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The symposium on Frontier Nuclear Physics (FRONP99), organized by the Research

Group for Hadron Science, Advanced Science Research Center, under close cooperation

with the Research Center for Nuclear Physics, Osaka University and High Energy Ac-

celerator Research Organization, was held at Tokai Research Establishment of JAERI

on August 2 to 4, 1999. The symposium was devoted for discussions and presentations

of research results in wide variety of fields such as hyper nuclear physics, lepton nuclear

physics, quark nuclear physics, unstable nuclear physics, super heavy elements and heavy-

ion physics. Three talks on the joint project between JAERI (Neutron Science Research

Center) and KEK (JHF) were presented in a public session. Thirty three talks on these

topics presented at the symposium aroused lively discussions among approximately 70

participants. This report contains 26 papers submitted from the lecturers.
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BB# : ¥fiEi 1 ^ 8 ^ 2 H (13:00) - 8^4 0(15:10)

««««« • • • • • Aug. 2 (Mon.) • • • • • »»»»»

10:00-13:00 Registration

13:00-13:15 Opening session
-Chairman H. Toki (RCNP)-
H. Yasuoka(JAERI) ( 8) Welcome address
A. Iwamoto(JAERI) ( 7) Welcome address

13:15-15:05 Hyper Nuclear Physics
-Chairman H. Tok i (RCNP) -
H. Tamura(Tohoku) (30) Gamma spectroscopy in hypernuclei
T. Motoba(Osaka-E) (30) Excitement of hypernuclear physics
Y. Akaishi(KEK) (30) Exotic atoms and hypernuclei
E. Hiyama(RIKEN) (20) Few-body aspect of hypernuclear physics

15:05-15:35 Coffee break

15:35-17:45 Quark Nuclear Physics
-Chairman Y. Akaishi (KEK)-
A. Hosaka(Numazu) (30) Flavor SU(3) baryons and quark confinement
M. Oka(Tokyo IT) (30) Roles of quark substructures in hypernuclei
T. Maruyama(JAERI) (30) Color molecular dynamics for dense matter and nuclei
D. Jido (Kyoto) (20) Chiral symmetry in the baryon spectrum
S. Furui (Teikyo) (20) A lattice test of the Kugo-Ojima confinement criteria

18:00 Bus transportation to Akogigaura Club
18:15-20:00 Conference party (Akogigaura Club BC room)
««««« • • • • • Aug. 3 (Tue.) • • • • • »»»»»

9:00-10:30 Lepton Nuclear Physics
-Chairman M. Oka (TIT)-
Y. Kuno(KEK) (30) Lepton flavor violation and beyond standard model
0. Yasuda (TMU) (30) Neutrino mass and the quark-lepton symmetry
K. Suzuki(RCNP) (30) Roles of pions for neutrino I ess double beta decay

in nuclei

10:30-11:00 Coffee break

11:00-12:00 Quark-lepton nuclear physics
-Chairman T. Otsuka(Tokyo)-
T. Hatsuda(Kyoto) (30) QCD spectral function
T. Inagaki (KEK) (30) Precise Measurement of K->pi,nu,nu decay at JHF

12:00-13:30 Lunch

13:30-14:30 Special session (public)
-Chairman A. Iwamoto(JAERI)-
S. Nagamiya(KEK) (30) Joint Project between KEK and JAERI on High Intensity

Accelerators + Thoughts on Exciting Physics
H. Toki (RCNP) (30) Quark Nuclear Physics with JHF

14:30-15:00 Coffee
15:00-15:30 Special session (continued)

T. Mukaiyama(JAERI) (30) Transmutation of long-lived nuclides in nuclear waste

15:30-17:00 Unstable Nuclear Physics
-Chairman Y. Abe (Kyoto-Kiken) -
T. Otsuka(Tokyo) (30) Monte-Carlo shell model for nuclear physics
H. Horiuchi (Kyoto) (30) Anti-symmetrized quantum molecule theory
K. Kato(Hokkaido) (30) Light unstable nuclei in the continuum

17:00-18:30 Superheavy nuclei
-Chairman H. Horiuchi (Kyoto) -
Y. Abe (Kyoto) (30) Theory of synthesis of superheavy elements
T. Wada(Konan) (30) Fission dynamics of heavy and superheavy nuclei
H. Ikezoe(JAERI) (30) Heavy-ion fusion for synthesis of superheavy nuclei

- 1 -



JAERI-Conf 99-015

««««« • • • • • Aug. 4 (Wed.) • • • • • »»»»»

9:00-10:30 Atomic Nuclear Physics
-Chairman T. Hatsuda(Kyoto)-
S. Hirenzaki (Nara W) (30) Deepjy bound pionic states and modifications of hadrons
T. Kishimoto(Osaka) (30) Kaonic nuclei and kaon condensation in neutron star
A. Hayashigaki (Kiken) (30) Charmed mesons in hadronic matter

10:30-11:00 Coffee

11:00-12-00 Theoretical Quark Nuclear Physics
-Cha i rman A. Hosaka (Numazu) -
H. Suganuma(RCNP) (30) Confinement and color monopoles in 0C0
K. Itakura(RCNP) (30) Light front quantization and its app I i cat ion

12:00-13:00 Lunch

13:00-15:00 Heavy Ion Nuclear Physics
-Chairman K. Oyamatsu (Aichi)-
Y. Nara (JAERI) (30) Relativisitc heavy ion physics
T. Kunihiro(Ryukoku) (30) Roles of the sigma meson in QCD and possible

experiments to observe it
T. Kido (JAERI) (20) Nuclear matter in neutron star crust
T. Maruyama (Nihon) (20) Study of in-medium hadronic properties in high

energy reactions
G. Mao (JAERI) (20) Bound states of negative-energy nucleons in

finite nuclei

15:00-15:10 Concluding session
Y. Akaishi(KEK) (10) Concluding remark

15 30 Bus transporation to Tokai Station
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2 . > > W / N o _
Gamma Spectroscopy in Hypernuclei

H.Tamura

Department of Physics, Tohoku University, Sendai 980-8578, Japan

Abstract

We have started a project of high-resolution hypernuclear 7-spectroscopy using a recently-constructed germa-
nium detector system (Hyperball). In the first experiment (KEK E419), we observed two 7 transitions in T

ALi,
the spin-flip Afl( | + ̂ | + ) at 691.7 ± 0.65"" ± 1.0'y° keV and the£2(§ + ̂ f + ) at 2050.4 ± 0.4stat ±0.7 i ! / s keV.
The former gives unambiguous information on the strength of the AÂ  spin-spin interaction. B(E2) of the latter
transition was measured to be 3.6 ± 0.5stat t°0A

 3yse2im*. In the second experiment (BNL E930), we observed
the £ 2 ( | + , | + —>| + ) transitions of ̂ Be at around 3.05 MeV, which suggests a small AN spin-orbit interaction.
Such studies for various p-shell A hypernuclei are being continued to determine all the AN spin-dependent
interactions. Intense beams at JHF 50 GeV PS allow us 7-spectroscopy of heavier hypernuclei, neutron rich
hypernuclei, and double A hypernuclei, etc.
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3. Light Hypernuclei and Exotic Atoms

Yoshinori Akaishi

Institute of Particle and Nuclear Studies, KEK, Tanashi,
Tokyo 188-8501, Japan

It is found that the suppression due to two-body AN-T,N coupling solves the
overbinding problem in AHe but it causes a severe underbinding in the four-body
systems. The shortage of this binding is overcome by introducing the A-S coupling
explicitly which is equivalent to the ANN three-body force. This three-body force
becomes strong in the 0"*" state of AH and AHe according to the coherent enhance-
ment. In the strangeness -2 sector there is a possibility that the lightest double-A
hypernucleus AAH is abundantly populated via an exotic atom by stopping H~
on 4He. An excited state with strangeness halo appears in a double-strangeness
five-body system.

1 A-S coupling in s-shell hypernuclei

There is a long standing problem of fitting the experimental A-separation energies
of AH, AH, AHe and AHe consistently. Dalitz et al} determined a reasonable AN
central force that produce the correct A-separation energies in AH and AH. Then
this potential is found to be so strong for AHe that it gives the binding energy value
B\ of 5.46 MeV which is much larger than the experimental value of 3.12 ± 0.02
MeV. We show that some of realistic YN interactions will reproduce all the s-shell
hypernuclear data by solving the overbinding problem with ANN three-body force
due to the A-E coupling.

In order to find some key to solve the overbinding problem we prepare various
types of potentials simplified from realistic hyperon-nucleon (YN) interactions. The
potential DO has only central part of AN interaction and D2 has central parts of
both AN and UN channels. All central and tensor parts of the both channels
are included in D3. These D0~3 potentials give identical phase shifts which are
equivalent to the Nijmegen D interaction2. The potentials SC89(S) and SC97f(S)
are obtained in a same way as D3 from the Nijmegen soft-core SC89 3 and SC97f4

interactions. The A separation energies of four-body and five-body hypernuclei are
calculated by the Brueckner-Hartree-Fock method on Gaussian basis.

Now let's see results obtained when the hyperon wave function is restricted in
the A space. The DO potential gives a good result of 5 A = 2.44 MeV for AHe
compared to the experimental one 2.39 ± 0.03 MeV, but causes the overbinding of
6.66 MeV in AHe as it was shown by Dalitz et al. 2 By employing the D2 potential
which includes the A/V-E/V coupling of central type, the binding energy in the
five-body system is reduced to 3.01 MeV which is well close to the experimental
one. This is due to the large suppression of the AN-'SN coupling in the nucleus.

_ 9 _
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While this coupling remedies the overbinding problem in AHe, the suppression effect
in turn causes a serious underbinding problem in the four-body systems, that is,
BA = 1.04 MeV for AHe which is short by 1.35 MeV.

How to solve this underbinding problem of AHe? Gibson et al. 5 firstly intro-
duced E-space components explicitly into the wave function as

|AHe >= *A(f)|3He > +^ -* a + ( f ) | d H > -^-$ S o(f ) | d He > . (1)

We adopt this idea in order to take into account AN N three-body force effects due
to the A-E coupling. Then, the hyperon-nucleus potential has a A-S coupling term,
to which the two-body AN-HN coupling interaction contributes as follows6;

^3gsN,AN ~ ^tfEJv.AJV for 0 + ,

23.9sN,AiV - r^sjv.Aiv f ° r 1 + - (2)

Since the AN-T,N coupling strength is much stronger in the spin-triplet state than
in the spin-singlet state, the A-E coupling effect on B\ in the 0+ state becomes
by about one order of magnitude larger than that in the 1+ state. This is due to
coherent enhancement in the 0+ state where contributions from each pair of YN
coupling are added constructively. On the other hand, contributions from the two
pairs are cancelled out in the 1+ state and the resulting spin-triplet weight is 1/3
of that in the 0+ state. Therefore, the attractive effect due to the A-E coupling in
the 0+ state is 32 = 9 times as large as that in the 1+ state. In this respect the 0+

state is an extraordinary state.
Figure 1 summarizes the results calculated for AHe together with the exper-

imental data. The left part and the right part for each interaction are the cases
without and with the E-space component of eq. (1), respectively. The level split-
ting at the left part is due to the AN spin-spin interaction, and the level shifts seen
at the right part are the ANN three-body force effect due to the A-S coupling.
The S admixture is given in the figure for the 0+ state and it is negligibly small
for the 1+ state. By using the potential D2 the three-body force effect due to the
A-E coupling is estimated to be 1.23 MeV attraction with 1.9% E-mixing for the
0+ state and only 0.01 MeV attraction with 0.01% E-mixing for the 1+ state. In
the D2 case the 0+-l + splitting in AHe comes not from the AN spin-spin interac-
tion but from the ANN three-body force. This confirms Gibson's statement that
the 0+-l+ energy difference is not a measure of the AN spin-spin interaction '.
However, the D3 potential which simulates most faithfully the original Nijmegen D
potential brings only a small 0+-l+ splitting energy of 0.13 MeV in contrast to the
D2 potential. This is due to the difference of AN-T,N potential type, which is of
central type for D2 but is mainly of tensor type for D3. The success of D2 in solving
the four-body underbinding problem does not apply to the Nijmegen D potential.
The SC97f(S) potential 4 fits rather well all the experimental A binding energies
of s-shell hypernuclei. In order to understand the nature of interaction we divide
the AN-H.N coupling interaction into its central and tensor parts. The three-body
effect on the 0+-l+ splitting is due to the A/V-E7V central coupling, while the large
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suppression is mainly due to the AN-T,N tensor coupling. The binding 5A of ^He
is calculated to be 2.38 MeV for SC97f(S) and 3.57 MeV for SC97e(S). Since the
experimental value 3.12 ± 0.02 MeV is in between them, the result for SC97f(S) is
not bad and would be adjusted so as to reproduce the data without difficulty. A
proper ratio of the AN-T.N central coupling and tensor coupling is significant in the
hyperon-nucleon interaction. It is found that the Nijmegen SC97f potential meets
this requirement. The 0+-l+ spin doublet splitting in ^He is half due to the AN
spin-spin interaction and half due to the A-E coupling in SC97f(S).

(unit in MeV)

0.0

AHe

1+ 1+ -0.06 -0.07
0.68 -0.70 1 + 1 +

0 +

D2

N A N

N A N

-1.24

-2.39

0+

SC97f(S) SC89(S) Exp

Fig. 1. The A energy levels calculated with the D2, SC97f(S) and SC89(S) potentials.
The level shift shown by the arrow is mainly due to the ANN three-body force.

2 Exotic atom and formation of double-A hypernuclei

Double-strangeness (5 = -2) hypernuclei are of particular interest: What nature
would be revealed about the AA and EN interaction? Since two-body scattering
data are not available in the AA sector, double-A hypernuclei are unique sources of
information concerning the S — —2 interaction.

Is there any way to produce abundantly double-A hypernuclei? Suppose the
case where a 2~ hyperon stops on a nucleus and then forms a double-A hypernucleus
via the elementary reaction process;

• " + P - 4 A 28.33 MeV. (3)
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This reaction Q value of 28.33 MeV is accidentally very close to the binding energy
of the alpha particle, 28.30 MeV. If an alpha particle is broken by absorbing E~
stopped on its atomic orbit, the released Q-value energy is almost exhausted and
two produced A's cannot get enough energy to escape a hypernucleus. Then, there
occurs a large chance for the hyperons to form a double-A hypernucleus.

The possible lightest double-A hypernucleus is predicted to be AAH 8. The
formation rate of AAH via stopped H~ on 4He is estimated by Kumagai-Fuse et al.
9. Table 2 shows the formation rate and branching ratio of each process calculated
for atomic s-orbit and p-orbit absorptions of "E~. The branching ratios of the four-
body and five-body breakup processes are negligibly small due to the small phase
volume. In the case of the AAH formation, the rate is suppressed by the final-state
interaction for the s-orbit absorption while it is enhanced for the p-orbit absorption.
This situation is explained in relation to the existence of a bound state. When the
system of AAH +n has a bound state AAH which concentrates in it the neutron
s-wave strength, the formation rate is largely suppressed in the s-orbit absorption
case. On the other hand, when the distortion potential becomes stronger but still
has no bound state, the maximum of the formation rate moves toward the threshold
and becomes higher. The AAH formation rate from the p-orbit absorption is greatly
enhanced and amounts to 20%. Now we consider the atomic cascade process of
S~ in 4He. The 3~ capture fractions from atomic s orbit and from p orbit are
estimated to be 25% and 73%, respectively9. Thus, a large branching ratio of 15%
is obtained for the AAH formation.

Table 2. The formation rate and branching ratio [%] from E~ stopped on 4He.

Process

1AH + I
A + 4

AAH
A + AAH*
A + A + 3H
A + ln + n

s-orbit absorp.(1018/s)
0.04 [1.5%]
0.41 [15.2%]
1.27 [46.7%]
0.94 [34.7%]
0.05 [1.9%]

p-orbit absorp.(1015/s)
0.73 [20.1%]
0.61 [16.9%]
1.89 [52.2%,]
0.39 [10.8%]
0.00 [0.05%]

The S = —2 five-body system is composed of ~H and AAH 10. An interesting
feature of this system is that the pE~ channel comes closer to the AA channel
due to the large binding energy of the alpha particle. The threshold difference
is reduced to 8.51 MeV in this case from the mass difference 28.33 MeV between
pE~ and AA. In the system a H-hypernuclear state exists at 6.8 MeV above the
t + A + A threshold, that is, at -1.7 MeV below the a + H" threshold. Its binding
mechanism is interesting. In the aB.~ system there exists the atomic Is state with
24.0 fm rms distance. The Coulomb interaction gives binding energy of 0.1 MeV
for E~. The strong interaction between a and E~ brings about a shallow bound
state with 0.5 MeV binding energy and 5.3 fm rms distance. When both the strong
and Coulomb interactions are combined, the binding energy increases to 1.6 MeV
but the rms distance remains still large to be 4.0 frn due to the long-range nature
of the Coulomb interaction. This bound state | H has a strangeness halo as seen
in Fig. 2. The Coulomb interaction ensures the existence of this state while the

- 12
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strong interaction maintains the nature of a nuclear state. Both the Coulomb and
strong interactions play important roles in forming this exotic state.

Fig.2. The density distribution of ^"
the a-5~ potential.

in the az. system. The dashed curve denotes

In summary, the breakup of an alpha particle by E absorption benefits the
formation of double-A hypernuclei. The conversion reaction to AA from pE~ via the
exotic atom after E~ stopping on 4He produces the lightest double-A hypernucleus,
^AH, with a high branching ratio of 15%. The | H state is bound by the cooperation
of the Coulomb and the strong interactions as an atom-nucleus hybrid state with
strangeness halo.
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Abstract

We have carried out four-body calculationals of ^H and ^He taking both

the 3./V+A and 3AT+S channels explicitly with the use of realistic NN and YN

interactions. The E-channel component plays an important role in binding

energies of the A = 4 hypernuclei though the admixture is approximately 1%.

The AN — EiV coupling is found to be of central-force type in the Nijmegen

model D and of tensor type in the model F.

One of our purpose to study is to develop the calculational method to study three- and

four-body systems. In order to solve three- and four-body problems accurately, we employed

a variational method with the use of Jacobian coordinate Gaussian basis functions [1,2].

This method has been successfully applied to the bound states of various three- and four-

body systems[l-8]. The basis functions work excellently in describing both the short-range

correlations and the long-range tail behaviour.

Recently, we have proposed a new type of Gaussian basis function [x]. This basis function

is called Infinitesimally-Separated Gaussian Lobe (ISGL) besis function. This basis function

makes much easier to calculate the matrix element. Therefore, variational method with

ISGL basis function is applicable to various types of three- and four-body systems even with

complicated interactions (quadratic spin orbit force and momentum dependent force).

In this paper, we focus attention to the four-body structure study of ^H and ^He.

One of the main goals of the hypernuclear study is to obtain useful information on the

hyperon-nucleon {YN) interaction. Although several types of YN interactions have been
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proposed, these interactions have a lot of ambiguity due to little information from the YN

scattering experiments. Therefore, the study of hypernuclear structure should be helpful in

elucidating the YN interaction properties. As is well known, the study of ^H and ^He is

very useful to examine the YN interactions because both of the spin-doublet states have

been observed. Especially, it is expected to obtain information on the role of AN — T,N

coupling in the binding mechanisum of the A = 4 hypernuclei. In this work, we report

four-body calculations of ^H and ^He taking the AN — T,N channel coupling into account

explicitly.

We consider explicitly both the 3N + A and 3N + E channels explicitly and solve the

four-body problem taking the AN — T,N conversion into account, we employ a variational

method with the use of Jacobian coordinate Gaussian basis functions [1, 2] which span over

all the rearrangement channels in Fig. 1. The four-body wavefunctions are written [6, 8] as

Y=A,£c=l IJ l,L,\ao,s,S,to,ton,N,i>

JM

N A(Z)
R4

P4

N N

c=4

Figure 1. Jacobian coordinates for all the rearrangement channels of 3N + A(E) of \K
and \He. The three nucleons are to be antisymmetrized.
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where AM are the three-nucleon antisymmetrization operator and the isospin ty = 0 for Y =

A and ty = 1 for Y = S. Here, n, JV and u denote the size of the Gaussian basis functions for

four-body systems which are explicitly given in Ref. [6]. The eigenenegies of Hamiltonian

and coefficients C are determined by Rayleigh-Litz variational method. Calculation of the

interaction matrix elements between the four-body basis functions can be performed rather

easily with the use of the infmitesimally-shifted- Gaussian-Lobe representation of the basis

functions [9,4].

As for the YN interaction with AN — £ A7 coupling terms, we consider those of Nijmegen

model D and model F, but we simulate them by using soft-core potentials with central

and tensor terms [10] which reproduce the scattering phase shifts obtained by the original

interactions. In the following, we refer to the phase-shift equivalent soft-core potentials as

ND and NF. We employ the AV8 potential as the NN interaction.

All the calculations shown below have been done both for *H and A He, but we present

only the case of the former since the result for the latter is very similar to that for the

former. Calculated energies of the 0+ ground state and the 1 + excited state are illustrated

in Fig. 2 together with the observed values. The energies are measured from the 3H + A

threshold. In the case of only the SN + A channel included in the calculation, the 0+ state

is barely bound and the 1+ state is unbound. When the (3iV)t=1/2 + £ channel is further

adopted, both of the two states become bound evidently. Finally, further inclusion of the

(3N)t=3/2 + £ channel makes the 1+ state significantly more bound but with the 0+ state

almost unchanged. We understand that the S-channel component plays a very important

role both in the energy gain and the relative splitting of the 0+ and 1 + states. However, the

calculated binding energy of the 0+ state is some 0.5 MeV smaller and hence the 0+ — 1+

splitting is about a half of the observed value. The level structure calculated-with NF is

similar to the case of ND. The calculated energies of the 0+ and 1+ state are -0.99 and

—0.44 MeV, respectively.
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-BA(MeV)

OMeV

-1.00

-2.04

Exp.

0+

(3N) +A
t=1/2

0.18

(3N) +A
t=1/2

(3N) +E
t=1/2

(3N) +A
t=1/2

(3N) +E
t=1/2

(3N) +E
t=3/2

5H+A

-0.17 \ X -0.77

-1.45

. -0.99

-1.52

Figure 2. Calculated energy levels of <H with the use of ND for three cases of the A and
S channels.

We calculated the probability of the 3N + S-channel admixture in ^H with the use of

ND and NF. Tendency of the admixture is different between the two cases. In the case of

ND, the probability is ~1 % for the 0+ state and ~0.5 % for the 1+ state. But, in the case

of NF, it is ~0.7 % for the both states. Precise percentage of the S-channel component is

listed in Table 1. In the 0+ state, the probability of the (3N)t=i/2 + S channel is much larger

than that of the the (3iV)t=3/2 + X channel, but, in the 1+ state, they are nearly the same.

We therefore understand that (SN)t=s/2 + X channel is specially important in the 1+ state.

This tendency holds in the case of NF, too.

Also listed in Table 1 are the 5-state and D-state probabilities of the channels. As

long as the 3./V + S channel in the 0+ and 1+ states is concerned, the 5-state component

is dominant in the case of ND while the D state is dominant in the case of NF. Therefore,

we understand that the AN — T,N coupling is central-force type in ND, but is tensor-force

type in NF. This is verified, as seen in Table 2, from the expectation value of the AN — UN
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Table 1
Probabilities of the (3./V)t=i/2 + A, (3N)t=i/2 + S and (3-/V)t=3/2 + £ channels in the 0+

and 1+ states of ^H. The 5-state and D-state probabilities are also listed. The numbers
with no parentheses are for the interaction ND and those in the parentheses are for NF.

0+
5-state
D-state

1+
5-state
D-state

(3/V) t=1/2 + A

98.8 (99.3) %

90.9 (91.8)
7.9 ( 7.5)

99.5 (99.3) %

91.5 (91.5)
8.0 ( 7.8)

(37V),

1.11

0.91
0.20

0.24

0.18
0.06

1=1/2 + £

(0.69) %

(0.10)
(0.59)

(0.33) %

(0.01)
(0.32)

(3/V)t=3/2 + E
0.03 (0.03) %
0.02 (0.02)
0.01 (0.01)

0.23 (0.40) %
0.17 (0.01)
0.06 (0.39)

Table 2
Expectation values of the central and tensor terms of the AN — EN coupling potential,
2x( VAN_zN ) , in ^H with ND and NF

ND NF

4^-EJV )
Central
Tensor

• (MeV) 0+

-3.20
-0.62

1+ 0+ 1+
-2.19 -0.33 -0.11
- 0 . 5 9 - 5 . 5 4 - 6 . 7 4

coupling potential. Namely, the central-force contribution is dominant in the case of ND,

while the tensor-force one is dominant in NF.

