished theorists in hadron physics, Professors L. McLerran and S.H. Lee, would be
visiting TODAI and /or RIKEN during the week of March 22-26. We asked them to give
" key talks at the beginning of the workshop and attend the sessions consisting of talks by
young theorists in RIKEN, TODAIT and other institutes in Japan and they kindly agreed
on both. Considering the JPS meeting scheduled from March 27 through 30, we decided
to have a one-and-half-a-day workshop on March 23 and 24.

The purpose of the workshop was to offer young researchers an opportunity to learn
the forefront of hadron physics as well as to discuss their own works with the distinguished
theorists. i

We had a session consisting of two one-hour talks by Profs. McLerran and Lee and
three sessions each consisting of four half-an-hour talks by young theorists. The titles of
the two main talks are given below.

L. McLerran (RBRC) “What is the experimental evidence for the Color Glass
Condensate 7” _ '

S. H. Lee (Yonsei Univ.) “Tensor method in pentaquark baryons
— Mass, decay modes and ideal mixing -’

Although the workshop was announced only at the beginning of March, we had totally
31 participants including 18 graduate students and young postdocs.

The main talks were both inspiring and pedagogical, discussing the frontiers of hadron
physics. The talks by young theorists were also well prepared and excellent. Discussions
during the talks were active and fruitful. Profs. McLerran and Lee told us after the
workshop that they had been very much impressed not only by the excellent presentations
but also by the advanced contents of the talks of young speakers.

We are grateful to RIKEN for the financial support which enabled us to organize this
workshop. It was held as an activity related to the collaboration with the RIKEN-BNL
Research Center and we thank the director of the Center, Professor N. Samios, for the
approval of publishing this proceedings as a volume of the RBRC Workshop Proceedings
Series and general support. We are obliged to all the participants for making the workshop
exciting and fruitful.

Special thanks are due to Ms.N. Kiyama , who did most of the administrative works
and took care of drinks and snacks during the breaks, and Drs. M. Hirai, M. Ohtani and
K. Sudoh for general assistance. :

Hideto En’yo, Hideki Hamagaki, Tetsuo Hatsuda
Yasushi Watanabe and Koichi Yazaki

RIKEN,
May, 2004



Program of RIKEN-TODAI Mini-workshop

March 23 (Tue)

Session 1

10:00-10:10
10:10-11:10

11:10-12:10

12:10-13:30

Session 2
13:30-14:00

14:00-14:30
14:30-15:00

15:00-15:30

15:30-16:00

Session 3

16:00-16:30
16:30-17:00
17:00-17:30

17:30-18:00

Main lectures
Chair: T. Hatsuda (Tokyo)

H. En’yo (RIKEN)

Openning address

L. McLerran (RBRC)

"What is the experimental evidence for the Color Glass Condensate 7”
S. H. Lee (Yonsei)

?Tensor method for pentaquark baryons”

Lunch

Various phases in QCD
Chair: K. Iida (RIKEN)

H. Abuki (YITP)

”On the role of strange quark mass in QCD phase diagram

—BCS-BEC crossover in color-flavor locked: phase 7

M. Tachibana(RIKEN)

”Novel phases of high density quark matter and their roles in physical systems ’

M. Ohtani(RIKEN)

”Color ferromagnetism and quantum hall states in quark matter”
Y. Hatta (Kyoto) ’
”Relation between the chiral and deconfinement phase transitions”

Coffee

Dynamical aspects of the QCD plasma
Chair: H. Fujii (Tokyo)

K. Ohnishi (Tokyo)

" ?”Mode coupling theory for the dynamic aspect of the chiral phase transition”

T. Ikeda (RBRC)

»The effect of memory on relaxation in ¢* theory”

N. Ishii (Titech)

?Glueball properties near QCD phase transition”

T. Doi (Titech)

”Thermal effects on quark-gluon mixed condensate from lattice QCD”

7



March 24 (Wed)

Session 4 ' Hard QCD, hadron spectroscopy
Chair: K. Yazaki (RIKEN)

10:00-10:30 T. Takahashi (YITP)
"Detailed lattice QCD study of the three-quark potentials:
the ground-state and the excited-state of the static 3Q system”

10:30-11:00 M. Hirai (RIKEN)

”Polarized parton distributions and their uncertainties”
11:00-11:30 K. Sudoh (RIKEN)

”Comment on 7% double spin asymmetry at RHIC”
11:30-12:00 C. Sasaki (Nagoya)

”Chiral doubling of heavy-light hadrons in the vector manifestation”
End of workshop
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What Is The Experimental Evidence
For The Color Glass Condensate?

Larry McLerran




What is the Experimental Evidence
for the Color Glass Condensate?

Larry McLerran

Nuclear Theory and Riken Brookhaven Research Center

BNL PO Box 5000
Upton NY 11973

Abstract

I discuss the Color Glass Condensate as a theé)ry of the high
energy limit of QCD. I disucss the experimental evidence con-
cerning this hypothesis from HERA and RHIC.




What is the Evidence for the
Color Glass Condensate?

Motivation:

xGxQ?)

Giluon
Density

High Energy

Density high —
Separation small —
g << 1

10

G,L,R
M, Q
M,V

BFKL

HERA

LL.M



What is Color Glass Condensate?

Glue at large x generates
glue at smal x

Giue at small x is classical field
Time dilation - glassy )
High phase space density — condensate

t*hase space density p
Negative mass term ~ —p
Repulsive interactions ~ agp?
e A AN L
P = TR dydipy T og
Separation of longitudinal scales
Renormalization Group

Limniting Fragmentation

Renormatization
Group
R ,

R et * 200 GeV

o | st + 130 GeV

>~ 3 * 19.6 GeV

o

'9; ff“c}tai rmuitiplicity Is

g 2 e Ney - Ny -+ Ng _
2 for projectiie evaluated at
= Q2 g Q?m(-%iwgmt}
( 1T Jztillan-Marian
0; P §
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Theory (Not Mgde};) of CGC

Mathematically similar to a spin glass

Z = f%{czm [dp] exp (iS[A, p] — xIp])

p is the source
Xg is the cutoff in X
x1p] is the weight function

for the fields
MV KB .
JIMWLK; F; x[p] satisfies RG equation
' derived from QCD

JIMWLK equation
Equaivaient in limits to
DGLAP, BFKL and BK equations

xlp] auadratic is MV model

Color Glass  #ixtended

Condensate Seuling
Region

In(1/x)

Perurhative Region

woSoy sAneqInpIsd-HON

Eln(pr)
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Why CGC 1s Important:
It is a new universal type of matter.

Matter:
Separation of gluons is
small compared to size.

‘New:
Can only be probed
at high energy and it is produced
in heavy ion collisions.

Universal:
Independent of hadron
Fundamental
(Universality aiso applies in scaling region)

ii: ic a theory of:

“The origin of glue and sea quarks
irt hadrons.

The origin and nature of cross
sections and particle production

The distribution of valence guantum
| numbers at small x

Provides initial conditions for
the QGP as produced in heavy ion collisions.

4
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Infinite Momentum mee:

Nucleon is made of
states with 3 quarks
3 quarks with one gluon

3 quarks with two gluons

In rest frame
Walence quarks
and cceasional glue L
and sea quarks

......

In infinite momentum
frame

Wall of lots and
lots of glue gt near
light speed

.....

AL low energy:
3 quarks and few gluons

At high energy:
t.ots of gluons

Description is fra,me independent:

Mueller-Kovchegov D#.laiity:
Infinite momentum frame multigiuon
states are important.

Target rest frames:
Coherent multiple scattering.

Dipole Mode! Included in CGC Framework
Iancu-Muegiler

5
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What does the gluon wall look like?

On sheet z— =t — z is small
Independent of zt =t 4 2
it ~ 8/0z— At is big.
Fi— and F% are small
Fit o B 4 9 BI
E1Blz
Fieids random in color

The density of gluons per unit area: "

L dN 1 2
T dy ~ g eat(®)

15



Experimental Evidence:

;"3: * A MR | TR RRASE ML |
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16 w0 1w % 10 10° %«’
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o~ F{Q?/Q2,,(2))

Q2 ,(x) dependence on x computed

by Mueller and Friantafviiopoulos
" First observed by G-B,K,5. Geometric
‘'scaling shown to be property of CGC by IIM

For Q2 << Q2,, trivial
Works til Q2 ~ @2, /A2
Needs z < 1077
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Experimental Evidence:
B for = < 10~2 and Q2 < 50 GeV?

Must include computable deviations from
geometric scaling
3 parameters: R,zp, A

N(z,rp ) == _
No(r3QEeor { ~smxcarayt (/590 )

oal- gPe0.11 L RaD.15 =0.2 @m0.28 | 0.3
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Experimental Evidence:

Fy for z < 1072 and Q2 < 50GeV?

t .
. w22 a*szs\

Fa
P
o

&

. B

Fm

45
Y

\ . \

w120 - G150 \%‘
\%' | ‘(&\

o S o T

whond i
6™ w0 o 1

— OG0 with Rym0.7 ang w140 eV
£ H1 1896 X 1,08 AT s ’
& zEuSi1ess 0 HFKL without saturction

Early work by Golec-Biernat, Wustoff, Stasto
Kwiecinski, Kowaiski, Bartels, Teaney.
Work above by Iancu, Itakura and Munier
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Experimental Evidence:
Diffraction and Quasi-Elastic
q .
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Experimental Evidence:
Diffraction and Quasi-Elastic
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Experimental Evidé:}rme: |
Qualitative Understanding of Hadronic o™

The total hadronic cross section:

o {mbj |3
108 . » qu““"w
ol A VA F,LLM
» Fotnatic K, W
] .
3 E'Y £ 3 ¥
A 4 103 1{}$ 109'

Center of Mass Energy in GeV

Nucleon becomes dai’k at some impact
parameter b when the probability to
scatter is of order one

The number of giuons increases as
<$0fmmin)}‘
Tmin ~ Ngop/ E

“The impact parameter distribution is
exp{—2mab).

(xﬁfxmén)zem??{“zmwi’) m 1
or
&~ B2 o 121/ tomin) ~ In2(E)

Froissart Bound Samrati&m‘ l1a
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Heavy lon Collisions

M, K, W: G, M; Krasnitz, Nara, Venugopalan

¥
' meting Colored Ginss

i Energy Deosity st Formation Energy Density
o S £ 1030 GeViFmS - - 1030 times thit
' ingide a proton
&E Sduark Eluon Blatte
©
142
z -
§ : Quark Sluos Plasma
ﬂ ' Emergy Density
? e I Cores
g Wt of Neutron Stars
]
Energy Density
v of Nulear Matter
16} o -

Time {fnie)

22



Evidence from Heavy Ions:

SR G

o
_@'gm%g
99| HUIRGHZPCOART o0 | - R
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Krasnitz and Venugopalan

CGC is only theory which allows
consistent computation of multiplicity

1 dN 1 Q%
7 R2dydpy  ag pﬁé,u

for pr >> Qsat

For pp < Quqt, the distribution softens
and becomes integrable:

%jg”_"‘ a%@fgat 13
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Global Features of Heavy Ion Collisions

dN/dn vs Centrality at =0
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CGC initial conditions ala

Kharzeev, Levin and Nardi

lead to good rapidity and
pp distributions
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AA and dA Collisions:
Pr obmg the Nuclear Wavefunction
iy Heavy Jon Experiments at

1
% wmég ﬁ%«liﬁég
. AN | central rapidities give .
" evidence of strony suppression

' i retative to incoherent scattering
? %‘ g I‘? L Is it an initial state
'ﬁ?s; L effect (CGC) .
4 or final state (QGP)
%% § . ) N
Poget ) Gluons and quarks come
AN "‘ét from x ~ 101
A N M T Mot small %
m«iw&i

Some foeatures of data ook ke
pecormetrical scaling: K, l., dM

|3

5 b
&l
14
a3

¥ @ epsieen
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57 éM’lm . o WEEVRY

Conclusively established:
Jet quenching at central
rapidity is largely 2
final state effect (QGP).
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dA Collisions and Shadowing:

What about the rapidity dependence

of BaaT

Cronin enhancement at nuciear rapidity
Senall effect at zero rapidity
Forward rapldity? = ~ 105,

Cruantiirn evoiution plus
classical rescattering for
T CEC give suppreassion

Centrality and rapldity
depencisnce different

Very rapid evolution in
Cotor Glass Condensate

5
i T U S SR
a"l‘ s e et O .
ﬁ s v ;
3 1zb
£ 4
o

. e - ~ L, 'y 4 . # w3 ik,
W 6t s 18 o 3¢ '"m((g:v/‘a

&9,

K.K
AAKSW

Classical multiple scattering
gives Cronin enhancemgnt
Maore matter at small X
bigger Cronln enhancement

16
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. dA Collisions: Data
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Brahms shows Cronin
enhancernent turr into
suppression in deuteron

fragrmentation region

Brahms shows suppression
‘increase as function
of centrality

At lower pp
‘star shows suppression
increase as one goes
to fragementation region
of deuteron
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dA: What does it mean?

Perturbative QCD for single
particie inclusive should work
at pp of severai GeV

1f Hiling with shadowing
- fits the forward data
it is off by about a factor of
two for the central datal

If this is "corrected”

for muitiple scattering
one can arrange it to fit

the central region

but then it is almost

a factor of 2 100 large

inr the forward region!

Accardl; Leval et. al. QM2004

But surely someona will find some . |
’ shadowing computation

CGEC provides a first
of shadowing. It

principies theory
is falgifiablel - 19
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Does Color Glass Describe
Brahms Data?
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No free parameter
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Summary

»rmis js nothing short of a major discovery”
s going to trigger a resl revolution in
ruciaear physios”

2, Kharzeev

Revolutions:

A re-allignment of relationships between
jarge groups of people

F’riéncm try to kill one another,
Sometimes succeassfuily!

Has bad consequences if you are
not successfull

. Perhaps the most famous scientific revolution:

The Copernican Revolution:

Ptolemaic theory could describe
cdata much better than Copernican
long after Copernican was accepted.

Copernicus had a simple intellectual
framework.

It unified a large amount of different
phenomena.

It was faisifiable.

31
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Tensor Method for Pentaquark Baryons:
Mass, Decay Modes and Ideal Mixing

Su Houng Lee

33
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Tensor method for Pentaquark Baryons:
Mass, Decay modes and Ideal mixing

Su Houng Lee
Department of Physics
Yonsei University
Seoul 120-749, Krea

This talk consists of two parts. In the first part, | will start by listing the

. experiments that reported observing the pentaguark states. Then | will discuss

the soliton approach for the pentaquark, which motivated the experimental
search for pentaguark states, and also discuss the criticisms related to the
validity of the soliton approach. Then | will discuss other approaches on
pentaquark states.

In the second part of my talk, | will introduce the tensor method based on SU(3)
flavor symmetry. From constructing invariants composed of anti decuplet,
decuplet and octet representations, | will rederive the mass formula for the
pentaquark states, which follows from the SU(3) symmetry, and also discuss
possible interaction terms. | will also discus why ideal mixing and fall apart
decay naturally follows from an effective OZI rule. The simple tensor method
provides specific ratios and selection rules from which one can experimentally
test and discriminate between octet and decuplet pentaguark states.

Tokyo 2004
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The Quark Idea
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1. LEPS found ®+ in K+ n invariant mass: Y=2 state with

2. Class finds no ©++ in K+ P invariant mass: anti-decuplet

363989383 =35+(3)27- (10 {410 @8+ (),

Baaic reaction

T(6%) in MeV

M(O1) in MeV Collaboration ce
-+ K*Kn 1540+ 10 <2 LEPS [1] -
K+Xe -+ K'pXe 1530+ 2 <9 DIANA 2]
yd— K¥K~pn 1542+ 5 <2 CLAS[8)
ap—+ KTK%n 1540 & 42 <25 SAPHIR [4)
p—-+xTK-K'tn 1587 +£10 <3 CLAS 5]
v(T) + A— p(HpKEX| 15385 | <2 BBCN [6]
ap -+ xtK-Ktn 1555 = 10 <2 CLAS [T}
ed - pKOX 156+2+£25] <75 HERMES [8]

TABLE I Summary of ﬁi‘se.ex;:«emenzél data foi; the ©(1540) baryon.

3. NA49 hep-ex/0310014 : found w*(186‘2) in . wzzw(ddss bar(u ))
with width< 18 Mev

4. H1 hep-ex/04031017: found ©c0(3099) in -D+ p (uudd bar(c))

with width= 12+-3 MeV (not D p, due to experimental diff?)