In summary, we have developed the calculational method of four-body bound-state prob-

lems so that it becomes possible to make complicated four-body calculation of ^H and ^He

taking both the (3iV + A) and (3iV + E) channels explicitly with the use of realistic NN

and YN interactions. We are now able to investigate precisely the role of the AiV - T.N

coupling in ^H and ^He. However, the observed binding energies of the 0+ and 1+ states

were not well reproduced with the use of ND and NF. Therefore, we are much interested

in using a new version of Nijmegen soft-core YN interaction, NSC97 and in examining this

interaction by the four-body calculation of ^H and ^He including the AN - VN coupling

explicitly. This calculation is in progress.
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5. Flavor SU(3) Baryons and quark coiifinement l
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Abstract

We study properties of baryons in the light flavor SU(3) sector. After a brief description
for the ground state nucleon where the role of the pion is emphasized, we discuss excited
states where we point out a very simple systematics in the mass spectrum. We show
that the systematics can be well explained by a quark model with a deformed confining
potential. Further investigations on electromagnetic couplings are discussed.

Hadron physics is a rich source of interesting non-perturbative phenomena of low energy
QCD. Although QCD is the theory of interacting quarks and gluons, actually observed degrees
of freedom are hadrons. The mechanism of generating hadrons from quarks and gluons at
low energy is a very difficult matter and is not yet fully understood theoretically. In such a
situation, one might attempt a description in terms of appropriate effective degrees of freedom.
From an effective theory point of view, one should recall the successful current algebra based
on chiral symmetry [1, 2] and quark models for hadron structure [3, 4]. In the former the pion
appears as the Nambu-Goldstone boson, while in the latter the constituent quarks are the main
constituents of hadrons.

There are many examples in which we can not simply ignore the pions. They include the
nucleon-nucleon interaction [5], exchange currents in nuclei [6], proton and neutron charge
radius and so on. If we turn to nucleon structure, a simple quark model is not sufficient to
describe all the details of the structure. For instance, the failures in the quark model for the
neutron charge radius and the spin content of the nucleon can be, at least partially, resolved
by introducing the pion. Indeed, a detailed study of the chiral bag model has shown that
an optimal description for nucleon properties can be achieved at an intermediate bag radius
R ~ 0.6 fm, where both the quarks and pions share their significant roles [7].

Therefore, we can draw an intuitive picture for the ground state nucleon: confined con-
stituent quarks with the pion cloud around them. When we turn to excited states, however,
the situation starts to change. Within the information available up to date, there is a strong ev-
idence in the excited mass spectrum that many states can be consistently explained in a quark
model by introducing one dynamical assumption of spatial deformation [8]. This assumption
is not only simple but also applies to essentially all flavor SU(3) baryons, independent of flavor
quantum numbers. Due to its flavor independence, one may expect that it might reflect the
nature of quark confinement.

Let us now look at experimental masses of excited baryons. We take 49 states out of
50 states of three and four stars, and several more states with one and two stars [9]. We

:Talk given by AH at the workshop FRONP99 at JAERI, August 1999.
2e-mail address: hosakafflla.numazu-ct.ac.jp
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Figure 1: Observed baryon masses as compared with the prediction of the DOQ model with
intruder states.

arrange experimental data as follows: (1) Masses are measured from the ground states of the
corresponding spin-flavor states. By doing so we expect that spin-flavor dependence of excited
states is dictated by the Gell-Mann-Okubo mass formula. (2) Masses of 28jv/s, 4$>MS for positive
parity, and of 48A/S for negative parity are reduced by 200 MeV. Here we have just introduced
this prescription simply by phenomenological point of view.

Now the resulting mass spectra show up with a very simple systematics for all spin-flavor
states as shown in Figs. 1 [8]. In the figures, we would like to emphasize the structure of level
spacings which become larger for higher L. Also we note that the level spacings of negative
parity states are larger than those of the positive parity states. These are the features which
remind us of the properties of deformed nuclei.

Hence we consider a simple quark model which we call the deformed oscillator quark (DOQ)
model, whose hamiltonian is given by

I DOQ ( i)

Here we ignore interactions due to gluons and mesons not only for simplicity but also due to
the expectation that important dynamics can be described by that simple hamiltonian. The
only dynamical content is anisotropic oscillator potential, iur ̂  uJy ̂  u::.

After removing the center of mass motion, we find an intrinsic energy

Etnt(.\.r. Ny. N:) = (A', (2)

where A"x, A"y. A'c are the sum of principal quantum numbers for the internal degrees of freedom
for the p and A coordinates. If we consider prolate deformation along the c-direction when
A*r = Ny — 0. N: = A . one obtains the minimum energy and deformation under the volume
conservation condition u.\.u;,,u-\ = u,'3.

Eint(N) = -i(N ;.- = A- + (3)
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For N > 0 the minimum energies are significantly smaller than the corresponding energies of

spherical shapes ((N + 3)u;).

Physical excited states are obtained by rotating the deformed intrinsic states, whose energies

are given by the standard cranking formula [10]

F F {L) t L{L + l) 14)
trot = tint — + — . (4J

Here the moment of inertia / and the expectation value of the angular momentum fluctuation

(L2) are given in literatures [8]. We note the presence of the second term which reduces the

energy. This is crucially important to bring the mass of the 1/2+ excited states down close to

the observed values, the aspect which the spherical quark model does not possess.

The rigid rotor formula of (4) may not be good for actual baryonic system. We can improve

this by considering the so called intruder states which accounts for the softness of the intrinsic

state [11]. There is only one parameter in the DOQ model LU which is determined by the average

of the excitation energies of the first l /2 + excited states in the 28 multiplet. The resulting value

is u> = 644 MeV. In this way theoretical predictions are made which are shown by the dashed

lines in Figs. 1. It is remarkable to see that the predicted energy levels agree with observed

levels. At the same time, in Figs. 1 there are many missing states in the region of L = 4 and

L — 3. It would be interesting if those states are observed in experiments.

Further study can be made by various transition amplitudes. Here we discuss electro-

magnetic couplings of nucleon excited states whose experimental data are well compiled [12].

Experimentally, electromagnetic couplings of excited states are extracted from the pion photo-

production [13]. Using a resonance dominant model, we can learn not only the magnitude but

also the sign e of the combination

(N\Hn\N*) • (N*\H^\N) = t\(N\Hn\N*) • (N*\H^\N)\, (5)

where Hv and H-, are the interaction hamiltonian for the pion and photon couplings. In the

data table the sign t is included in photon couplings [9]. Therefore, in a model calculation,

both the electromagnetic and strong (pion) couplings have to be calculated simultaneously.

Ignorance of the strong coupling part sometimes leads to incorrect results for the sign [14].

We adopt the non-relativistic form for the 7 A AT and TTNN couplings:

//-, = -el- A, J = — Cu\(i V -i V)w; + V x(«Ja«

Matrix elements are then computed between the ground state and excited states of Ar = 1,2.

Results for proton helicity amplitudes Ap,2 and AV
A,2 are summarized in Table 1, where the DOQ

results are compared with the conventional quark model results by Koniuk-Tsgur (KI) [14] and

with experimental data [9]. We note that the identification of the model states with physical

states is only tentative, where possible mixing effects are ignored.

We have found that in many channels, theoretical results of the DOQ and KI are similar

to each other and consistent with experimental data within uncertainties; there is rather weak
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Table 1: Proton helicity amplitudes in units of GeV 1/'2 x 10 3. The column indicated as
DOQ is for the present results of the DOQ model, while the column indicated as KI is for the
conventional results of Koniuk-Isgur. [14]

Proton

1/2+

3/2+
5/2+
1/2"

3/2"

5/2-

2SMS
2DS
2DS

2PMS
4PMS
2PMS
APMS
APMS

DOQ
109

-14.6
70.9
-3.8
151
0

24.8
0
0

KI
22.6
-15.9
111
-5.9
156
0

25.6
0
0

Exp
-68± 5
+5±16
52±39
-17±10
74±11
48±16
-23±9
-22±13
19 ± 12

DOQ
-
-

-23.5
47.0

-
-

138
0
0

Af
KI
-
-

-36.7
73.5

-
-

143
0
-

Exp
-
-

-35±24
127±12

-
-

163±8
0±19

19 ± 12

Pn(l440)
Pn(1710)
Pi3(1720)
^15(1680)

Su(1535)
5n(1650)
Aa(1520)
Z?i3(1700)
£>i5(1675)

dependence on the deformation d. One exception, however, is the coupling of the Roper; even
the sign is not correctly reproduced. In the DOQ model, the absolute values increase but
with the wrong sign remaining. This problem was first discussed by Kubota and Ohta who
considered relativistic corrections [15].

Here instead of discussing the effect of the relativistic corrections, we consider a limitation of
the non-relativistic method. Since the orbital wave functions of both the Roper and the nucleon
are the S'-state, matrix elements of H1 and Hv reduce to the same spin matrix element:

yV'|//7 |A r
7 (L = 0\a\L = 0).

Therefore, we can not change the sign of (5), since it is the square of the same matrix elements.
Hence we can not reproduce the sign of the photon-Roper coupling as long as we use the non-
relativistic hamiltonian. We need more delicate treatment to explain transition amplitudes for
more information on the structure of baryons.

In the end of this report, we would like to mention further extensions of the present work.
If we look at Figs. 1 in detail, observed states of the negative parity sector fluctuate more
than those of positive parity. This implies that some important dynamics might be missing
there. In fact, the success of the recent chiral unitary approach for the particular state A(1405)
suggests the important role of chiral mesons [16]. Another problem is the limitation of the non-
relativistic treatment. Apparently, for excited states around GeV region relativistic treatment
should become indispensable. Establishing reliable theoretical methods and their comprehen-
sive application to various phenomena will be needed for a better understanding of hadron
physics.
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6. Roles of Quark Substructures in Hypernuclei

Makoto Oka
Department of Physics, Tokyo Institute of Technology

Meguro, Tokyo 152-8551, JAPAN
email: oka@th.phys.titech.ac.jp

In this talk, we discuss several interesting aspects of hypernuclear physics,
which represent the roles of explicit quark content of the baryons. Both the
strong and weak interactions in the YN systems show characteristic features
of the quark substructure of the baryons. It is in contrast to the NN system,
where most phenomena can be accounted either with or without explicit
quarks. It is our hope that the YN system can distinguish and enlighten the
effects of quark substructure much more clearly.

First, the short range parts of the strong hyperon-nucleon interactions
are examined in the quark cluster model of the baryon-baryon interaction.
We find that the short-range part of the SiV interaction depends strongly
on the spin-isospin quntum numbers. We also emphasize that the spin-orbit
YN forces give characteristic behaviors, which are distinct from the meson
exchange forces.

Secondly, the weak decays of A in hypernuclei are studied in detail. We
find that the direct quark mechanism provides significant short-range con-
tribution to the process. It is pointed out that the neutron induced non-
mesonic decay is enhanced due to the direct quark transition. Importance of
the A/ = 3/2 decay amplitudes is emphasized both for the nonmesonic weak
decays and the n+ emission in the A decay.

We refer the details of the discussion to another articlefl].

[1] M. Oka, Y. Tani, T. Inoue and K. Sasaki, in Proc. the 7th Conference
Mesons and Light Nuclei '98, ed. by J. Adam, et al. p.146 (World Scientific,
1999)
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7.

2

Abstract
We propose a microscopic simulation for quark many-body system based on a molecular dynam-

ics. Using confinement potential, one-gluon exchange potential and meson exchange potentials, we
can construct color-singlet nucleons, nuclei and also an infinite nuclear/quark matter. Statistical
feature and the dynamical change between confinement and deconfinement phases are studied with
this molecular dynamics simulation.

t - 9 t ?)V-

[2]

QMD[3] ^ AMD[4], FMD[5]

[6]

constituent 9 t -

i J; o t l i $ fix v^
t" > 11 u-x
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8. Chiral Symmetry in the Baryon Spectrum

Baryon resonances with even and odd parity are collectively investigated from the
viewpoint of chiral symmetry(ChS). We propose a quartet scheme where A's and N*'s with
even and odd parity form a chiral multiplet. This scheme gives model-independent
constraints on the baryon masses in the quartet, which are consistent with observed masses
with spin 1 /2,3/2,5/2. The scheme also gives selection rules in the one-pion decay.

§ l .
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> mm
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9. A lattice test of the Kugo-Ojima confinement criteria
Hideo Nakajima1

Department of Information science, Utsunomiya University
Sadataka Furui 2

School of Science and Engineering, Teikyo University

Abstract

We present the first results of numerical test of the Kugo-Ojima confinement cri-
terion in the lattice Landau gauge. The Kugo-Ojima criterion of color confinement in
the BRS formulation of the continuum gauge theory is given by u£ (0) = —8%, where

We measured the lattice version of u£(0) in use of l/(-dD(A)) where D^A) is a lattice
covariant derivative in the new definition of the gauge field as U = eA. We obtained
that Uj (0) is consistent with — c8%, c = 0.7 in 5J7(3) quenched simulation, /3 — 5.5, on
84 and 124. We report the /? dependence and finite-size effect of c.

1 Introduction
The colour confinement problem in the continuum gauge theory was extensively analysed
in use of the BRS formulation by Kugo and Ojima[l]. A sufficient condition of the colour
confinement given by them is that u£ defined by the two-point function of the FP (Faddeev-
Popov) ghost fields, c(z),c(t/), and A,,(y),

/ •
x c)b(y)\0)dx = (9lu> - ^K(p2) (1)

satisfies ul = —&%.
Brief survey of Kugo-Ojima's argument that u^ — —5% is a sufficient condition of the

colour confinement is the following.
The QCD lagrangian is invariant under the BRS transformation SB which is realized

by replacing the parameter of the gauge transformation 0a(x) —> Xca(x) where A is the
imaginary Grassmann number and ca(x) is the ghost field.

Putting C(x) = gca(x)Aa where Aa is antihermitian such that [AO,A^] = fabc^-c
SB = A<$E, and antihermitian matrix AM(x) = gAa(x)Aa, the BRS transformation reads

8B<t> = -C<j>, SBA^ = D^{A)C = d^C + [A^, C).

The nilpotency requirement of ̂ jg derives, SBC = —C2.
For each ca(x), one introduces an anti-ghost ca(x), and similarly the matrix C, and

defines, SBC = iB, then the nilpotency gives 8BB = 0.

1 e-mail nakajima@is.utsunomiya-u.ac.jp
2e-mail furui@dream.ics.teikyo-u.ac.jp
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The total lagrangian C + CGF+FPI where C = —^F^F^ + CmaUer is BRS invariant due
to the nilpotency SB

2 = 0. The corresponding conserved charge is

QB = Jd3x[BaD0c
a - 80B

a • ca + l-gdoc
a • (c x c)a]

where (F x G)a = fabcF
bGc. Thus the physical space is specified as the one that satisfies

the condition Vphys = {\phys)}
QB\phys)=0.

The BRS algebra is given by BRS charge, QB, and FP ghost charge, Qc, as

Since these QB,QC are commuting with other conserved charge, all asymptotic one par-
ticle states can be classified by irreducible representations. Due to the nilpotency of BRS
charge, QB, there only exist BRS singlets and doublets. From hermiticity of ghosts, Qc is
defined as a generator of scale transformation of FP ghosts. It is to be noted that while
Qc being hermite, FP ghost number is counted by Npp = iQc, and that among FP ghost
number eigenstates, (M\N) ^ 0 only if M = — N. Due to this metric structure, BRS dou-
blets always appear in pair of opposite sign FP ghost numbers, and this pair is called a BRS
quartet. Under the assumption that BRS singlets have positive metric, it is proved that
Vphys has positive semidefinite in such a way that BRS quartet particles appear only
in zero norm.

The Ward-Takahashi identity can be expressed as

0 = <0|{Q f l,T(V(s),c(y)}|0>

= (0\TAl(x)Bb(y)\0)-z(0\TD,ca(x)cb(y)\0). (2)

Its Fourier transform

F . T . [ { 0 \ T D , c a ( x ) c b ( y ) \ 0 ) = - i *

(3)

indicates that the Heisenberg operators, DMca, ca, A", Ba necessarily have in the x0 —± ±00
massless asymptotic fields,

Al(x) -> d,X
a{x) + • • •, Ba{x) -+ /9a(x) + • • •,

D , c a ( x ) - > . d t f { x ) + •••, ca{x) - » - T ( x ) + ••••

One finds from the BRS transformation that for each colour a, a set of the above massless
asymptotic fields form a BRS quartet.

The Noether current corresponding to the conservation of the colour symmetry is g J° =
d"Fpv + {QB, D^c}, where its ambiguity by divergence of antisymmetric tensor should be
understood, and this ambiguity is utilised so that massless contribution may be eliminated
for the charge, Qa, to be well defined.
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Denoting g(A^ x c)a —)• uld^b, and then D^ca —>• (1 + u)^3/i7
6, one obtains that

xc)6(y)|0} = ( ^ -

provided A^ has a vanishing expectation value. The current {QB, D^C} contains the massless
component, (1 + u)ld^b{x). We can modify the Noether current for colour charge Qa such
that

In the case of 1 + u = 0, massless component in gJ'o is vanishing and the colour charge

Qa = Jd3x{QB,g-lD0c«(x)} (4)

becomes well defined.
The physical state condition QsVphys = 0 together with the equation (4) implies that all

BRS singlet one particle states | /) £ Vphys
 a r e colour singlet states. This statement implies

that all coloured particles in Vphys belong to BRS quartet and have zero norm. This is the
colour confinement.

In the course of their derivation, they assume Lorentz invariance and that the colour
symmetry is not broken. They also proved that if the vector massless asymptotic field is
missing in a channel a, and if the channel a belongs to the image of 1 + u then the massless
quartet in j * can not be cancelled, and the colour symmetry with charge Qa, is spontaneously
broken. (Inverse Higgs mechanism theorem)

2 Lattice calculation of
The Faddeev-Popov operator is

d), (5)

where the new definition of the gauge field is adopted as U = eA
1 and the lattice covariant

derivative D^(A) — 3^ + A^A^) is given in [2].
The inverse, A^-1[C/] = (Mo — Mi\U\)~l, is calculated perturbatively by using the Green

function of the Poisson equation MQ1 — (—d2)'1 whose zero-mode is eliminated.

'WiW- (6)
k=0

In use of colour source |Aa:r) normalized as Tr(\ax\\bx0) = 5ab8XtXO, the ghost propagator
is given by

Gab(x,y) = (Tr(\°x\(M[U))-1\\by)} (7)

where the outmost () specifies average over samples U.
The ghost propagators of /3 = 5.5 and (3 = 5 are almost the same and they are infrared

divergent which can be parametrized as ——and its finite-size effect is small[3].
p
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In the similar way, one can calculate the KugoOjima parameter as

(8)

3 Numerical results of the u\

We observed that off-diagonal element of u\ is consistent to zero, but there are statistical
fluctuations. The projection operator g^ — f̂̂  in equation (1) is treated such that it has
an expectation value | in the limit of pM -> 0.

Making the accuracy of the covariant Laplacian equation solver higher, we observe the
tendency that the expectation value of |u*| increases.

0 = 5.5,83x 16
P = 5.5,124

0 = 5.5,84

0 = 6.O,124

0 = 6.O,84,w Z3

(3 = 6.0,84, w Z3, rain
(3 = 6.0,84, no Z3

13 = 8.0,84,u> Z3

(3 = 8.0, 84, no Z3

diag
-0.739(135)
-0.715(46)
-0.664(69)
-0.548(133)
-0.303(80)
-0.308(88)
-0.354(176)
-0.183(74)
-0.338(513)

off — diag
0.002(60)
0.003(32)
0.002(45)
-0.015(85)
0.002(29)
-0.000(35)
-0.001(76)
0.002(20)

0.0116(251)

diagi
-0.776(109)
-0.729(60)
-0.669(71)
-0.555(123)
-0.286(76)

-0.312(123)
-0.339(130)
-0.177(71)

-0.264(278)

diag2

-0.779(105)
-0.713(43)
-0.656(70)
-0.561(107)
-0.307(66)
-0.311(78)
-0.347(161)
-0.197(77)

-0.359(553)

diag3

-0.818(118)
-0.705(39)
-0.667(67)
-0.508(133)
-0.325(81)
-0.317(75)
-0.378(239)
-0.221(83)

-0.334(610)

diag 4
-0.581(49)
-0.712(38)
-0.664(67)
-0.566(159)
-0.293(91)
-0.292(59)
-0.353(151)
-0.138(19)

-0.394(536)

Table 1: Kugo-Ojima parameter ua
a. w Z3 means that Z3 symmetry twist is performed for

each sample such that the concentration occurs in —60° < 6 < 60° and then the Landau
gauge fixing is performed, and no Z3 means without Z3 symmetry twist, w min means that
minimal Landau gauge fixing is performed for each sample. (All data of 84 are the averages
of 100 samples.)

As shown in the figure, for (3 = 8, direct measurement of u% gives a large fluctuation, but
suitable Z3 twisting treatment for each sample so that the Polyakov scatter plot should be
concentrated around arg2 = 0, suppresses the fluctuation and makes the data better. We
consider that this treatment is indispensable in the simulation where Z3 symmetry persists
and the Z3 factor affects the observed quantity. The similar behaviour is observed in /3 = 6, 84

lattice.
The absolute value of ua

a is plotted as the function of the spatial extent of the lattice ah
where a is calculated by assuming AJJJ = 100MeV. We find for ah < 2/m, there exists
large finite-size effect. We expect that by making L large and a small, such that aL > 2/m,
the absolute value of ua

a becomes closer to 1.
For calculation in the deconfinement phase, one usually adopts non-symmetric lattice,

but we avoided the tuning and used the symmetirc lattice.
We observe that in the confinement phase(/3 = 5.5), the Polyakov loop distribution

is uniform and the gauge fields are highly Z3 randomised. While in the deconfinement
phase(/? = 6,8), the Polyakov loop distribution is concentrated in one of the three regions

- 39



JAERI-Conf 99-015

Figure 1: The dependence of space
and colour diagonal part of the Kugo-
Ojima parameter u° on (3 and lattice
size. (An average over the four directions
and eight adjoint representations.) The
data points are (3 — 5.5,83 x 16;/? =
5.5,124;/3 = 5.5,84;/? = 6,124;/? =
6,84(no Z3y,0 = 6,84(with Z3);(3 =
&,S4(with Z3, minimal Landau); (3 —
8, S4(with Z3); (3 = 8,84(no Z3) respectively
from left to right.

Figure 2: The finite-size effect of the Kugo-
Ojima parameter |u°| as the function of the
spatial extent of the lattice aL(fm). When
the spatial extent of the lattice is larger
than 2 fm, the value of \u^\ is about 0.7
in the case of (3 = 5.5. Finite size effect is
large in the case of (3 = 6.

-60° < 9 < 60°, 60° < 0 < 180°, or -180° < 6 < -60°. The weight is roughly 2.5 : 1 : 1 in
the case of (3 = 8 and roughly 1.5 : 1 : 1 in the case of (3 = 6. The distribution of (3 — 6(124)
can be regarded as uniform.

4 Summary and discussion

Proof of Kugo-Ojima colour confinement is accomplished successfully only in case of u£ =
—Si, and this condition is suggested to be a necessary condition as well. We did the first
numerical tests of this criterion by the nonperturbative dynamics of lattice Landau gauge.
Simulations were done on 83 x 16,84, and 124. The quantity in question,

(Tr(\ak\Dfl(A)(M[U])-1(Ad(Ali))\\
bk)}.

requires no parameter tuning on the symmetric lattice, and is suitable for the numerical test.
In the confinement region, (3 — 5.5, we found that the quantity is diagonal both in space
indices and colour indices, and the value is around —0.7. Its absolute value decreases as (3
increases.

We observed the gluon propagator is infrared finite and the ghost propagator is infrared

divergent, suggested to be more singular than —, but less singular than —. These results

qualitatively agree with the Gribov-Zwanziger's conjecture[4, 5], and are consistent with the
results of Dyson-Schwinger equation [6]. It is nice to observe that the infrared finiteness of
the gluon propagator is in accordance with the Kugo-Ojima colour confinement. As stated in
the inverse Higgs mechanism theorem, if we have no massless vector poles in all channels of
the gauge field, A™, and if the colour symmetry is not broken at all, it follows that 1+u = 0[7].
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The real part of the complex mass of the gluon is about 600 MeV in our finite lattice
simulation, which is consistent with[8].

For calculation of the deconfinement phase, we adopted a symmetric lattice with large /?,
and a suitable twisted Z3 boundary conditions to eliminate the artificial fluctuation of the
data.

This work is supported by High Energy Accelerator Research Organization, KEK Super-
computer Project (Project No.99-46), and by Japan Society for the Promotion of Science,
Grant-in-aid for Scientific Research(C) (No. 11640251).
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10. ~^-hV

Neutrino mass and the quark-lepton symmetry

(Dept. of Physics, Tokyo Metropolitan Univ.)
& (Osamu Yasuda)

Recent status of neutrino oscillation experiments is briefly summarized.