Tokyo 2004
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"@QICTION iaknov, Petrov, Polyakov 97)

1. SU(3) solition  Lia(U)+ Layns (U)+ Ly
U(x.0)= R(t)[e ). )R“(t) |

0 1
. . : 1 <~ 1 <& -
2. Hamiltonian  H*=—YJ%+—) J"

2[1 4=1 2] 9 A=4

3 3

) 21,
3= “W ~>only SU(3) representations containing Hypercharge= N, /3 are allowed
2"[_ moreover, the number of states at S=0 must determine the spin of the

representation because I=J in the SU(2) solition

3. Anti decuplet mass: including O(m.N_) and O(m/N_9) splitting

splitting within anti-decuplet: fixed by splitting within octet and decuplet and
splitting among representation: fixed by N(1710) to be a member of anti decuplet

4. Anti decuplet width: including O(1/N,) correction

Tokyo 2004
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Solition model | experiment | Quark model SU(8)
' Total
MeV mass - width mass width | ﬂ}:ﬁgn sgsgie | mas§ | width
| @ |00 | 1sxe | 1535 |0 L | 1] 1585 | T
Ny, | 1710 | 40 L+ Bl 4/3| 1644 |
' = [l y
Zp | 1890 | 70 ‘ Vs [l 5/3| 1753
R | 2070 | >140 | 1862 | <18 | usd 2| 1862 | 85T
Only s= % =% 1+
antidecuplet antidecuplet
®, | 2700 | | 3099 | <12 10T

Tokyo 2004
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Solition Model for mﬁscf@&upi@f why

y it is an artifact of large N_c
{T. Cahes 03} : ,

1. Soﬁtion picture is valid at large N_c:

Semi-classical quantization is valid for slow rotation: ie. Valid for describing excitations of
order 1/N_c, so that it does not mix and breakdown with vibrational modes of -order 1

2. Lowest representation at large N_c (p,q)

,}: - Qunatization constraint requires ¥, Z-—-—;‘i
N~ .
1. Octet @—5) )
N,-3
Decuplst (39“-—;--) y
3. Anti decupiei , (©, Nf:; 3} -

(lowest representation containing ¢

s=1)  p B,

1 &, 1 & 3 34N
H!i’t)fm ng 4 J;Z E N ) E_—~FE = ¢
2[1; 4 212; A 10 8 : 10 8 4}2

. Tokyo 2004




1. SU(2) solition+ Kaon Lm(Uz)% L, (UY+L,,

2. Successful for hyperon (attractive anti-kaon) but repulsion for |
kaon (no pentaquark) from WZ term

3. But found to give bound state for chamed meson (uudd bar( )
with mass 2700 MeV

= - ButH1 found Q{’-»D%p a’sSOQQMeV?

4, Newgk Pr&szaiﬁwscs hep-ph/0403184

1. for heavy-light meson: chiral partners exist : BaBar (D_s*), CLEO, Belle
| (0.0 %) (1-,1%) with mass 350 -400 MeV apart
2. H1 observed chiral partner of ground state © c(g}ﬂ})

3. If this is right —> thers should be ground state charmed wnta&uaz‘k at 2700
MeV as‘zd the theta ;:aemaquark ?

Tokyo 2004
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- What are model dependent results and what are the (:'Qmsedaemes of SU(3) 7

1. Fundamental representation O ¢ ->Uyq’

2. Octet representation 0 By = U B%UT;

8 Antz decuplet representation

| pﬁji s P&éf: Uh‘ Uﬂa UTQ ks
4. Construction of effective Lagrangian

contract each index of representation with delta and

epsilon | | 'é"f;U’:Ujm = é};
lemB]Mk , |
| UIU} Uk = 8!132:2

gk
zjk

Tokyo 2004



QCD mass term

E

Hoco=q

(mul 0 0 w .
O mi 0

In Hadronic world, there are no quarks and

g=qYq,

Hadrons form higher irreducible representation of SU(3)

.

]
N(938)
” 1 >
o R
£ X
/ \
if P &
o e . .b £(1190)
~ ¥ p fs 4+ AQI115)
£ Y
% '
\% f
| P
2  Ev . ;
£{1320)

Tokyo 2004

Octet representatzon mass term

Hocer = BJY*’B* + beY*Bf + csfsﬁ

4 masses— 3 parameters
Gell-Mann Okubo mass formula

3M, + M,

=2(M, + M)

Ax1115+1190=2x(939+1320)
4535 MeV =4518 MeVY



» Decuplet representation mass term

Tokyo 2004

s | kvl ik
! 4 Ly @m 0 A(1232) HDeC@IetwaT Y;Ey‘f‘CT T;jk
x £ It
o Ka ® ® -t Ix(1383)
Lo
- | 4 masses—2 parameters
w5 ..2@5? 2+(1532)
: 0(1673) : -
™ My-M.=M,-M,=M,-M
;;i E$ * * . A

J40MEV 150 MV 150MeV
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Mass fomUla for anti—decuplet hapwmmaiqm?,v. Oh, H. Kim . SHL

O (uudds) is an isosinglet; a member of anti-decuplet

| | =y t
N - Hanti - decuplet = QTgkyzf +CT¥ T.

k= lij itk

- againzpérametérs
MM =M M MM

Since M = 1540 MeV, M.. -w18642 MeV
We will have.

MN

1

=1647 MeV, M, =1755MeV

Tokyo 2004
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SU(3) symmetric interaction is not so bad to begin with

L= &Wﬁg+&3ﬁw

Janssen et al., EPJA 11 (2001) 105, PRC 67 (2008) 052201, PRC 66 (2002) 0852(32
Benhold et al., Phys.Rev.C36:438-440,1987.
Nijmegen potential uses SU(3)symmetry for NN, YN interactions.

For Decuplet meson Baryon, only one term is possible

L=ge,, D%f’fPle
IMfA— Nm) = Qﬁ(ﬁfj?ﬁ{g)ﬁmgiéz %m 110 MeV vs. 110 MeV (exp)
F{E*. —t A?Q = % (Mfg Mﬁ)ilg}}?’% ’}:15 = 35.MeV vs. 35 MeV (e;xp.),.
T o) = MMS‘GE e i%, ~=s. 3 M6V vs. A8 MV (ezp),
3G% aMg 1

I(E*—Er) = = 8.6 MeV vs. 10MeV (ezp.),

In(Me= + Mz)? g Mg 10

| ! Diakonov, Petrov, Polyakov (97)
Tokyo 2004 T
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¥ Very small hadronic interaction

Y. Oh, H. Kim, SH Lee (hep-ph/0310117)
. Sikagsl pm
Lyss =—18€,T "M jBk
¢ N
K
[, =3.5xT'y <18 MeV

L .
*a
*
g 't.. ’
4 R
. *y
33

i 111
¥ Forbiden decay

L

1

Tokyo 2004

_ ‘ T ifk y gl pymno
9-8-10 ggﬁggm&T | M. D

R+ £+
Kn 8| x'm V2| #m 1 | xA /5
K% -8 % 1] vp V3 «t2® -1
' ny w3 sén NI |
kA SAlxts ] 9ot -8
st 1] B°A -8 k'S -2
) Kt -2 K -1 R% /2
= £ Bp
xFE 1| AP 1 | xRV B xtES -2
PA B ra A Kt B A5 -2
T LI B B s | - K2 2
2% ~J3] B 3 K-nt /2
K*e -1| K2~ A '
K= 1| K -2
B -1
Kp 1
Zip B
PE- 2 xmE B
& AIKET /8
By -8

K2 2

N(1710) =>An
Hence can not be a

pure anti-decuplet

i!
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Previous scenario is possible but expect to
~have a pentaquark octet |

303030303
> 396)®(3D6)®3
—» 6®3=10+8

Tokyo 2004



Vector meson octet mass formula
ke (02 ' Hoaw=abd)Y' M, + bIIY; M\ + M/ M

(770), , .
9 3ML + M =4(Mz,)

| . > M, =900 MeV ??

0 @ s
ey 2 1 : .
| —— (U +dd ss tan 8, = —, mixing angle from wave function

= - Jp e

1 2 2 7. ' ' 1 3 . s » ‘
My =~M,+—M,, tan 6, ~—= mixing angle from mass

37737 2

Idéal mixing : @,0 >0,
tan®(6, -0,,) =10

Tokyo 2004



Nhen is Angle from Mass or wave function equal?

1. Angle from diagonalizing mass matrix

Hx EB A N ¢ _ 'CGS@M Siﬁ@M e N Es"”Egm'CQSz@M'"Siﬂz%f
AE o) \-sing, cosd, \y,) A 2c0s6,sin6,

2. Ahgle from wave function

- W, = cos(fy, )p —sin(@y o |
-y, =cos(f, ) +sin(@y, )d, ~when does 6,,=6,, ?

08

Hint from looking at correlator,

Wl >— <YW,V > R (cos’ G —sin’ 6, )[< g4 > —<@,0>]
<YW, > 2c0s6,, sinf, [< ¢ >—<w,0>]

hence, 6,,=0,,  when <g,w>=0 5 0ZIle

Tokyo 2004



1. OZl rule

< uu, uu><dd dd>¢<ss S§> >>  <Uu,s8>

S R I

u -«

TS

2 Na mixing in pseudo scalar

< W, uu >,< dd,dd >,< 55,55 >= dominated by instantons

u

. Tokyo 2004



s

1. Very small pseudo scalar component, hence
everything can be assumed to be dominated by
connected diagrams; But really an assumption

a) Mass: Ideal mixing (Jaffe, Wilczek)
: — ., = —

;}>

2.
f ot

b) Decay width: Fall apart decay (Close, Dudek)

g

2o,
-

»
» » ’
» >

Tokyo 2004



£S5

0, = uudds

\[. unddd + \[gmsdss
T \/F wudsd + \/_ —Usss

5., = uussd

Tokyo 2004 |

603=1008

N 8 masses—3-2 parameters
S M v, M, = 2M_® + Mg
IM, + My =My +2M;,
3M, =M, +M, +2M, - M,

8 | 10+8

| N, =uuddd
= -%»u ddd ~ ! d.s' :

8 3 U 3 uuass ®i€} = t{fz{dd&-

Y eudsd - \E uusss | Zg' = uudsd

- B, =uussd

L = Uusss
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1. One possible Scenario rp-wvosior 7. v.on i km s

~ Tokyo 2004

&

M, =M, |

M, =1440 MeV

then

M, =1751MeV
M, =M; =1651 MeV

M, =1962 MeV

M, =M. =1862 MeV
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heg&mh/(}é’;t}%{i ‘%HL H Kim Y. Oh

583=1008, S'®F =TFesH

For the OC’[@’( field, - SliAT ngk P +&*p

88-8

L m--zgg

Tokyo 2004

ilm

- (d+ f)PM'B] +(d- fPBM]

(Ty"+S[‘”‘])M58’” — fld=1/3

where SUH =g%P' +[i ¢ j]



AH the pentaquarks are Narfow Close, Dudek hep-ph/0401192,
| hep ph/040235, Y. Oh, H. Kim , SHL

—

Il

9%

The difference between octet and anti decuplet
decays are just-additive ~

L = wzg(ZaKN +2%)
—igCKN -Si5)

Tokyo 2004
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5 (396039603

3930309303

- 6®3=10+8
NA49 observéd Pentaquark from
5-(1862) > B (132)+ 7"

Future experiments could observe octet Pentaquark from

2, (1862 +5 )= ?->E,*(1530)+z", with large width but ,
55 (1862) XE,, *(1530) + 7 |

Octet pentaquark exists without large mixing with anti decuplet pentaguark

If none is observed, look at branching ratios into octet decayand see if there is
octet component ‘

Tokyo 2004



Pentaquark anti%decupiet decay Pentaquarkxoctet decay

gt F+ §o

Etn 8| xtn 2| #n 1
E% /8 o 1| xp -2
| w ~V3 g V3
Eta B Kt V2
Ets? 1| KA -8
Kt B8 K'Y -1
2 E” B
e 1| s 1| «tE' -6
A V3| xA -VB| K%zt 6
R FU U By ) LR |
ot -3 - VB
Kte- 1| K%~ 2

L

K% 1| Kn -3 9

B -1 0

Kp 1 ““V[%-
e Ea V3

piE- 2| B

8 VI KT /8

' -3

E 5t 9

Tokya 2004
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Ideally mixed Pentaquark Nuclean and sigma decay modes whtch are
expected to be also narrow

N,  Ni NG NE.
tn -6 KTA w:% P®n 3 | KO2° m\(’?
®p -3 Kt Ji| mp —B|KYET VB
e V3| K'Et VBl ome V3| KA -5
. *’wﬁ -3 Taaft  ~V3

5k a T T
a5’ I | KYE' B | n s ﬁ»-ﬁ K5 -7
5t 7} meEt —VB| 25 Vi | meE VB

] vi

L T

{’*’:‘L -—»f}:&; A »%

K% -3 K™n —3
Be I

A - 2
Kp —v3
Kot’s 3

+ Tokyo 2004
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Summary

. If one finds 5=3/2 an-ti#-deuplet pentaquark ~-> solitanl

picture is ruled out.
If one finds charmed pentaqguark at 2700 Mev -> supports

- bound state approach for solitions and chiral doubling

If octet pentaquark is observed -> stongly supparts
diquark picture.

Should look for remaining notentsally narrow states.
Starting with no mixing. |

By looking at ’""‘0 ldecay in more detail, can learn if there is
other octet pentaquark states and some idea about deat
mtxmg



On The Role of Strange Quark Mass In
QCD Phase Diagram
--BCS-BEC Crossover in Color-Flavor Locked Phase?--

Hiroaki Abuki
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On the role of sirange quark mass in QCD phase diagram
— BCS-BEC crossover.in color-flavor locked phase? —

Hiroaki Abuki
Yukawe Institute for Theoretical Physics, Kyoto University, Kyoto, Japan

Abf;tmct

We rexnsxtzed the unlocking transition from the aoiaruﬁavor locked (CFL) phase to the two-favor
pairing (230) phase paying a special ati;en%;ioxz to the multiplicity of the gap parameters. By
deriving the exact forinula of the effective potential for 5«gép parameters, we show that the CFL
phase is mnch robuster against the incresse of the strange quark mass than is predicted by the
kinematical.eriterion for the unlocking. As temperature is decreased, the CFL phase gets stronger
against the strange quark mass. However, we could not conclﬁde‘ gt which point the CFL state gets
unlocked o the 28C state just on T = ¢ for.some numerical difficulties and also for the limit of
the adopted model. Even a possibility of surviving CFL pairs for sll finite value of strange quark
mass Mwﬁs itself at zero temperature. In this case, the 25C phase may be realized only as the
asymptotic limit of the distoried CFL state as M, - 00. In contrast to this ambiguous situation
at zero temperature, we can find a clear 2nd order phase transition from the CFL to the 28C at
finite tzempemmre As low tempersture, we found the distorted UFL siate even for the region
M, > gty and more detailed analyses indicate a power law. scaling relation between the strange
quark density p, and the unlocking critical temperature T;; in this regiom: T, ~ g% These two
facts strongly suggest that the CFL state undergoes tize smooth crossover from the weak goupling
BCS-kka state to the Bose-Einstein condensed staw of bound ihe CFL diguarks as one incresses

(decreasea) strange quark mass (density).

63




%9

.
M M i

'On the role of strange quark mass |

BCS- 55’ C crossover in { olor-Flavor Méiﬂg@

in QCD phase diagram

Phase?

‘Hiroakl Abuki (YITP, Kyoto Univ., Japan)

based on H. Abuki, arXiv:hep/0401245

Quark pairing phenomena in QCD

2SC pairing and CFL pairing
Dynamical effect of strange mass
Unlocking fransition revisited
Asymptotic Smooth Unlackmg? |
BCS-BEC crossover in the CFL phase?
Summary and future problems

Riken-Tokyo Mini-WS04, H. Abuki ‘ i
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Hadrons

" (confined)

o

200443 A 23H

ORI W T

308MeV ~400MeV? CTL onset point 4y,

Riken-Tokyo Mini-WS04, H. Abuk 2

P SN o







The role of the strange quark mass and

unlocking transmon
pure CFL ~ pure 25C

. Asiake®y
sup,  sum),

L9

unlackmg Veetor(8)

I *%%%@ cr*mcezf m / ;z} Q ”?
i, the order of phase transition?
3. The nature, mechanism of unlocki

20044£3 B 236 Riken-Tokyo Mini-WS04, H. Abuki | | 4

L ¢
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M Alfard et ai., Nucl Phys. BSSS ’99
T. Schaefer, F.Wilczek, Phys. Rev. D60,°99.

&".‘ e _ _ T= SUB),  SUB), )
01z FL 23C —400 o
' LE== po=5Y

0 z} - unlocking! vector®)

, i} %,“.3; r=f=d=0 ‘
A o ) - z;§m 2; f:g} ' : l NPBsSS
09t Pl 0I50: 1207 03504 =T From: M. Alford et al,

1. Is there sharp phase separation? : Yes
2. If there actually is a phase transi mn
i, The critical value of [M2/4],.. ?

ii. the order of phase Waﬂsmen?
200443 A 23R Riken-Tokyo Mini-WS04, H. Abuki 5




M. Alford et al., Nucl. Phys. B558,99;
T. Schaefer, F.Wilczek, Phys. Rev. D60,’99.

3. The nature, mechamsm m‘ unlocking?

. kinematical one mﬁmﬁ than dynami

»;“3
f
%

(ds sd > — 0

HS Sﬂ) CFL

CFL

M2 | < As : CFL (smallest gap in CFL)

u,d 8 A 8

Pr = 4p | 2 A + Unlocked into 2SC




Does Color-Flavor Unlocking
?

" need to be revisited

1. T. Schaefer and F.Wilczek, Phys. Rev. D60, ’99

5 1. Based on the expansion in R=M2/2p;
ge

v’ 2. Constructing effective potential

2. M. Alford et al., Nucl. Phys. B558,’99;

0L

v’ 1. Non-perturbative treatment ot A/,
? 2. Constructing effective potential
(Wrong construction!!) |

Can we reélly neglect |
the dynamical effect of strange quark mass
~even after ehmam?mg these ambiguities?
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What abaut dynamlcai effect
of strange quark mass?
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Gap equations
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ALE, _ Minimal interpolating State

Al A | between 2SC and pure CFL
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States are di
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Effective potential
for multi-gap parameters

Pauli trick has to be carefully done in the case
that many couplings enters in gap parameier space

=i

¥ Ry 1A K [ZS]]
§A i g

Which is wrang point in Ref: M. Alford et al., NPB558,’99;

¥ 0

eﬁ — }:O"?{ - gsz[ﬁ]] : linear combination

C? relate condensates ¢ ~ (qq} dnd gap pézmmeters A as
symbolically g (;5 ZC‘“A (Ftr(S(E)Z) ~ CTAA )

Qeff(A) o — CIAA - f dt C'AK [tA]
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Borwonsn
What is BC:

Th non-relativistic case : BEC (strong, dilute limit)  BCS (weak, dense)

IBEC crossover?

% ¥

- Weak coupling gap equation :

| | | = JE; + A(ky
A(p) = ‘;V(p, Bl —2n,(,)] ;:({2}, with {E, = (/K /2m —p)
’* (&) =1/0+e7")

is equivalent to the follawmg wave equation :

P ~—¢(p)— (1 —2n, ZV(p, )e(p) *2;&@(19) Wﬁ‘h. ~(p(p) <%amp>gﬁs
*?%(p )= (ap a‘ﬂ>scs

‘This is (Pauli-blocked) Z*bod Schadm er (BS) equation
If 2u < 0 in dilute hm:‘r p— 0, this signals

T I ————————.—.

| appeamnce of Bound state! (BEC) “




What is
C.A.R. Sa de Melo et al., Phys. Rev. Lett. 71. 3202, 93

BCS/BEC crossover?

'Tf)

) issoc.
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~E,/[In(E, /¢, )|

Melo et al., PRL71, 793
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Summary
Color- Flavor Unlocking is revisited in more complete wcxy‘
?hcm was taken in work in past

1. Isthere sharp phase separation ?
2. If f%‘@@m ac:mczgly is a phase %mn” i0
the C?’*i‘%t{:f m ue @f [M’ 2/,@}

m{

3. The mmrag mmhm sm @f unl m‘;k
: inuous 2nd order at finite T
change realizes for T=0 ?

;[M;"/;zw(Tmﬂ) > and T,omeck ~p o

(3) An possibility of BCS%BEC crossover
in the relativistic CFL suf

erfluid

17




18

i
B ik
i3
TSR
(

~ Future problems
1. Imposing Electric & Ca_ler Neutralities :

This is shown to strongly disfavor naive 2SC state!

M. Alford and K. Rajagopal, JHEP206. 031,02 : Model independent analysis
AW, Steiner, S.Reddy and M.Prakash, Phys. Rev. D66, 02 : NJL model

2. Chiral condensate and in medium Strange quark mass.
3, Study the BCS-BEC crossover in more detail.
(1) The interaction between bosons
(2) Time~dependent diquark ﬂuctuatien modes?
& Gross-Pitaevski equation in BEC region? |
(3) Discuss the thermodynamic properties in crossover

in detail, and seek for Astrophysical consequences...
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Fermi surface and Cooper mstabmty

Our starting point : there is Large Fermi sphere

- Pauli-Blocking
+ Low Energy Modes with Large Density of State P

Results in non-perturbative IR dynamics

O

1/ ¢ +{:} _ {PTvertex  Megative curvature of effective potential

r®(p)=-A7(p)
low p g{% mode is facbyamc at T=0! < |

Cooper instability !

leads to reorganization of Fermi ball
into BCS state with non-vanishing ee condensate

78

. : -1
BCS mechanism A ~@ge A”g"' |
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Attraction in color-antitriplet channel

. N+1 PV 1
Z(Adf / 2)‘@,& (Aa / 2)cd m 2 N (éaéécd 6ad5éc) (é b{s&d + 5ad§ﬁe)
| | | 3, (anﬁ«'rrriple‘r) 6,(sextet) -
S Attraction! Repulsive

€8

<QaQb> ~ gabcﬁe? '

Bailin and Love, Phys. Rept. 107, 325 (1984) -

+ Ginzburg-Landau Approach
» Phenomenological IR cut off

Attraction in o | - _ |
anti-trip E et ( %éﬁ%ﬁ%gg@@g Stal gap (G few huﬁdred kQV)

'mﬁf
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2. ﬁ:r&e &émmw
and aligned chire (1

{67’53 C?’s?’ey ‘1}
{c, Cri-i)

3. Flafmr Anti-syn
: SU (2) ; flavor smglet

¥8

1 Pauli principle)
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20044219 e.f.

. M. Alford, K. Rajagopal, F. Wilezek,
" Nucl.Phys.B537:443-458,1999

L Dirac structure is the same as in 25C

{Crsy Cysyo7- q} J =0 and aligned chlranty

2

r indic

anti-symn espect

2. CFL ansatz for Flavor and Color structure
(giq)) =A%y +Ag(675] +675] )
(3.x3;) (6.x6,) _
(Attractive) (Repulsive) in naive OGE level
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SUB),x SUB), x SUB)xU(1), = SUB)c,y

> Uy > U(1)gy

{

Axinl(8)

sU@),  SUB)

Locking! Vector(8)

+ color symmetry is broken : 8 massive gluons [ /N
« chiral symmetry is broken : octet NG bosons oo | |
- baryon number is broken : superfluid mode (H)

4




i8

o@Dy (-2))=2d] 0], 4. S e

[ General L:I,'S::I state B B
" ||\ with 3x3 matrix d’ (a:spin,i:spaﬁal)

~3mK T

Bwphasa (IW s’m‘re Sahm Wer‘thamr)
d zkwé"‘ (S amd Lam !eckad ) :

. Gagz s equ:i fm fha entire Fer*m swfaﬁze

» a‘ A AM§3 (ei H%) |
G&g;@ is zam at South aﬁd Nw*h pelas
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Solution of NJL ga p equa
\What about the unlocklng for

7=07
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Solution of NJL gap equation:
What about the unlocking for

T#0?

68
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1
Ag= fg(sfi@ [A3]- 2K, [A5004)
1 o -
ﬁ3‘3""""“(21’"'9;2 Ay “ZKII[AE’&’A;L-
12 - '
1
| I ke
4‘&8“12( Ksl
1 - 7
A;= g(ﬂxm _‘Aésé‘sA:" - 3Ky, [A§]“4Ksz
{A = %(“21( :A;,&,Ai: + ﬁK&l [AQ’A’Ai:
200435 23H

Gap equations

" Riken-Tokyo MiniWS04, H. Abuki

- Kaz [ﬁ;,g};,ﬁ;]“ 2\[51( [A;’A’A;:) -

+ 2K, [AL,,41 ]+ VIE [l 4,40 ])

- Minimal interpolating State
between 2SC and pure CFL

:ﬁ;,,ﬁ,ﬁi]m ZKH [Aé’A’Ai]+ 2\[EK [A;,ﬁ,&i]“ 3K83 [&z].*- SKSZ [Az])

4])

..+ ﬁ(zxsz [&ﬁ]“ 3Ky, [&3]))
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S P h| i —— Kl g D (q-k
[ / 1 : 1 \
. |*tanh E“;?- 5 é}A]+tanh(E§i[:éx}E AiA
: dq 1} | | Eo- 1.
Ku[A]= | (zg“;sg e A "*A R " ) 2@ 0 gD @~ 9]
+tanh| —2b2 +tanh[ s ) .
o \ 2T JE,.[A] 2T )E, [A]

K, [A,,A;,A,]={ultra super complicated form...}
Ky[As4,,A,]={ultra super complicated form...} -
K[A,,A,,A,]={ultra super complicated form...}

2 | o | |
E,.[A]= J(,/qz +M*F y) +A? : Quasi-Quark and Quasi-AntiQuark energy

2004538236 , Riken-Tokyo Mizzémws&é&, M. Abuki ‘ 29

SR GRS TR T




26

Derivation of effective potential

8;? = ;2 (Hm> = E%{t?“ [S(2)Z] . with «iefinﬁtz‘on
(4E, ) (AR S
2 . |
T = 9T Ty 5= a 9 ¢ ==l ‘Asz} A, Al
ot ¢ k ' A, ASJ
T, is quark-glwﬁ ve.éftex in color~ﬂav0r mz‘x;ad base. We have
(3 0 -3 -6 —6
0 -8 8 42 -8
Mg~ L oian, with O=| -3 8 -5 28 -2
¢ 24° 7 7
632 42 242 12 0
-6 -8 2 0 -4
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Asymptotic Smooth Unlockm
or Continuous 2"?@' order transition?
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Tmproved ladder Schwinger-Dyson a;:i;}:*c;achv Tightly bound diquarks at low density‘?
Abuki-Itakura-Hatsuda, Phys. Rev. D65, (2002) : ‘ a3
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What about the relativistic fermion case?
Weak coupling gap equation:

SIBEC crossover?

A(p) = );V_(p, k)|t - 2@)53% +(1- Z“E)Wzg&
with | * A= B+ A

Ef =k +m’ Tp

can be converted into :

e, (p)=Y.,[—2n])V (k)

¢, (p)=), 0L —2n; )V(p; k)

@, (k) + (k)

o, (k)+¢_(K)
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S-wave scattering length and Phase shift
C.A.R. Sa de Melo et al., Phys. Rev. Lett. 71. 3202, 93 |
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Novel phases of high density quark matter and
their roles in physical systems *

M. Tachibanal

Abstract

In this paper, we investigate several interesting aspects of high
density quark matter, particularly emphasizing on remarkable phase
structures of color superconductivity and their possible roles in phys-
ical systems. Firstly thermal color superconducting phase transi-
tions in high density three-flavor quark matter are investigated in the
Ginzburg-Landau approach. Effects of nonzero strange quark mass,
electric and color charge neutrality, and direct instantons are consid-
ered. Weak coupling calculations show that an interplay between the
mass and electric neutrality effects near the critical temperature gives
rise to three successive second-order phase transitions as the tempera-
ture increases. Secondly we show calculations of neutrino interaction
rates such as mean free path and emissivity in color-flavor locked quark
matter besed on the effective field theory approach, which may play
an important role when we consider the issue on neutron star cooling.

*Talk given in RIKEN-TODAI Mini-Workshop on " Topics in Hadron Physics at RHIC”
TThe Institute of Physical and Chemical Research (RIKEN)
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1 Introduction.

Unraveling the phase structure at high baryon density is one-of the most
challenging problems in quantum chromodynamics (QCD). Among others,
color superconductivity in cold dense quark matter has been discussed from
various viewpoints [1, 2]. In relation to real systems such as newly born
compact stars in stellar collapse, it is important to study the color supercon-~
ductivity not only as a function of the quark chemical potential 1 but also
as a function of the temperature 7". This is because the possible presence
of color superconducting quark matter in a star affects the star’s thermal
evolution [3]. In this paper, we show some interesting aspects of color su-
perconductivity, especially emphasizing on novel phase structures associated
with realistic systems. The content of this paper is as follows. In section 2, we
describe thermal phase transition based on the Ginzburg-Landau approach.
In section 3 and 4, effective field theory in the CFL phase is introduced,
computing the weak interaction rates associated with neutron star cooling.

2 Melting pattern of diquark condensates

In this section, we adopt the Ginzburg-Landau (GL) approach near the tran-
sition temperatures, which was previously used to study the massless three-
flavor case [4, 5, 6] and is a more advantageous framework to weak coupling
calculations than other mean-field approaches {7, 8]. In a realistic situation,
the GL potential acquires the following corrections. First of all, nonzero m;
affects the potential through the s quark propagator [8] in such a way as
to lower the temperature at which a diquark condensate with s quarks dis-
solves. This is because the pairing interaction due to one-gluon exchange is
effectively diminished by m, if the pair contains the s quark. Secondly, when
quark matter with nonzero m; is beta equilibrated and neutralized by elec-
trons near the transition temperatures, the chemical potentials between d, s
quarks and u quarks differ. Through this chemical potential difference, the
GL potential acquires another m, dependence, which is the essential origin of
the dSC phase. Thirdly, the instanton contribution gives an m, dependence
to the GL potential through the effective four-fermion interaction propor-
tional to m,. We finally note that in weak coupling, color neutrality makes
negligible difference in the GL potential near the transition temperatures [4].

We assume that diquark pairing takes place in the color-flavor anti-
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symmetric channel with JP = 0%, which is predicted to be the most at-
tractive channel in weak coupling [9]. In this case, the pairing gap of a
quark of color b and flavor 7 with that of color ¢ and flavor £ has the form
Poest: = €apcCijn(da)? [4]. Here the 3x 3 matrix (d,)? transforms as a vector
under G = SU(3)¢ x SU(3)r+r X U(1)p and belongs to the (3*, 3*) repre-
sentation of SU(3)c x SU(3)r+k&- ‘

For a homogeneous system of massless quarks (myas = 0), the GL po-
tential is invariant under SU(3)¢ % SU(3)r+r and valid near the critical
temperature, 7, common to all states belonging to the channel considered
here. This potential reads [4, 10]

S=a |daf + A dal?)® + 52 3 _[da” - dsf?, (1)
a a ab
where (d,)? = (d¥, d?,d2) and the inner product is taken for flavor indices.
In the weak coupling regime, the coeflicients are [4]
7¢(3) — 5 A _
ﬂl = 162 = S(WTC)2N('M) = 187 o = 4N([_l,)t = Cllot, (2)

where N(u) = p?/2n? is the density of states at the Fermi surface, and
t = (T — T,)/T. is the reduced temperature. With the parameters (2), one
finds a second order phase transition at T' = T, from the CFL phase (d: oc 6%)
to the normal phase (d?, = 0) in mean-field theory [4].

Let us now consider the effect of a nonzero m; in the quark propagator on
the GL potential. We assume m, 4 = 0 for simplicity and consider the high
density regime, m, < pu. Near T, the leading effect of m, is to modify the
quadratic term in the GL potential (1). The corrections to the quartic terms
are subleading and negligible. Since m, affects only us and ds pairings, the
correction to the quadratic term has the form

e> (el +1dz”) = € 3-(Idal® — |2 ). (3)

Note that this correction induces an asymmetry in the flavor structure of the
CFL phase.

In weak coupling, € can be calculated by including m,; in the Nambu-
Gor’kov quark propagator when evaluating the thermodynamic potential.
Following Ref. [4], we expand the thermodynamic potential not only in dZ
but also in m, up to O(m?), and obtain

2
€™ ap Z;"'; In (%) ~ 2040. (4)
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Here the dimensionless parameter o is given by

3m2\ m?2
’ (8\/5 ) gu?’ ®)

where g is the QCD coupling constant. As long as o « 1, which is relevant
at asymptotically high density, the following GL analysis near T, is valid. In
the latter estimate in Eq. (4) we use the leading-order result in g, In(7,./u) ~
—3w2/(v/2g) [9]. This behavior of T, originates from the long-range color
magnetic interaction which prevails in the relativistic regime. As a result of
the modification by m, to In(T./u), € has a positive value such that ud pairing
is favored over us and ds pairings. Consequently, the CFL phase becomes
asymmetric in flavor space and its critical temperature is lowered, leading to
the appearance of the 2SC phase (d, o< %) just below T, [8]. Note that Eq.
(3) has no effect on the 2SC phase. We also note that T itself is modified
by m, through the modification of the normal medium as T.(1 + O(go))-

We turn to discuss effects of charge neutrality which also depend on m; as
mentioned above. Under beta equilibrium and charge neutrality, the electron
chemical potential p. and the shift du; of the chemical potential of flavor ¢
from the average (1) are related by du; = —g;u., with electric charge g;- We
see from Ref. [4] that the thermodynamic-potential correction due to du; has-
the form

1G-Sl (6)
a a

In weak coupling, where one may regard normal quark matter and electrons
as noninteracting Fermi gases, p, is related to m, as g, = m2/4y. This
estimate is valid in the vicinity of T, where corrections to y. by a finite
pairing gap affect only the quartic terms in the GL potential. By combining
this estimate with the weak coupling expression for 7/u. given in Ref. [4],
we obtain )

m2
e a08/;2 In (—TN:) ~ Qpo. (7
Since 17 > 0, ds pairing is more favorable than ud and ws pairings. This
feature stems from the modification by éu; to the exponential factor of 7,
exp[—372/(+v/2g)], which tends to increase (decrease) the critical temperature
for ij pairing when 6p; 4 du; > 0(< 0).
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We consider color neutrality of the system as well. In contrast to the
case at T = 0, however, it affects only the quartic terms in the GL potential
through possible chemieal potential differences between colors [4, 11}, and in
weak coupling its magnitude is suppressed by O((T./gu)?) compared to the
leading quartic terms. Thus color neutrality has no essential consequence to
the phase transitions considered in this Letter. A major difference between
corrections of the charge neutrality and the color neutrality is that the former
shifts the quark chemical potentials even in the normal phase, while the latter
works only when the pairing occurs. This is why the former is more important
than the latter near T,.