The case of just-so is discussed in the K2K experiment. It is shown that we

get useful information on the allowed region of Am2 by looking at events

of various channels.

(Kamiokande-Superkamiokande)
(GALLEX-SAGE) (Homestake)

Experiment

Homestake

Kamiokande

Gallex

SAGE

Superkamiokande

measured flux

2.56±0.16±0.16

2.80± 0.19± 0.33

77.5±6.2 t}j
fifiQ + 7 - 1 + 5 - 4
6 6-9 -6.8 -5.7

2.45± 0.04± 0.07

SSM(BP98)

7 7 +1.2
"•< -1.0
C , r +1.0
5.15 _ 0 7

129 t£

129 ±f
c K +1.0
5.15 _ 0 7

ratio exp/BP98

0.33±0.029

0.54± 0.07

0.60± 0.06

0.52±0.06

0.475± 0.015

threshold energy

0.814 MeV

7.5 MeV

0.233 MeV

0.233 MeV

6.5 MeV

~3.-- h u

io- i o

10"5eV2

I-=L- h u
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Superkamiokande
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11. Roles of pions for neutrinoless double f3 decay in nuclei

Katsuhiko Suzuki
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Abstract
We study the roles of pions for neutrinoless double /3 decay in nuclei, which

provides constraints on the physics beyond the Standard Model such as neutrino
masses and i?-parity violation SUSY parameters. The effective meson-nucleon
Lagrangian which describes the neutrinoless double /3 decay is constructed, as-
suming the Oi/fifi decay is driven by the heavy particle exchange between quarks.
In addition to the conventional two-nucleon contact interaction which is sup-
pressed by the NN hard core potential, we consider the pion-nucleon Yukawa
term and the pion exchange current term. Making use of the soft pion theorem,
it is found that dominant contribution comes from the pion-nucleon Yukawa
term. The pion exchange current gives a negligible contribution in the case of
the heavy Majorana neutrino exchange, while it provides a crucial contribution
within the .R-parity violating SUSY.

Introduction
There exist several possible mechanisms to generate the neutrinoless double /? decay

(0J//?/3) beyond the Standard Model. Most popular process is induced by the exchange

of the massive (Majorana) neutrinos[l] shown in Fig.l. In this scenario, both light and

heavy neutrinos contribute to the 0vftf3 decay, and their masses and mixing angles can

be extracted from the experiments. Another one originates from the .R-parity violating

supersymmetric extension of the Standard Model (SUSY) [2], in which the Ou/3^ is

mediated by the superparticles illustrated in Fig.2. If the i?-parity is conserved, for

example, the lightest superparticle could be a good candidate of the dark matter. Thus,

the experimental test for the imparity conservation is of great interest.

\W

•u

•e~

e~

•u d

u

Ix
u

1 >

Figure 1: Ovflfl decay in massive
Majorana neutrino mechanism

Mil
Figure 2: Typical diagram for 0vf3fl de-
cay in imparity violating SUSY

In this work, we consider only the exchange of the heavy particles between quarks

to generate the Ovfi/3 decay. To make theoretical predictions to be compared with the
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experiment, we need the following steps. First, we construct the low energy effective

Lagrangian for quarks and gluons by integrating out the heavy particles degrees of

freedom such as the heavy Majorana neutrino or the superparticles. Then, the effec-

tive Lagrangian at the hadronic level in terms of baryons and mesons are constructed

by taking into account the quark-gluon structure of the hadrons. Finally, we apply

the resulting hadronic Lagrangian to the nuclear many body system, and evaluate the

transition matrix elements in nuclei, %X —>§+2 ^ + 2e~. We try to construct a possi-

ble effective Lagrangian for the hadrons, dealing with the pion-nucleon dynamics and

the Of Pp interaction consistently. We remark the procedure presented here is rather

general and can be applied to any model beyond the Standard Model.

Construction of the effective Lagrangian
Integrating out the heavy neutrino or the superparticles degrees of freedom, one

can find that the effective quark-lepton Lagrangian is given by the local interaction

between 4-quarks and 2-electrons. The low energy effective Lagrangian, in which the

decay is caused by the subprocess dd —> uu + 2e~, can be written as,

c"[ere1 K"r

where F denote the gamma matrices determined by the original theory. For the massive

neutrino exchange model, it has the standard (V — A) Dirac structure, while S, P and T

structure appear within the i?-parity violating SUSY. Cij are expressed by the coupling

constants of the original models, for example neutrino masses or the .ft-parity violating

coupling A'ni.

We then construct the effective meson-nucleon Lagrangian to describe the dd —>

uu + 2e~ process shown in Fig.l and 2. The general from of the Lagrangian to induce

nn —> pp + 2e~ can be written as

C-Had — &2N + &N-K + ^2ir (2)

The first term represents the 6-point interaction between nucleons and electrons shown

in Fig.3, which can be obtained by simply replacing u and d quarks with p and n,

respectively;

pY3n] [ elV] (3)

where F is againn the appropriate gamma matrices. Contributions of this term to

nuclear decay matrix elements can be evaluated[l, 2]. However, this transition would

be suppressed very much by the nucleon-nucleon hard core potential [3], although the

transition matrix element does not vanish due to the finite size of nucleons.
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e

p n , p n 1 p

Figure 3: C2N Figure 4: CN-K Figure 5: Pion exchange
current £2TT

We emphasize here that the short range nature of the Ov/3/3 interaction at the

quark level never means the short range interaction between nucleons. It is possible

to introduce other degrees of freedom, namely, mesons. Considering only the pions

which plays the most important roles at the low energy, one can add two possible

contributions CN* and Cow as

G2

l eTec \ANv pn ir~ + B^pi^n TT~ (4)2mp

These contributions are schematically shown in Fig.4 and 5, respectively. In order to

fix unknown coupling constants, AN-K-, BM^, ^2TT? of the effective hadronic Lagrangian,

we exploit the matching conditions;

(6)

(ir+2e-\Cquark\n-) = (7r+2e-|£2ff|7r-) (7)

where Cquark stands for the Lagrangian eq. (1) which involves quark and lepton fields

explicitly. These equations relate the coupling constants of the effective hadronic La-

grangian with the coupling constants of the original Lagrangian, for example .R-parity

violating coupling or the heavy neutrino mass. Our task here is to calculate the left

hand side of eqs. (6,7) using some non-perturbative method based on QCD, and deter-

mine the values of the coupling constants, A{, B{.

We make use of the soft pion theorem based on the current algebra which is proved

to work very well for the pionic hyperon decay process of the standard weak theory.

Using the reduction formula and the PCAC relation, one gets

(pna\O\n) = J

^^Jd'xA^x)^ \n

>* (p \T {^(x) , O(0)} \n) (8)
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where O = [uPd uT^d] is the any 4-quark operator appeared in the quark level La-

grangian of eq. (1). One can see that the first term of eq. (8) corresponds to the so

called commutator term. The second one provides the baryon pole contribution by

inserting the intermediate baryon states between A^x) and O(0). In the present case,

the intermediate states are assumed to be identified with A resonances. We note that

the A / = 1 / 2 enhancement of the non-leptonic weak hyperon decay is well reproduced

within the same approximation scheme.

e
*\ V

Figure 6: First term of Figure 7: Second term of eq. (8). Intermediate baryon
eq. (8) states are assumed to be A.

Matrix elements of eq. (8) can be evaluated by employing the wave function of

the quark models. By doing so, we can relate the coupling constants of the hadronic

Lagrangian with the fundamental parameters of the theory, and calculate thee Ov/3/3

decay transition matrix elements using the suitable nuclear physics technique. For

example, the coupling constants in the imparity violating SUSY is given in ref. [4].

It was found that the pion-nucleon term CNV is enhanced very much compared with

the previous calculations. This difference could change the upper bound of the A'in
considerably.

We also point out that the pion exchange current JC2TT provides the large contribution

in the case of the S, P interaction (e.g. in SUSY), while its contribution is negligible

when the interaction is the V — A type. This is simply due to the partial conservation

of the axial-vector current in QCD. The matrix element of the axial-vector current

between the pion states is proportional to the pion momentum q, which is small. For

the S or P interaction, such an accidental suppression does not happen, and the pion

exchange current contributions are comparable with others.

Conclusions
We have studied the meson-nucleon effective interaction in order to describe the

Ov/3/3 decay in nuclei. We generally construct the effective Lagrangian with the pion

and nucleon, which is divided into three parts, two nucleon contact term, pion-nucleon

Yukawa term and the two pion contact term. We have developed the method to cal-

culate the transition matrix elements using the technique based on the current algebra

which is proved to provide a reasonable description for the non-leptonic weak decay

of hyperons. Our treatment can be applicable to any model that generates the Qvf3/3
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decay. To carry out the realistic calculation of the 0vf3(3 matrix elements in nuclei, all

the processes arising from C,2N-,£N-K
 an<^ £2^ should be consistently taken into account

in any model.
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Using the maximum entropy method, spectral functions of the pseudo-scalar and vector mesons are extracted
from lattice Monte Carlo data of the imaginary time Green's functions. The resonance and continuum structures
as well as the ground state peaks are successfully obtained. Error analysis of the resultant spectral functions is
also given on the basis of the Bayes probability theory.

1. Introduction

The spectral functions (SPFs) of hadrons play
a special role in physical observables in QCD (See
the examples in [1,2]). However, the lattice QCD
simulations so far have difficulties in accessing
the dynamical quantities in the Minkowski space,
because measurements on the lattice can only
be carried out for discrete points in imaginary
time. The analytic continuation from the imagi-
nary time to the real time using the noisy lattice
data is highly non-trivial and is even classified as
an ill-posed problem.

Recently we made a first serious attempt to
extract SPFs of hadrons from lattice QCD data
without making a priori assumptions on the spec-
tral shape [3]. We use the maximum entropy
method (MEM), which has been successfully ap-
plied for similar problems in quantum Monte
Carlo simulations in condensed matter physics,
image reconstruction in crystallography and as-
trophysics, and so forth [4,5]. In this report, we
present the results for the pseudo-scalar (PS) and
vector (V) channels at T = 0 using the continuum
kernel and the lattice kernel of the integral trans-
form. The latter analysis has not been reported
in [3].

2. Basic idea of MEM

The Euclidean correlation function D(T) of an
operator O(T, X) and its spectral decomposition

at zero three-momentum read

D(T) = (1)

where r > 0, w is a real frequency, and A{LS)
is SPF (or sometimes called the image), which
is positive semi-definite. The kernel K(T, LJ) is
proportional to the Fourier transform of a free
boson propagator with mass u>: At T = 0 in the
continuum limit, K = Kam^r, v) = exp(— TUI).

Monte Carlo simulation provides Dfa) on the
discrete set of temporal points 0 < Tj/a < NT.
From this data with statistical noise, we need
to reconstruct the spectral function A{ui) with
continuous variable ui. This is a typical ill-
posed problem, where the number of data is much
smaller than the number of degrees of freedom to
be reconstructed. This makes the standard like-
lihood analysis and its variants inapplicable [6]
unless strong assumptions on the spectral shape
are made. MEM is a method to circumvent this
difficulty through Bayesian statistical inference of
the most probable image together with its relia-
bility [4].

MEM is based on the Bayes' theorem in prob-
ability theory: P[X\Y] = P[Y\X]P[X]/P[Y],
where P[X|y] is the conditional probability of
X given Y. The most probable image A(u>) for
given lattice data D is obtained by maximizing
the conditional probability P[A\DH], where H
summarizes all the definitions and prior knowl-
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edge such as A(<J) > 0. By the Bayes' theorem,

P[A\DH] ex P[D\AH]P[A\H], (2)

where P[D\AH] (P[A\H]) is called the likelihood
function (the prior probability).

For the likelihood function, the standard x2 is
adopted, namely P[D\AH\ = Z^1 exp(-L) with

\ ) - D A ( T t f (3)

ZL is a normalization factor given by ZL =
{2ir)N'2 VdetC with N = Tmax/a - Tmin/a + 1.
D(Ti) is the lattice data averaged over gauge con-
figurations and DA(TJ) is the correlation function
defined by the right hand side of (1). C is an
N x N covariance matrix of the data with N be-
ing the number of temporal points to be used in
the MEM analysis. The lattice data have gener-
ally strong correlations among different T'S, and
it is essential to take into account the off-diagonal
components of C.

Axiomatic construction as well as intuitive
"monkey argument" [7] show that, for positive
distributions such as SPF, the prior probabil-
ity can be written with parameters a and m
as P[A\Ham] = ZJ1 exp(aS). Here S is the
Shannon-Jaynes entropy,

S = (4)

n — m(u;) A(u>) log
A{u>)

m(u!)

Zs is a normalization factor: Zs = J eaST>A. a
is a real and positive parameter and m(ui) is a
real function called the default model.

In the state-of-art MEM [4], the output image
Aout is given by a weighted average over A and
a:

J) P{A\DHam)P\a\DHm] VA da

~ / Aa(u>) P[a\DHm] da. (5)
/

Here Aa(uj) is obtained by maximizing the "free-
energy"

Q = aS - L, (6)

for a given a. Here we assumed that P[A\DHam]
is sharply peaked around Aa(uj). a dictates the
relative weight of the entropy 5 (which tends to
fit A to the default model m) and the likelihood
function L (which tends to fit A to the lattice
data). Note, however, that a appears only in the
intermediate step and is integrated out in the final
result. Our lattice data show that the weight fac-
tor P\a\DHm\, which is calculable using Q [4],
is highly peaked around its maximum a = a.
We have also studied the stability of the Aout(w)
against a reasonable variation of m(ui).

The non-trivial part of the MEM analysis is
to find a global maximum of Q in the functional
space of A(u>), which has typically 750 degrees of
freedom in our case. We have utilized the singular
value decomposition (SVD) of the kernel to define
the search direction in this functional space. The
method works successfully to find the global max-
imum within reasonable iteration steps.

3. MEM with mock data

To check our MEM code and to see the de-
pendence of the MEM image on the quality of
the data, we made the following test using mock
data, (i) We start with an input image Ain(uj) =
ui2pin(Lj) in the p-meson channel which simu-
lates the experimental e+e~ cross section. Then
we calculate Din(T) from Ain(uf) using eq.(l).
(ii) By taking Din(Ti) at TV discrete points and
adding a Gaussian noise, we create a mock data
Dmock(Ti). The variance of the noise C(TJ) is
given by u(Ti) = bx Din(Ti) x Ti/a with a param-
eter b, which controls the noise level [8]. (iii) We
construct the output image Aout(u) = uPpout^)
u s i n g M E M w i t h Dmock{Tmin <n< Tmax) a n d
compare the result with Ain(ui). In this test, we
have assumed that C is diagonal for simplicity.

In Fig.l, we show pin(u>), and pOut(<^) for two
sets of parameters, (I) and (II). As for m, we
choose a form m(w) = moo;2 with mo = 0.027,
which is motivated by the asymptotic behavior
of A in perturbative QCD, A(w » lGeV) =
(l/47T2)(l + as/7r)i<;2. The final result is, however,
insensitive to the variation of m0 even by factor 5
or 1/5. The calculation of A0Ut(uS) has been done
by discretizing the w-space with an equal sepa-
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ration of 10 MeV between adjacent points. This
number is chosen for the reason we shall discuss
below. The comparison of the dashed line (set (I))
and the dash-dotted line (set (II)) shows that in-
creasing Tmax and reducing the noise level b lead
to better SPFs closer to the input SPF.

We have also checked that MEM can nicely re-
produce other forms of the mock SPFs. In par-
ticular, MEM works very well to reproduce not
only the broad structure but also the sharp peaks
close to the delta-function as far as the noise level
is sufficiently small.

2 4
co [GeV]

Figure 1. The solid line is pin{uS). The dashed line
and dash-dotted line are pout{u) obtained with
parameter set (I) a - 0.0847 fm, 1 < r/a < 12,
6 = 0.001 and set (II) a = 0.0847 fm, 1 < r/a <
36, b = 0.0001, respectively.

4. MEM with lattice data

To apply MEM to actual lattice data, quenched
lattice QCD simulations have been done with the
plaquette gluon action and the Wilson quark ac-
tion by the open MILC code with minor modifica-
tions [9]. The lattice size is 203 x 24 with j3 = 6.0,
which corresponds to a = 0.0847 fm (a"1 — 2.33
GeV), KC = 0.1571 [10], and the spatial size of the
lattice Lsa = 1.69 fm. Gauge configurations are
generated by the heat-bath and over-relaxation
algorithms with a ratio 1 : 4. Each configuration

is separated by 1000 sweeps. Hopping parameters
are chosen to be K = 0.153, 0.1545, and 0.1557
with Nconf — 161 for each K. For the quark prop-
agator, the Dirichlet (periodic) boundary condi-
tion is employed for the temporal (spatial) direc-
tion. We have also done the simulation with pe-
riodic boundary condition in the temporal direc-
tion and obtained qualitatively the same results.
To calculate the two-point correlation functions,
we adopt a point-source at x = 0 and a point-sink
averaged over the spatial lattice-points.

We use data at 1 < n/a < 12(24) for the
Dirichlet (periodic) boundary condition in the
temporal direction. To avoid the known patho-
logical behavior of the eigenvalues of C [4], we
take ATcon/ > N.

We define SPFs for the PS and V channels as

so that pps v (u; —> large) approaches a finite
constant as predicted by perturbative QCD. For
the MEM analysis, we need to discretize the UJ-
integration in (1). Since ALJ (the mesh size)
<C l/rmax should be satisfied to suppress the dis-
cretization error, we take Aa; = 10 MeV. Umax
(the upper limit for the u> integration) should be
comparable to the maximum available momen-
tum on the lattice: wmax ~ ft/a ~ 7.3 GeV.
We have checked that larger values of u;max do
not change the result of A(u) substantially, while
smaller values of u)max distort the high energy end
of the spectrum. The dimension of the image to
be reconstructed is Nu = uimax/Aui ~ 750, which
is in fact much larger than the maximum number
of Monte Carlo data N = 25.

In Fig. 2 (a) and (b), we show the reconstructed
images for each K in the case of the Dirichlet
boundary condition. Here we use the continuum
kernel Kcont = exp(—TW) in the Laplace trans-
form. In these figures, we have used m = mou;2

with m0 = 2.0(0.86) for PS (V) channel moti-
vated by the perturbative estimate of TOO (see
eq.(9) and the text below). We have checked
that the result is not sensitive, within the sta-
tistical significance of the image, to the variation
of mo by factor 5 or 1/5. The obtained images
have a common structure: the low-energy peaks
corresponding to ir and p, and the broad struc-
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ture in the high-energy region. From the posi-
tion of the pion peaks in Fig.2(a), we extract
KC = 0.1570(3), which is consistent with 0.1571
[10] determined from the asymptotic behavior of
D(T). The mass of the p-meson in the chiral
limit extracted from the peaks in Fig.2(b) reads
mpa = 0.348(15). This is also consistent with
mpa = 0.331(22) [10] determined by the asymp-
totic behavior. Although our maximum value of
the fitting range Tmax/a = 12 marginally covers
the asymptotic limit in T, we can extract reason-
able masses for IT and p. The width of % and p
in Fig. 2 is an artifact due to the statistical errors
of the lattice data. In fact, in the quenched ap-
proximation, there is no room for the />-meson to
decay into two pions.

As for the second peaks in the PS and V
channels, the error analysis discussed in Fig.4
shows that their spectral "shape" does not have
much statistical significance, although the exis-
tence of the non-vanishing spectral strength is
significant. Under this reservation, we fit the po-
sition of the second peaks and made linear ex-
trapolation to the chiral limit with the results,
m2nd/mp = 1.88(8)(2.44(11)) for the PS (V)
channel. These numbers should be compared
with the experimental values: "V(i3oo)/mp =
1.68, and mp(i450)/mp = 1.90 or mp(1700)/mp =
2.20.

One should remark here that, in the standard
two-mass fit of D(T), the mass of the second res-
onance is highly sensitive to the lower limit of the
fitting range, e.g., m2nd/mp = 2.21(27)(1.58(26))
for Tmin/a = 8(9) in the V channel with /3 = 6.0
[10]. This is because the contamination from the
short distance contributions from r < Tmin is
not under control in such an approach. On the
other hand, MEM does not suffer from this diffi-
culty and can utilize the full information down to
Tmin/a = 1- Therefore, MEM opens a possibil-
ity of systematic study of higher resonances with
lattice QCD data.

As for the third bumps in Fig. 2, the spectral
"shape" is statistically not significant as is dis-
cussed in Fig.4, and they should rather be consid-
ered a part of the perturbative continuum instead
of a single resonance. Fig.2 also shows that SPF
decreases substantially above 6 GeV; MEM au-

10Q

(a) PS channel

(b) V channel

0

Figure 2. Reconstructed image pOut{u) for the PS
(a) and V (b) channels. The solid, dashed, and
dotted lines are for K = 0.1557, 0.1545, and 0.153,
respectively. For the PS (V) channel, m0 is taken
to be 2.0 (0.86). u;max is 7.5 GeV in this figure
and Fig.3.

tomatically detects the existence of the momen-
tum cutoff on the lattice ~ n/a. It is expected
that MEM with the data on finer lattices leads
to larger ultraviolet cut-offs in the spectra. The
height of the asymptotic form of the spectrum at
high energy is estimated as

Pv(w~6GeV) (8)

4TT2 \2KZV

~ 0.86.

The first two factors are the qq continuum ex-
pected from perturbative QCD. The third fac-
tor contains the non-perturbative renormaliza-
tion constant for the lattice composite operator.
We adopt Zv = 0.57 determined from the two-

- 54 -



JAERI-Conf 99-015

point functions at (3 = 6.0 [11] together with
as = 0.21 and K = 0.1557. Our estimate in
eq.(9) is consistent with the high energy part of
the spectrum in Fig.2(b) after averaging over w.
We made a similar estimate for the PS channel
using ZPS = 0.49 [12] and obtained pPS(u ^
6GeV) ~ 2.0. This is also consistent with Fig.
2(a). We note here that an independent analy-
sis of the imaginary time correlation functions [2]
also shows that the lattice data at short distance
is dominated by the perturbative continuum.

In Fig. 3 (a) and (b), the results using the lat-
tice kernel Kiat are shown. Kiat is obtained from
the free boson propagator on the lattice. It re-
duces to Kcont when a —> 0. The other parame-
ters and boundary conditions are the same with
Fig.2(a,b). The difference of Fig.2 and Fig.3 can
be interpreted as a systematic error due to the
finiteness of the lattice spacing a.

(a) PS channel

5. Error analsis

The statistical significance of the reconstructed
image can be studied by the following procedure
[4], Assuming that P[A\DHam\ has a Gaussian
distribution around the most probable image A,
we estimate the error by the covariance of the
image, -({SASAQ)'1)A=A; where 6A is a func-
tional derivative and {•) is an average over a given
energy interval. The final error for Aout is ob-
tained by averaging the covariance over a with
a weight factor P[a\DHm}. Shown in Fig.4 is
the MEM image in the V channel for K = 0.1557
with errors obtained in the above procedure. The
height of each horizontal bar is (pout{v)) in each
ui interval. The vertical bar indicates the error of
(pout(u)}. The small error for the lowest peak in
Fig. 4 supports our identification of the peak with
p. Although the existence of the non-vanishing
spectral strength of the 2nd peak and 3rd bump
is statistically significant, their spectral "shape"
is either marginal or insignificant. Lattice data
with better quality are called for to obtain better
SPFs.

2 4 6
co[GeV]

Figure 3. Same with Fig. 2 except for the use of
the lattice kernel Kiat-

2 4
co [GeV]

Figure 4. pout(<^) in the V channel for K = 0.1557
with error attached.
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6. Summary

We have made a first serious attempt to recon-
struct SPFs of hadrons from lattice QCD data.
We have used MEM, which allows us to study
SPFs without making a priori assumption on the
spectral shape. The method works well for the
mock data and actual lattice data. MEM pro-
duces resonance and continuum-like structures in
addition to the ground state peaks. The statisti-
cal significance of the image can be also analyzed.
Better data with finer and larger lattice will pro-
duce better images with smaller errors, and our
study is a first attempt towards this goal.

There are many problems which can be ex-
plored by MEM combined with lattice QCD data.
Some of the applications in the baryon excited
states, hadrons at finite temperature, and heavy
quark systems will be reported in future publica-
tions [13].

We appreciate MILC collaboration for then-
open codes for lattice QCD simulations, which
has enabled this research. Our simulation
was carried out on a Hitachi SR2201 paral-
lel computer at Japan Atomic Energy Research
Institute. M. A. (T. H.) was partly sup-
ported by Grant-in-Aid for Scientific Research
No. 10740112 (No. 10874042) of the Japanese
Ministry of Education, Science, and Culture.
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13. Precise Measurement of

n % v Decay at 50-GeV PS

Takao INAGAKI
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1-1 Oho, Tsukuba, Ibaraki 305-0801, Japan

Abstract

The KL—- K ° v v decay is one of the processes whose experimental studies

will have to be performed at the 50-GeV proton synchrotron (PS) of the Joint

Project. The decay is a CP-violating process purely through A S=l

transition with little having a theoretical ambiguity due to QCD corrections.

The precise measurement of the branching ratio of KL-* i % v decay will

provide a clean determination of a basic parameter in the present particle-

physics. A uniquely important chance will open to look for new-physics and

to understand the CP-violation phenomena profoundly. After a kind of

pilot experiment at the present KEK 12-GeV PS, a high sensitivity

experiment is planned at the 50-GeV PS.
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14. Quark Nuclear Physics at JHF

H. Toki

1 Research Center for Nuclear Physics(RCNP), Osaka University

Ibaraki, Osaka 567-0047, Japan

Abstract

We discuss the research fields to be studied by the Japan Hadron Facility being

planned in the site of JAERI as a joint project with Neutron Science Project. We

would expect to reveal the most microscopic structure of matter using the intensity

frontier proton machine. In particular, we would like to develope Quark Nuclear

Physics to describe hadrons and nuclei in terms of quarks and gluons.

1 Introduction

The accelerator parameters of the JHF machine complex are Ep < 50GeV and the

intensity of Ip < 15(iA. This high intensity frontier machine could produce as the

secondary beams; pion, kaon, muon, neutrino and even heavy ions in addition to the

primary proton. Hence, the possibilities of interesting physics program are great and in

such a case a good idea is most welcome.

In fact, there are many programs being discussed with JHF. They are neutrino mix-

ing, kaon rare decay, color transparency, hypernuclei, lepton flavor mixing, kaonic atom,

meson spectroscopy, baryon spectroscopy, heavy ion collision and so on. These subjects

could be discussed in terms of the hadron- meson degrees of freedom. At the same time,

it is possible to discuss in terms of the quark-gluon degrees of freedom.

Hence, the JHF project would reveal the structure of the microscopic matter in terms

of the most fundamental particles with the intensity frontier machine.

We would like to discuss what are the frontier projects to be performed with the JHF

accelerator complex. Particularly, we would like to emphasize the interesting research

field to be performed with the JHF machine as Quark Nuclear Physics.
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2 Quark Nuclear Physics

Quark Nuclear Physics (QNP) is the research field of describing hadrons and nuclei in

terms of quarks and gluons. Here, confinement and chiral symmetry breaking are the

most essential phenomena for QNP. QCD is supposed to provide the dynamics of quarks

and gluons. In fact, QCD is able to describe the above essential phenomena using the

lattice QCD. On the other hand, the perturbative description of QCD provides the high

momentum phenomena.

Although this is the case, we would like to develope the basic picture of QNP. We

should understand why various interesting phenomena happen. This is very important

for the motivation of development of various kinds of physics related with quarks and

gluons. For nuclear physics, it was the shell model, which changed the situation of

physics associated with nucleus completely. Suppose we want to describe a nucleus with

about 100 nucleons. Such a system was impossilbe to solve. However, once physicists

noticed the magic number and the important degrees of freedom for the description of

the excitation spectra as those nucleons in the valence orbits, they were able to describe

nuclear excitations, which are caused by about 100 particles. The shell model played a

key role for the developement of nuclear physics.

What is the basic picture (model) then for QNP? There are various candidates; Dual

Ginzburg-Landau (DGL) theory, Instanton model, QCD sum rule, \jqA model and so

on. All these models have some truth in describing the low energy observables. Here we

shall focus on the DGL theory, which has been studied in various directions. The DGL

theory is demonstrated to describe both confinement and chiral symmetry breaking and

at the same time has a strong connection to QCD.

3 Dual Ginzburg-Landau Theory

The DGL theory is based on the assumption that our vacuum is in the superconductor

like state; dual superconductor. In the superconductor, the magnetic field H is disliked

by the superconducting matter due to the Meissner effect. Hence, if the magnetic field is

stronger than the critical amount, and the superconductor is the second-kind, then the

magnetic field does not spread over the matter, but rather is confined in a vortex like
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Figure 1: The schemtic view of quark confinement.

configuration as shown in Fig.l. We assume that our vacuum does not like the (color)

electric field. Hence, when a quark and an anti-quark are placed in the dual super-

conductor, the color electric field produced by the quark cannot spread over the space

but rather flows into the anti-quark in the vortex like configuration without disturbing

much the dual superconductor. This property causes confinement of quarks, since quarks

cannot exist alone but need a partner.

This dual superconductor picture is very attractive. However, there should be two

important ingredients in this picture. One is the abelian dominance and the other is

the color monopole. On the other hand, the fundamental theory of strong interaction,

QCD, is a non-abelian gauge theory. QCD has non-abelian gluons and does not have

color monopoles.

A miracle happens in QCD by the choice of a special gauge, 't Hooft is the one who

introduced the abelian gauge by fixing the gauge of the non-abelian gluons and showed

that in this case there appear color monopoles[l]. The lattice QCD demonstrates the

appearance of monopoles and the signature of their condensation as the appearance of

long and complicated monopole trajectries in the abelian gauge. The abelian dominance

needs the study of the correlations of charged gluons and those of the non-charged gluons

(abelian gluons) in the abeilan gauge. The recent lattice QCD calculations showed that

the correlation length is very short for the charged gluons, while it is large for the abelian

gluons in the maximally abelian (MA) gauge[2]. These facts indicate that the picture of

quark confinement in terms of the dual-superconductor could have support from QCD.

This consideration then provides the effective lagrangian, where the color monopole

couples with dual gluon fields and the quarks interact with abelian gluons. The Higgs
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term provides condensation of color monopoles. The resulting lagrangain has a similar-

ity to the Ginzburg-Landau theory and hence the name dual Ginzburg-Landau theory

(DGL) is used for this model[3, 4].

The DGL theory provides clear predictions as

1. There should appear color monopole glueball around 1.5GeV. This is a Higgs particle

of strong interaction.

2. The string tention for gluons is 3 times more than that for quark-antiquark string

tention due to the abelian property of the long range physics.

3. We get the probabilities of hadronization with respect to the quark masses.

4. Various others.

4 Photon-nucleon collision

I first discuss the case of real photon in order to learn the nature at intermediate and

high energies. What happens when a GeV photon collides with a nucleon? My favorite

figures show the total cross sections for vastly different systems being plotted as functions

of the squar root s; y/s. All the cross sections could be described with just two energy

dependent terms;

a = As0'08 + Bs~0A5 (1)

It is amazing to see that the photon-proton cross section also follows the same s de-

pendence. This fact convinces the importance of the virtual vector mesons in photon

beam.

These two s dependence is described in terms of two Regge trajectories, one is made

of vector mesons constituted with quarks and the other made of glueballs of gluons.

The slope of the vector mesons is well known from the meson spectra. This information

provides the string tention between quark and anti-quark. On the other hand, we do

not know the glueball states at all. Hence, the determination of the glueball states is

important to get the regge slope and hence the string tention between gluons.

GeV photons may provide this information by studying carefully the s dependence

and the t dependence. In particular, if we observe (f> meson, which consists mainly of

s quarks, we can emphasize the gluon exchange process due to the OZI suppression
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/

\

q

Figure 2: The simplest diagram of the glueball coupling to quark.

of the mesons made of quarks. The precise measurement of the t dependence should

provide the slope of the glueball trajectory. It would be nice then to extract the string

tention from this information. In addition, we can predict the position of the 2+ glueball

state. In addition, the energy dependence of the phi production around 2GeV may have

contributions of the 0+ glueball[5].

There is an interesting candidate for the 0+ glueball at 1500MeV identified as

/o(1500). The glueball filter being discussed in PLB is a possible argument for this

state to be a glueball. However, the decay of /o(1500) is not flavor blind and the iden-

tification of this state to a glueball is in quesion. Recently, Koma et al. calculate the

decay vertex of the glueball, the Higgs particle of the strong interaction to lead to quark

confinement, and find that the glueball-quark coupling is not flavor blind. This is be-

cause the glueball of the DGL theory couples first to the dual gluon field and then couple

to the gluon, which couple to quark. The simplest diagram of the glueball coupling to

quark is shown in Fig.2. The results will be published soon[6].

It would be very important to search for glueballs with the intensity frontier machine.

The use of various flavor beams should be used with screening purpose for the important

glueball search with the JHF beams.

5 Baryon Spectra

Let us look now at the baryon spectrum. The baryon spectrum, which includes all

the known SU(3) baryons, seems to show no regularity in the spectrum. The ground

state baryons have been studied by Gell-Mann and Okubo. The Gell-Mann-Okubo mass

formula provided the existence of the SU(3) quarks, which leads to the quark model.
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It would be then very interesting to measure the excited states with respect to these

ground states. This is done in Fig.3. Those states without the corresponding ground

state baryons are shifted downward by 200MeV to consider the spin effect, which is seen

as the mass difference between £(1189) and £(1385). Surprisingly the spectra show very

good systematics as seen in Fig.3.
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Figure 3: SU(3) flavor baryon spectra for even parity states (upper) and

odd parity states (lower). The dashed lines with the angular momentum

L are the predictions of the DOQ model[7].

These simple spectra indicate rather a simple dynamics is acting for the excitation

of quarks. In fact, when we take a deformed oscillator quark model, we find the ground

state is sphenical and the first and the second excited state are deformed. Once a state is

deformed, there should appear a rotational band on top of the intrinsic deformed state.

This was demonstrated by Hosaka et al.[7] and the results are indicated by dashed lines
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in Fig.3.

If the baryon spectra are determined by the quark confinement dynamics, we need

further experimental data. There are many states being missed in the systematics in

Fig.4. On top, it is important to study the decay properties of these states to identify

if they belong to some band or to another band. The electro-magnetic transitions are

important in this respect.

6 Hadronization and Spin Polarization

When the struck quark with another quark try to leave out from the nucleon, a color

vortex is formed between the struck quark and the remaining diquark. The pair creation,

which could be qq or q2q2, may lead to hadronization. When a antiquark or diquark try

to form a hadron with the leading quark, these quarks are subject to be pulled from each

other. This confining force could be the source of spin-polarization. At the same time,

it is very important to learn how this hadronization takes place by slowly varying the

proton energy at JHF.

This mechanism has been discussed phenomenologically by DeGrand and Miettinen

[8] and formulated by using the scalar confining force by Yamamoto et al. [9] for the

case of high energy hadron-hadron collisions. They have shown clearly the appearance

of the spin polarization in accordance with the experimental spin observables.

The same mechnism is supposed to be responsible for spin polarization in the electron

induced reaction. In fact, Suzuki et al. demonstrate some polarization to occur in the

gamma induced production of A and £[10].

7 Conclusion

The JHF is the exciting accelerator complex to perform important experiments to extract

fundamental informations of the subatomic world.

We can learn

1. Hadronization, which is very important by itself and as applications for Big-bang and

RHIC physics.

2. Baryon, Meson spectroscopy

- 67 -



JAERI-Conf 99-015

3. Glueball spectroscopy

4. Hadron polarization phenomena

We would like to mention at this place that QNP is a very special research field. Gen-

erally, experiments and/or observations provide motivations to develope theories/models

to describe the phenomena. Theories then predict new experiments, which check the va-

lidity of the theories. In this way we can find the true picture of the phenomena. In

QNP in addition to this excersize, we have QCD which tells which theory is correct.

Hence, QNP provides an unique oppotunity for us to understand the microscopic world

from the most fundamental theory from first principle.

We would like to mention at this place then how we construct nuclei in QNP. The

quark and gluon degrees of freedom are used explicitely to describe hadrons; masses, sizes

and their interactions. We use these informations as inputs to meson-baryon many body

lagrangains as the chiral unitary model due to the strong residual interactions caused by

the Goldstone bosons as pions and kaons. The meson-baryon dynamics should provide

the baryon-baryon interactions, which are then used for the inputs of the nuclear many

body scheme as the Brueckner-Hartree-Fock theory. Using nucleons as the fundamental

degrees of freedom, we would like to describe nuclei and hypernculei and even stars and

supernova.

H.T. wants to express his sincere thanks to the organizers of this conference at JAERI

and at KEK. This meeting was truly an exciting meeting to reveal the important and

exciting physics to be performed at JHF.
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15. Light Unstable Nuclei in the Continuum
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Abstract

It is discussed that the complex scaling method is one of the most available frameworks to
solve many body resonances. As the recent developments of the complex scaling method, we
present several ways to analyse the properties of resonant states; the matrix elements associ-
ated with resonant states, the extended completeness relation and partial widths of resonances.
We also show the discusions on the binding mechanism and excited resonant structure of the
Borromean systems 4He+n+n and 9Li+n+n. It is shown that the pairing correlation between
valence neutrons and among core neutrons plays an important role in neutron-rich nuclei.
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Figure 4: Effective 9Li-n potentials and the
Pauli-blocking potentials for s-, p- and d-
wave neutrons.
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Figure 5: Energy levels of 10Li.

, 9Li
sc) fci , Bohlen

(Fig. 5)0

(virtual resonance)
: cc) as
(D 1+ joiU? 2+ (7)

4He+n+n ^

, Li-T-f y h - , 9Li

References

[1] I. Tanihata, Nuc. Phys. A488 (1988), 113c.

[2] J. Aguilar and J.M. Combes, Commun. Math. Phys. 22 (1971), 269. E. Balslev and
J.M.Combes, Commun. Math. Phys.22 (1971), 280.

[3] K. Kato, T. Myo, S. Aoyama, K. Ikeda, 52 # 2 -^ 111.

- 74 -



JAERI-Conf 99-015

[4] M. Homma, T. Myo and K. Kato, Prog. Theor. Phys. 97 (1997), 561.

[5] T. Myo, A. Ohnishi and K. Kato, Prog. Theor. Phys. 99 (1998), 801.

[6] H. Masui, S. Aoyama, T. Myo and K. Kato, inpress, Prog. Theor. Phys.

[7] S. Aoyama, S. Mukai, K. Kato and K. Ikeda, Prog. Theor. Phys. 93 (1995), 99; 94, (1995), 343.

[8] J. Janecke et al, Phys. Rev. C54 (1996), 1070.

[9] H. G. Bohlen et al, Z. Phys. 344 (1993), 381.

[10] B. Gyarmati and T. Vertse, Nucl. Phys. A160 (1971), 523.

[11] J. Humblet and L. Rosenfeld, Nucl. Phys. 26 (1961), 529; L. Rosefeld, Nucl. Phys. 26 (1961),
594
J. Humblet, Nucl. Phys. A151 (1971), 225; A187 (1972), 65.

[12] S.A.Sofianos and S.A.Rakityansky, J. Phys. A: Math. Gen. 30 (1997), 3725; ibid., 31 (1998),
5149.

[13] N. Moiseyev and U. Peskin, Phys. Rev. A42 (1990)255.

[14] Y. Suzuki and K. Ikeda, Phys. Rev. C38 (1988),410.

[15] K. Ikeda, Nucl. Phys. A538 (1992), 355c.

[16] H. Kanada, T. Kaneko, S. Nagata and M. Nomoto, Prog. Theor. Phys. 61 (1979), 1327.

[17] D. R. Thompson, M. LeMere and Y. C. Tang, Nucl. Phys. A286 (1977), 53.

[18] A. Csoto, Phys. Rev. C48 (1993), 165.

[19] K. Arai, Y. Suzuki and R. G. Lovas, Phys. Rev. C59 (1999), 1432.

[20] Y. Tosaka and Y. Suzuki, Nucl. Phys. A512 (1990), 46.

[21] Y. Tosaka, Y. Suzuki and K. Ikeda, Prog. Theor. Phys. 83 (1990), 1140.

[22] K. Kato and K. Ikeda, Prog. Theor. Phys. 89 (1993), 623.

[23] K. H. Wilcox et al, Phys. Lett. B59 (1975), 142.

[24] S. Mukai, S. Aoyama, K. Kato and K. Ikeda, Prog. Theor. Phys. 99 (1998), 381.

[25] K. Kato T. Yamada and K. Ikeda, Prog. Theor. Phys. 101 (1999), 119.

[26] I. J. Thompson and M. V. Zhukov, Phys. Rev. C49 (1994), 1904.

[27] H. Sagawa, B.A. Brown and H. Esbensen, Phys. Rev. Lett. B309 (1993), 1.

[28] H. Esbensen, B.A. Brown and H. Sagawa, Phys. Rev. C51 (1995), 1274.

- 75 -



JP0050286
JAERI-Conf 99-015

16. Theory of Synthesis of Superheavy Elements
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Abstract. The dynamical process of synthesizing superheavy elements is studied on the basis of the
fluctuation-dissipation dynamics. A three-dimensional Langevin equation is used for the formation
process of the superheavy compound nuclei in the spherical region. For the description of the surviving
process, a one-dimensional Smoluchowski equation is adopted taking into account the temperature
dependent shell correction energy and the competition between fission and neutron evaporations are
described with the statistical model. Owing to the smaller hindrance for fusion, the fusion probability
is larger for more asymmetric incident channels. On the other hand, such combinations lead the
compound system to the relatively high excitation energy, comparing with when one uses the symmetric
channel. In view of the Q-value of the reaction, the use of magic nuclei as target and projectile is
preferable. The maximum residue cross section is obtained around the Bass barrier energy for the case
of hot fusion reaction. The results show the importance of the use of neutron-rich beams and targets.

I INTRODUCTION

The superheavy elements were predicted to exist quasi-stably many years ago, based on our knowledge of
the stability of nuclear systems, i.e., an additional stability due to the shell effect [1]. Theoretical studies
on a center of the stability are still going on, in more and more refined ways [2]. But on the other hand,
reaction theory for how to reach there is still missing, though the refined statistical studies have been made
for the decay processes, assuming fusion cross sections. The systematic experiments performed empirically
at GSI with the great efforts succeeded in synthesizing the elements up to with Z=112 [3]. They employed
208Pb or 209Bi as the target and found very narrow energy window for residues cross section peaks at sub
barrier region in most cases [4]. The excitation energies of the compound nuclei formed are very small, so
the reactions are called as "cold fusion". This is quite natural, for the purpose of obtaining larger survival
probabilities. As is known well, excited nuclei have large fission decay widths, larger than neutron emission
ones in heavier elements.

Recently, Dubna group has found events which are expected to be a signature for a synthesis of the
element Z=114 with the collisions of 48Ca + 244Pu [5]. Subsequently, Berkeley group has reported that they
have observed events for the element Z=118 with 86Kr + 208Pb [6]. Although there are many things to do
experimentally for the confirmation, these experimental findings appear to open a new era for the synthesis
of the superheavy elements.

We have been developing the theory [7] which should describe the whole process starting from a contact of
incident ions, through an evolution of the excited composite system, and finally to fission with an extremely
small probability for residues to be left for the superheavy elements. In the present talks, we briefly review
the theory and give some recent results.

II THE REACTION PROCESSES

For the sake of simplicity, we discuss the whole process in two parts; formation of the compound nuclei
and its decay, which follows the idea of the compound nucleus theory of reactions. Of course, in such heavy
systems, it is not clear whether the theory is still valid or not.

Firstly, in decay process, the survival probability Tn/Tf should be maximized to obtain large residue cross
sections. Since the fissility parameter of the superheavy elements is nearly equal to unity, the F/ is very
large, then the survival probability is extremely small. Only the shell correction pocket gives rise to a quasi-
stability against fission. Therefore, excitation energies of the compound nuclei formed are desired to be as low
as possible, otherwise, the shell would be destroyed and thereby the stability by the shell correction energy
would disappear. Of course, if we can synthesize extremely neutron-rich compound nuclei, a rapid cooling
due to instantaneous neutron evaporations is helpful for a quick restoration of the shell correction energies.
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In order to obtain compound nuclei in low excitation, we have to find projectile-target combinations whose
interaction barrier top corresponds to low excitation energy of the compound nuclei, taking into account
reaction Q-values. It is easy to find out such combinations, by extrapolating the systematic studies of
fusion barrier or interaction barrier in lighter systems. In most cases, there are two regions of favorable
combinations. For example, in the case of the compound nucleus Z=118 and 7V=176, one is around 86Kr
+ 208Pb, and the other is around 136Xe + 158Gd. They are related with N=50 and 82 closed shells in the
projectiles, respectively. Actually, the former combination is that of Berkeley group's experiment. Such an
argument, however, is not enough. There are dynamical effects in fusion process.

Secondly, in fusion process, it is well known that there exists the fusion hindrance in massive systems,
which is described by the extra-push and the extra-extra-push energies [8]. This hindrance is considered to
be due to the strong Coulomb repulsion as well as the strong energy dissipation into intrinsic motions of
nucleons. The former requires a careful calculation of the potential energy surface in many degrees of freedom
of the shape of the composite system, while the latter does the employment of Langevin or Kramers equation
for the collective, i.e., the shape degrees of freedom. This is already well known in describing dynamically
fission process of excited nuclei [10], which is required by the anomalous pre-scission neutron, gamma-ray
multiplicities etc. Therefore, any combination of projectile and target around the above two regions is
expected to suffer the hindrance, which means that much more energies than the barrier height would be
required for the system to fuse. It is well known that the hindrance starts apparent at Z\Z2 ~ 1800 [9].
Therefore, we can avoid the hindrance by using lighter projectiles such as Dubna group's system. Naturally,
excitation energies of the compound nuclei formed are relatively high, so they are called as "hot fusion",
though it is not "hot".

Now, it is clear that in order to know optimum systems and optimum incident energies, we have to take
into account the whole process, formation and decay, and to calculate residue cross sections by making
products of the two factors over the promising systems. In the theory we are proposing, the evolutions of a
composite system consisting of a projectile and a target in contact are described by the multi-dimensional
Langevin equation, which accommodates all the possible processes not only into compact compound nucleus,
but also into the reseparation corresponding to the so-called deep-inelastic collision and quasi-fission [11].
As for the decay of the compound nucleus, the dynamical evolution of fissioning motion is described by
one-dimensional Smoluchowski equation which is a simplified version of Kramers equation and is valid for
strong friction (energy dissipation) cases. Of course, neutron evaporations are taken into account, which
give rise to a cooling and then to a time-dependent restoration of the shell correction pocket in the potential
energy surface for the fissioning motion.

Ill THREE-DIMENSIONAL MODEL

We calculate the probability of the formation of spherical compound nucleus after the sticking of the target
and projectile nuclei by the Langevin approach. The method of calculating the formation cross section with
the Langevin equation is found in Ref. 12. When the incident energy is below the Bass barrier height [13], the
barrier penetration probability is estimated in WKB approximation. After the formation of the spherical
compound nuclei, a one-dimensional Smoluchowski equation is used along the symmetric fission path to
estimate the survival probability including the temperature dependent shell correction energy.

We adopt the three-dimensional nuclear deformation space with the two-center parametrization [14]. The
neck parameter e is fixed to 1.0 in the present calculation, deformation parameters Ji and <52 of the colliding
nuclei are taken to be equal, i.e., <5i = 62 = 6. The collective coordinates are ZQ (distance between two
potential centers), S, and the mass-asymmetry a; a = (Ai - A2)/{Ai + A2), where Ai and A2 denote the
mass numbers of the target and the projectile, respectively.

The multi-dimensional Langevin equation is given in the following form,

lij^hkP* + *&&> (i)

where V is the potential energy, m^ and 7^ are the shape-dependent collective inertia and dissipation
tensors, respectively. The normalized random force Ri(t), is assumed to be a white noise, i.e., (Ri(t)) = 0
and (Ri(ti)Rj(t2)} = 26ijS(t\ — ^)- The strength of the random force gij is given by jijT = gik9jk, where
T is the temperature of the compound nucleus. The potential is calculated as the sum of a generalized
surface energy, Coulomb er.ergy, and the centrifugal energy with the moment of inertia of the rigid body.
Hydrodynamical inertia tcr:sor is adopted with the Werner-Wheeler approximation for the velocity field, and
the wall-and-window one-body dissipation [15] is adopted for the dissipation tensor. At t=0, each trajectory
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denote the corresponding Bass barrier energies.

starts from ZO=1.6RQ and <5=0 corresponding to the contact configuration with the initial velocity in the z0
direction, where RQ denotes the radius of the spherical compound nucleus.