The direct instanton at nonzero mg, which induces an effective four-
fermion interaction between u and d quarks [12], leads to a quadratic term
in the GL potential, { 3, |d2|?2. An explicit weak coupling calculation shows
that ¢ ~ —ap(ms/pn)(Aqgen/w)?(1/g)t*. The negative sign indicates that the
instanton favors ud pairing as does one-gluon exchange [see Eq. (3)], but the
magnitude of ¢ is highly suppressed at high densities. Hereafter we will thus
ignore instanton effects.

Since the two effects of nonzero m, characterized by Eqgs. (3) and (6), fa-
vor ud pairing and ds pairing, respectively, the finite temperature transition
from the CFL to the normal phase at m; = 0 is expected to be signifi-
cantly modified. In fact, successive color-flavor unlocking transitions take
place instead of a simultaneous unlocking of all color-flavor combinations.
To describe this hierarchical thermal unlocking, it is convenient to introduce
a parameterization,

(A0 0
dfl = 1. 0 , AZ 0 ’ (8)
0O O Aj

where A; 23 are assumed without loss of generality to be real. We also name
the phases for later convenience as

Agzs#0 . mCFL,
A =0, Ags#0 : uSC, ©)
Az = O, Al,g % 0 : dSC,

Al’g = 0, Ag # 0 : ZSC,

where dSC (uSC) stands for superconductivity in which for d (u) quarks all
three colors are involved in the pairing.
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Figure 1: Transition temperatures of the three-flavor color superconductor
in weak coupling: (a) all quarks are massless; (b) nonzero m, in the quark
propagator is considered; (c) electric charge neutrality is further imposed.
The numbers attached to the arrows are in units of o7.

In terms of the parameterization (8), the GL potential with corrections
of O(m2) to the quadratic term, Egs. (3) and (6), reads

S = a'(A2+AZ+ A2) —eAZ— A2
+ BuAZ + AZ + A2)? 4 Br(AT + A+ AY), (10)

where &' = a+ ¢+ 1. »

We proceed to analyse the phase structure dictated by Eq. (10) with
the weak coupling parameters (2), (4), and (7) up to leading order in g. In
Figs. 1 and 2 the results obtained by solving the coupled algebraic equations,
8S/0A; 23 = 0, are summarized. Figure 1(a) shows the second-order phase
transition, CFL — normal for m; = 0. Figures 1(b,c) represent how the
phase transitions and their critical temperatures bifurcate as we introduce
(b) effects of a nonzero m, in the quark propagator and then (c) effects
of charge neutrality. In case (b), two second-order phase transitions arise,
mCFL (with Ay = As) — 28C at T =T* = (1 — 40)T, and 2SC — normal
at T = T,. In case (c), there arises three successive second-order phase
transitions, mCFL — dSC at T = T%, dSC — 2SC at T' = T, and 25C —
normal at T = T, Shown in Fig. 2 is the T-dependence of the gaps A; 23
for case (¢). All the gaps are continuous functions of T', but their slopes are
discontinuous at the critical points, which reflects the second order nature of
the transitions in the mean-field treatment of Eq. (10).

We may understand the bifurcation of the transition temperatures in weak
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Figure 2: A schematic illustration of the gaps squared as a function of 7.

coupling as follows. In the massless case (a), T, is degenerate between the
CFL and 2SC phases, the chemical potential is common to all three flavors
and colors, and the CFL phase is more favorable than the 25C phase below
T.. As oune goes from (a) to (b), nonzero m; sets in, which tends to suppress
the pairing interactions including the s quark. The critical temperature
for the CFL phase is then lowered, which allows the 25C phase to appear
at temperatures between 77 and 7.. As one goes from (b) to (c), charge
neutrality sets in, which acts to decrease the chemical potential of v quarks
by (2/3)p. and increase that of d and s quarks by (1/3)p.. Since p. > 0, the
average chemical potential of quarks involved in ds pairing increases, while
those in ud and ws pairings decrease equally. Accordingly, the transition
temperatures further change from 7T to 72 and from 77 to 77 and 7.
Now we examine in more detail how the color-flavor unlocking in case (c)
proceeds with increasing T from the region below T
(i) Just below T!, we have a CFL-like phase, but the three gaps take different
values, with an order Ag > A; > Ay # 0 (the mCFL phase). The reason why
this order is realized can be understood from the GL potential (10). The e-
term and 7-term in Eq. (10) tend to destabilize us pairing (Ag) relative to ud
pairing (A3) and ds pairing (A;). Since € > n(> 0), ds pairing is destabilized
more effectively than ud pairing. The value of each gap in the mCFL phase
reads

A = (11)

+ 5o

(TC—T 8 )
83 T 3/’
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30 Te 3
oy (T, —T 16
a3 = (=g -F0)- (13)

The mCFL phase has only a global symmetry U(1)csr+r X U(1)cirir in
contrast to the global symmetry SU(3)¢4z+r in the CFL phase with My ds =
0. There are no gapless quark excitations in both mCFL and CFL phases. As
T increases, the first unlocking transition, the unlocking of A, (the pairing
between Bu and Rs quarks), takes place at the critical temperature,

ﬁ:@-?ﬁn. | (14)

(i) For T! < T' < TH, Ay = 0 and

2 _ Q0 (T—T 2)
2 _ E’L“_T_.Z)
Al = 6,3( T 39)- (16)

In this phase, we have only ud and ds pairings (the dSC phase), and there is a
manifest symmetry, U(1)otr+r X U(1)oyr+r X U(D)orv+s xU(1)cyvin. By
diagonalizing the inverse quark propagator in the Nambu-Gor’kov representa-
tion, we find three gapless quark excitations in the color-flavor combinations:
Bu, Rs, and a linear combination of Ru and Bs. At T = T¥, the second
unlocking transition, the unlocking of A; (the pairing between G's and Bd
quarks), takes place at the critical temperature,

7?::(1-—§a)7; (17)

iii) For T <« T < T™, one .ﬁnds the 2SC phase, which has only ud pairing
c [+4
with

3= 22 (Tt - 20). (s

The 28C phase has a symmetry SU(2)e X SU(2)r+r X U(L)c+5 X U(1)L+riB
[6]. In this phase the s quark and B guark excitations are gapless. The
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final unlocking transition where Az (the pairing between Rd and Gu quarks)
vanishes occurs at

T — (1 — %a) T.. (19)

Above TH! the system is in the normal phase.

In Table I, we summarize the symmetry and the gapless quark modes in
each phase discussed above. The number of gluons having nonzero Meissner
masses, which is related to the remaining color symmetry, is also shown [14].
We note that more gapless quark modes may appear if the system is in the
close vicinity of T, TY, and T where Az, A;, and A; are less than ~ m2/u
[13].

So far, we have studied the phase transitions in the mean-field level. In
weak coupling, as shown in Ref. [6] in the massless limit, thermally fluctuating
gauge fields could change the order of the transitions described in Figs. 1
and 2. A detailed account on this effect will be reported elsewhere [14]; here
we recapitulate the important results. First, the second order transition,
mCFL — dSC, remains second order even in the presence of the thermal
gluon fluctuations. This is because all eight gluons are Meissner screened
at T = TY and thus cannot induce a cubic term with respect to the order
parameter in the GL potential. On the,other hand, the transitions, dSC —
2SC and 2SC — normal, become weak first order since some gluons, which

Table 1: The symmetry, the gapless quark modes, and the number of Meiss-
ner screened gluons in the mCFL, dSC, and 2SC phases. The gapless quark
mode (Ru, Bs) denotes the linear combination of Ru and Bs quarks.

Symmetry Gapless Number of
quark modes | massive gluons
mCFL U)J? none 8
dSC U@)* Bu, Rs 8
(Ru,Bs)
2SC | [SU(2)}* x [U(1)]? | Bu, Bd, Bs, 5
Rs, Gs
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are massless in the high temperature phase, become Meissner screened in the
low temperature phase (Table I).

In summary, we have investigated color-flavor unlockings at finite tem-
peratures taking into account the strange quark mass and charge neutrality
in the GL approach. We find three successive unlocking transitions, mCFL
— dSC — 2SC— normal, occurring in weak coupling. Most remarkably,
the dSC phase appears between the mCFL and 2SC phases. In this phase
all eight gluons are Meissner screened and the three quark excitations are
gapless. The question of how the phase structure of neutral quark matter
obtained near T, is connected to that at T = 0, which approaches the CFL
phase in the limit of high density, is an interesting open problem.

3 Effective Field Theory in CFL phase

In this section, we introduce the effective lagrangian in the CFL phase in
order to calculate the weak interaction rates related to neutron star cooling.
As was already mentioned, in the CFL phase, all nine quarks are massive
and all the gluons acquire the Meissner mass. Due to this, the dominant
degrees of freedom at low energies such as several tens of MeV are Namubu-
Goldstone bosons associated with chiral symmetry breaking as well as U(1)
baryon symmetry breaking. There are several articles that describe in detail
the effective theory for the Goldstone bosons in Color-Flavor-Locked quark
maitter [19, 20, 21]. It is possible to parametrize low energy excitations
about the CFL ground state in terms of the two fields B = H/v/24fy and
¥ = e?/fx representing the Goldstone bosons of broken baryon number H
and of broken chiral symmetry, the octet w. Then the leading terms of the

effective Lagrangian describing the octet Goldstone boson field = are given
by

L= 211- 72 [Trvgzvozf _ 026262,‘*} e [%TTM(2+2T) + %TTM(Z—}—ET)] :

(20)
The decay constant f. has been computed previously [21] and is proportional
to the quark chemical potential u. V, includes the Bedague-Schafer terms[22]
and M = |M|M™, where M = diag(m,, mg, m;). The velocity factor v =
1/v/3 and a = 3% [21], where A is the gap which is around 100 MeV at p
= 500 MeV. "
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To incorporate weak interactions, we gauge the chiral Lagrangian in the
usual way by replacing the covariant derivative by [23]

ig

os Oy

D=V E——(W+ W) S = Z,(rsE —sin” 0w [Q, B]). (21)

73
The fields W:t Z describe weak gauge bosons. The charge matrix is dlagonal
Q = diag(3, —_) as well as weak-isospin matrix 73 = idiag(l,—1,—1)
whereas 'r+ and 7~ are the isospin raising and lowering operators which
incorporate Cabbibo mixing.

For momenta small compared to f, we can expand the nonlinear chiral
Lagrangian to classify diagrams as the first order (proportional to fr) and
the second order (independent of f,). The amplitudes for the leading order
processes are given by

A7r°~—>w7 = ?/Epru]27 Awi—)eu = GFfvr COSs GCﬁuj{/lIlh AK*—)eV = GFfﬂ' sin GCﬁu]I‘iLV
(22)
where p, = (E, v?p) is the modified four-momentum of Goldstone boson and
j4 and j% describe the charged and neutral leptonic currents, respectively.
Oc is the Cabbibo mixing angle. Note that the meson ”four-momenta” that
appear in the matrix element do not correspond to the on-shell four momenta
of the mesons. This is because the covariant derivative contains the in-
medium velocity and for the case of kaons, the energy shift arising from the
Bedaque-Schafer term.
In addition to the octet Goldstone bosons the massless Goldstone boson
associated with U(1)p breaking couples to the weak neutral current. Ampli-
tude for processes involving the U(1)p Goldstone boson H and the neutral

current is given by 1 .
Ay = ﬁGFfHﬁujg: (23)

The decay constant for the U(1)p Goldstone boson has also been computed
in earlier work and is given by f% = 3u?/(87?) [21]. Using these amplitudes
we shall evaluate some interaction rates associated with thermal evolution of
the early born neutron star, i.e., neutrino opacﬂ;y and neutrino emissivity in
the next section.
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4 Neutrino Rates

4.1 Neutrino Opacity

Figure 3 shows the resulting neutrino mean free path in a CFL meson plasma
as a function of temperature. In the CFL medium, novel Cherenkov like
processes such as v — Hy,v — 7% and v, — me™ are allowed owing to
the fact that mesons can have a space like dispersion relation [3]. Especially
the massless U(1)p Goldstone boson H is space like for all momenta. Thus
the processes involving H boson bécome dominant. Since these processes
‘do not have mesons in the initial state they can occur at zero temperature.
The neutrino mean free path due to the reaction v — Hv can be calculated
analytically and is given by

1 256 [U(l — )21+ 2)

2 £2 3
Aom(By) 45T (1+v)2 ]GFfHEu- (24)

Although eq.(24) has no intrinsic temperature dependence, it arises by set-
ting E, = 7T, which corresponds to mean energy of neutrinos in thermal
equilibrium.
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Figure 3: Neutrino mean free path in a CFL Figure 4: Rate of energy loss due to neu-
meson plasma as a function of temperature trino emitting reactions
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4.2 Neutrino Emissivity

The rate of energy loss due to neutrino emitting reactions is shown in Figure
4. Charged current decays of pions and kaons, and the novel neutral current
decay of n° are the leading one body processes. In vacuum, the amplitudes
for similar processes are proportional to the lepton mass due to angular
momentum conservation. However, in the CFL phase, due to the lack of
Lorentz invariance, the decay of finite momentum pions and kaons is not
suppressed by the electron mass. Thus even the process such as 70 — vD
could happen. '

Decay processes can occur only when the meson four momentum is time
like. Thus, the one body decay of H boson is forbidden and only low mo-
mentumn pions and kaons can participate in the decay process. This accounts
for the saturation of the one body decay contribution to the emissivity with
increasing temperature seen in Figure 4. At high temperature, processes in-
volving two mesons in the initial states become important. This is because
these processes do not have momentum threshold unlike those of one body
decays. . ' .

In summary, we have shown that novel processes in which mesons are
either emitted or absorbed from neutrinos occur in the CFL plasma and
contribute to neutrino opacity. Absorption of thermal, massless H bosons
is the dominant reaction contributing to the opacity for temperatures in the
range T' = 1-30 MeV. We find that the mean free path for thermal neutrinos
at T = 10 MeV is of the order of 10 meters and at T' = 5 MeV it is similar
to 100 meters. In the table below we compare the neutrino mean free path
in CFL matter with those in nuclear matter [24] and unpaired quark matter
[25] under similar conditions.

phase process | A(T=5 MeV) [ A\(T=30 MeV)
Nuclear Matter vn — vn 200 m - lcm
Vet — € P 2 m 4 cm
Unpaired Quarks | vg — vg 350 m 1.6 m
| Ved — e u 120 m 1 m
CFL A3B 100 m 70 cm
' vp—vep | - > 10km 4 m

The findings presented in the table indicate that neutrino mean free path
in CFL matter is similar to or shorter than in unpaired quark matter for
the whole temperature range. This surprising result arises solely due to
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the novel processes involving Cherenkov absorption and radiation of CFL
Goldstone bosons. Despite the energy gap in the quark excitation spectrum
the opacity remains large and there is no exponential suppression of neutrino
cross section even at low temiperature. This is in sharp contrast to earlier
findings in the two flavor superconducting phase [26]. However, since we
expect the specific heat of the CFL phase Cy ~ T to be small compared to
that of unpaired quark matter, the cooling rates could still differ and needs
to be investigated. The early evolution of a newly born neutron star is, in
general, a complex process which depends on several macroscopic ingredients
and microscopic conditions. In order to gauge how color superconductivity
in the neutron star core will impact observable aspects of early evolution
the rates computed in this work as well as the thermodynamic properties of
the CFL phase need to be included in detailed numerical simulations of core
collapse supernova. This is the only reliable means to bridge the gap between
theoretical expectation of color superconductivity and observable aspects of
core collapse supernova. :
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Abstract
In mmAbehan gauge theory, the perturbative vacium is known to be unstable agamst
condensamn of a color magnetic field. The spontaneously-generated color magnetic field
can be set to be in maximal Abelian subalgebra and off-diagonal gluons - involve unstable

- modes. Smee the most unstable modes are uniform in the. direction: parallel to the magnetic .

61T

field, the system is effectively redacad to two dimensional one accompanied by the magnetic
field, which is. analﬂgcus to the quantum Hall system of eleetrcns ‘We propose that these.

-unstable modes compese a quamum Hall state in quark matter to reahz:e a stable celor ferro-
magneﬁc state.

We show that this state is gapped state and absolutory stable by studymg the excitation

“energy of fluctuation around the state and -also the vortex excitation. This state must be

‘supplied with colot charge by quark matter and turn-out to be energetzcaﬂy favored than
~ color super-conductinig phase below a critical chemical potential. These fact implies that the
~-color ferromagnetic state alsng with quantum Hall state of gluen may arise between hadron

phase and color supemoﬁductmg phase

‘Topics in Hadmn Physics, Mar 23 @ RIKEN |
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Relation between the chiral and :
deconfinement phase transitions

~ Yoshitaka Hatta
(Kyoto U. and RIKEN) -

“Abstract

We argue that the chiral phase transition and the deconfiement
phase transitions in finite temperature QCD are continuously
connected by the glueball-sigma mixing. |
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SU-(2) pure glue theory - second order phase transition
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ond order ———» vanishing of a certain screening mass.
Crossover — dropping of a certain screening mass .

The two phase transitions are just different limits of a
single (crossover) phase transition driven by the
lightest screening state ¢ .