In the surviving process, the evolution of the probability distribution P(q, I; t) in the collective coordinate
space is described with the Smoluchowski equation starting from the equilibrium shape,

(2)

The angular momentum of the system is expressed by I. The temperature dependent shell correction energy
is added to the macroscopic potential energy,

V(q,l;t) = VmaCTO(q,l) (3)

where Vmacro is the same as that used in the previous stage and Vsheii is the shell correction energy at T = 0.
The temperature dependent factor $(t) is parametrized as $(t) = exp (—aT2(t)IEd), following the work by
Ignatyuk et al. [16]. The shell-damping energy Ed is chosen as 20 MeV. The compound nucleus is cooled
down through particle evaporations, which is expressed in terms of the cooling curve T(t) [17]. The process
of calculating the evaporation cross section can be found in Ref. 7.

IV PRELIMINARY RESULTS

In our model space, there are two paths for the fusion reaction. One is essentially the reverse process
of fission; two nuclei form a deformed mononuclear system and it changes its shape into a sphere along z0
coordinate. The other is the path through the Bussinaro-Gallone saddle point along a coordinate. Except
for a very asymmetric case, the latter process has only a very small contribution.

The formation probability becomes larger for more mass-asymmetric case. However, at the same time,
the excitation energy that corresponds to the Bass barrier incident energy becomes higher due to smaller
Q-value. The survival probability against fission strongly depends on the excitation energy of the compound
system. When the neutron separation energy is not small enough, the survival probability decreases very
rapidly with the excitation energy.

Figure 1 shows the calculated evaporation residue cross section with various incident channels forming the
element Z = 114 with 7V=184 and N = 176. Five values of the mass-asymmetry parameter a are taken; a
= 0.70, 0.65, 0.60, 0.55, and 0.50. In the figure, arrows denote the corresponding Bass barrier energies. In
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the case of a = 0.70, the formation probability is about 20% and it is of the order of 10~4 for a = 0.50. It is
seen that the lines are divided into two groups according to their neutron numbers. For N = 184 (̂ 4 = 298),
since the decrease of the survival probability with the excitation energy is small, strongly mass-asymmetric
channels which have large formation probability have larger cross section. On the other hand, for N — 176
(A = 290), since the survival probability decreases rapidly, the resulting evaporation residue cross section is
very small and less mass-asymmetric channels have larger cross section.

In Fig. 2, the excitation function of a^v *S shown f°r f°u r channels that can be studied experimentally,
258Fm+32Si ) 244pu+48Cai 2 3 8 ^ 5 2 ^ & n d 234T h +56C r A m Q n g ^ ^ t h e 244pu +48C a c h a n n e l h a s b e e n

studied in FLNR, Dubna. It is seen that the cross section has a sharp peak around the Bass barrier energy
and the maximum value becomes larger for more neutron-rich system. The absolute value of the cross section
depends on the values of the parameters, which have not been thoroughly examined yet.

V REMARKS

The fluctuation-dissipation dynamics in the deformation parameter space is shown to be a necessary and
an appropriate way to describe the fusion-fission process in heavy mass region. We use the multi-dimensional
Langevin equation for the formation process and the Smoluchowski equation for the surviving process taking
into account the particle evaporations and the temperature dependent shell correction energy. We apply
this approach for the synthesis of superheavy elements and estimated the evaporation residue cross sections
starting from the contact of two colliding nuclei. The process before the touching of the projectile and the
target is to be studied. We only included the barrier-penetration effect within WKB approximation when
the incident energy is lower than the Bass barrier. Other effects like the excitation during the approaching
phase is not yet taken into account.

It is shown that the strongly asymmetric channel results in large formation probability, but it results in high
excitation energy at the Bass barrier energy. Since the survival probability strongly depends on the neutron
separation energy of the compound system, the use of the neutron-rich beam and target is highly desirable.
The maximum cross section is expected around the Bass barrier energy for "hot-fusion" reaction. For the
"cold-fusion" reaction channels, the statistical treatment is necessary to treat the competition between the
fission and the neutron evaporation, because of the low excitation energy and the long life time of the neutron
evaporation. This is now under progress.
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Abstract: Evaporation residues produced in the fusion reactions of e064Ni on 154Sm and 76Ge on 150Nd were measured

near Coulomb barrier energy by using JAERI-RMS. It was found that the fusion probability depends on the orientation

of the deformed targets. When the projectiles collide at the tip of the deformed nuclei, the fusion probability is

considerably reduced to the amount of 1/100 -1/1000 of the predictions. On the other hand, when the projectiles collide

at the side of the deformed nuclei, the fusion occurs without any hindrance. This phenomenon was understood

qualitatively by comparing the distance between mass centers of two colliding nuclei at the touching configuration with

the position of the saddle point of the compound nucleus. When the distance is longer than the saddle position, the

fusion is hindered and an extra-exira push energy is needed to evolve into the formation of the compound nucleus.
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18. Deeply Bound Pionic States
and

Modifications of Hadrons

S. Hirenzaki
Department of Physics, Nara Women's University, Nara 630-8506, Japan

Abstract
We have studied the structure and formation of mesic atoms and mesic

nuclei theoretically. The latest results on the deeply bound pionic atoms,
the kaonic atoms and the sigma states are reported.

1 Deeply Bound Pionic Atoms
Pionic atoms are ones of the most interesting objects to study the behavior of the
real pion in the nuclear medium. Especially, deeply bound pionic atoms, which
can not be observed by the pionic x-ray spectroscopy, were expected to provide
precise information on pion-nucleus interaction and/or pion effective mass in
the nucleus. Theoretical investigations indicated that the deeply bound states
were expected to be quasi-stable due to the repulsive s-wave interaction and to
be observed by suitable reactions [1, 2]. Guided by the theoretical prediction,
the (d,3He) reaction on the 208Pb target was performed at GSI and the pionic
2p state in Pb was observed successfully [3, 4]

Since the deepest Is state was observed only as a skewed shape of the domi-
nant peak due to the pionic 2p state formation, we tried to find better candidates
theoretically to obtain clear signals of the pionic Is state formation. We have
concluded that the Is state could be observed as a distinct peak structure in
the 206Pb(d,3He) reaction because of the absence of the contributions from the
Pi/2 neutron hole [5]. Very recently, the Is state was observed experimentally,
and the preliminary result was reported in PANIC99 [6].

The observed peak structure of Is pionic state in the 206Pb(d,3He) reaction,
however, comprises 2 subcomponents [5], namely [(Is)* ®{p3/2)n *] a nd [(Is)*®
(/5/2)n *]• Uncertainties of the relative strength of these contributions will cause
the systematic errors of the deduced binding energy and width of the Is state.

In order to observe the deeply bound pionic Is state as a clear peak which
comprises only one component, we investigated theoretically the (d,3He) reac-
tion on the nucleus with S\/2 neutron state in the valence orbit, such as Sn,
Cd, Xe isotopes, at T<j=500 MeV, where the momentum transfer is almost zero
[7]. We found that the [(ls)i ® («i/2)n1] configuration provides a dominant
contribution and makes the largest peak in the spectrum. We expect to ob-
tain the information of the deeply bound Is pionic state very precisely from the
116Sn(d,3He) reaction at ̂ =500 MeV. It is possible to perform this experiment
at GSI [8].
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2 Kaonic Atoms in a Chiral Unitary Model
We study kaonic atoms over the periodic table using a kaon selfenergy in the
nuclear medium derived using a SU(3) chiral unitary model [9]. This model is
quite successful in reproducing the scattering amplitude of meson-meson and
the strangeness S=-l meson-baryon reactions. In particular the properties of
the A(1405) resonance are well reproduced [10]. In the nuclear medium, the
properties of this resonance are appreciably modified, and consequently leads
to an attractive kaon nucleus selfenergy for densities higher than po/10. With
this interaction we are able to reproduce shifts and widths of kaonic atoms over
the periodic table [11].

We also investigate the region of deeply bound kaonic nuclear states which
appear with very large widths in medium and heavy nuclei. At present it is
known that a few kinds of kaon-nucleus optical potentials can reproduce the
kaonic atom data well. Thus, it is desirable to observe the deeper bound states
for getting further experimental information. Some of the deep atomic states,
still unobserved, appear with narrower widths than the level distance, which
makes them eligible for experimental observation. To such aim we make some
estimates of the rates of formation in the (K~ ,7) reaction [11].

3 Mesic nuclei
Mesic nuclei, which are meson-nucleus bound states only with the strong inter-
action, will provide important information on meson properties in the nuclear
medium. These properties have some relations to the chiral symmetry restora-
tion of QCD vacuum in the nuclear medium. In this context, an experiment
to search for bound nuclear states of r\ and LO mesons with the (d,3He) transfer
reaction was proposed based on the theoretical predictions [13].

The partial restoration of chiral symmetry implies (1) partial degeneracy of
the scalar-isoscalar particle (a meson) with the pion, and (2) decrease of the
decay width of cr —* TTTT due to the phase space suppression caused by (1). Thus,
we may have a chance to observe the cr meson as a sharp resonance in the nuclear
medium, thereby get an evidence of partial chiral restoration in nuclei [14].

We consider the a meson embedded in nuclear matter based on the SU(2)
linear cr-model and calculate the one-loop corrections to the self-energy for <r
[15], which is used to investigate the cr eigenstates in finite nuclei. We find that
there exist bound states of cr in nuclei in certain parameter range since the real
part of the self-energy provides the strong attractive potential. Strikingly, even
the eigenstates with the total energy below the 2TT threshold may be formed in
which the the a cannot decay into irir [16].

4 Summary
We have studied structure and formation of the mesic atoms and mesic nuclei,
which are very interesting objects to observe meson properties at finite nuclear
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densities. Recent discovery of the deeply bound pionic atoms proved that it is
really possible to extend our research to deeper bound states, where we can see
the medium effects clearly. In this paper, we have summarized current activities
of meson-nucleus bound states research.
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Kaonic nuclei excited by the (K~, N) reaction
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9 £ 28 0

We show that kaonic nuclei can be produced by the (K , p) and (K , n) reactions. The
reactions are shown to have cross sections experimentally measurable. The observation of
the kaonic nuclei gives a kaon-nucleus potential which answers the question on the existence
of kaon condensation in dense nuclear matter especially neutron stars.

The kaon-nucleon interaction at low energy region is particularly important nowadays because
of the current interrest in the dense nuclear matter in neutron stars where so-called kaon con-
densed state may be achieved by a strong attractive interaction [1, 2]. The existence of the kaon
condensed state softens the equation of state (EOS) of nuclear matter in the neutron stars and
reduces their calculated maximum mass above which the neutron stars become black holes. The
observed mass distribution of the neutron stars agrees with the calculation with this softening
[3]. The introduction of strange hyperons in the EOS gives a similar softening. Strangeness is
essential in both cases although quantitative understanding of the EOS requires a knowledge of
both the kaon-nucleon- and hyperon-nucleon interactions at high density [4]. The kaon-nucleon
interaction, in particular, is known quite poorly experimentally.

Recently, effective kaon mass in dense nuclear matter has been derived by the Chiral SU(3)
effective Lagrangian including KN, 7rS, 7rA systems[5]. Such a theoretical model reproduces well
the A(1405) as a KN bound state due to the strong KN attractive interaction [5, 6]. The KN
interaction makes the K~ feel a strong attractive potential in nuclei which consequently leads to
the existence of deeply bound kaonic nuclei. The A(1405), however, can also be interpreted as
a three-quark state with £ = 1 excitation. In this case no attractive KN interaction is relevant
and the deeply bound kaonic nuclei don't necessary exist.

Experimental data of K~ optical potential mostly come from kaonic atoms. The shifts and
widths of atomic levels affected by the strong interaction were reproduced by introducing an
appropriate optical potential in addition to the Coulomb interaction. Recent extensive analysis
of kaonic X-ray data concludes that the potential is strongly attractive [7]. The derived depth is
around -200 MeV which opens a possibility of kaon condensation at around three times normal
nuclear density. Derivation of the optical potential from the kaonic atom data is, however, subtle
since the atomic state is sensitive only to the phase shift of K~ wave function at the nuclear
surface. The phase shift alone cannot determine the depth of the potential since the K~ wave
function has an ambiguity in number of nodes in the nucleus especially when the potential depth
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is quite deep. The strong imaginary part of the potential further obscures the nodes. Earlier
studies with a different treatment of the nuclear surface gave much shallower potentials of -
80 ~ 90 MeV [7] which tend to exclude the kaon condensation in the neutron stars.

Heavy ion reactions have been studied to derive the K~ optical potential [8]. Enhanced
K~ production in the reactions suggests a strong attractive interaction although quantitative
argument requires understanding of details of the reaction mechanism [10].

The KN interaction has been derived from kaon scattering experiments. However, the avail-
able low-energy data are insufficient for unique multichannel analysis and the existence of
A(1405) makes the extrapolation of the amplitude below the threshold complicated[9]. Re-
cent theoretical calculations on the kaon interaction in nuclei predict an attractive interaction
although they are still controversial quantitatively and existence of kaon condensation in neutron
stars is as yet inconclusive [11, 12].

If K-nuclear potential is as attractive as derived from the kaonic atom stuides suggest [7],
then deeply-bound kaonic nuclei should exist. The observation of kaonic nuclei gives directly
the K~ optical potential and gives decisive information on the existence of kaon condensation
in neutron stars. We show the general properties of the kaonic nuclei and that the (K~,N)
reaction can excite them with cross section experimentally measurable.

Energies and widths of kaonic nuclei are calculated with the potential given by the kaonic atom
data. For the analysis of mesonic atoms the Klein-Gordon equation is usually used [7]. Here we
use the Schrodinger equation with harmonic oscillator potential. It is a crude approximation
although it is good enough for the present purpose. We are interested in gross structure of levels
and an order-of-magnitude estimate of the cross section for the deeply bound state. For the
moment we take the potential depth -200 MeV given by kaonic atom. It is roughly four times
deeper than that for nucleon and the kaon mass is about half of that of a nucleon. Thus the
major shell spacing (TLUJK) is y/8 times the 40A"1/3 frequently used for nucleon. Since the kaon
has no spin, no spin dependent splitting has to be considered.

The huiK is roughly 40 MeV, for instance, for the kaonic |^Si nucleus. The Is state appears
at around -140 {\TIUJK — 200) MeV bound, which is the deepest bound state ever observed in
nuclear physics. If the potential shape is closer to the square-well it appears deeper. In order to
observe the state its width has to be reasonably narrow. The width is given by the imaginary
part of the potential, which decreases for the deeply bound state and is around 10 MeV [5, 7].
The narrow width is understandable since dominant conversion channels like KN —• TTE or
KN ->• 7rA are energetically almost closed for such a deeply-bound state. Kaon absorption by
two nucleons (KNN —> YN) gives little width since two nucleons have to participate to the
reaction. Even though the width is twice wider the Is state should be seen well separated since
the next excited state (lp) is expected to appear 40 MeV higher.

The (K~,N) reaction where a nucleon (N) is either a proton or a neutron is shown schemat-
ically in figure 1. The nucleon is knocked out in the forward direction leaving a kaon scattered
backward in the vertex where the K + N —> K + N takes place. This reaction can thus provide
a virtual K~ or K° beam which excites kaonic nuclei. This feature is quite different from other
strangeness transfer reactions like (K~,n), (n±,K+) and (7, A"1") extensively used so far. They
primarily produce hyperons and thus are sensitive to states mostly composed of a hyperon and
a nucleus.
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N

\K", K°

KA-1

Figure 1
Diagram for the formation of kaonic nuclei
via the (K~,N) reaction. The kaon, the
nucleon, and the nucleus are denoted by
the dashed, thin solid and multiple lines,
respectively. The kaonic nucleus is denoted
by the multiple lines with the dashed line.
The filled circle is the KN ->• KN ampli-
tude while the open circles are the nuclear
vertices. The bubbles represent distortion.

The momentum transfer, which characterizes the reaction, is shown in figure 2. It depends on
the binding energy of a kaon. We are interested in states well bound in a nucleus (BE = 100 ~150
MeV). The momentum transfer for the states is fairly large (q = 0.3 ~ 0.4 GeV/c) and depends
little on the incident kaon momentum for PK = 0.5 ~ 1.5 GeV/c, where intense kaon beams
are available. Therefore one can choose the incident momentum for the convenience of an
experiment. It is a little beyond the Fermi momentum and the reaction has characteristics
similar to the (n+,K+) reaction for hypernuclear production where so-called stretched states
are preferentially excited [13].

600

500

4 0 °
300

200 I-

100

pp
d(KT,n)A(1405)

2lSi(KT,p)2tAl+K-
28Si(K-,p)2,jMg "

Figure 2
The momentum transfer of the
(K~,N) reaction at 0 degrees is
shown for four reactions. Here
binding energy of kaonic nucleus

is taken to be -150 MeV.

200 400 600 800 1000 1200

P,. (MeV/c)
1400 1600

Recently deeply bound n atoms were observed by the (d,3He) reaction [14]. A small mo-
mentum transfer (~ 60MeV/c) was vital to excite the atomic states which were typically char-
acterized by the size of the atomic orbits. If one wishes to excite kaonic atoms, a momentum
transfer less than 100 MeV/c is desirable. It is achieved by kaon beams less than 0.4 GeV/c
where available beam intensity is very small. The repulsive nature of the 7r-nucleus interaction
allows no nuclear state although the strong attractive X-nucleus potential makes kaonic nuclei
exist. The (K~,N) reaction can excite the deeply bound kaonic nuclei with large cross section
in spite of the large momentum transfer of the reaction. For the excitation of nuclear states the
momentum transfer is typically characterized by the Fermi momentum.

The (K~,N) reaction on deuteron is the simplest reaction by which one can study the KN
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component of excited hyperons. The d{K~ ,p) reaction excites K~n states which can only have
7 = 1. On the other hand d(K~,n) reaction excites a K~p state which can have either 7 = 1
or I = 0. Cross sections to the excited hyperons depend on their KN component. For instance,
the well known A(1405 MeV) should be abundantly excited by the (K~,n) reaction if it is a
KN bound state with 7 = 0 as usually believed. The d(K~,p) reaction, in particular, gives
information on the K~n interaction below the threshold, which plays decisive role on the kaon
condensation in the neutron stars.

We adopt here the distorted wave impulse approximation (DWIA) to evaluate the cross section.
The DWIA calculation requires: (a) distorted waves for entrance and exit channels, (b) two body
transition amplitudes for the elementary (K~,N) process, and (c) a form factor given by initial
nuclear and kaonic-nuclear wave functions. Relevant formulas for the calculation can be found
elsewhere [13].

The differential cross section in the laboratory system for the formation of kaonic nucleus is
given by

da

It is given by the two body laboratory cross section multiplied by the so-called eflFective nucleon
number (Neff).

We first use the plane wave approximation to evaluate N^,. At 0 degrees, where only non-spin
flip amplitude is relevant, N^ is given by

Ngff = (2J + l){2jN + l){2tK + 1J 1 1 *(?)• (2)
V ° ~5 2 /

In this equation we assumed that a nucleon in a JN orbit is knocked out and a kaon enters in an
£K orbit making transition from 0 + closed shell target to a spin J state. Here the form factor
F(q) is given by the initial nucleon and final kaon wave functions as

F(q) = ( /r2drRK(r)RN(r)jL(qr)) , (3)

where L = J ± 5 is the transferred angular momentum.
For an oscillator potential of radius parameter b, the radial wave function is

Rl(r) = ct{rlb)le-r2l2b2 (4)

for nodeless states, where Q = [2l+2/b3y/n(2l + I)!!]1/2. In the present case it is enough to
consider natural parity stretched states with L = £jf + in since the transferred momentum q
is larger than the Fermi momentum. The form factor (Eq. 4) is well known for the harmonic
oscillator wave function [13] as

F(q)= (2Z)Le'Z ^L + W?

with Z = (bq)2/2, where the radius parameter b = tjf- has to be replaced by

12 = TT + W (6)
0 oN oK
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to account for the different radius parameters for the nucleon (b^) and the kaon (6#) where
\j\?K = \J%jb\. N^ff is further reduced by the distortion of incoming and outgoing waves as

Neff = N%fDeik . (7)

The distortion Deik is estimated by the eikonal absorption where the imaginary parts of the
K~ and proton optical potentials are given by their total cross sections with nucleons. At P#=
1 GeV/c, total cross sections of /f "-nucleon and p-nucleon are almost the same and we take
both to be 40 mb. The small radius parameter b indicates larger cross sections through the high
momentum component; we thus evaluated Nefj for bx — &AT also as the smallest value.

The cross section of the elementary reaction was given by the phase shift analysis of available
data[15]. Here we need to consider only the non-spin flip amplitude (/) as explained above.
Since the kaon and nucleon are isospin \ particles there are 1=0 (/°) and 1=1 (f1) amplitudes.
The amplitudes for elastic and charge exchange scattering are represented by appropriate linear
combinations of the isospin amplitudes as

(8)

(9)

(10)

-p = ^f + / ) '

= 2 ~ f ) •

The cm. (center-of-mass) differential cross section of the three reactions at 180° are shown in
figure 3 as a function of incident kaon momentum. The cross sections depend on the incident
momentum. For instance, the K~p —> K~p reaction has a peak at around 1 GeV/c. We
thus take 1 GeV/c for the incident kaon momentum. Since the target nucleon is moving in a
nucleus, Fermi averaging has to be made for the two body cross section which smears the fine
momentum dependence. The cm. cross section is reduced by 20 to 30 % depending on models
for this averaging. We take ~1.3 mb/sr as the cm. cross section at 1 GeV/c.

Figure 3
The cm. differential cross sec-
tions of the three reactions are
shown as a function of incident
kaon lab momentum.

200 400 600 800 1000 1200

PK (MeV/c)

1400 1600

Here we consider 1=0 symmetric nuclei as targets. The (K ,p) reaction produces only an
1=1 state; on the other hand the (K~,n) reaction can produce both 1=0 and 1 states. The KN
system is strongly attractive in the 1=0 channel though not so much in the 1=1 channel. The
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kaon-nucleus potential is an average of both channels and thus depends little on the total isospin
of kaonic nuclei. Consequently we expect that the 1=0 state produced by the {K~,n) reaction
appears at nearly the same excitation energy. The elementary cross section for the (K~,n)
reaction in eq (1) becomes the sum of the K~n —>• K~n and K~p —> K°n cross sections. The
incoherent sum of the two cross sections may not be inappropriate for the evaluation since the
K~ and K° mass difference is considered to be large on a nuclear physics scale.

The cross section for the kaonic nuclear Is states are shown in table 1. The (n+,K+) reac-
tion for the hypernuclear production shows distinct peaks corresponding to series of major shell
orbits especially for target nuclei with j n = tn + 1/2 orbit closed. We thus take 12C and 28Si for
the present study.

Table 1
Calculated laboratory differential
cross sections of the Is states excited
by the (K~,p) reactions at P#= l
GeV/c for the 12C and 28Si targets.
Range of values corresponds to the 6
parameter (see text)

The calculated cross sections turn out to be quite large which can compensate for a low
intensity kaon beam. The large cross section comes from the large cross section of the elastic
K + N -¥ K + N reaction and from the transformation of cm. system to laboratory system.

Feasibility of the experiment depends on backgrounds. Dominant backgrounds are nucleons
from knock-out reactions, where kaons are scattered backward by the quasifree process. Since the
nucleons associated with the deeply-bound kaonic nuclei are much more energetic, the knock-out
reactions will not be a problem.

Kaon absorption by two nucleons in nuclei can generate energetic nucleons. The process has
to involve another nucleon in addition to the (K~,N) reaction. Thus one expects the process
gives smaller cross section than that of the (K~, N) reaction. The process can be interpreted
as a spreading width of the kaonic nuclei.

A A produced in the forward direction by the quasifree (K~, TT) reaction provides an energetic
nucleon. It would not be a serious background since no peak structure is expected.

From the experimental point of view energetic protons can be produced by knock-out reaction
by pions which are contaminated in the kaon beam. This process however can be removed by
the careful tuning of experimental condition.

It is shown that the (K~,p) and (K~,n) reactions can be used for the study of the kaonic
nuclei. Study of the reaction requires intense low energy kaon beam for which the alternating-
gradient synchrotron (AGS) of BNL and probably the proton synchrotron (PS) of KEK are
particularly suitable. The beam momentum can be chosen by considering the cross section,
beam intensity and momentum resolution of spectrometer. There are beam lines which provide
K~ beam 0.5~2 GeV/c at BNL and KEK. The relatively broad width (~10 MeV) and sim-
ple structure of the state need spectrometers of only modest momentum resolution but wide
momentum acceptance.