The glueball-sigma mixing and level repulsion provides
not only a unified description of the QCD phase transitions,

" but also a consistent characterization of the entire

phase diagram in the (T, m) plane.
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Mode coupling theory for the dynamic aspect
of the chiral phase transition

K. Ohnishi (Komaba, Univ. of Tokyo)
with | '

K. Fukushima (MIT) |

K. Ohta (Komaba, Univ. of Tokyo)

Abstract
We reanalyze the dynamic aspect of the chiral phase transition

- by means of the mode coupling theory. We point out the differ-
ence of the dynamic behaviors between the chiral phase tran-
‘sition and the antiferromagnet, which have been considered to
belong to the same dynamic universality class. We also sug-
gest reconsideration of Halperin and Hohenberg’s rules for the
classification of the dynamic universality class. By application
of the mode coupling theory to the chiral phase transition, we
derive the kinetic equation for it and find the dynamic critical
exponent to be z = 1 — /2 = 0.98. The value is contrasted
with z = d/2 = 1.5 of the antiferromagnet. The difference
explicitly shows the different dynamic behavior of the two sys-
tems.

Content
Introduction

Dynamic universality class of the chiral phase transition

Mode coupling theory for the linear sigma model

o

Summary
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1. Introduction

QCD phase diagram

T

2nd order . QGP phase

-
~~§
S~

S,
—— m—
N a—
]

hadron phase 1st order cse

HB

We are interested in the non-equilibrium or dynamic prop-
erty of the 2nd order chiral phase transition.

Dynamic critical phenomena
- Critical slowing down

- Softening of propagating modes etc.

Degrees of freedom for describing the non-equilibrium be-
havior

Order parameter

Slow variables < { Conserved quantities

Ex. The magnetization M and the energy E are the slow

variables for the ferromagnet.
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The fluctuations of slow variables = Slow modes

. Diffusive mode
Slow mode - - - .
Propagating mode
Propagating mode - - - spin wave, sound wave, particle mode

etc.
Slow modes appear in the (dynamic) spectral function as
narrow peaks.

S(w)/‘ ?) g < 1 finite and fixed
4 Diffusive
H ¥
[BR !
Propagating Narrowing Propagating
Softening ' :
1 1
‘ f
' !
\ :
\ :
—Wp wo w>
-Diffusive mode ::: Pole with only the imaginary part.

-Propagating mode --- Pole with the imaginary part as
" well as the real part (frequency wy).
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Example — Heisenberg Ferromagnet —

Slow variables - - -

Magnetization (order parameter) M = (M, M,, M)
Energy (conserved quantity) E

Slow modes -

- Ordered phase (T" < 1)

]\]\f;" } +++ Propagating mode (Spin wave)
y

M, --- Diffusive mode

~E ... Diffusive mode

. Disordered phase (T, < T

. Diffusive mode
- Diffusive mode
. Diffusive mode
- Diffusive mode

mEEE

e Dynamic universality class

How to classify critical points:
«Halperin & Hohenberg (Rev.Mod.Phys. 49 (1977) 435)

(i) Whether or not the order parameter is a conserved quan-
- tity. ‘

(ii) What kinds of conserved quantity are contained.

Observed critical points (ferromagnet, antiferromagnet, liquid-

gas, superfluid etc) have been comprehensively classified.
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2. Dynamic universality class of the'chiral
phase transition

Chiral phase transition belongs to the same dynamic univer-

sality class as that of the antiferromagnet.
< Rajagopal & Wilczek (NPB 399 (1993) 395)

e Slow variables for the both systems

antiferromagnet chiral
order parameter | staggered meson field ¢
magnetization N
conserved quantity | magnetization M | chiral charge @
energy  LE energy E
momentum  P?| momentum P*

Rajagopal and Wilczek have analyzed the chiral phase tran-
sition by using the kinetic equation of the antiferromagnet.

They have obtained the dynamic critical exponent z = d /2 =
3/2. -

However this is not the case.

e Slow modes in the disordered phase:

Staggered mag. --- diffusive mode |
Meson field ... propagating mode (particle mode)

Different slow modes apparently indicate the different dy-
namic behavior of the two systems.
The two systems cannot be in the same dynamic universality
class. |
= The prescription of Halperin and Hohenberg for classifying

the dynamic universality class does not work.
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3. Mode coupllng theory for the linear
sigma model

e Mode coupling theory = (Kawasaki, Ann.Phys.61 (1970) 1)
Kinetic equation for the slow variables A;:

k L
d%Aj(t): > (iwﬂ— E;a )Al()

l
1 _1
+§ % Qj;lm (Xle) 2 (AlAm - <AlAm>)+ fj

where | ‘
wi = —i (A, 4) /xa = —ksT (|45, A1) /xa
yam =t {{ [ ALAL]Y ~ (EAs A ™ (A 4141}/ Guc!

w;i gives the frequency matrix for the slow modes.

w = 0 — diffusive mode
w # 0 — propagating mode

e O(2) linear sigma model

£= 2 [@un) + @un] — 37 (67 +67) = 5 (807 + 82’

= 1 1 a a ik-2
¢a($7 t) = W ; \/2—% (CLE(t) -+ G_E(t)) € k

ma(Z, 't) = % Z(—l)\/w—?"'% (a%(t) _ ai,‘c’(t)) oAFE
Z

Commutation relation
[¢a(f7 t)? ﬂ-b(g: t)] = i(sa,bé(fg - g)v
[¢°(&, )" (#, t)] = [7*(Z, ), 7"(F,1)] =0
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Slow variables A;
- meson field, chiral charge, energy and momentum

#3(0) = o= [ daeT (g(@,0) — (97)

Qz(t) = —\/1—= / d3ze 7810 (2, 1) 2
F0) = = [ @ (T + 1 (97) + g @7+ 7 (00)) @)

Pit) = —= / Poe T (—xvVigt) (,8)

From these slow variables, the propagating mode for the meson
mode does not appear.
=> Canonical momentum 7 is necessary.

The finite commutation relation [¢(Z, 1), 7 (¥, t)] = i6(Z — %)
gives the finite frequency.

Frequency matrlx in the dlsordered phase (T > T¢)

e 0 0 0 0
0 tuT 0 0 0 O 0
2(4)16')(1&' kBT |
0 0 -2~ 0 0 0 0
Wi = 0 0 0 20 0 0
' wWagXag
0 0 0 0 0 0 0
0 0 0 0o 0 0 —-Lg
D Xpq
\ 0 0 0 0 0-L¢ 0
Xeq
kBT kBT
= W = w=VaZ+m?2 | 2¢p = —=—m—
2WagXai Waq ad e ( Xed g+ mz)

Meson modes have appeared.
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The microscopic equation of motion for the meson field

The Heisenberg equation for the meson field:

d o -
I?qb(w, t) = [¢(, %), H]

im(@,1) = [v(&1), H]

= ¢ and 7 are necessary.in order to describe the meson
dynamics.

cf. Antiferromagnet
The Heisenberg equation is for the spin variables:

dsg L, B
ldt _[Sz'7H] (CM—.’B,y,Z)

H=> Jis-5
, gt

= The three staggered magnetization Ny, , are the appro-
priate degrees of freedom for the antiferromagnet.

We can derive the full kinetic equation for the O(4) sigma
- model.

- The dynamic critical exponent z = 0.98 is obtained.

& z = d/2 for the antiferromagnet
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4. Summary

e The chiral phase transition and the antiferromagnet are not
in the same dynamic universality class.

The slow modes are different in the two systems in spite of
perfect coincidence of the slow variables (the order param-
eter and conserved quantities).

= Halperin and Hohenberg’s prescription for classification
of the dynamic universality class does not work. -

e We reanalyzed the chiral phase transition by means of the
mode coupling theory.
= The canonical momentum 7 is necessary in order for the
meson mode (particle mode) to appear.

e It is necessary to analyze the critical points that involves
the particle mode, such as
- Critical end point
- Tricritical point
- Color superconductor
- Confinement-deconfinement transition
- Elector-weak transition
because they are not classified into any dynamic universal-

ity classes that have been considered in “Rev.Mod.Phys.
49 (1977) 435 Halperin & Hohenberg.”
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The Effect of Memory on Relation in
O* Theory

- Takashi Ikeda
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The effect of memory
on relaxat on in ¢* theory

Takashi lkeda
(RIKEN_ BNL Research Center)

Abstract

We derive a kinetic equation iacluding ‘a memory effect in ¢* theory
by using a generalized Kadanoff-Baym ansatz. Solving the kinetic equations
with and without the memory effect, we found that, while relaxation of a

‘single particle excitation is unaffected by that effect in the weak coupling

regime, that effect leads to faster relaxation in the moderately large coupling

~and to slower relaxation in the strong coupling.



b Noneqwhbnum phys&cs

challenging problem in relativistic many*bady theory
| metwa_ted by_Heavy~lon ce!hsms early umverse etc...

Generalized kinetic equatcms beyand Boltzmann eq
are necessary for
stmng@y correlated andfor dense p!asmas!

89T .

# (Classical) Boltzmann equations;
Including scattering effect, but_independent collisions




> Startmg pa 4'%?-:???‘ Kadaneﬁﬁsaym (KB) equattons

‘ designed to study nonequilibrium phenomena

One~partlcie dsstﬂbutton function, mean ﬁeld scatter ing effect,
dynamical=spe nction

KB equations
{ Equal time limit |

Generahzed KB ansatz for two-time Green's functxerss -
- (PRB34(1986),P.Lipavsky et al.) -
- | ; Quasiparticl

691

icle approximation

(" Kinetic equations'induding memory effect
(non-Markovian collision term) __

# neglecting' memery: effect

Boltzmann-type equation with Markovian collision term




e;_«*ode cb ) theory

& Lagrangian : ¢ =1 (3,0 - ¢'¢*

3 In 3+1 dimensions and spatially homogeneous case
2 Selfenergies as in thermal equilibrium, temperature T

4 ‘Single particle excitation

11 74 N

Self~energies from 3-loop order of 2P| effective action

Mr generating effective mass My
,,,,,, o Leading order O o Mr by solving gap eq. self-consistently
'gz - - (Mean field)

"+ Next-to Leading order le;ading to damping of excitation
g /0\9 _ 2< (Scattering effect)

-




Thermal Mass

~ Result agrees with PRD63 065003 by J.-P.Blaizot et al.

1.2

MT ”12

Gap 'eqi’xaticn

W
v O
- =

2 gk Negl@y) 392M'§'( MT _ )
@n)* 2y

genT)
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From B eq to loltzmann eq

B KB egq. in equai~tlme hmﬂ | ?....y" N —
S=XoYo o

| 2 8t856<(p,5 t)lsm() = wlf dzg 2 (pst ZQ)G<(9;ZQJ) Z<(pst ZQ)G (pwzast)
| +G<(pst Zg}) 2>(ptzgst) G>(pst Zg) Z<(p Zt);m ’

| Recanstructson Problem

o Kadanoff-Baym (K} ansaiz: G(kY) =p (k, t)N“(k ), (N‘=N, N> 1+N)

r44 S

lead to inconsistencies in time argument Gf memory effect

3 Generalized KB ansatz: G‘(p,x Xo¥o)= 1/!{(5;;(9,)( xﬁ,yg)N<(p, Yo)
(PRB34(1986),P. pravsky et al) _ N<(p Xx)G (p XXo.Y )}
XK/ GA\D: A R0,Y

take mto account memew effect pmperly

" using quasipartile approximation; =
0 (p,p)=27E(PY S (b’ - PP -M;Y) —




From KB eg. to Boltzmann eq. (cont'd)

| N(P Zg)“‘”""’ N(Pst)

'Y

Fi mte- nmal time generahzatlon of Beltzmann eq.
-2 SN(p.) =27 (p,t1)ON(p,ty MGyian colison term

\ COMplete‘ccllisian limit t,— -0

‘ (Cla_ssical)‘ on-shell Boltzmann eq.

3 __9. W exponential
at6N<p,t) 2 %{pP)ON(p,t) " damping !



e depedent lamp ng Rate

.................
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o 5
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r(pt)~21 f“""" =5p)- zcn

»»»»»»»» On-sheii limit

Rk T AL AL S e “-.u e (Fermirs galden TU‘Q)
| 6(2xT) = 0105 |

5 Inthe eariy"time = Qscillation

P | | -f . More violently for stronger coupling

ooy

<
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il |

BiX

¥(p=0,1)/24°g"T
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Appmach te some constant value

1{p=0) 3 -[E“(p;MT)* =>(p,M1)]
‘A

107 10° 10 - 10° | N |
T ~ Damping rate in on-shell Boltzmann eq.
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Prucesses

LA A

1(p=0,/24°g"T

0.001

-0.001

and inverse |
/\ processes -

o2xT) = 0 89

5N(p,t) | Naa«Marke’évian solution

a ., |
=2 fgzg (gz-'er (p,t-zg))f ON(p,zy)
A | o
Solve these equations
&
compare solutions

v .
5?5 SN(p,H) =-27 (p,H8N(p,)

‘Markovian solution




T

SN(p=0,1)/3N(p=0,0)
P

f Single Particle Excitation :

¥ Weak coupling regime'.

L I i ¥ t ¥ 3

gesm=0405] ~_*In complete agreement

Yarko,, - * Exponential damping
an / o .
| | - Why ?

Relaxation time (tT~4300)
Y B

time (tT~20) : oscillation of ¥ (t) ends §
(separation of scales) T

-
k~‘
«“k
w..“
»,
-
-
-
N
. »>
-
.
»
*»
Q~‘
*.
»,
.
»,
-,
-
-~
My

0w el Inthis case, kinetic equations essentially
5000 | 0000 . NPV
T coincide with on-shell Bolzmann eq.

Memory effect doesn't influence relaxation
| in weak coupling regime.
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SN(p=0,1)/8N(p=0,0)
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e
e

o
S
) P

| Markovian (Solid)

. éecay of Single Particle Excitation : II

> Moderately large coupling regime

" non-Markovian (Dotted)

F P i

i

T

20

4

Memory effect leads to §
faster relaxation !!  §

Consistent with results of
KB equations in 2+1 dimensions.
(Cassing, et.al: PRD69,025006(2004))

Note : relaxation with memory effect seems to
represent exponential damping in late times.
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|3N(p=0,1)/dN(p=0,0)|

10—

3

Markovian

alenT)=1.04] |

Particle

non-Markovian «-«------- ¢ \=

> * Oscillation around thermal value

‘Decay of Single

5 Strong coupling regime

- Memory effect leads to

Slower relaxation of amplitude

This never occurs without memory effect.
Damping rate is always positive !



Summary al d utiooks

B Construct kinetic equa.tlon mcludmg memory effect from KB egs.
by generalized Kadanoff-Baym -ansatz.

> Memory effect deesm influence relaxatwn
in weak coupling regime, due to. separation of scales.

B As coupling increases, memory effect leads to ;
Faster relaxatlen far moderately large coupling

641

oscillating amund thermal value and slower relaxation
for strong coupling |

% Qutlooks - * Totally nonequilibrimu situation
| - e directly solve KB equation |
* Fermionic system (NJL model)
* Non-abelian gauge theory
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Glueball properties
near the QCD phase transition

Noriyoshi Ishii (TITECH)
in collaboration with
Hideo Suganuma (TITECH)

We have reported glueball properties near the critical temperature Tc of QCD phase transition
using quenched SU(3) anisotropic lattice QCD Monte Carlo calculation. We have first
reviewed the effective model results, which support the pole mass reduction of the scalar
glueball near Tc. We have then constructed the gluebali correlators from 5,000-9,900 gauge
field configurations generated with the quenched lattice QCD withg=6.25 and the
renormalized anisotropy y, = a,/q, = 4 at finite temperature: In addition to the ordinary pole-
mass analysis, where the narrowness of the glueball peak is assumed, we have analyzed the
glueball correlators with an advanced analysis, which can take into account the effects of
thermal width of the glueball peak. We have found that the scalar glueball receives a huge
thermal effect near Tc, and that this thermal effect can be understand as a significant
thermal width broadening of the glueball peak as I'(7; )~ 300MeV together with a modest
reduction in the peak center as As,(Z,)~ 100Mev. We finally make a comment on the origin of
such a large thermal width and a possible physical implication of our results.
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~Glueball properties

near the QCD phase transition

“Noriyoshi Ishii (TITECH)
in collaboration with

Hideo Suganuma (TITECH)

| Plan of the talk
" 1. Motivation / Background
2. Lattice QCD formalism

3. Numerical Results

4. Summary / Discussion
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Lattice studies of thermal hadrons near Tc

at quenched level

Lattice QCD simulations are performed to observe these phenomena.

1. QCD-TARO Collaboration, PRD63,054501(’01) P light g gbar
2. T.Umeda et al., Int. J. Mod. Phys. A16,2215(01) charmonium
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lueballs are the hadrons which mainly consist

luons only. Their existence is a prediction of QCD.




Theoretical studies of glueball

There have been a lot of theoretical studies on the glueball:
v MIT bag model

4

T.Barnes et al., NPB224(83)241., etc.

Constituent gluon model
D.Hom et al., PRD17(78)898., etc.

Flux tube model |
N.Isgur et al., PLB147('84)169., efc.

Instanton liquid model
T.Schaefer et al., PRL75('95)1707.

QCD sum rule
M.Shifman, Z.Phys.C9('81)347.

Lattice QCD
> qu enched iev

J. Sexton et al., PRL75(°95)4563., etc.

> fullQCD - | :
K.M.Bitar et al., PRD44(91)2090.
A Hart et al., PRD65('02)034502., etc.

Vi
" rx“w




The glueball in experimen | -‘

: FIG. 3. ﬁ§w erk& .gr&m far ghucalf 9@&@%&.
from K.Seth, Nucl.Phys.A675(2000)25¢.