We demonstrated that the (K~,p) and (K~,n) reaction can be used to obtain direct infor-
mation on the KN interaction in nuclear matter. The calculation employed here is rather crude
although it is based on well-known general concepts in nuclear physics.
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20. Charmed mesons in hadronic matter

Arata Hayashigaki t
Yukawa Institute for Theoretical Physics, Kyoto University, Kyoto 606-8502, Japan

Abstract :
For the "anomalous" J/ip suppression in Pb-Pb collision announced by NA50
Collaboration I propose new mechanism accessible to the novel behavior of the
data. The point of new idea is to focus on in-medium effects on the masses
of mesons containing charmed quarks. In QCD sum rule analysis, I find that
the D-meson involving one charmed quark feels more attractive force from the
surrounding nucleons than the charmonium composed of two charmed quarks.
As a result, it will appear that as the nucleon density increases, DD threshold
in turn falls below higher-lying charmonium states (ip1, Xc) which have the
energy levels below the threshold in vacuum. Finally, also for the low-lying
J/ip state, a larger decay channel to the threshold could be opened up. Thus
the mechanism can qualitatively explain some features of the anomalous J/tp
suppression without an advent of deconfinement phase.

Introduction

The NA50 Collaboration (CERN-SPS) has reported a strong suppression of J/ip and ip'
production in Pb-Pb collision at 158 GeV per nucleon [1]. The suppression of J/ip pro-
duction (relative to Drell-Yan process) shows large discrepancy from conventional nuclear
absorption models [2] exhibited by measurements from p-A up to S-U collisions. In par-
ticular, it seems to expose some characteristic suppression forms, which might be a first
indication for color deconfinement [3]. The suppression form of J/ip(lS) shows the disconti-
nuity around two points of the effective length L of nuclear matter over which the produced
cc traverses. In contrast, the first excited state V^S) seems to show only one discontinuity
at smaller Ef value observed in the S-U collision. As is well known, the conventional at-
tempts quantitatively encounter considerable difficulties to explain such peculiar behaviors.
That is, such models allow only a gradual change from slight suppression in the p-A to
strong suppression in the Pb-Pb collisions. On the other hand, once the local energy density
exceeds certain threshold value in the heavy-ion collisions and an onset of deconfinement is
switched on, the nature of deconfinement seems to give more satisfactory explanation for
the anomalous data [4, 5]. This is based on the idea that if the deconfinement transition
were of first order, the onset of a suppression will become discontinuous. But I feel that
the suppression of Xc-feeding effect introduced to explain double threshold structure of the
data is not obvious in the plasma-based model, because the hadronization of cc system like
the Xc will not occur at a small central region of the collision where plasma bubbles are
produced according to long formation time of cc resonances. Are such strong suppression
phenomena peculiar to the phase transition? I suggest such phenomena could occur even
in nuclear matter. Indeed, the formation time of charmonium is so long that final state in-
teraction of the charmonium with nucleons or comovers will occur at the peripheral region
of a nucleus (about a few times as large as normal matter density), although its magnitude

^E-mail: arata@yukawa.kvoto-u.ac.jp

- 96 -



JAERI-Conf 99-015

of interaction depends on transverse momentum of the charmonium produced. Motivated
by this point, it is reasonable as a first step to study matter effect at such a finite density.
It was found in Ref.[6] that the light quark (u, d) condensates may be substantially reduced
in medium and as a result light hadron masses would also decrease. On the other hand, if
heavier quarks (s, c) feel so weaker interaction than the light quarks, the masses of mesons
composed of heavy-light and heavy-heavy quarks may be expected to scale differently with
density. In particular, the difference becomes larger with increasing the density. If it is the
case of |5m^| < |5mo|, charmonia below the DD threshold in vacuum may rise above the
threshold in matter. Therefore, the level crossing between the charmonium and the DD
threshold can cause the abrupt decrease of J/ip survival probability due to the decay to
DD state. I advocate new mechanism to explain drastic change of the suppression which
has ever been ruled out in normal nuclear absorption: J/ip + N —> D + D + X. This
paper is composed as follows: First, in QCD sum rule analysis I make a detailed study of
the mass modification for the J/ip at finite density and second, a rough estimate of that
for D-meson in terms of the same approach. In summary, I discuss the J/ip suppression
through these results.

In-medium effect for J/ip

I calculate the medium modification of J/ip on the basis of the relation between J/ip-
N scattering length and the mass shift [7, 8] through extending vacuum QCD sum rules
(QSR's) to finite density +. First by applying QSR to J/ip-N forward scattering amplitude,
I evaluate the scattering length. The superposition of such elementary J/ip-N elastic
scattering at low energy affects the effective mass of J/ip in nuclear matter. When one
works in the dilute nucleon gas, one finds that the mass shift is linearly dependent on
the density and the scattering length in the framework of QSR. In this approach with
the Fermi gas model, in-medium correlation function (density p^) is divided into vacuum
part and static one-nucleon part near the normal matter density by applying OPE to
the correlators at deep Euclidean region. That is, in the framework of QSR, in-medium
correlation function can be approximated reasonably well to the linear density of nuclear
matter that all nucleons are at rest:

^T,u(q), (1)

where q^ = (oj,q) is the 4-momentum of J/ip (J^ = cy^c). The one-nucleon part corre-
sponds to the forward J/ip-N scattering amplitude with the spin of nucleon averaged:

(2)

where \N(ps)) denotes the nucleon state with p = (MN,p = 0) and spin s normalized
covariantly as (N{p)\N(p')) = (27r)32p°<53(p - p'). By applying QSR to T^ directly,
I can relate the scattering length extracted from the QSR for T^v with the mass shift,
Smj/y = 2TT M'X™J/V' PNUJ/IP- For applying the dispersion relation to T(u,q) = T//

i/( —3), I
parametrize the spectral function such as p(u, q — 0) = a5'(u2 — rn2jiy) + b5(u2 — m2,,^) +
cS(u2 — So), near the pole position of J/ip. Here 8' is the first derivative of 8 function

the detailed discussion of this section, refer to Ref.[9]. The similar QCD sum rule analysis was
performed in Ref.[10].
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with respect to u2 and the parameter a is related to the spin-averaged scattering length
aj/Tp as a = 8nf]/i)mj/4,(MN-+mJ/1p)aj/il, where the coupling fj/^ and the J/ip mass mj^

are defined by (0\J^ \J/tp^h\q)) = fjlip^j/^Kq) with the polarization vector e ^ . s0

is the continuum threshold in vacuum. Moreover, among these parameters I impose the
constraint from low energy theorem that in the low energy limit, u> —> 0, T(u, 0) becomes
equivalent to Born term jTBorn(u;, 0) (= 0 for lack of charmed quarks inside a nucleon in this
system). Finally, through the QSR I determine two unknown phenomenological parameters
a and b. On the other hand, I give the following OPE expression for n-th derivative of T^
with respect to q2, up to dimension-4 operators.

N

J
where £ = — q2/Am2 (mc; charmed quark mass 1.3 ~ 1.35 GeV). ST means making the
twist-2 operators symmetric and traceless in its Lorentz indices. The explicit forms of
Wilson coefficient CQ , D}" , D% a n d D% are given in Ref. [9]. Eventually I evaluate
the parameters in terms of the moment sum rule, r(")Ph(£ ; a,b) = J'(")OPE(^). Here I
determine both n and q2 to reproduce the experimental value of J/tp bare mass by applying
the moment sum rule to 11°u. After inserting the sets of £ and n obtained thus into the
moment sum rule, I can determine unknown parameters a and b simultaneously. Here the
values of other parameters are given in Ref. [9]. The direct application of moment sum
rule to the forward J/ip-N scattering amplitude supplies us the fascinating results for the
J/ip-N interaction, which is consistent with Ref.[10]. That is, the J/xp-N scattering length
aj/ij, indicates negative value (about —0.1 ± 0.02 fm). This result suggests that J/ip-N
interaction is very weakly attractive. Moreover the result gives very slight decreasing mass
(about —4 to —7 MeV), about 0.1 to 0.2 % at normal matter density.

In-medium effect for D-meson
Next, as well as the above scheme I estimate the mass shift of .D-meson through D-N
scattering length. In this case, the pseudoscalar current (J5 = cij^q) is used for the D-
meson, where q indicates massless light quarks. For simplicity, I don't take account of
the isospin decomposition on the D-meson. Therefore, the in-medium mass of D-meson
obtained by this analysis can be regarded as the isospin averaged result. The coupling fD

and the D-meson mass mD are defined by (0|J5 \D{q)) = i5D™2b!'mc (m-D = 1-87 GeV).
After applying the Borel transformation to the forward D-N scattering amplitude, I obtain
that on the OPE side with v = m2/M2 (A/; Borel mass) and the Whittaker function C,

= e- - m c (g,)K - 2 ( l - ^ {q<'Do<i
N

x {-2 + C(l, 2, v) + G{2,2, u) + 2(2(2,3, u) + 2G(1,3, u)}\ (4)
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and on the phenomenological side, if as before one assumes TBorn = 0 ^,

BMT*(<?) = a (^e'-y"2 - ^ e " ^ 2 ) + b (e^o'"' - ~e~^2) . (5)

As before I perform two-parameter fitting by means of OPE expanded up to dimen-
sion 4 including twist-2 operators. In fact, I can derive D-N scattering length ap (=
—m2a/8ir(MN + mD)fprnp) a s a function of M2 by removing the parameter b from both
the matching equation of Eqs. (4) and (5) and its first derivative with respect to M2.
For coupling fp and continuum threshold s0, I adopt fp = 0.187 GeV read off from a
stable curve in the vicinity of So = 7.5 GeV2 using Borel sum rule of vacuum correlation
function for the D-meson. This fp value is very close to other calculations [11, 12] and
experimental data (< 0.31 GeV). When one uses nucleon matrix elements for quark fields
such as (qq)N = 5.3 GeV and (qUDoq) — 0.34 GeV2, comparatively stable curves of
ap are obtained at the reliable Borel mass region. To summarize the results for D-meson
analysis, the D-N scattering length is —1.25 ± 0.05 fm. This result suggests that the D-N
interaction is more attractive than the J/ip-N interaction. I apply this result to effective
mass of D-meson at normal matter density in the linear density approximation as before.
Then the mass reduction is —83 ± 4 MeV, about 4 % of the total mass. I find this result
leads to larger decrease than the charmonium. An origin of this mechanism originates in
that on the OPE side, mc (qq)N term is dominant for the D-meson in contrast to only
gluon operator contribution for the charmonium. In Quark-Meson-Coupling model, this
contribution will correspond to quark-cr meson coupling. Indeed, this model predicts the
mass shift of D-meson becomes —60 MeV for the scalar potential at normal matter density
[13].

Summary

Now I can come to some important conclusions through all the above results. If the
mass modification of higher-lying charmonium states is very slight as well as the J/ip in
matter, the DD threshold falls below ip' at the normal density and \c at twice as the
normal density. These results could produce some important features relevant to recent
NA50 experimental data. Namely, the behavior of level crossing may lead to the onset
of discontinuous property for the suppression form. It is well known from p-A collision
data that the J/ip observed in nuclear collisions are directly produced only about 60% and
the remainder comes from excited states (xd^-P), ^'(25)) with the ratio of 3 to 1 [14].
So the suppression of such feeddown effect from ip' and Xc to J/ip could lead to direct
decrease of J/ip survival probability through the level crossings. First, the suppression of
ip' nearest to the DD threshold can be observed as the first very slight suppression of the
J/ip production. In fact, the ip' data indicates a strong suppression even in cooler S-U
collision. Next, three states of Xc which is very close each other, induce the subsequent 2nd
suppression through the level crossings. Finally, direct suppression due to the J/ip itself
can be observed as the 3rd suppression with further increase of the matter density. Thus
the stair-shaped suppression form is not necessarily a phenomenon as far as deconfinement
phase. From the point of view we should experimentally investigate whether or not one

implies one ignores the channels of D+ or D° + N —> Ac or E r and so on. In the case of D~ or
D°. since the anti-charm quark cannot couple to three quarks inside a nucleon by OZI rule. Born term
will be zero.
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of such level crossings could occur at least at normal matter density. To that end, I hope
realization of the inverse kinematics experiments, in which the nuclear beam is incident on
a hydrogen target, because this experiment can be feasible for measuring the decays of the
charmonium and the D-meson [15] inside a nucleus. I can also suggest some observational
consequences caused by such level crossings. One of them is to observe the change of decay
width for the charmonium. In vacuum the resonances above DD threshold, for example ip"
state have width of order MeV because of strong open charm channel. On the other hand,
the resonances below the threshold have very sharp width of a few hundreds keV. So after
the level crossing, the decay modes will change drastically at least one order of magnitude.
The another is to observe the enhancement of D-meson at intermediate mass region of
dilepton (1.5 < M < 2.5 GeV). In fact, such a dilepton enhancement was observed [16].
Thus I expect that the matter effect gives a considerable impact on the anomalous J/tp
suppression. Moreover it might be able to explain the anomalous suppression without an
advent of deconfinement phase. Needless to say, in this case we must also perform the
theoretical investigation of finite temperature effect [17, 18] to the mass modification in
the future.
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We show the construction of the dual superconducting theory for the confinement mech-
anism from QCD in the maximally abelian (MA) gauge using the lattice QCD Monte Carlo
simulation. We find that essence of infrared abelian dominance is naturally understood
with the off-diagonal gluon mass mos ~ 1.2GeV induced by the MA gauge fixing. In the
MA gauge, the off-diagonal gluon amplitude is forced to be small, and the off-diagonal
gluon phase tends to be random. As the mathematical origin of abelian dominance for
confinement, we demonstrate that the strong randomness of the off-diagonal gluon phase
leads to abelian dominance for the string tension. In the MA gauge, there appears the
macroscopic network of the monopole world-line covering the whole system. We investi-
gate the monopole-current system in the MA gauge by analyzing the dual gluon field B^.
We evaluate the dual gluon mass as m# = 0.4 ~ 0.5GeV in the infrared region, which is
the lattice-QCD evidence of the dual Higgs mechanism by monopole condensation. Ow-
ing to infrared abelian dominance and infrared monopole condensation, QCD in the MA
gauge is describable with the dual Ginzburg-Landau theory.

1. QCD and Dual Superconducting Theory for Confinement

Since 1974, quantum chromodynamics (QCD) has been established as the fundamental
theory of the strong interaction, however, it is still hard to understand the nonperturbative
QCD (NP-QCD) phenomena such as color confinement and dynamical chiral-symmetry
breaking, in spite of the simple form of the QCD lagrangian

£QCD = -^tiG^C" + q(i P - mq)q. (1)

In particular, to understand the confinement mechanism is one of the most difficult prob-
lems remaining in the particle physics. As the hadron Regge trajectory and the lattice
QCD simulation show, the confinement force between the color-electric charges is char-
acterized by the one-dimensional squeezing of the color-electric flux and the universal
physical quantity of the string tension a ~ lGeV/fm.

As for the confinement mechanism, Nambu first proposed the dual superconducting the-
ory for quark confinement, based on the electro-magnetic duality in 1974.1 In this theory,
there occurs the one-dimensional squeezing of the color-electric flux between quarks by the
dual Meissner effect due to condensation of bosonic color-magnetic monopoles. However,
there are two large gaps between QCD and the dual superconducting theory.2

(1) The dual superconducting theory is based on the abelian gauge theory subject to the
Maxwell-type equations, where electro-magnetic duality is manifest, while QCD is a
nonabelian gauge theory.
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(2) The dual superconducting theory requires condensation of color-magnetic monopoles
as the key concept, while QCD does not have such a monopole as the elementary
degrees of freedom.

These gaps can be simultaneously fulfilled by the use of the MA gauge fixing, which reduces
QCD to an abelian gauge theory. In the MA gauge, the off-diagonal gluon behaves as a
charged matter field similar to W^ in the Standard Model and provides a color-electric
current in terms of the residual abelian gauge symmetry. As a remarkable fact in the MA
gauge, color-magnetic monopoles appear as topological objects reflecting the nontrivial
homotopy group n2(SU(^c)/U(l)JVc-1) =Z£~\ similarly in the GUT monopole.3"6

Thus, in the MA gauge, QCD is reduced into an abelian gauge theory including both
the electric current j ^ and the magnetic current k^, which is expected to provide the
theoretical basis of the dual superconducting theory for the confinement mechanism.

2. MA Gauge Fixing and Extraction of Relevant Mode for Confinement

In the Euclidean QCD, the maximally abelian (MA) gauge is defined by minimizing2'6

x)\2, (2)

with the SU(A Ĉ) covariant derivative operator D^ = d^ + ieA^ and the Cartan decom-
position A^x) = Afj,{x) • H -f- ^2aA^(x)Ea. In the MA gauge, the off-diagonal gluon
components are forced to be as small as possible by the SU(NC) gauge transformation.
Since the covariant derivative Z)M obeys the adjoint gauge transformation, the local form
of the MA gauge fixing condition is derived as 2)6

[&,[£>„[£>„ A]]] = o. (3)

(For Nc = 2, this condition is equivalent to the diagonalization of $MA = [D^, [DM,r3]],
and then the MA gauge is found to be a sort of the 't Hooft abelian gauge3.) In the MA
gauge, the gauge symmetry G = SU(A^c)iocai is reduced into H = U ( l ) ^ 1 x Weyl^bal,
where the global Weyl symmetry is the subgroup of SU(iVc) relating the permutation of
the Nc bases in the fundamental representation.2'6

We summarize abelian dominance, monopole dominance and extraction of the relevant
mode for NP-QCD observed in the lattice QCD in the MA gauge.

(a) Without gauge fixing, all the gluon components equally contribute to NP-QCD, and
it is difficult to extract relevant degrees of freedom for NP-QCD.

(b) In the MA gauge, QCD is reduced into an abelian gauge theory including the electric
current j M and the magnetic current fcM. The diagonal gluon behaves as the abelian
gauge field, and the off-diagonal gluon behaves as the charged matter field. In the MA
gauge, the lattice QCD shows abelian dominance for NP-QCD (confinement6'7, chiral
symmetry breaking8, instantons9'10) : only the diagonal gluon is relevant for NP-QCD,
while off-diagonal gluons do not contribute to NP-QCD. In the lattice QCD, there
appears the global network of the monopole world-line covering the whole system in
the MA gauge. (See Fig.3 (a).)
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(c) The diagonal gluon can be decomposed into the "photon part" and the "monopole
part", corresponding to the separation of j ^ and k^. In the MA gauge, the lattice
QCD shows monopole dominance for NP-QCD: the monopole part (&M ^ 0, j M = 0)
leads to NP-QCD, while the photon part (jM ^ 0,k^ = 0) seems trivial like QED and
does not contribute to NP-QCD.

Thus, by taking the MA gauge, the relevant collective mode for NP-QCD can be extracted
as the color-magnetic monopole.2'11

3. Essence of Abelian Dominance : Off-diagonal Gluon Mass in MA Gauge

In this section, we study essence of abelian dominance for NP-QCD in the MA gauge
in terms of the generation of the effective mass moff of the off-diagonal (charged) gluon
by the MA gauge fixing. In the SU(2) QCD partition functional, the mass generation of
the off-diagonal gluon A* = (A1 ± iA2)/\ /2 in the MA gauge is expressed as2'12

= / DAI exp{iSeit[Al)} J DA± exp{i j d4x m^A+A^^A,}, (4)

with $MA = [Dp, [Z?M,T3]], the Faddeev-Popov determinant App, the abelian effective
action S'effi^] and a smooth functional ^*[AM].

To investigate the off-diagonal gluon mass moff, we study the Euclidean gluon prop-
agator G j ( x -y) = (Al(x)A'l(y)) in the MA gauge, using the SU(2) lattice QCD.2'12

As for the residual U(l)3 gauge symmetry, we impose the U(l)3 Landau gauge fixing
to extract most continuous gauge configuration under the MA gauge constraint and to
compare with the continuum theory. The continuum gluon field A^(x) is extracted from
the link variable as U^s) = exp(iaeA^(s);y)- Here, the scalar-type gluon propagator
^ / i ( r ) = "52iL=\(A*{x)A*{y)) is useful to observe the interaction range of the gluon,
because it depends only on the four-dimensional Euclidean distance r = \/(:£M — J/M)2.

We show in Fig.l(a) G^(r ) and G+-(r) = Ej=i(A+(x)A;(i,)> = \{G^{r) + G^r)}
in the MA gauge using the SU(2) lattice QCD with 2.2 < f3 < 2.4 and the various lattice
size (123 x 24, 164, 204). Since the massive vector-boson propagator with the mass M
takes a Yukawa-type asymptotic form as GMM(r) ~ ^75"exP(~Mr), the effective mass
moff of the off-diagonal gluon A^(x) can be evaluated from the slope of the logarithmic
plot of r3/2G~^~(r) ~ exp(—moffr) as shown in Fig.l(b). The off-diagonal gluon A^(x)
behaves as the massive field with moff ~ 1.2 GeV in the MA gauge for r £ 0.2 fm.

Thus, essence of infrared abelian dominance in the MA gauge can be physically inter-
preted with the effective off-diagonal gluon mass moff induced by the MA gauge fixing.2

Due to the effective mass moff ~ 1.2GeV, the off-diagonal gluon A^ can propagate only
within the short range as r < m^ ~ 0.2fm, and cannot contribute to the infrared QCD
physics in the MA gauge, which leads to abelian dominance for NP-QCD.2'12
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Figure 1. (a) The scalar-type gluon propagator G£M(r) as the function of the 4-dimensional
distance r in the MA gauge in the SU(2) lattice QCD with 2.2 < /3 < 2.4 and vari-
ous lattice size (123 x 24, 164, 204). (b) The logarithmic plot for the scalar correlation
r3/2G^M(r). The off-diagonal gluon propagator behaves as the Yukawa-type function,

G^ ~ exp^~^ • (c) The effective off-diagonal gluon mass moff extracted from the slope
analysis, using each lattice with different /? and volume (123 x 24, 164, 204). The effective
mass of the off-diagonal gluon A^ can be estimated as mofr ^ 1.2GeV.

4. Randomness of OiF-diagonal Gluon Phase as the Mathematical Origin of
Abelian Dominance for Confinement

In the lattice QCD, the SU(2) link variable is factorized as U^s) = M/i(s)uM(s), accord-
ing to the Cartan decomposition SU(2)/U(1)3 x U(l)3. Here, u^s) = exp{&Y303(s)} G
U(l)3 denotes the abelian link variable, and the off-diagonal factor M^s) £ SU(2)/U(1)3

is parameterized as

(5)cosdj^s)

In the MA gauge, the diagonal element cosO^s) in MM(s) is maximized by the SU(2)
gauge transformation and the "abelian projection rate" becomes almost unity as i?Abei =
(COS0M(S))MA — 0.93 at /3 = 2.4. Using the lattice QCD simulation, we find the two re-
markable features of the off-diagonal element etx** )̂ sin 0^(s) in M^(s) in the MA gauge.2'6

(1) The off-diagonal gluon amplitude |sin#M(s)| is forced to be minimized in the MA
gauge, which allows the approximate treatment on the off-diagonal gluon phase.

(2) The off-diagonal phase variable Xnis) 1S n o^ constrained by the MA gauge-fixing con-
dition at all, and tends to be random.

Therefore, XM(5) c a n '->e regarded as a random angle variable on the treatment of M^s)
in the MA gauge in a good approximation.

Now, we show the analytical proof of abelian dominance for the string tension or the
confinement force in the MA gauge, within the random-variable approximation for Xn{s)
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or the off-diagonal gluon phase.2'6 Here, we use (e '^^MA — fo* dx^(s) exv{iXn(s)} — 0.
In calculating the Wilson loop (Wc[tf]) = (tiUcU^s)) = (trIIc{AfM(s)«M(s)}), the off-
diagonal matrix M^s) is simply reduced as a c-number factor, MM(s) —• cos 6^(3) 1, and
then the SU(2) link variable £/M(s) is reduced to be a diagonal matrix,

U^s) = M^s^^s) —> cos 0^(3)11^(3), (6)

after the integration over Xn(s)- F° r the R*T rectangular C, the Wilson loop Wc[{/] in
the MA gauge is approximated as

(WC[U\) = (trIlf=1{Mw(a.-)uw(*)}) * (nf=i cos*w(*) • tvllf^u^))^

~ (exp{Ef=1ln(cos^,(50)})MA (WC[«])MA, (7)

with the perimeter length L = 2(R+T) and the abelian Wilson loop Wc[w] = trllfljU^. (3,).
Replacing S;Li ln{cos(0Mi(.s,))} by its average L(ln{cos ^ ( S ) } ) M A m a statistical sense,
we derive a formula for the off-diagonal gluon contribution to the Wilson loop as2'6

Wf = (Wc[U})/(Wc[u])MA ~ exp{L<ln{cos0M(s)})MA}, (8)

which provides the relation between the macroscopic quantity Wff1 and the microscopic
quantity (ln{cos ^A4(S)})MA- Using the lattice QCD, we have checked this relation for large
loops, where such a statistical treatment is accurate.2'6

In this way, the off-diagonal gluon contribution WQS obeys the perimeter law in the
MA gauge, and then the off-diagonal gluon contribution to the string tension vanishes as

0su(2) - o-Abei ^ -2(ln{cos 0M(S)})MA Km = 0. (9)
K,l—too ftl

Thus, abelian dominance for the string tension, <7su(2) = ^Abei, can be demonstrated in
the MA gauge within the random-variable approximation for the off-diagonal gluon phase.
Also, we can predict the deviation between crs\j(2) a n d <7Abei a s <TSU(2) > 0Abel> due to the
finite size effect on R and T in the Wilson loop.2'6

5. The Structure of QCD-Monopoles in terms of the Off-diagonal Gluon

Let us compare the QCD-monopole with the point-like Dirac monopole. There is no
point-like monopole in QED, because the QED action diverges around the monopole.
The QCD-monopole also accompanies a large abelian action density inevitably, however,
owing to cancellation with the off-diagonal gluon contribution, the total QCD action is
kept finite even around the QCD-monopole.2'6

To see this, we investigate the structure of the QCD-monopole in the MA gauge in terms
of the action density using the SU(2) lattice QCD.2 From the SU(2) plaquette ( )

and the abelian plaquette P^el(s), we define the "SU(2) action density"
1 - \tvP^(s), the "abelian action density" S^el(s) = 1 - |trP^be l(5) and the "off-
diagonal gluon contribution" S°^(s) = S^2)(.s) - S^el(s). In the lattice formalism, the
monopole current ^ (5 ) is denned on the dual link, and there are 6 plaquettes around the
monopole. Then, we consider the average over the 6 plaquettes around the dual link,

(10)
af3-y m=O
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We show in Fig.2(b) the probability distribution of the action densities 5su(2)> 5Abei
ôff around the QCD-monopole in the MA gauge. We summarize the results on the QCD-

monopole structure as follows.