“The large difference between the glueball mass and Tc in quenched QCD

In quenched QCD, |

!:‘:> Therihgal excitation of the,dlae;ba!! is sﬁgg‘ ressed in the confinement phase
by a very strong statistical factor as

& &

2, o B o

The glueball density is very small even near Tc:

061

N

1.5 GeV
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One possible answer would be

In fact, the glueball mass reduction near T i

H. Ichie et al., PRD52, 2944 (1995)

based on an effective model studies (dual G

ssuggested by ~

inzburg-Landau model). [
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Dual Ginzburg~Landau(DGL) model Fmrf} H.lchie et al., PRD52,2944(’95)
(an effective model of confinement based on the dual Higgs Mechanism)

| | | . |

Lwi*(a,léwayéﬁ+Z[i(iaﬁmg§a'§#)zj~aﬂzaf«-wﬂ _
B,=(B},B}) dual ;;ge field |
1. (@=123)  QCD monopole field
& =106 =1 -6 =19

- m.v}, _ A paticular combination:
X oieldTHGeV] — L
. i1 : ﬂglﬁg ;s ¢ - - - . ¢mZz+Xz+z3
o e YeeYesle satisfies gauge-invariance condition,
o aeay WAL e and becomes observed as a physical

particle, i.e., the 0** glueball
- cf. H.chie et al., PRD60, 077501 ('99)

Cag B BB CRETED
GeNT

i

IMPORTANT: We use the DGL argument only in the section of motivation.
Our main results are nothing to do with it.




Lattice QCD formali , e
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site

-1 quark fields live
on sites.

link

S

gluon fields live on the links in
the form of

U ,(x) = expliagd, (x)T* je SU(3),
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| - Narrow peak ansatz

If we assume the narrowness of the peak, the spectral function
can be approximated by introducing a temperature dependent
“pole mass” m(T) |

POY S p(a) P
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- Ansatz with thermal width

* What is the appropriate
- functional form ?

N4
S By
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What happens if the thermal width is broad ?

In th

o

X

The peak position is shifted to below !



Numerical Results

a, =2.341(16)GeV, 4, =9.365(66) GeV

The lattice parametér setup;
.

Gauge config. by anisotropic Wilson action with /3, =2N,/g*=625

Lattice spacings are deternjified from the string tension as o = 440MeV

© a,=0084fm, a, =0.021fm > renormalized lattice anisotropy ¢,/a, =4
The Lattice size: 20°XN (N, =24,---72) > T=390,- “130MeV.

For each T, we pick up gauge conﬁgs every 100 sweeps after skipping 20,000
sweeps for thermahzatm

Number of gauge conﬂgs. 5,500-9,900 (bin size: 100)

We adopt APE smearing to improve the glueball operator to have a better
overlap to the lowest glueball peak.

A U —
The critical temperature is determined ; g

fmm the Polyakov loop susceptibility as

o000s | %

T, =280MeV




The glueball correlator at low temperature

G(O/G()

L2 §

¥

Marroge

%

4

ak An

¥ l ¥
sate

(T=130MeV)

Breit~-Wigner Ansatz ~---~

fit range for Brelt-Wigner Ansatz

-

fit range for Narrow-Peak Ansaiz
&5

»
rmm%

- § i . , . :
1] ey 1

1 S S A S I P SRS et Sl
0 10 20 30 ‘

€ Spatially extended operator is used to
enhance the lowest-lying glueball peak.

. The effoctive center G ¢




The effective mass, the effective center and the effective width




The glueball correlator at high temperature (T=253MeV<Tc) g
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GO0

’\?‘ arrow-Pesk Ansate -
reit—-Wigner Ansatz ---
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Spatially extended operator is used to
enhance the lowest-lying glueball peak.
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The smearing dependence (T<Tc) |

N The overlap g({)) 4 Thecenter @,
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The glueball correlator above Tc (T=390 MeV)

GU/GO)

fit range of Breit-
Wigner Ansatz

X 3‘%*}7‘& .

!
l
E
i
g
E
!

:gner ﬁnsatz

5 £t rangs of Naow
Peak Ansalz

GG FEHS, AT
oy M
F)

i

B e DR SN

Py A
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|
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e

4
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-
e
.
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e

10

Spatially exténded operator is used to
enhance the lowest-lying giueba&! peak.
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center

» The narrow peak ansatz
~polemass reduction near Tc

.




1114

The low lying glueball peak 0++

- p(@)/ GO)[GeV' '
160 B e — ]

140 I i T=390MeV —— -

i 2 | T=312MeV -----
120 B | T=253MeV —--- _

B T=130MeV —---- |
100 | B 1

B

]

2000 3000 4000 5000

6000 @[MeV]



A method to directly obtain the spectral function

| Maxlmum Entropy MethOd without adopting a paticular Ansafz.

g Tt
3 DA N
i

“Maximize”:

N
©
&
) - ‘@l‘lll‘ggFFl\lg iljﬁ;\ {‘i"3‘0g!l"lvz51lﬂ.i.!\'!‘ii)}rii‘ilggg.fé“vﬂi'kfﬁt!H'l-'i
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Summary / Discussion |
1. We have consiructed the temporal 0** glueball correlators at finite temperature

using 5,500-9,900 gauge configurations generated by SU(3) amsstrapsc lattice
QCD at quenched level.

2. We have performed an advanced analysis adopting Breit?Wignér ansatz for the
spectral function in order to take into account the possible appearance of the
thermal width at finite temperature.

a. A significant thermal width broadening near Te:  T'(7;)=300MeV
b. A modest reduction in peak center near Tc: Awy(T,) = 100MeV
E:,. No significant thermal effects in the glueball siz.e.] 4

07

3. Whatis the origin of such a huge thermal width ? o~ p =1/(4.0fm)’

a. ltis not thermally excited lowest-lying glueballs. (Too small glueball density even at Tc)

b.  The contributions of bound state gluebalis listed in C.J.Morningstar et al.,
PRD60,034509('99) is estimated to be not significant. (They are too heavy. )

C. We have to resort to higher energy resonace modes trusting in the suffi cnent ncrease
in the number of modes. z:::ﬁ‘: Hagedorn’s picture, Resonance gas model, .

- 4, Future Plans:

Glueball correlations above Tc, Experimental observabshty Extension to the
mquenched QCD calculations, efc.



Contributions from higher resonances |
Z=Ye" o

o= f dE¢*'" D(E)

#

D(E)=) 6(E-E,)is the density of states.

For example, | “
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Glueball spectrum in quenched SU(3) lattice QCD

Most systematic resuit of glueball
spectra from the quenched lattice
QCQ

12—

Mg
@ :

‘ 41
sl
4+ b o e - x
v PC

FIC. & I"im s sgaamuxx a:zf g!uﬁ%}sik in th@ pure Sifg&}
psge thevey, The moses are given in tarme of the hadronic
seale v slong the bl vervies] axis ami in tewsis of GaV along
“thie right vertisal axis (assuming #7 « 430 MoV The nnss
anenptaintios indicated by the verticel axténss of the boxe
Ao mat include the wnostainty in sotting w5, The beations -
‘of states whose intedpretation requives frther alud&; are méz
cated by the dashed hollow bames,

from C.J.Morningstar et al.,
Phys.Rev.D60 (1999) 034509.



Thermal Effects on Quark-Gluon
Mixed Condensate g{go wG )
From Lattice QCD

Takumi Doi
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Thermal effects on quark-gluon
mixed condensate ¢{(qou,Guvq)
from lattice QCD

Takumi Doi, Noriyoshi Ishii, Makoto Oka,
and Hideo Suganuma

Department of Physics, Tokyo Institute of Technology,
Ohokayama 2-12-1, Meguro, Tokyo 152-8551, Japan

The thermal effects on the quark-gluon mixed conden-
sate g(do,, Gp.q) are investigated in SU(3), lattice QCD
at the quenched level. We discuss the importance of
9{G0,,G,.q), as it behaves as another chiral order param-
“eter and has the large contribution to the operator prod-
uct expansion in QCD. We calculate g{§0,, G .q) as well
as (gq) in the chiral limit for 0 < T' << 500MeV, using the
lattices at B = 6.0,6.1,6.2 in high statistics. Except for
the sharp decrease of both the condensates around 7, ~
280MeV, the thermal effects are found to be weak below
T.. We also find that the ratio mg = g(Go,,G..9)/{qq)
is almost independent of the temperature even in the very
vicinity of T, which indicates nontrivial similarity in the
critical behaviors of the two different condensates.
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1 Contents

e Motivation

The condensates and hadron physics

Condensates represent
non-perturbative nature of QCD

e Quark gluon mixed condensate g{§o,,G..q)

Physical importance of |
the mixed condensate g{(Go,, G . q)
> chiral order parameter
> strong relation to hadron phenomenology

e The Lattice formalism

SU(3). lattice at the quenched level
KS fermion

e Lattice results at finite temperature

o chiral restoration of the QCD vacuum

e Summary and Outlook
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2 Motivation

QCD <= hadron physics

How to understand ?

The condensate is key concept.

The condensates embody the non-perturbative prop-
erties of QCD. |

e.g.
(dg) ~ +— spontaneous chiral-symmetry breaking

(G,,G*) «— trace anomaly

T T TR

These vacuum structures of QCD are reflected on the
hadronic properties. -
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QCD

vV A4

Con_densates :> Hadrons
<gq>,<GG>,</ N, A,
<qoGg> ~

1\\1\\\\\\\\‘\L\\\\\\"\.\\\'\\\\‘x\\\‘L\\\‘L\\\\\\_\‘L

QCD sum rule

Schematic correspondence )
between hadrons and condensates

N T T M T T Y N T T N W T W

Lattice QCD R N T O M M M Y

l——> Physical parameters

are under control
(Temperature, quark mass, ...)
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-3 Quark-gluon mixed condensate
— g(QO-,LLVG,LLVQ> —

e Chirality flipping operator

9<qOMVGuVQ>
— g(QL (JMVGHV) QR> + g<gR (O.MVGMV) VQL>

TR N

N T

Another order parameter of |
spontaneous chiral symmetry breaking

000X
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e Direct correlation between quarks and gluons:

Q‘ 1 ‘) cf. (G G*): gluonic sector
(qq): quark sector

9(Go G q) represents the color-octet components
of quark-antiquark pairs in the vacuum.

g(QO-/WGﬁW(D A (QQ) & (gGuuo'_uJ/)

color 8 color 8

(qq) = (qq7)
color 1

9{G0 G q) and (gq) characterizes
different aspect of the QCD vacuum.
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e Large contribution to hadron spectrum

- QCD sum rules for baryon masses

B.L. Toffe,
Nucl.Phys.B188 (1981) 317

- W-Y.P. Hwang and K.-C. Yang,
Phys. Rev. D49 (1994) 460
)\%VmNe_m%V/ M?
1
- (2n)?

MY—(gg)) + 0 e

)\2AmA€—m2A/M2
4 _

2
3(2m)?

M?*(—g{qowGua)) + - - -

[
-
/
\
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QCD sum rule for penta-quark system ©7

J. Sugiyama, T. Doi and M. Oka,
Phys. Lett. B581 (2004) 167

n(z) = e¥eedel cle {qudb}{ugC’yg,de}C@g

€abe d Epij €
b

~__
T, w -

0,
© dEf’YSd e\/ a‘ 18 klm’YS © defYSd e\/ a 18 klm'ys
S, Sh S, ® S,
(a) ®)
“/;\ Oy Ua/\ﬁhe
Sa c 1 ij Eabe 3 ij
* d, X d, ™ ™ d, d, "

\/
u /\ﬁk ud/?\ﬁk

[ e - € m e e x - € m
d f’YSde\/dl : 'YS d f’YSde\z/dl : ’YS
Sg— S, S, Sy
© @

mg(s) = g(So - Gs)/(55)

is a key parameter to determine the parity of et.
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Quark-gluon mixed condensate
— g(Q_UuVGuVCI> T

e The order parameter of chiral symmetry breaking

e Direct correlation between quarks and gluons

e Large contribution to hadron spectrum

L TR

Thermal effects on ¢(§0,,G.q)
is interesting to investigate !!

Physics at RHIC (Finite temperature QCD)

In spite of the importance of this quark-gluon mixed
condensate g{Go,,G,.q), there is only preliminary (but
pioneering) lattice result.

M.Kremer and G.Schierholz, Phys.Lett.B194 (1987) 283.

- KS-fermion, 8*, B = 5.7(a =~ 0.18[fm]),
- only 1 point x 5 configs
- [ only at zero temperature |
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4 Our Lattice formalism

Keeping chiral symmetry is important because
9{§o G q) is a chiral order parameter.

4+

We use KS-fermion.

KS fermion
Doublings are assigned as SU(IV f=4) flavors

Explicit chiral symmetry is preserved.
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. KS fermion

Sp = 5 3" mls)x(s) [Un()x(s + ) = Ulls = wx(s = )]

maS x(s)x(s)

X, X : single-component Grassmann fields
SU(Ny = 4) spinor field q is composed of x as
! ,,
af () = 5D (OB ir x(@ + p)
P

P = (pls P2, P35 p4)7 Pu € {07 1}

g-field -field

X
: e o o o
® e
—> e e e o
— o e | e o
e | O
e oo o
\

"hypercube”

Spinor DoF (4) x Flavor DoF SU(Ny = 4)
are assigned to the 2* = 16 sites on the hypercube.
SF is invariant under
g — g ce0sem)

Explicit chiral symmetry is preserved.
: A 223 '



@) = — { B Se(za)] )

average
_ _ o Tt [0 Sr(z, >
9430w G ) crc:>[l‘gr[ 9G Spirfor[aﬂ” r(z,2)]] average

In terms of the KS fermion,

@*(gq) = —g5 3 Trl(x(@ + p)X(z + )]
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9{30,,Guq) = — < Tr [9gG Tr [ow Sr(z, x)]]

color spinor > average

In terms of the KS fermion,

a59<q0'm/GuVQ>

) | 5
=~ 2 T [U(z+p) X(@+p+p+r)x(z+p)
JTR7N) .

Opuy G},?IE(:C -+ :0) ]

Tr[ c,0a X G, |
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We generate gauge configurations with the standard
Wilson action under the quenched approximation. We
take 16 point sources (8 = 6.0) or 2 point sources
(8 = 6.1,6.2) to calculate the condensates.
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Finite temperature lattice QCD

(a) 163 x 16,12,10,8,6,4 at (B = 6.0
| (a >~ 0.1[fm])
16 points x 100 configs = 1600 data

(b) 20°% x 20,12,10,(8),6 at B = 6.1
(a ~ 0.09[fm])
2 points x 100 configs = 200 data

(c) 243 x 24,16,12,(10),8 at (B = 6.2
| . (a ~ 0.07[fm])
2 points x 100 configs = 200 data

(b)(¢’) For T ~ T, 203 X 8 (B =6.1)
and 243 x 10 (8 = 6.2),

2 points X 1000 configs = 2000 data

large & fine lattices, and large statistics !

First study of g{go,.,G,..q) at finite temperature
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3
a <qq> B=6.0
Op L L B ]
i (jackknife errors are i
0.0 hidden in the symbols) ]
i ~ ]
-0.02F ~ -
[ ‘\ i
X ~
i ~
-0.03 m=20MeV ~ 7
i \g ~ i
- m=35MeV ~ .
-0.04 ~ ]
i 8 ]
. ~ ~ -
- m=50MeV ~
-0.05 :— \_E
[ ! L | .
-0.065 0.01 0.02 0.03
ma
5 _
. a <qoGqg> 3=6.0
—T T | L
- (jackknife errors are
[ hidden in the symbols)
-0.00% -
>
-0.01} -
~ ’\
~
m=20MeV S .
-0.015}f e .
m=35MeV >
\
- A N
-0.021 m=50MeV >~ ]
- \ \ -
I ~
_ I | - | .
0-025 0.01 0.02 0.03
ma
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Results for finite temperature

<qq>,;, <499 > 4
2.0 r 1 - T T T g 1
} A B=6.0
: ® [=6.1
1.5} i | B=62 -1 .
l
o]
T Y
|
0.5|- L i
l
i
08 ) ] . ] . || * o !
"0.0 100.0  200.0 300.0 400.0  500.0
T (MeV)
8<qoGq >, ,8<90Gq > 1
2.0 T T T ) ' i | ' I
| A B=6.0
_ : e [=6.1
1.5 i m =062 -
l
3 1
i
o= ipr
: |
! E':
0.5} 5 -
{
I |
0 . ! — | . ‘I l#. . MR L
90 100.0  200.0 300.0 400.0 500.0
T (MeV)
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m3 = g(GouwGurq)/{dq)

mA(T) (@0 Cuwa)r/9{@0um G r=o
mg(T = 0) (Gq)r/{(qq)T=0

2 2 |
mo (D/ mo (T:.—O)

2.0 i | T
! A B=60 |
: ® [=6.1
1.5 | u B=6.2 ]
l
i

Is

L e et s o o p— o —

0.5

) ] L 1 . L i L
0Q0 —7000 2000 3000 4000  500.0
T (MeV)

mg = 9{qouwGuwq)/(39)
is almost independent of the temperature.

(Very nontrivial results !)

Umversa,hty in the crltlcal behavior of the chiral order

parameters 7
- 230



Electric/Magnetic components of ¢g(3o,,G,.q)

> 9(004Gauq) T
Rp/p(T) = L
E/B( ) Zj<kg<qajijkQ>T
RE/B (D
2.0 T T T 4 L] 4 ] !
A B=6.0 |
® [=6.1
1.5} m B=6.2 -

k3

o
1
|
]

10.:

" } L | 2 A ! L
980 7000 2000 3000 4000  500.0
T (MeV)

Common critical behavior !
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Relation to the chiral zero modes:

_ 1 ; mp(X)

o 1 mp(N
7o Guq) = v / d)"/\/Q _ﬁ 7722 <)‘llJI~WG,LWI)‘I_>

iPIX) = AlA)
p(A): the spectral density

9{70, G )
Critical behavior is mainly governed by p(A)

The correlation between gluon field and zero modes
(Mo uwGuvlA) \ is insensitive to the temperature.
A=0 -
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5 Summary and Outlook

e We have investigated the thermal effects on the quark-
gluon mixed condensate g{go,., G, q) using KS-fermion
in SU(3) lattice.

0 < T < 500MeV

( 163 x 16, 12, 10, 8, 6, 4 lattice, 8 = 6.0,
16 points * 100 configs = 1600 data
203 x 20,12, 10, (8), 6 lattice, 3 = 6.1,
-2 points * 100 configs =200 data
243 % 24,16, 12, (10), 8 lattice, 8 = 6.2,
2 points * 100 configs = 200 data
20% x 8 (8 = 6.1) and 24° x 10 (B = 6.2) lattice, -
2 points * 1000 configs = 2000 data
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> Chiral restoration has been studied in terms of
9{Go,,Gq) as well as (qq).

> The thermal effects of g{go,,G.q) and (qq)
have been found to be remarkably weak
for ' < 0.97T..

> We have obtained mi = g{q0,,Gq) /{dq)
is almost independent of temperature.

> We have found ¢{go,Gauq) and g{Go;rGirq)
also have the same critical behavior.

New aspects of the chiral structure of QCD ?
* Universality of the chiral order parameters
% The correlation between gluon and chiral zero modes

Phys. Rev. D67 (2003) 054504.
hep-lat/0402005 (2004).

Future plan:

e Full QCD calculation (dynamical quark effects)
(in progress)

e Complementary use of
- Lattice QCD and the QCD sum rule
(Hadron spectroscopy at finite temperature)
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Detailed Lattice QCD Study of the Three-quark
Potentials: The Ground-state and the Excited-state of
the Static 3Q System

Toru T. Takahashi
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FANA

- RIKEN-TODAI Mini-Workshop on
"Topics in Hadron Physics at RHIC"

Detailed lattice QCD study of the f‘three*quark potentials:
the ground-state and the excited-state of the static 3Q system

Toru T. Takahashi (Yukawa Institute for Theoretical Physics)
with H.Suganuma (Tokyo Institute of Technology)

We study the ground-state three-quark (3Q) potential and the excited-state 3Q
potential using SU(3) lattice QCD. From the accurate and thorough calculation for
more than 300 different patterns of 3Q systems, the static ground-state 3Q potential

is found to be well described by the Coulomb plus Y-type linear potential(Y-ansatz)

within 1%-level deviation. With lattice QCD, we calculate also the excited-state potential
in the 3Q system, and find the gluonic excitation energy to be about 1 GeV.

This large gluonic-excitation energy would play an essential role to the success of the
quark model for the low-lying hadrons in terms of the absence of the gluonic mode.

- Finally, we give a functional form which repmduces the gluonic-excitation energy

in the 3Q system
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Introduction

Interested in hadron dynamics

CD is the fundamental theory of the Dynamics.




. Lattice QCD to Hadron Physics

In practical,
Coupling g >>1 at the hadronic scale.

| s The large coupling constant leads to rich ndnperturbative nature

*chiral symmetry breaking
*color confinement

—>Lattice QCD calculations

Reliable nonperturbative method |
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~ Lattice QCD

Lattice QCD calculation is a powerful tool
for the hadron spectroscopy.

4

The calculation itself says almost nothing
about the internal structure of hadrons.

Itis impottant to inVeStigate the interquark potential
using lattice QCD.



e

Interquark Potentials

The quark-antiquark potential is well known.

& wtia
T T

Linear confinement term

Color confinement & MESON propertiés

 The flux-tube formation among quarks
can be observed using lattice QCD.
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Flux-tube formation in the ground-state quark-antiquark system

Aedior v s

" Figur nhp- 9809263
~ Prof.Nora Brambilla, |
(figure provided byProf.G.S.Bali)
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3Q potentials
3Q potential is important for the BARYONS.

However,
1in spite of its importance,

Until the end of the 20t century,
The 3Q potential form was not settled.
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3Q potentlals

Roughly, there were 2 candidates for kmg«dxstance behavmr
of the 3Q potential form.

2~b0dy sum

f \o .
/ \ Lamashec L mm«vﬁf?{éﬁﬁﬁ

c .

For its simplicity,
used in quark model aalculatmns
Supported by... o
Center VOI'teX del Dual superconducﬁor picture
mP et of the QCD vacuum s

i

] .
_— ‘ N e
. i
¢ BT b
N ol S
T
Tl
1
1

There appear 2 abelian charges.

THE BARYON WILSON LOOP AREA LAW IN QCD. |
John M. Comwall (UCLA) Phys.Rev.D54:6527(1996) ' s
(However, in hep-th/0305101, he re-calculated and -
found that Y-law is supported,)
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3Q potentials

Lattice QCD s-tudiés
- Sommer and Woswk
Phys.Lett.B149(1984)497, Nucl Phys. 8267(1986)531

Thacker, Eichten and Sexton,
Lattice ‘87 |

C.Alexandrou et.al.
Phys. Rev. D65(2002)954503

Even lattice QCD studies were controversxal
| Contammatmns of excxted-state components
— Smearing technique to enhance the G.S. component
Too few different patterns of quark canﬁguraﬁons N
— 300 different patterns of quark configurations
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3Q potentials

We have studied 3Q potential,
whlch 18 responsﬂ:)le for barycm properties.

We have found that the 3Q potential obeys |
the following form

ooty

| “2-body Coulomb 3-body linear
L, is the length of Y-shaped flux-tube.
-universality of the string tension
‘reproduction of OGE result

. Phys.Rev.Lett.86:18-21,2001  ° 27PN
Phys.Rev.D65:114509,2002 o "

L,,;,,“AP%SP%C?
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Flux-tube fnmation in the ground-state 3Q System

Acﬁm@density in the Static 3 quark system
in the Abelian-projected QCD.

H.Ichie, V.Bornyakov, 'I}Streuér, G.Schierholtz
- Nucl.Phys.A721:887-890,2003

11
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Gluonic Excitations of the 3Q System |
| Excitation induced by the massless GLUONS

Massive — (§
Due to (SB \ _——

\ Massless

Hybrid Hac rons

SR In spite of its masslessness |
we ﬁnd no HYBRIDS in the lowwlymg hadron spectra

Slmple quark model well works. ONLY

--*Lattlce QCD study about the exclted-state potentlal

Excitation modes of the gluons . o
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Gluonic Excitaﬁt@glg of the 3Q System _

B =6.0 (finer 1attlce)
3 3  § H 14 3 i 2&5 H N

¥ | Excited-state A Excited-state ]
g 25 1 g y iii‘
5 2r = K AR %
% - .§ 15 F Qﬁ .
s 153 F ' .
g - 2 .1 . /

a 1+ 8 " Ground-state
g | ]
B . sy

o

" t} S . $ 'y " :
8§ 10 ~ ‘i{} 15
zs%‘iice unit} ,

H . : : T
S S F U LN BN I § IR P § S A NERTRIRE SRR I

tmw_uigg ; Eipebe . e

AE is large in compansen with the excitation of quark origin.

—> It leads to the absence of the hybrid hadrons in the lowﬁlymg mass spectra.

—This supports the success of the quark model
which does not have the explicit gluonic degrees of freedom

“and has gluons as an mstantaneaus interaction among quarks.
13
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* Gluonic Excitations of the 3Q System

What 1s 1t?
'Vibrational modes of the flux tube?

H.Ichie, V.B@rﬂyakev, T.Streuer, G.Schierholtz Figure in hep-ph/09809263

_ Nucl.Phys.A721:887-890,2003 | Prc:ff.Nora Brambilla,
| | | o (provided byProf.G.S.Bali)

14
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~ Gluonic Excitations of the 3Q System -
09

akr s M Static Quark-Antiquark system

Gluon excitations -/ J A
wowsien /| Phys.Rev.Lett.90 161601(2003)
S S Kjuge, Jkuti, C.Morningstar

. N=0 _ (?
| Naive estimation using NG~string action
- iaaw iy ris el
8/8=2'5 | i ot ‘j'ﬂh,.\/";:‘:’ ( vl e, )
z=0976(21)) J0 8 M e ) |

Fails to reproduce the excitation
at the hadronic scale

08 r

M3 - Finite radius effect....?