(1) Around the QCD-monopole, both the abelian action density iŜ bei and the off-diagonal
gluon contribution SOH are largely fluctuated, and their cancellation keeps the total
QCD-action density Ssu(2) smaU-

(2) The QCD-monopole has an intrinsic structure relating to a large amount of off-
diagonal gluons Aj around its center, similar to the 't Hooft-Polyakov monopole.

(3) At the large-distance scale, off-diagonal gluons inside the QCD-monopole become
invisible, and the QCD-monopole can be regarded as the point-like Dirac monopole.

(4) From the concentration of off-diagonal gluons around QCD-monopoles in the MA
gauge, we can naturally understand the local correlation between monopoles and in-
stantons. In fact, instantons tend to appear around the monopole world-line in the
MA gauge, because instantons need full SU(2) gluon components for existence.2'9

IS

2

(1

- - • SU(2)
— Abeliin

A '
/y. J IV

Abelian magnetic monopole

o
S ( > M )

Figure 2. (a) The total probability distribution P(S) on the whole lattice and (b) the prob-
ability distribution Pk(S) around the monopole for SU(2) action density Ssu(2) (dashed
curve), abelian action density SAbel (solid curve) and off-diagonal gluon contribution Sog
(dotted curve) in the MA gauge at /3 = 2.4 on 164 lattice. Around the QCD-monopole,
large cancellation between S^e\ and Soft keeps the total QCD-action small, (c) The
schematic figure for the QCD-monopole structure in the MA gauge. The QCD-monopole
includes a large amount of off-diagonal gluons around its center.

6. Lattice-QCD Evidence of Infrared Monopole Condensation

In the MA gauge, there appears the global network of the monopole world-line covering
the whole system as shown in Fig.3(a), and this monopole-current system (the monopole
part) holds essence of NP-QCD2'8'10'11. We finally study the dual Higgs mechanism by
monopole condensation in the NP-QCD vacuum in the MA gauge.

Since QCD is described by the "electric variable" as quarks and gluons, the "electric
sector" of QCD has been well studied with the Wilson loop or the inter-quark potential,
however, the "magnetic sector" of QCD is hidden and still unclear. To investigate the
magnetic sector directly, it is useful to introduce the "dual (magnetic) variable" as the
dual gluon field B^, which is the dual partner of the diagonal gluon and directly couples
with the magnetic current k^.

- 1 0 6 -



JAERI-Conf 99-015

0 -

at>-

- 4 0 -

-eo-

80*10"* -

7/

• m * » T

D :^2.257
0 >23

244 Lattice
a >=24
M :f=245
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Figure 3. The SU(2) lattice-QCD results in the MA gauge, (a) The monopole world-line
projected into R3 on the 163 x 4 lattice with /3 = 2.2 (the confinement phase). There
appears the global network of monopole currents covering the whole system, (b) The
inter-monopole potential V4f(r) v-s. the 3-dimensional distance r in the monopole-current
system on the 204 lattice. The solid curve denotes the Yukawa potential with mg =
0.5GeV. The dotted curve denotes the Yukawa-type potential including the monopole-size
effect, (c) The scalar-type dual-gluon correlation ]n.(rj (Bli(x)B)i(y))) as the function of

the 4-dimensional Euclidean distance r# = \l(x — y)2 on the 244 lattice.

Due to the absence of the electric current j ^ in the monopole part, the dual gluon B^
can be introduced as the regular field satisfying (d A B)^ = *FIIV and the dual Bianchi
identity, d^d A B)^ = j v = 0. By taking the dual Landau gauge d^B* = 0, the field
equation is simplified as d2BIM = k^, and therefore we obtain the dual gluon field £?M from
the monopole current as

( i i )

In the monopole-condensed vacuum, the dual gluon B^ is to be massive, and hence we
investigate the dual gluon mass TUB as the evidence of the dual Higgs mechanism.

First, we put test magnetic charges in the monopole-current system in the MA gauge,
and measure the inter-monopole potential 14/(r) to get information about monopole con-
densation. Since the dual Higgs mechanism is the screening effect on the magnetic flux,
the inter-monopole potential is expected to be short-range Yukawa-type. Using the dual
Wilson loop WD as the loop-integral of the dual gluon,

WD(C) = exp{i- f dx^B11} = exp{«- / / daI1V*FI1U}, (12)
A Jc I J J

the potential between the monopole and the anti-monopole can be derived as

VM{R) — — Hm —ln(Wo(R,T)). (13)

Here, WD(C) is the dual version of the abelian Wilson loop WAbei(C) = exp{i| §c dx^A1*} =
exp{i| ff da^F^} and we have set the test monopole charge as e/2.

We show in Fig.3(b) the inter-monopole potential VM(r) in the monopole part in the MA
gauge.2 Except for the short distance, the inter-monopole potential can be almost fitted
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by the Yukawa potential VM(r) = — 'effi e " g r , after removing the finite-size effect of the
dual Wilson loop. In the MA gauge, the dual gluon mass is estimated as mg ~ 0.5GeV
from the infrared behavior of VM(^)-

Second, we investigate also the scalar-type dual gluon propagator (Bfl(x)Bli(y))MA as
shown in Fig.3(c), and estimate the dual gluon mass as ms — 0.4 GeV from its large-
distance behavior.

From these two tests, the dual gluon mass is evaluated as TUB = 0.4 ~ 0.5 GeV, and this
can be regarded as the lattice-QCD evidence for the dual Higgs mechanism by monopole
condensation at the infrared scale.

7. Construction of DGL theory from lattice QCD in MA gauge

In the MA gauge, the off-diagonal gluon contribution can be neglected and monopole
condensation occurs at the infrared scale of QCD. Therefore, the QCD vacuum in the
MA gauge can be regarded as the dual superconductor described by the dual Ginzburg-
Landau (DGL) theory, and quark confinement can be understood with the dual Meissner
effect. The DGL theory can describe not only quark confinement 5 but also dynamical
chiral-symmetry breaking (D^SB) by solving the Schwinger-Dyson equation for the quark
field 5>13. Monopole dominance for D^SB is also found from the analysis of the effective
potential 14. Using the DGL theory, we have studied the QCD phase transition (decon-
finement 5'15 and chiral restoration 13) at finite temperature, the QGP creation process
in ultra-relativistic heavy-ion collisions 5'15, hadronization in the early universe 16, and
glueball properties 17 systematically.

To summarize, the lattice QCD in the MA gauge exhibits infrared abelian dominance
and infrared monopole condensation, and therefore the dual Ginzburg-Landau (DGL)
theory5'13"17 can be constructed as the infrared effective theory directly based on QCD
in the MA gauge.2'18, as shown in Fig.4.
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From Lattice QCD to Dual Ginzburg-Landau Theory
— Infrared Effective Theory directly based on QCD —

QCD : SU(3)C Nonabelian Gauge Theory

Maximally Abelian (MA) Gauge Fixing

(partial gauge fixing) [ G.'t Hooft. NPB 190('81)455 ]

U(l>3 x U(l)g Abelian Gauge Theory+QCD-monopole

Lattice QCD studies

• Abelian Dominance

Only diagonal gluon is relevant

forNP-QCD

• Monooole Condensation

7C2[SU(3)/{U(1)3XU(1)8}]=Z2O

hedgehog color-magnetic monopole
configuration

[cf. GUT - monopole]

I—Dual Ginzburg-Landau Theory

, X? X\

ai

^: dual gluon field

X =XaEaai'- QCD-monopolefield

g = — '• dual gauge coupling constant

A : coupling of monopole self-interaction

V : imaginary mass of monopole —> monopole condensate

Dual Gauge Symmetry is spontaneously broken instead of Gauge Symmetry

Figure 4. Construction of the dual Ginzburg-Landau (DGL) theory from the lattice QCD
in the maximally abelian (MA) gauge.
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22. it
Past, Present and Near Future —

This talk is a brief overview of the light-front quantization as a new non-perturbative method and its
application to hadron physics. Emphasis is put on the recent progress in describing the "vacuum physics"
on the light front.

1 Light-Front Quantization
(Light-Front Quantization)] [1] ifflftL,

x+ = (1)

[̂ (x+.x), n(x+,y)}=1
16{x--y-)6(2\xL-y±)

2 Past [1949 - 1970's]

3+1

x$>-otz0

H Dirac [2]

kinematical
?

? , Lorentz K Lorentz boost

Poincare

boost
kinematical

O kinematical
Lorentz boost

LT "front form"
LXit (tanh<^ = /?)

(2)

boost
4

Dominance" t Vfi$ft 1 WSLifi
tzo t-r, u
hadronic tensor

"Light-cone

jorken ^Pf i ( Q 2 = -q2 -+ oo, x b j = Q2/2pq : fixed) "Cli z+ ~ 0, x
S / i , -efc-e-fc Light-Cone gauge A . =0X ( n " = ( 1 , 0 , 0 , - 1 ) / 2 P )

[quark <D\t,
iMFIi

Infinite Momentum Frame(IMF)
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3 Present [1980's - 1990's]
so w t 1 ! ^ Pauii t Brodsky h<»ttm*m *) K

3.1 "Vacuum Triviality" and How to Solve the LF Bound State Equation

mzfitz F
-PI = M2)

2P+

^o7l: Fock state
*$U± Fock state r

\P+,PJL,\) = E / ^ 7 f ¥ $ ( n ) ( ^ . ^ . A . ) l » ; {*iP+,ku,Xi}) (4)

n)(x,,Jkxi,A,) fc |rj;{xiP+,JfcxilA,}) (i n ̂ cO^SjMISct Fock state
^ (Light-Front Bound State Equation, LFBSE) *M < i t T^46 £ ( # L F = P")

p 2 i 2

X A ) = yyp+ |P+,PX,A) (5)

(qq\Hint\qqg) -
{qqg\Hint\qgg)

3 r p « * j S * * ^ « n ? * £ i t A**P e, fixV>^,o
• DLCQ (Discretized Light-Cone Quantization) [3]

sr*-

P» = I (n + 0 > n
(7)

v^o $ f, (-
^ . * Fock state <O$Cl±#P.S (*^>IEWgiC AT

LFTD (Light-Front Tamm-DancofF approximation) [5]

|meson) =

\ higher Fock states 4-^0 A tl&Jjftk., &lM.<Dm^.i^^-f1j^]<n 2
• Similarity Transformation [6]

5 A'h - T

If, -f-i^CO Tamm-DancofF iftiaii, IWhKff&ofctt'&J I) fc £ V
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3.2 "Vacuum Physics" on the Light Front

DLCQ
2. IR cutoff £ [ ] ( )

56*«ttt4-i:Kft*o -tfn^-K^#o|i-f« r* i^*«SJ <&ftSl±#̂ $&|fcK*N-* counter
t e r m 4 « j i ^ i 4 i ^«SdKimn&**14#i^?*

i) [10], i

C = * a( i0 - m)*a + ^ ( d ^ a + d^d"*) - ~{a2 + *2) - <r*a*a - 7r*ai75*a, (8)

\ [L _ 1 / L

= 2Lj dx (r(a;)' ""o(«x) = ^ / di ^(a:) (9)

"bad component"^- 1 ^ 1 " * ^ ^ ^ 2 OCO-fe'U^- K K
2i5_^i = (i^J-Sx + m + (7 - i7T75)7+V>+ , (10)

A± = T V
k I* ><D "good component"

(0 | (T |0 ) = <T^C) ^ 0, <0|n-|0> = 4 C ) ^ 0.

i/N

A

Gell-Mann, Oakes, Renner
(0|**|0) # 0

, **75*]
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23. Incident Energy Dependence of Collision Dynamics
in A+A Reactions from AGS to SPS

Yasushi Nara
RIKEN BNL Research Center, Brookhaven National Laboratory,

Upton, NY 11913 U.S.A
Advanced Science Research Center, Japan Atomic Energy Research Institute,

Tokai, Naka, Ibaraki 319-11, Japan

Based on the hadronic transport model of JAM, I calculate the time evolution of particles, density,
temperature and energy density for the heavy ion collision at the incident energies of AGS(11A
GeV), JHF(25A GeV) and SPS(158A GeV). Microscopic calculations show that resonance matter
with extremely large baryon density is created at AGS energy, while at JHF energy, quark matter
with extremely large baryon density is suggested. At SPS energy, quark matter with large baryon
density might be created.

I. INTRODUCTION

Heavy ion experiments at BNL-AGS and CERN-SPS have been performed motivating by the possible creation
of QCD phase transition and vast body of systematic data such as proton, pion strangeness particles distributions,
HBT correlation, flow, dileptons and J/xp distributions have been accumulated including mass dependence and their
excitation functions [1-3]. Data from forthcoming experiment at BNL-RHIC will soon become available.

In this work, I discuss the time evolution of matter which is created from high energy heavy ion collisions. To
extract the properties of this matter, I use the microscopic transport model of JAM. Detailed description can be
found in Ref. [5] and JAM is now available on web [4]. The purpose of this work is to find the differences in the
matter produced from heavy-ion collisions at AGS, JHF, and SPS energies.

The article is organized in the following way. In section II, I summarize the main component of hadronic cascade
model JAM. In section III, I first compare some JAM results to SPS data and discuss what is differences in the
dynamics between AGS, JHF and SPS. In section,IV, I draw conclusions.

II. DESCRIPTION OF THE MODEL

In this section, I present the main features of the microscopic transport model of JAM. Relativistic Boltzmann
equations for hadrons and their excitation states are solved on the computer in JAM. The main features in the
Monet Carlo procedure are summarized as follows. (1) Nuclear collision is assumed to be described by the sum of
independent binary hh collisions. Each hh collision is realized by the closest distance approach. In this work, no
mean field is included, therefore the trajectory of each hadron is straight in between two-body collisions, decays or
absorptions. (2) The initial position of each nucleon is sampled by the parameterized distribution of nuclear density.
Fermi motion of nucleons are assigned according to the local Fermi momentum. (3) All established hadronic states,
including resonances, are explicitly included with explicit isospin states as well as their anti-particles. All of them
can propagate in space-time. (4) The inelastic hh collisions produce resonances at low energies while at high energies
( •> 4GeV in BB collisions £ 3GeV in MB collisions and £ 2GeV in MM collisions) color strings are formed and
they decay into hadrons according to the Lund string model [6]. Formation time is assigned to hadrons from string
fragmentation. Formation point and time are determined by assuming yo-yo formation point. This choice gives the
formation time of roughly 1 fm/c with string tension K = lGeV/fm. (5) Hadrons which have original constituent quarks
can scatter with other hadrons assuming the additive quark cross section within a formation time. The importance
of this quark(diquark)-hadron interaction for the description of baryon stopping at CERN/SPS energies was reported
by Frankfurt group [7,8]. (6) Pauli-blocking for the final nucleons in two-body collisions are also considered. (7) We
do not include any medium effect such as string fusion to rope [9,7], medium modified cross sections and in-medium
mass shift. All results which will be presented in this paper are those obtained from the free cross sections and free
masses as inputs.
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HI. RESULTS

First, particle spectra calculated by JAM are compared with experimental data at SPS energies. A detailed
comparison with AGS data can be found in Ref. [5]. Then calculated thermodynamical quantities at energies of AGS
(10A GeV), JHF (25A GeV), and SPS(158A GeV) are presented in this section.

A. Comparison with spa data

I have calculated the system of Pb+Pb collision at SPS energies using the hadronic transport model of JAM 1.0,
in order to show that this model accounts for gross features of heavy-ion collisions without any collective effect like
string fusion or in-medium cross sections.

Pb(158AGeV)+Pb b<3.2fm

10 -

10 -

0

10

10"
a
• ^ I O 2

10

1 2
p ± (GeV/c)

I . i I I . I T-

2.2<y<2.4-

2.4<y<2.6

2.6<y<2.8

0 1 2
p ± (GeV/c)

FIG. 1. The JAM calculation of transverse momentum
distributions of negative charged particles (7r~,jRr~,p) for
Pb + Pb collision at 158GeV/c with centrality 5%. Experi-
mental data are taken from NA49 [10].

FIG. 2. The JAM calculation of transverse momen-
tum distributions of net protons for Pb + Pb collision at
158GeV/c with centrality 5%. Experimental data are taken
from NA49 [10].

In Fig. 1, JAM results of the transverse momentum distributions for negatively charged particles are compared to
the NA49 data [10]. Transverse momenta of negatively charged particle are in good agreement with data.

Net proton transverse momentum distribution calculated by JAM is compared to experimental data of NA49 [10]
in Fig. 2. Midrapidity protons at low momentum are slightly overpredicted in the model calculation. In order to
reproduce data for Pb+Pb collisions, final state hadronic interaction is important. If we do not include meson-baryon
and meson-meson collisions, the high momentum tail can not be reproduced within a hadronic transport approach.
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FIG. 3. Comparison of the rapidity distributions of net protons and negative particles for Pb+Pb collision at SPS energy
between experimental data [10] and JAM calculations

I compare the data [10] on net proton and negative charged particle rapidity distributions in Fig. 3 for Pb+Pb
collision at 158A GeV/c. The agreement is good for both negative particles and net protons. Secondary hadron-
hadron interactions are not important for the rapidity distributions. The baryon stopping problem is one of the
important element in nucleus-nucleus collisions. In order to reproduce baryon stopping at SPS energies with the
phenomenological string model, the diquark breaking mechanism has to be included.

B. Dynamics from Hadronic transport model

Now I am going to see the time evolutions of thermodynamics! values from hadronic cascade model. In the upper
panel of Fig. 4, time evolution of nucleons, pions, their resonance states, and, constituent quarks which is attached
at the end of strings are plotted for energies of 11.6, 25, and, 158AGeV. At the energy of HAGeV/c, the degree of
freedom is dominated by the excitations and evolution of resonances, however, above 25GeV energies, we can see that
the number of quarks are larger than that of resonances.

In Fig. 4, the time evolution of temperature, pressure, baryon density, and energy density extracted from JAM
simulations are plotted for the incident energies of 11.6A GeV/c (left), 25GeV (middle), and 158GeV/c (right). We
define the temperature by the ratio of the pressure to the number density in the local rest frame, assuming that the
local thermal equilibrium is always achieved for transverse motion. Here the pressure is defined by the two transverse
diagonal component of the hadronic energy-momentum tensor. Theses quantities are extracted from the cascade
simulation by using Gaussian smeared test particle method in a covariant way [11].

In the figures of temperature, we define two kind of temperature T and Tz. T is extracted from the transverse
diagonal component of energy-momentum tensor, while Tz is obtained ^-component of energy-momentum tensor. It
is seen that those two temperatures become same at the certain point for all energies. That time is indicated by the
vertical lines in the figure. This means that kinematical equilibrium is achieved. If we switch off secondary hadronic
rescattering, systems do not equlibrate.

We see that pressures are almost the same for all incident energies, however, baryon densities at the equilibrated
point are different, PB/PO is about 5 at 11.6AGeV, 6 at 25GeV, and 4 at 158GeV. From this analysis, it is suggested
that at 25AGeV, baryon density is the highest and the produced matter is dominated by the quark degree of freedom.
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Au(11.6GeV/c)+Au Au(25GeV/c)+Au Pb(1586GeV/c)+Pb

2000

2010 20 10 2D 10
time (fm/c) time (fm/c) time (fm/c)

FIG. 4. The t ime evolution of particles, tempera ture , pressure, baryon density, and energy density extracted from J A M
simulations are plotted for the incident energies of 11.6A G e V / c (left), 25GeV (middle), and 158GeV/c (right).

In Fig. 5, in order to see the path clearly, of the hot and dense matter, the T-pB diagram is plotted. It is seen
that later phase of the time evolution of the matter at AGS and JHF energies are quite similar, but baryon density
at the initial phase at JHF is larger in comparison with AGS energies. At SPS, higher temperature and lower baryon
density matter is predicted by this model calculation.
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o

0
PB/PO

FIG. 5. Time evolution of baryon density and effective temperature in Au+Au at 11.6AGeV/c from 0 fm/c to 20 fm/c by
1.0 fm/c step, Au+Au at 25AGeV, and Pb+Pb at 158AGeV, respectively.

IV. SUMMARY

In summary, incident energy dependence of thermodynamic evolution was investigated with the microscopic trans-
port model JAM. It is found that (1) at all incident energies, hadronic rescattering make the created hot and dense
matter equilibrate, (2) at AGS energies, extremely large baryon density of hadronic resonance matter is produced,
while at JHF energies, produced matter might be quark matter instead of resonance matter whose baryon density is
larger than that of AGS energies, at SPS energies, quark matter, but baryon density is smaller than that of JHF.
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24. Roles of the sigma meson in QCD and possible experiments to observe
it
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Abstract

Theoretical and phenomenological significance of the sigma meson (a) in QCD is dis-
cussed: If the scalar-isoscalar meson with the mass 500-700 MeV exists, various empirical
facts in hadron physics can be naturally accounted for, which otherwise would remain
mysterious. We propose several experiments to produce and detect the a in nuclei using
nuclear and electro-magnetic projectiles. The recent CHAOS data which show a spectral
enhancement near the 2 mn threshold in the a channel from the reactions A(TT, 27r)A'
where A and A' denotes nuclei is interpreted as a possible evidence of a partial restoration
of chiral symmetry in nuclei.

1 Introduction

The particle representing the quantum fluctuation of the order parameter a ~ ((: qq :)2) is

the a meson. The a meson is analogous to the Higgs particle in the Weinberg-Salam theory.

The a together with the pion constitutes a quartet of SUL(2) <8> SUR(2) symmetry in QCD.

Some effective theories[l, 2] including the ladder QCD[3] and Weinberg's mended symmetry[4]

predict the a meson mass ma ~ 500-700 MeV: The Nambu-Jona-Lasinio(NJL) model[5] is

now widely used as an effective theory for describing the chiral properties of QCD [2]. In

this model, the chiral symmetry is realized linearly like the linear sigma models, hence the

appearance of the a meson is inevitable; one has the a meson as well as the pions, and the

chiral symmetry makes ma twice of the constituent quark mass Mq ~ 335 MeV as well as the

pions are massless in the chiral limit [5], hence

ma ~ 2Mq ~ 670MeV. (1)

The significance of this relation in the context of QCD was emphasized by us in [lj.

If such a scalar meson with a low mass is identified, many experimental facts which

otherwise are mysterious can be nicely accounted for in a simple way[2, 6]: (1) The correlation

in the scalar channel as summarized by such a scalar meson can account for the A7 = 1/2

rule for the decay process K° —> TT+TT" or 7r°7r° [7]. (2) In the meson-theoretical model for the

nuclear force, a scalar meson exchange with the mass range 500~ 700 MeV is indispensable to

fully account for the state-independent attraction in the intermediate range. (3) The collective

excitation in the scalar channel as described as the a meson is essential in reproducing the

empirical value of the TT-N sigma term T,n^ = rh(uu + dd), the empirical value of which is

reported to be 45 ± 10 MeV. (4) The convergence radius of the chiral perturbation theory is

linked with the mass of the scalar meson.
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Recent phase shift analyses of the TT-TT scattering in the scalar channel claim a pole of

the scattering matrix in the complex energy plane with the real part Rema = 500-700 MeV

and the imaginary part Iiama ~ 500MeV[8], although the possible coupling with glue balls

with JPC = 0 + + make the situation obscure. Our view about the identification of the scalar

mesons is given in chapter 3 of ref.[2].