? ‘More complicated in the 3Q system




sz

Gluonic Excitations of the 3Q System

‘Phenomenologically,
‘we have found the functional form which describe A E
in the static 3 quark system.

~~~~~~~~

16
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‘Gluonic Excitations of the 3Q System

B=58  B=6.0(finer lattice)

%“4: : i : i i 5 ! i N ) 3 L] H - ¥ g -y 3 |
‘3-"-"" ’ . Ll: ey ™ X ‘/""
Eo12F 2 =S %
g J &’ &
3 A S 08} Vol
Yot Y 4 i - »
e o / o -
2, . &
5 08 o |
'ﬁ . { ’ 4:3 fﬂ i

L . Py
0.6 ;_{”v ¢ L TN JIE YOO TR WUUN SO i &«4 . T : i 8
, 6 01 02 03 04 05 0 0.1 0.2 03 04
Vg llattice unit] 1715 [lattice unit]

This form can reproduce AE;,
with ¥%/Npe~ 1 for about 100
Patterns of 3 quark spatial configurations

17
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Gluomc Excitations of the 3Q System

We stress that thls result can be apphed to the 3Q system
| where 0~Lmin~1.5 fm. The infrared asymptoﬁc behavmr
| should be mvesngated carefully

chr further study, we need modelmg
of the coupled vibrations of the JoN
Y-type Flux-tube. At that time, this Pt
Lattice QCD result will be useful. @ ~_ @




Summary

 Ground-state of the static 3Q system

(gnSt) E ; ?Yo o :}% ';
| 2-body Coulomb - - 3-body linear

L@é the length of

L, =AP+BP+CP
Y-shaped flux tube

“universality of the strmg tensmn
. repmductlon of OGE result

Phys.RevﬁLett 86:18-21,2001
~ Phys.Rev.D65:114509,2002
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Summary

" Excited-state of the static 3Q system |

7 | (excitation energy)

- Ly: the length of
vibrating flux tube ?

Eii—Egx>1GeV  Phys.Rev.Lett:90(2003)182001
' —p 'Gluonic excitations do not contribute -
to the low-lying hadron spectra



Polarized Parton Distributions and Their Uncertainties

M. Hirai
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Polarized parton distributions and their uncertainties

- M. Hirai
~ (Asymmetry Analysis Collaboration)

Radiation Laboratory, RIKEN

652

| discussed new AAC analysis of the polarized parton distributions by using current
polarized deep inelastic scattering data and uncertainty estimation for these -
distributions by the Hessian method. Moreover, | discussed determination of the
polarized gluon distribution from prompt photon data which will be measured by
the RHIC experiments. | f |

goviaac/

http://spin.riken.bnl.
Mar 24 2004, RIKEN
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Polarszed deep melastlc scattenng

# Cmss seetion

PR -
deE‘ Mg*ETM

% « Hadron tensor (asymmetnc part)

uv Hvpo qp ( ’) 5 ; P -I , o .
Wy =¢ 713611/1 VGX(V,Q )+[S¢ UMV G ( ,0 )}

. Q2 30 | xﬁxed

v M gl , Q )_9




 Structure function g, |

1
: gz(X)“*gZ%z

[ AC,()®(Aq,(x)+ a‘q‘;(x))é-écg(x)@ég(x)]i

AC, , AC, (coefficient function)

v ME=a®-0,0), 9)=g)+qE

~ lfi}i _x_‘
oo {2
« DGLAP evolution equation

J (Aﬁ:(;{,gz) }M[Aﬂg(x,a’s) AP, (xa,) )@(&2(:}&@) )

, .(;z’Ian ) | -Apgq('x’asv) A%g(x,&‘s') ' Ag(ngg)

Ag(x.0?) _‘
(az{,m Aut +Ad* + As‘*)

RN



| Spm asymmetry A1 (x Qz)

100

¢ E130(p) .
y do(T ~L) da'(TT) R o »
- o EM ne o en
- do(M)+da(TT) ! o P
‘ 5 HERMES( b
‘ ’ o EM4¥d). " . 5 : 2 %‘ 2:‘3‘
gl =g x + “@ 10,y - B n - tor
o R iy & 1 . ' o Q ﬁ A
| F; . sz » zﬁi::: t‘;\ :; :,: ; @ & ; u“ ,
. s EIs4 P éﬁ § f ) f: i*"ﬁ ,
B R 2\ _ GT‘} = HERMES() (5\ & 2 xgﬁﬁi%ﬁw .
b0 )mmj | R
| 2 R— Y L&Mﬁﬂ_ﬂ,
e Lai Ph Lt B 250 0001 0.01 0.1 1
. itlow et ys. Lett. ' x o
(1990) 193 _Total data 399 points
| (Q>>1GeV?)

+ Polarized DIS experiments

- Proton :E130, E143, EMC, SMC, HERMES, E155
~ Deuteron: E143, E155, SMC

- Neutron : E142, E154, HERMES, JLab

IMEN




Uncertamty est:matlon

« Functional form of m!arsmd PDF
(.0 = Nx"(-7x) [i(x0)), i=1,d,.0,8
» Hessian method |

{ 5Af(x)]2 A xzz 555 (x) H~1 OAf (x)

d 561}

i
-~ Hessian matrix H§£
- — parameter error
- correlation between each

92
®

 Ay?is relevant to the confidence level of uncertainty, and
~depend on 32 distribution K(s) with N degree of freedom

- f”“’ | K( N,s)ds=0.683 (N the number of parameter)
~ — AACO3, N=11: Ax?=12.64




Resuit

. Cmstvamt cmdetcon | |
- An’izmam SU(3), symmetry: Au(x)= Ad(x) As(x) Aq(x)

- ?ssémiiy condition: |Af(x)|< f(x)

. Tatag o 5 U npggpgggﬁvgg -

- ﬁ{gﬁ,ﬁsf@}m%,ﬁ' (0.893) - -+ Q,2=1GeV?
. | , &fﬁ 3

+ 1Istmoment  (AT=Au+Ad,+6Ag) |° Aaco=299MeV
- _ .+ Data: 399

[Aaco3 | 0.499+1.268 | 0.213+0.138
AACO0 | 0.532+1.848 | 0.241+0.220
~ AAC03: M Hirai et al., Phys. Rev. D69 (2004) 054021
~ AAC00: Y.Goto et al., Phys. Rev. D62 (2000) 034017

A RIKEN

99z |




Polanzed PDFs from DIS data (AACOS)

. PQF uncert_iainties reduced

byincluding precise data | wue = o | o e
0.3 e

« Well determined valence
quark distribution I
Small uncertainty of Au,, Ad, s

9z

0 R DET S e
R e v
e

« Antiquark uncertainty is

significantly reduced o
- 4P 4,{3{2@% ﬁﬁ@*fé 2AG 03,
'+ Undetermined Ag(x) asi
- Large uncertainty o x x

- Indirect contribution to g,°
Correlated with Ag(x)




Correlatnon between Aq(x) and Ag(x)

"« Fixed Ag(x)“ﬂ

~y*(ld.0.f.)=355.0 (0.915)

» Ag,(x) uncertainties are

scarcely changed

s * Antiquark uncertainty is

reduced

...... - Strong correlation with A

» Well determined Ag(x)

oo Eimms&t&mg correlation effect Yoo Y e T
~ Flavor decomposition Ati(x)

Ll
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Spm asymmetry A1

 Precise data improve asymmetry uncertainty
 Good agreements with polarized DIS data
- Quark and antiquark distributions are constrained
~ Gluon distribution need other constraint

057
18 EMC@)
& — AACH3 j Oy
[
14] --- AACH0 i ,
: ' : 1] -B.5 v ;
V2 i .01 ~ 0.1 1o
i = " ﬁ;-i;, e 5
"iﬁ.. , 5 Ge E;‘ SMC(p)
0.6- § ot Mm%iaﬁ%ﬁ@i%
Proton | *;a “
9.2 1 g o1 Y T Y
_ e 03 05 :
i %) S— . HERMES(p) { E155(p)
- 0.001 0.01 0.1 1 ) .
X | |
05 5 :
0.01 o1 i Yoo 0.1 1
X x




Prompt photon productson - |

¢ Palarized prompt phetan cross section

- 48> 79,99 > 78 | -
~ NLO: L.E. Gordon and W. Vogelsang, Phys. Rev. D48, 3136 (1993)

dAo 7% dAG® |
—=2 mede d, [ by A CPALVECN) (xnxz,f 7, Prot)
Pr ab T
" | xe” N xixgv@"” _2p,
.bé (1 7 fz"‘lemxfe,?) x‘g""‘\/’;& H= Pr

« Fragmentation contribution is neglected
-~ lsolation cut (Reduction of n%-yy, collinear photon)

* Spin asymmetry and statsshcai ermr
. dAc’/dp, y 1

= , O P —
AL; do” / dp, ' AL}; PP rmﬁ e 4L mtegra%d ium§sxt5r |

o’ :unpolarized cross section

P :beam polarization

| &:detection efficiency (£ <1)

| @RE iﬁ“



Uncertamty of A,_L’Y(PT)

L %&m ony

 Large uncertainty of A,," is mainly . 4' | Onﬁésg, ﬁjﬁgﬁ

cempesed of gluon uncertainty ééggx)
Small uncertainty except 8Ag(x) ...:3 iy

« Weak constraint on quark and
antiquark distributions

- Off 5Ag(x) mﬁertamty is composed of
quark and antiquark uncertainty 93

~ The off 5Ag(x) is smaller than expected
statistical errors | N %
| < v

e Prompt photon data mainly I~ IOﬁsAg
~ constricts the gluon uncertainty 03 \

10 20 30 40

Tz

@RIz




Cemparason weth stattstlcal error

E e maeaae LanU

« Overhaul factor for gEucm . ur | T SAg/8
- uncertainty SAg(x) '{ 0 e E y
- 118 (P=10~20 @@\f} :\/— ZQQGQV
H2 g ,
"« Constricting SAg(x) in different | 0 o 3 9
- Xy (=2P{Ns) region o . o
$ - %=04~0.2 (Vs=200GeV) 4“-"5 oo ¢
- ¥%=004~008(Vs=500Gev) © |- .o 1 1
| B R S
e Gluon contribution:Ag = deﬁg(x)  pp(GeV)
~ Covering wide range of xg, * £ =320 pb(200 GeV)
‘- 800 pb* (500 GeV)
¢ |71<0.35
¢ P=0.7
. Ap=m




certainty from prompt photon

B

R

' - 0.6
| A3 P=10GeV |

9.4°~

Rin

e,

LT v
v

059 ’ 5Ag from DIS
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Summary
e Peiammd PEF from polarized DIS dat&
~ Au(x}, Ad (X) are c emrmgm well
- AZ=0.213+0.138 (Q*=1 GeV?)
- Ag(x) could not be constrained

— . Ag(x) uncertainty can be reduced by prompt ph@m data
- A, " uncertainty is composed of the Ag uncertainty
o= @mmﬁt A gmmif*mmty quite larger t%’sm expected statistical e

?E’“&E”&

« Comparison A, " uncertainty with expected stattsttcai errors
- - Effective region (P;=10~20 GeV)
= X=0.1~0.2 (Vs= 200 GeV), 0.04~0.08

8 (Vs= 500 GeV)




Comment on TU° Double Spin Asymmetry at RHIC
K. Sudoh
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g\i_._;k,ﬂomment on

K. Sudoh (RIKEN)
~ RIKEN-TODAI Mini-Workshop &% .
24 March 2004 nik=w

hep-ph/0403102, with M. Hirai

Abstract

Double spin asymmetry for n° production has been measured
by the PHENIX. The preliminary data indicate negatwe
asymmetry at low p,, whereas the thearetlcal predlctton is
positive asymmetry.

. We study effects of polarized gluon dzstnbutlon on the spin

asymmetry, and suggest the possibility to obtain sizable
negative asymmetry in larger p, regions.
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l. Introduction 4
Il. Inclusive i Production in pp Collisions

p+pon +X

1ll. Correlation to Ag(x)
IV. Summary
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+ Uncertainty of the polarized

still large, since the gluon

gluon distributions Ag(x) is

contribution appears in
NLO in polarized DIS.

RHIC has started!!

&ei&i . b, ﬁ,} — }

. The ° spm asymmetry AL has been measured by
the PHENIX.

— The data suggest s:gmﬁcant ﬁegatsve asymmetry!!i
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Companson Ay~ with the PHENIX data
Js =200 GeV, |7|<038
« pQCD prediction indicates positive asymmetry.
wl
< | nay from pp at \§=200 GeV. 0. [T
04F PHEﬂiX Preliminary . E 7
- 69 = A -
i ‘ ' . E LL. ‘ Ag= g inpul :
.05 .04 E* N3 -'-_‘
-0.0&; { { l | XN ~ o | , Ag= -g inpwi | .
- | 661 F ' '
04 " - o ,
. Polarization scaling error - - - gD input ]
*ﬁ.fsl:"ﬁsg%is,n%ﬂffm%éeg el .l ;' O ; Sl i Lot s; Lobd g : Ldond a*@
g 1 2 I 4 5 6. . ‘ “ﬁi [GieV] ’
p, (GeVic) - |
A. Bazllevsky, talk at Spin-03, Dubna B. Jagar et al., PRD67, (54005 (2003)

Page-4



187

. Subprocesses for n0 praductmn
 — 0(a..2) 22 tree-level channels in LO

gg>a(X, ag—>a(e)X, 9q>9X,
47 > q(g,9)X, 94 —> 94X, 99 >gX
— Dominant éanttibut‘ion: |
gg > q(g)X : in small p,
g8 q(g)X “:inlarge py

+ 7% spin asymmetry is sensitive to Ag(x).

gg and qg contributions.

‘Determined by a balance between

A Page-5



Longitudinal Baume Spi‘n .Asaymﬁiétry: |
_[do,,~do, )/dp, _ dAc)dp;
?"‘ [do,, +do, 1dp, do/dp,

Ao I[d"' d"*‘] <038, 0=
dpf‘ 2 dp}* dpr_l . - B ‘, ? : !

dAcr

82

....Z [ j?dx [, ez Af( 0 )Aj;(xb, 7(2,0%)

Amplztnde
c Icuiabie in pQ

- PDF and FF
. ;Determmed usmg

Where does the inconsistency come from?
| ‘ ‘ Page-6
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| SR
Where does amb:gu:ty come from’?

e F mgmematmn‘ function: m’»@ PHENIX Collab: PRL%, 241803 (2003)

-~ Unpolarized r° cross section by
the PHENIX is consistent with
pQCD calculation. -

» ety

al

aite
-

: Ef’fifil’%‘{'{ Date
e KKP NLO

J5 =200 Gev, [7]<0.35

weeee Kteer NLO

£t atdp® (mb-Ge Ve

— Determined from e*e” data

+ Pol. quark distribution: Ag(x)

— Flavor blind reaction

Avky {%)

~ Depends on the sum Ag(x)+Af(x). &
3
g .
0 5 m 15
I {GeVic)
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R iz

_ Modification of Ag(x)w

Can we e‘btain negat"ive asymmetry by madi’fying Ag(x)?
3 configurations of Ag(_) wsthm their uncertamty

. Scen.1 standard Ag
~ global analysis with pol. DIS 04

] v AAC
~ A, does not become negative. e.s—; - sample-1
 Scen.2 Ag with a node o 02] == sample-2
~ possibility gg<0 (Ag(x,)* Aglx,)<0) E %, ]
- |x,x,] is small in n<0.38 E = —
. Scen.3 negative Ag ol
~ |Aglx)| is small in fow x | 0.001 0.01 0.1 1

~ |Ag(x)] is large in high x B | | X

Page-8
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. AAC Ag{x)

- Both gg and qg >0

— A, is positive and i increases with Pr .

. Sampf&d
- Inlowp,
+ Both gg and qg <6

« Slight negative A, in n<6 38

- Inlarge p,
~+ Both gg and gg >0

« A,, becomes large positive

« Sample-2
~ gg>0, qg<0, A,,<0 in whole p,

~ |A. | becomes !arger to negative

Difficult to obtain sszabie asymmetry inlowp,, .|
since partonic cross section itself is too small.

*@E‘;

z‘g&ﬁé

0.04]

€§ 13-
002
0.01-

— AAC
== sample-1

= sample-2

0l

EETEIRT

» 5
W weay -
hall P

h .

.01
J

A1

7o AAL
o suinple-1

; g;}g R

won sample-2

X
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x'»,}ﬁ‘,“;/ o

-0.05-

QA T

U"°e,“a',_“‘¥°fau.ﬂ, .

Campansen ALL uncertainty thh errors ef PHENIX data
« A, uncertainty comes from the gluon uncertainty
. The same constriction as the polarized DIS data

651

n051

1| —AACE
{ — GRSV-sd

“ﬁal mp————

! p = 3.8 GeV

M@; e '{gép e I E
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IV Summary

T

-« Correlation between 0 spin &symmetr’y and Ag(x) is

£87

studxed

.. Itis extremely difficult to derive sizable A;;
in a few % level in low p,..

- — Slight negative asymmetry at low p, can be obtained.
- — Itis premature to conclude that pQCD is nat applicable to n°
asymmetry..
— Existence of Ag(x) whsch keeps A;_g, to be negatwe in whole p,.

-+ PHENIX data motivate us to modify Ag(x) drastically?

— Negative asymmetry suggests negative psﬁarizatéaﬁ of Ag(x).

Page-11



Chiral Doubling of Heavy-Light Hadrons in the
Vector Manifestation

Chihiro Sasaki
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Chiral Doubling of Heavy-Light Hadrons in the Vector Manifestation !
’ Chihiro SASAKI “
Department of Physics, Negoye University, Nagoya, 464-8602, Japan
Abstract

Starting with a hidden locsl symmetry Lagrangian at the vector manifestation fixed
point that incorporates heavy-quark symmetry, we calenlate the splifting of chiral
doublers of heavy-light mesons proposed by Nowak, Rho and Zahed [Phys. Rev. D
48, 4370 {1993)] and Bardeen and Hill [Phys. Rev. D 49, 409 (1994)], and show,
in the three-Savor chival limit, that the splitting is proportional to the light-quark
condensate {gg) and comes out to be ~ 0.37 GeV ~ %my where my is the nucleon
mags. This is to be compared with the recently measured BaBar result for the
splitting between DF(2316.8 : 07) and D}F{(07) of 348 MeV and the CLEO result
for that between ﬂ”"‘“{”é& 1%} and D3{(17) of 352 MeV. '

IThis talk is based on the work done in hep-ph/0312182 by M. Ham&a, M. Rbo and €, Sasaki.

1
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Chlral Doubling of Heavy-anght Hadrons
~ in the Vector ‘Manifestation |

Chihiro SASAKI (Nagoya University)

| based on
M. Harada, M. Rho and C.S., hep-ph/0312182.




Contents

1. Introduction
e Heavy quark symmetry & chiral symmetry, “Chiral doubling”
e Our approach | | |

2. Wigner Realization of Chiral Symmetry

s 3. Our Effective Field Theory

4. Matching to the Operator Product Expansion

5. Quantum Correction

6. Mass Splitting

7. Summary
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Introduction

D-meson : heavy-light system

(© (uds)

| ”Lighémqggﬁk cloud”
S@i{*ﬁ'éﬁ?iﬁﬁi@% the heavy—quark.

e Heavy quark sector - Heavy quark symmetry |
Mg (hea\sy quark mass) — 00 limit = Spin-flavor symmetry
Dynamics of the heavy quark @ is independent of its mass and spin.

Ground state : D(07), D(17) = spin partner (slgqh{m %)

o Light quark sector - - - Chiral symmetry
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Recent évsmverges (c3-system)

D(0") : 2317 MeV.
- D(1T) : 2463 MeV

[
i

D(17) : 2112MeV

( D 0 : 1969 MeV

m(0" )
*mass shifts (1) —

m
™m

(

BaBar (03)]
CLEO (03)]

) known

(07)
1)} ~ 350 MeV
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o Pred.iéticn : “Chiral doubling”
D(0) (cr'D('l"*‘)) is chiral partner of D(07) (or D(17)).

m(0") —m(07) |
m(17) = m(17)

} ~ m{:@ﬁstitueﬁt

[Nowak, Rho and Zahed (92), Bardeen and Hill (93).]

.+ based on the manifestation of chiral symmetry restoration

a la linear sigma model

e N

i

},___ Heavy quark gym}ﬁ:i@ﬁfy

7

D7) |D(I)
|DOY| D(ﬁ)
. /

Chiral symmetry

6
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e Qur approach : |
Chiral symmetic phase => Chiral broken phase

e The main assumption :
At the chiral symmetry restoratlon point, the vector manifestation (VM)

is realized. )
Massless p-meson becomes chiral partner of 7.

o formulated in the framework of hidded local symmetry (HLS) theory.
-+ dynamical d.o.f. =m,p |

o characterized by the fixed point of RGEs.
[Haracia‘ and Yamawaki (01).]

*x We start from the Lagrangian at the VM fixed pcini: and include
the effect of chiral symmetry breaking.



Wigx_ier. Realizatitm of Chiral Symmetry |

Chissi representations of low-lying mesons (zero helicity)

e In broken phase, the eigénstate of the chiral representation under
SU(3 ) ., X SU(3 ( ) R Ssymmetry é@eg not agree with the mass eigen-

state.
s)=1(3,3%) @ (3%,3)),

862

V) =1(1,8) & (8, 1),

mixing angle 1 ~ 45°

.73‘) 1(3,3%) & (3%,3 )>5illlb+l<1,8)@(8,1))(}08@1),.
A = 18,3%) @ (3, 3))costs — |(1,8) @ 8, 1))sin

F. J. Gilman and H. Harari, PR 165, 1803 (1968);
S. Weinberg, PR 177, 2604 (1969).
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° Chlra! symmetry restoration
— Representation mixing is dissolved at critical point.
— There are 2 possibiliti ies for pattern of chiral symmetry restora-
tion. |

One possibility (c@sip — 0) Another possibility  (sinty — 0)

) =1(3,3% @ (3%,3)), Ty = (1,8) @ (8, 1)),
) =133 e E3). V) =I18e® 1)

. Standard scenario -+« Vector Manifestation
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Oxir Effective Field Theory |

e Restoration peiﬁt of chiral symmetry :
— Light sector
Mp,=0: Massless p~meson is chiral partner of 7.

— Heavy sector
CAM=MON -M@OT)=MA1T)-M(17)=0: o
D(0%) (or D(11)) is chiral partner of D(07) (or D(17)).
e Terms expressing chiral symmetry breaking |
— Light sector -
M, # 0 : Massive p-meson
— Heavy sector
Chiral symmetry breakmg generates AM # 0.

10



Csﬂcept of the Matchmg in the Wilsonian Sense

T0¢

e The bare Lagrangian of the EFT is defined at a suitable matchmg

scale A gy scate

A

bigh| | QCD (quark, gluon)

Bare EFT (% p,etc)

RGEs

Y

© Low eﬁergy |
phenomenology

low

"matching”

e

<€ Bare parameters in EFT
are directly determined
from QCD.

= We obtain the bare Lagrangian of the EFT after mtegratmg out

the hagh energy modes.

i.e, the quarks and gluons above A

11



Matching to the Operator Product Expansion

Dsp(@”) = Gs(Q7) ~ Gp(@)
where o A
 Gg(Q?) : Scalar correlator for D(0T)
Gp(Q?) - Pseudoscalar correlator for D(07)

g EFT sector

2 a1l
ABFD) 3F DM (0% — M(0-
M(O™) - M0
OPE sector [Narison (03)] | |
3
OPE 2?’7& B
(Qz) 2 (gq)

m(‘f*;;+ Q2

12



= Equating Aé%FT) and Aé?)PE) at the matching scale'A.

=> Bare mass splitting

| o 2{qq)

= M(0") - M(07) = —-—5

| Parameters  estimated by using QCD sum rule [Narison (88)] |
~ D-meson decay constant F'p = 0.205 GeV

¢ Light quark condensate (gg) = —(0.243 GeV)®
AMyp,e = AM(A) =0.23GeV

v

Enhanced by quantum correction of p-»méscn

13
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Quantum Correction

- DO )—e—20) 4 B
H?P"' .
| SN
’\ U(‘{}W}‘ ------ &_.m_g&l) """" ~‘§"“” D ('8}
/
HSS*
N

yy4ms

14

.......




S0

AM= AMygpe X unantum X <@Q>
S 2

AR | N o A
= AMppreexp [Mcg(Nf)gi(l 9% — k%) In ?ﬂ
Parameters, e.g.,
CQ(Nf = 3) =4/3,
g =627, [« HLS gauge coupling constant]
k = 0.59, [ extracted from D* — D]
A =1.1 GeV(.

= Oquamum ~ 1.6

The quantum effect increases AMbam by ~ 60%.

15



- Mass Splitting

90¢

AMypgre = 0.23 GeV

- |} enhanced by p-loop effect

AM = 0~37AG€V ~ mcaﬁstituent

Good agreement with experiment

16



Summary

‘¢ We started from the premise that at the critical point, the VM is
realized. |

o We included the effect of ch;rai symmetry breakmg and matched
our EFT to the OPE.

- Aﬁ«/fbare oc (q9)
& —Due to the quantum effect of p-meson, AMj,,;, was enhanced -

by about 60%.
= AM oc (7q)

17



e This suggests that

— identifying the chiral symmetry restoration as the VM

—the chiral doubling as a signal of spontaneous chiral symmetry
breaking

2 are mutually consistent.

e What is the characteristic feature of the VM?
= Decay process

18
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