2 Experiments to produce the a using nuclear targets

Since the a meson is the fluctuation of the order parameter of the chiral transition, it will

become a soft mode and induce characteristic phenomena associated with the chiral restoration

in a hot and/or dense nuclear medium. Thus one may expect a better chance to see the a

meson in a clearer way in a hot and/or dense medium than in the vacuum[9, 2]. Such

a behavior of the meson may be detected by observing two pions with the invariant mass

around several hundred MeV in relativistic heavy ion collisions.

Some years ago, the present author proposed several experiments [6] to possibly produce

the a meson in nuclei, thereby to have a clearer evidence of the existence of the a meson and

also explore the possible restoration of chiral symmetry in the nuclear medium:

A (TT, a N) A' The charged pion (TT^) is absorbed by a nucleon in the nucleus, then the

nucleon emits the a meson, which decays into two pions. To make a veto for the two

pions from the rho meson, the produced pions should be neutral ones which may be

detected through four 7's.

A (N, a N) A' N may be a proton, deuteron or 3He, namely any nuclear projectile, which

collides with a nucleon in the nucleus, then the incident particle will emit the a meson,

which decays into two pions. One may detect 4 7 's from 2 n° which is the decay product

of the a. The collision with a nucleon may occur after the emission of the a meson; the

collision process is needed for the energy-momentum matching. In the detection, one

may use the two leptons from the process. This is possible when the sigma has a finite

three because of the scalar-vector mixing in the system with a finite baryonic density.

This detection may gives a clean data, but the yield might be small.

Photo-o" production off a nucleus The 7 ray is converted to the omega meson in accord

with the vector meson dominance principle, if the particle has a finite three momentum.

The omega meson may decay into the a meson in the baryonic medium via the process

w —>• N N —> a. The a will decay into two pions.
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3 The spectral function in the / = J = 0 channel in the nu-
clear medium

When a hadrons is put in a nucleus, the hadron will couple strongly to various excitations in

the system, such as nuclear particle-hole (p-h) and A-hole excitations, simultaneous excita-

tions of them and mesons and so on. In general, the hadron may dissociate into complicated

excitation to loose its identity in the nuclear medium. Thus the relevant quantity is the re-

sponse function or spectral function of the system when the quantum numbers of the hadron

are put in. A response function in the energy-momentum space is essentially the spectral

function in the meson channel. If the coupling of the hadron with the environment is rel-

atively small, then there may remain a peak with a small width in the spectral function,

which correspond to the hadron; such a peak may be viewed as an elementary excitation or

a quasi particle known in Landau's Fermi liquid theory for fermions. It is a difficult problem

whether a many-body system can be treated as an aggregate of elementary excitations or

quasi-particles interacting weakly with each other. Landau gave an argument that there will

be a chance to describe a system as an assembly of almost free quasi-particles owing to the

Pauli principle when the temperature is low. Then how will the decrease of ma in the nuclear

medium[9] reflect in the spectral function in the sigma channel?

A calculation of the spectral function in the a channel at finite T has been performed with

the <7-2TT coupling incorporated in the linear a model[10]; it was shown that the enhancement

of the spectral function in the a-channel just above the two-pion threshold can be a signal of

the decrease of mc, i.e., a softening; see also [11].

Recently, it has been shown [12] that the spectral enhancement associated with the partial

chiral restoration takes place also at finite baryon density close to po = 0.17fm~3. Consider

the propagator of the a-meson at rest in the medium : Z?~1(w) = w2 — m2 — £<r(^; p), where

ma is the mass of a in the tree-level, and Ha(uj;p) is the loop corrections in the vacuum as

well as in the medium. The corresponding spectral function is given by

P(T{u) = -7r-1ImDff(w). (2)

We parameterize the chiral condensate in nuclear matter (a) as (a) = CTO $(p). In the

linear density approximation, $(p) = 1 — Cp/po with C = (gs/aom^)po- Instead of using gs,

we use $ as a basic parameter in the following analysis.

The spectral function together with ReD"1^) calculated with a linear sigma model are

shown in Fig.l: The characteristic enhancements of the spectral function just above the 2mn.

The mechanism of the enhancement is understood as follows. The partial restoration of chiral

symmetry implies that m* approaches towards m^. On the other hand, Re-D"1^) has a

cusp at OJ = 2mn. The cusp point goes up with the density and eventually hits the real

axis at p = pc because Re-D"1^) increases associated with m* -» 2mn. It is also to be
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noted that even before the cr-meson mass m* and m^ in the medium are degenerate,i.e., the

chiral-restoring point, a large enhancement of the spectral function near the 2mn is seen.

Recently CHAOS collaboration [13] measured the 7r+7r± invariant mass distribution

in the reaction A(ir+, •K+TX±)X with the mass number A ranging from 2 to 208: They observed

that the yield for M^+7r_ near the 2mn threshold is close to zero for A = 2, but increases

dramatically with increasing A. They identified that the n+ir~ pairs in this range of M^+n_

is in the / = J = 0 state. The A dependence of the the invariant mass distribution pre-

sented in [13] near 2m,r threshold has a close resemblance to our model calculation shown in

Fig.l, which suggests that this experiment may already provide a hint about how the partial

restoration of chiral symmetry manifest itself at finite density.

It should be mentioned that conventional nuclear many-body effects can cause an en-

hancement of the spectral function as seen in the CHAOS experiment[15, 16]. However, as

emphasized in [16], such many-body effects solely is not sufficient to reproduce the enhance-

ment seen in the experiment.

To confirm and understand the underlying mechanism of the threshold enhancement, the

measurement of 2TT° and 2j in experiments with hadron/photon beams off heavy nuclear

targets is desirable. When a has a finite three momentum, one can detect dileptons through

the scalar-vector mixing in matter: a —> 7* —> e+e~. We remark that (d, 3He) reaction is also

useful to produce the excitations in the a channel in a nucleus because of the large incident

flux. The incident kinetic energy E of the deuteron in the laboratory system is estimated to

be l.lGeV < E < 10 GeV, to cover the spectral function in the range 2mn < u < 750 MeV.

A recent theoretical investigation[14] shows a possibility of formation of sigma-mesic nuclei

when the rate of the chiral restoration is considerable.

In conclusion, I thank T. Hatsuda, H. Shimizu, S. Hirenzaki and H. Nagahiro for their

collaboration.
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25. Nuclear matter in neutron star crust
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Properties of nuclear matter below the nuclear saturation density is analized by nu-
merical simulations with the periodic boundary condition. The equation of state at these
densities is softened by the formation of cluster(s) internal density of which is nearly equal
to the saturation density. The structure of nuclear matter shows some exotic shapes with
variation of the density. Furthermore, it is found that the symmetry parameter asym(p)
is not a linear function of density at low density region.

1. INTRODUCTION

The research for the property of nuclear matter has been attracting great attentions
since the beginning of nuclear physics. By the discovery of neutron stars, the existence
of giant nuclear matter became evident. The property of nuclear matter is essential to
understand basic characteristics of neutron stars.

Various strange shaped (e.g. cylindrical, tabular) nuclear matter structures below the
saturation density have been predicted by several macroscopic models which assume nu-
clear matter shapes [1-3] or Thomas Fermi calculation which deals with nuclear matter
as a continuum [4]. These studies have shown that the structure is determined by the
balance between surface tension and repulsive Coulomb force. As a result, the structure
of stable nuclear matter changes from finite nucleus (sphere) to giant cluster (rod, plate,
cylindrical-hole and spherical-hole) with increase of global density. Above the saturation
density, the uniform structure is stable.

Recently, Maruyama et al. proposed a new approach for the study of nuclear matter
[5]. This method is based on a microscopic treatment of particles, namely MD simulation.
Therefore the effects of clusterization can be taken into account without any assumption
of the structure. However, properties of finite nuclei, for instance radius and shape, were
not well reproduced with the effective interaction employed by them.

The purpose of present study is to give more quantitative analysis of the nuclear struc-
ture in the low-density nuclear matter which is strongly related with the crust region of the
neutron stars. We improve the effective nuclear interaction to reproduce the properties
of the finite nuclei better than the previous calculation [5].
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2. FRAMEWORK OF SIMULATION

We treat nucleons (protons, neutrons) as the constituent particles. Each particle is
described by a gaussian wave packet characterized by the coordinate, the momentum and
the width.

2.1. Interaction between particles
Our interaction contains Skyrme-type two-body and density dependent, symmetric,

surface, momentum dependent term, and Pauli interaction which is an artificial repulsive
one between two particles of the same kind. We determine the parameters of the nuclear
potential to reproduce the bulk property of nuclear matter and the properties of stable
nuclei, namely, binding energy and root-mean-square radius as shown in Figs. 1 and 2.
Surface term which is newly added term make the surface property of nucleus smooth.
Therefore the radii of stable nuclei are reproduced well.

10 II I ! I |

• Experimental value

—o— MD

— A — MD(OLD)

Experimental value

MD

- A — MD(OLD)

50 100 150 200 250

Mass Number A

Figure 1: Binding energy of finite nuclei.

50 100 150 200 250

Mass Number A

Figure 2: Root-mean-square radius of fi-
nite nuclei.

2.2. Simulation for infinite system
We simulate infinite system by employing the periodic boundary condition [6]. The

volume containing the N particles is treated as the primitive cell of an infinite periodic
lattice of identical cells. Each particle interacts with all other particles in the same cell
and all particles in all other cells. The actual number of N in this paper is 3072.

Initial position and momentum of particles are given randomly, and we cool down or
heat up the system by frictional cooling [7] or Metropolis sampling [8]. Finally, we get
the ground state or the excited state with a certain temperature. Many calculations are
carried out by changing the density p, proton fraction Z/A and temperature T of nuclear
matter.

3. STRUCTURES OF NUCLEAR MATTER

Figure 3 shows the density dependence of symmetric matter structure. One box cor-
responds to the fundamental cell. At saturation density, uniform structure is stable.
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However, as density becomes lower particles form clusters, showing that uniform struc-
ture become unstable. At 0.5po, there appears the structure with cylindrical-holes. At
0.1 po, many spherical nuclei can be seen.

p=1.0p0 p=0.5p0 p=0.1p0

Figure 3: Examples of symmetric matter structure. Black circles denote protons and
white are neutrons.

Figures 4 and 5 show the energy of symmetric matter and neutron matter, respectively.
Our model reproduces the well known bulk property of symmetric matter at the region
near saturation density (p0). At low density region, our results deviate from the parabolic
behavior. We find that the effect of clusterization softens the EOS. For the neutron matter
EOS, our result agrees with RBHF calculation [9]. This fact give us a confidence that
the interaction used in our simulation can well be applied for the study of neutron star
matter which lies in between these two extreme conditions.
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Figure 4: EOS of symmetric matter.
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Figure 5: EOS of neutron matter.

Figure 6 shows the EOS of asymmetric matter. From the energy of asymmetric matter
for several given densities, we estimate the density dependence of symmetry parameter

) defined by the second derivative of E(p,a)/A over a = (N — Z)/A at a = 0.a
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Figure 7 shows the density dependence of symmetry parameter in comparison with
DBHF calculation [10]. We find the symmetry parameter is not proportional to density
below the saturation density. This can be understood as the effect of clusterization.
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Figure 6: EOS of asymmetric matter.

4. SUMMARY

0
0.0 0.5 1.0 1.5 2.0

Density [p0]

Figure 7: Density dependence of symme-
try parameter.

We have analyzed infinite system of nucleons by a molecular dynamics simulation with
the periodic boundary condition. At extremely low temperature, the structure of nuclear
matter below saturation density is not uniform and nucleons form p ~ l.Opo agg regate(s).
The density dependence of symmetry parameter for p < p0 is not a linear function of p
because of the effects of clusterization. Our results for finite temperature will be reported
elsewhere. The EOS of neutron star matter is now under investigation!
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26. In-medium Properties of Antiproton in high energy reactions

mm
Using the RBUU approach we calculate the subthreshold production of antiprotons in the

p- and d-nucleus reacitions done by the KEK-ps collaboration. Then we attempt to determine
the depth of the anti-proton potential at the normal nuclear density from experimental data
of these reacions. by introducing the

JINR [1], BEVELAC [2], SIS [3] ̂ T ^ c k ^ 2GeV/u'

[4] TteUfHi© 1/1000, ^ -M^^O^I^^^OAnfcBUU [5], QMD [6]
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27. Bound states of negative-energy nucleons in finite nuclei

G. Mao, H. Stocker, and W. Greiner
Institut fur Theoretische Physik der J. W. Goethe-Universitat

Postfach 11 19 32, D-6OO54 Frankfurt am Main, Germany

We study the bound states of negative-energy
nucleons in finite nuclei within the relativistic
Hartree approach including the contributions of
the Dirac sea to the source terms of the meson
fields. The Dirac equations for the nucleon and
the anti-nucleon are solved simultaneously. The
single-particle energies of negative-energy nucle-
ons are obtained through changing the sign of
the single-particle energies of positive-energy anti-
nucleons. Numerical results show that the bound
levels of negative-energy nucleons vary drastically
when the vacuum contributions are taken into ac-
count.

In spite of the great successes of the relativis-
tic mean field (RMF) theory [1-4] and the rela-
tivistic Hartree approach (RHA) [5,6] in describ-
ing the ground states of nuclei, the arguments
of introduction of strong Lorentz scalar (S) and
time-component Lorentz vector (V) potential in
the Dirac equation are largely indirect. So far,
no evidence from experiments ensures the physical
necessity. One usually compares the theoretical
predictions only with the experimental data of the
positive-energy sector, which is subject to a rela-
tively small quantity stemming from the cancella-
tion of two potentials S+V (V is positive, S is neg-
ative.). While the dynamical content of the Dirac
picture certainly lies with both the positive- and
negative-energy sector, the study of the negative-
energy sector enjoys an additional bonus: it pro-
vides us with a chance to determine the individual
S and V! Due to the G-parity, the vector poten-
tial changes its sign in the negative-energy sector.
The bound states of negative energy are sensitive
to the sum of the scalar and vector field S — V.
Combining with the information from the positive-
energy sector, one may fix the individual values of

the scalar and vector field.
The study of the negative-energy sector is ex-

tremely interesting for modern nuclear physics.
If the potential of negative-energy nucleons is
much weaker than what one expects or predicts
by means of the RMF/RHA models, that is,
the strong scalar and vector field are not neces-
sary, one may question the validity of the models
since some important physical ingredients, such
as quantum corrections, correlation effects, three-
body forces et al., are still missing in these phe-
nomenological approaches. One may think about
constituting a more elaborate model. Alterna-
tively, if a deep potential of negative-energy nucle-
ons is indeed observed, that is, the strong scalar
and vector potentials are realistic, an interesting
phenomena is that at certain density the negative
energy of nucleons may turn out to be larger than
the free nucleon mass, the system becomes unsta-
ble with respect to the nucleon-anti-nucleon pair
creation [7]. On the other hand, as pointed out in
Ref. [8], in high-energy relativistic heavy-ion colli-
sions, the nucleons may be emitted from the deep
bound states of negative energy due to dynam-
ics. These can create a great number of nucleon-
holes (i.e., anti-nucleons) in bound states. Such
collective creation processes of anti-matter clus-
ters have a large probability for the production
of anti-nuclei, - and analogously also for multi-A,
multi-A nuclei. These open two fascinating direc-
tions to extend the periodic system, i.e., to ex-
tend into the negative sector and into the multi-
strangeness dimension, in addition to the islands
of super-heavy nuclei. In order to reach the quan-
titative study of the above theoretical conjecture,
a prerequisite is to know the exact potential depth
of the bound states of negative energy. Up to now,
no answers from experimental side or theoretical
side are available.
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We study the problem within the relativistic
Hartree approach including the vacuum contribu-
tions. The starting point is the following effective
Lagrangian for nucleons interacting through the
exchange of mesons [1-3]

C = - U{o)

1

't
1

1
2 ? *

^III/1

1

4 J

^ (1)

here U(CT) is the self-interaction part of the scalar
field

(2)

Based on this Lagrangian, we have developed a
relativistic model describing the bound states of
negative energy in finite nuclei [9]. Instead of
searching for the negative-energy solution of the
nucleon's Dirac equation, we solve the Dirac equa-
tions for the nucleon and the anti-nucleon simul-
taneously. For each equation we look for only
one solution, that is, the positive-energy solution.
The single-particle energies of negative-energy nu-
cleons are obtained through changing the sign of
the single-particle energies of positive-energy anti-
nucleons. The contributions of the Dirac sea to
the source terms of the meson fields are evalu-
ated by means of the derivative expansion [10]
up to the leading derivative order for the one-
meson loop and one-nucleon loop. Thus, the
wave functions of anti-nucleons, which are used
to calculate the single-particle energies, are not
involved in evaluating the vacuum contributions
to the scalar and baryon density which are, in
turn, expressed by means of the scalar and vec-
tor field as well as their derivative terms [9]. The
Dirac equation of the nucleon and the equations
of motion of mesons (containing the densities con-
tributed from the vacuum) are solved within a self-
consistent iteration procedure [2]. Then, the Dirac

TABLE I. Parameters of the RMF and the RHA
models as well as the corresponding saturation
properties.

MN (MeV)
ma (MeV)
mu (MeV)
mp (MeV)

g<r

gu;

g?

b (far1)
c

PO (far3)
El A (MeV)
m* /MN

K (MeV)
a4 (MeV)

RMF
LIN

938.000
615.000
1008.00
763.000
12.3342
17.6188
10.3782

0.0
0.0

0.1525
-17.03
0.533
580
46.8

NL1
938.000
492.250
795.359
763.000
10.1377
13.2846
9.9514
12.1724

-36.2646

0.1518
-16.43
0.572
212
43.6

RHA
RHA0

938.000
615.000
916.502
763.000
9.9362
11.8188
10.0254

0.0
0.0

0.1513
-17.39
0.725
480
40.4

RHA1
938.000
458.000
816.508
763.000
7.1031
8.8496
10.2070
12.0435
-2.6656

0.1524
-16.98
0.788
294
40.4

equation of the anti-nucleon is solved with the
known mean fields to obtain the wave functions
and the single-particle energies of anti-nucleons.
The space of anti-nucleons are truncated by the
specified principal and angular quantum numbers
n and j with the guarantee that the calculated
single-particle energies of anti-nucleons are con-
verged when the truncated space is extended.

In the previous RIIA calculations for the
bound states of positive energy [5,6], the parame-
ters of the model are fitted to the saturation prop-
erties of nuclear matter as well as the rms charge
radius in 40Ca. The best-fit routine within the
RHA to the properties of spherical nuclei has not
been performed yet. Thus, we first fit the param-
eters of Eqs. (1) and (2) within the RHA to the
empirical data of binding energy, surface thickness
and diffraction radius of eight spherical nuclei 16O,
40Ca, 48Ca, 58Ni, 90Zr, 116Sn, 124Sn, and 208Pb as
has been done in Ref. [2] for the RMF model. We
distinguish two different cases with (RHAl) and
without (RHA0) nonlinear self-interaction of the
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scalar field. The obtained parameters and the cor-
responding saturation properties are given in Ta-
ble I. For the sake of comparison, two sets of the
linear (LIN) and nonlinear (NL1) RMF param-
eters from Ref. [2] are also presented. One can
see that the RHA gives a larger effective nucleon
mass than the RMF does, which is mainly caused
by the feedback of the vacuum to the meson fields,
as can be seen from Eqs. (71) ~ (74) of Ref. [9].
When the effective nucleon mass decreases, the
scalar density originated from the Dirac sea psga

increases. It is negative and cancels part of the
scalar density contributed from the valence nucle-
ons pv

s
al, which causes the effective nucleon mass

to increase again. At the end, it reaches a bal-
ance value. In the fitting procedure, we have tried
different initial values giving smaller effective nu-
cleon mass. After running the code many times,
all of them slowly converge to a large m*.

In Table II we present the results of both
positive- and negative-energy spectra of 16O, 40Ca
and 208Pb. The binding energy per nucleon and
the rms charge radius are given too. The numer-
ical calculations are performed within two frame-
works, i.e., the RHA including the contributions
of the negative-energy sector to the source terms
of the meson fields and the RMF taking into ac-
count only the valence nucleons as the meson-field
sources. The experimental data are taken from
Ref. [11]. From the table one can see that all four
sets of parameters can reproduce the empirical val-
ues of the binding energies, the rms charge radii
and the single-particle energies of positive-energy
proton states fairly well. For the E/A and the
rc/!, the agreement between the theoretical pre-
dictions and the experimental data are improved
from the LIN to the RHAO, RHA1 and NL1 set
of parameters. For the spectra of positive-energy
protons, due to large error bars, it seems to be
difficult to queue up the different sets of param-
eters. However, because of the large effective nu-
cleon mass, the RHA has smaller spin-orbit split-
ting (see lpi/2 and lp3/2 state) compared to the
RMF. This situation can be improved through

TABLE II. The single-particle energies of both
positive- and negative-energy protons as well as the
binding energy per nucleon and the rms charge ra-
dius in 16O, 40Ca and 208Pb.

1 6 Q

E/A (MeV)
rch (fm)

POS. ENE.
1*1/2 (MeV)
lp3/2 (MeV)

lft/2 (MeV)
NEC ENE.
l*i/2 (MeV)
lp3/2 (MeV)
lpt/a (MeV)

40Ca
E/A (MeV)

fch (fm)
POS. ENE.
l*i/2 (MeV)
\p3/2 (MeV)
lpx/2 (MeV)
NEG. ENE.
U 1 / 2 (MeV)
lpb/2 (MeV)

lft/2 (MeV)
208pb

E/A (MeV)
rch (fm)

POS. ENE.
U1/2 (MeV)
lp3/2 (MeV)

lft/2 (MeV)
NEG. ENE.

1*1/2 (MeV)
lp3/2 (MeV)
lp1/2 (MeV)

RMF
LIN

7.80
2.59

42.99
20.71
10.85

821.30
754.62
755.43

8.38
3.36

51.21
35.05
29.25

840.76
792.36
792.75

7.83
5.34

58.71
52.74
51.83

830.16
819.15
819.22

NL1

8.00
2.73

36.18
17.31
11.32

674.11
604.70
605.77

8.58
3.48

46.86
30.15
25.11

796.09
706.36
707.86

7.89
5.52

50.41
44.45
43.75

717.01
705.20
705.28

RHA
RHAO

8.01
2.62

32.21
16.09
12.98

413.62
369.78
370.36

8.65
3.39

38.64
27.11
25.17

456.58
424.85
425.14

7.96
5.43

44.43
39.87
39.49

476.61
466.08
466.13

RHA1

8.00
2.66

30.68
15.23
13.24

299.42
258.40
258.93

8.73
3.42

36.58
25.32
24.03

339.83
309.24
309.52

7.93
5.49

40.80
36.45
36.21

354.18
344.48
344.52

EXP.

7.98
2.74

40±8
18.4
12.1

8.55
3.45

50±ll

34±6

7.87
5.50

introducing a tensor coupling for the u meson [2]
which will be investigated in the future studies.
For the negative-energy sector, no experimental
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data are available. In all four cases, the potential
of negative-energy nucleons is much deeper than
the potential of positive-energy nucleons. On the
other hand, one can notice the drastic difference
between the RHA and the RMF calculations - the
single-particle energies calculated from the RHA
are about half of that from the RMF, exhibiting
the importance of taking into account the Dirac
sea effects. It demonstrates that the negative-
energy spectra deserve a sensitive probe to the
effective interactions. The spin-orbit splitting of
negative-energy sector is so small that one nearly
can not distinguish the lpi/2 and the IP3/2 state.
This is because the spin-orbit potential is related
to d(S + V)/dr in the negative-energy sector and
two fields cancel each other to a large extent. Nev-
ertheless, the space between the Is and the lp
state is still evident, especially for lighter nuclei.
This might be helpful to separate the process of
knocking out a lsi/2 negative-energy nucleon from
the background - a promising way to measure the
potential of the anti-nucleon in laboratory.

In summary, we have proposed to study the
bound states of negative-energy sector which will
provide us with a chance to judge the physical
necessity of introducing strong scalar and vector
potential in the Dirac picture. Due to the feed-
back of the vacuum to the meson fields, the scalar
and vector fields decrease in the RHA. Numeri-
cal calculations show that the single-particle en-
ergies of negative-energy nucleons change drasti-
cally for the RMF and the RHA with different sets
of parameters, while the single-particle energies
of positive-energy nucleons remain in reasonable
range. It is very important to have experimental
data to check the theoretical predicted bound lev-
els of negative energy. If the Dirac picture with the
large potentials is valid for nucleon-nucleus inter-
actions, a fascinating direction of future studies is
to investigate the vacuum correlation and the col-
lective production of the anti-nuclei in relativistic
heavy-ion collisions. Experimental efforts in this
direction are presently underway [12].
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