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Preface to the CCAST-World Laboratory Series

The China Center of Advanced Science and technology (CCAST)
was established on October 17, 1986 through the strong support of
World Laboratory and the Chinese Government. Its purpose is to
introduce important frontier areas of science to China, to foster their
growth by providing a suitable environment, and to promote free ex-
change of scientific information between China and other nations.

An important component of CCAST's activities is the organiza-
tion of domestic and international®* symposium/workshops. Each
academic year we hold about 20 domestic symposium/workshops
which last an average of one to two weeks each. The subjects are
carefully chosen to cover advanced areas that are of particular in-
terest to Chinese scientists. About 30-60 participants, from senior
scientists to graduate students, are selected on a nationwide basis
for each program. During each workshop these scientists hold daily
seminars and work closely with each other.

Since 1990, CCAST has also sponsored a vigorous program for
young Chinese scientists who have already made world—class con-
tributions and are currently doing research abroad. They return to
China to participate the domestic symposium/workshops, to lecture
at CCAST and to collaborate with their colleagues at home. In this
way, they can bring to China their own expertise, and when they go
back to their institutions abroad they will be able to circulate in turn
the knowledge they have acquired in China.

China is at a pivotal point in her scientific development. She is
gradually emerging as an important and dynamic force in shaping the
advanced science and technology of the future. This series is part of
the this remarkable evolution. It records the effort, dedication, and
sharing of knowledge by the Chinese scientists, at home and abroad.

T.D. Lee

* The CCAST international symposium/workshop series is published separately by
Gordon and Breach Scientific Publishers.
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Quark model for baryons

Qiang ZHAO
Department of Physics, University of Surrey, Guildford, GU2 7XH, UK
email: qiang.zhao@surrey.ac.uk

In this lecture, a pedagogic introduction to the nonrelativistic constituent quark model
phenomenology for baryons is presented. Concerning the recent interests in the study of
baryons in meson photo- and electroproduction, quark model approaches with effective
Lagrangians for quark-meson couplings are introduced. A brief review of the experimental
status is also provided.

1 Introduction

Understanding the structure of hadrons based on the fundamental inter-
action of constituent quarks and gluons is one of the challenges in strong
interaction physics [1].

The phenomenological nonrelativistic constituent quark model (NRCQM)
provides a picture for hadrons in which the constituent quarks are very
heavy compared to the QCD scale. One of the basic assumption applied to
such a picture is the adiabatic (Born-Oppenhimer) approximation for the
low-lying hadronic structures, in which the gluonic fields of QCD generate
effective potentials which depend on the positions and spins of the nearly
static quarks. Since creation of heavy quark pairs would be suppressed,
the simplest and low-lying color-singlet states thus have structure of gg and
gqq. Meanwhile, since in the adiabatic approximation the low-lying states
move along a potential surface generated by the gluonic ground state, the
hadronic wavefunction will depend only on quarks.

Take one step further, when two quarks are close together, they would
expose the configuration of a meson, where one expects that a linear po-
tential (e.g. V(r) = br) is in operation. In terms of an effective two-body
potential, in the direction between the “meson”-like configuration and the
third quark, each of the two nearby quark would attract the third with a
potential %br. It was demonstrated that a sum of two body potentials with
half strength of the mesonic potential provides a good approximation for
the descriptions of the low-lying baryons.




We concentrate on the baryons made up of light constituent quarks: w,
d and s. These quarks have spin 1/2, in which u and d form a nonstrange
isospin doublet, and s is a strange isospin singlet. Therefore, we have the
fundamental representation of a SU(6) group symmetry for the spin and
isospin wavefunctions: '

ulul,dl,dl,sT,s ], (1)

‘where u, d, and s are Pauli spinors in the isospin space, while T and | are
spinors in the spin space.

The total wavefunction of such a baryon system consists of four parts: i)
spatial wavefunction 1; ii) flavor wavefunction ¢; iii) spin wavefunction x;
and iv) color wavefunction ¢.. For such a Fermion system, the Pauli prin-
ciple requires that the total wavefunction is antisymmetric under exchange
of any two quarks. Therefore, the total wavefunction must be antisym-
metrized. Note that such a normal baryon state should be a color singlet
and thus the color wavefunction is antisymmetric under exchange of any two
quarks. As a consequence, we need only to symmetrize the rest part of the
total wavefunction, i.e. spatial, spin and isospin, to obtain an antisymmetric
baryon wavefunction. Such a simple picture has provided a basis on which
the hadron spectroscopies were first constructed.

The quark model achieved significant successes in the interpretation of a
lot of static properties of nucleons and the excited resonances. However, it
also raised the famous puzzle of “missing resonances”, which were predicted
by the quark model in the baryon spectroscopy, but have not been found in
the m-N scattering experiments. Historically, most of the nucleon resonances
were established in pion-nucleon (7N) scattering experiments. Since it is
likely that those “missing resonances” couple to mN channel weakly, while
they may have strong couplings to other meson or baryon production channel
(we should come back to this later), for instance, Am, nN, KA, K, wN, pN,
®N, etc. both experimental and theoretical efforts were devoted to searching
for “missing resonances” in meson photo- and electroproduction, where the

photon serves as a clean electromagnetic probe for detecting the nucleon -

resonance structures. A large number of experiments are undertaking at
JLab (CLAS), ESRF (GRAAL), ELSA (SAPHIR), MAMI (Mainz), SPring-
8, etc., and a large database in the near future would undoubtedly improve
our knowledge of the baryon static properties and the non-perturbative QCD
phenomena.

In the following parts, I shall introduce the nonrelativistic quark model.
Its success and failure in the description of baryon static properties will be




addressed. Consequently, I shall introduce its application to the study of the
photo-excitation of baryon resonances. Closely related to the experimental
efforts, I shall introduce a quark model approach to meson photo- and elec-

troproduction at the resonance region. Relevant experimental progresses
will be addressed.

2 The spin-independent potential and naive quark
model

Isgur and Karl [2] first systematically studied the baryon spectroscopy by
solving the Schrédinger equation for the quarks in a baryon system by ex-
pressing the Hamiltonian as

gl

where V% con 18 the potential for confinement, and has the following expres-
sion:

) Z VU onf T+ thp (2)

i<j

2a
conf = Cgqq + szJ §i . (3)

In the harmonic oscillator basis, Von 5 can be expressed as

Vconf = ﬂ’r?j + Uij ) (4)

where Uj; is treated as an anharmonic perturbation. Leaving the spin-
dependent term I;T%p to be discussed later, one can solve the eigenstates
of the harmonic oscillator potential, and minimize the anharmonic part by
choosing a proper value for 3.

In this case, total angular momentum of the three quark system is a
good quantum number. Therefore, the spatial wavefunction has an O(3)
orbital angular momentum symmetry. Remember that the spin and flavor
wavefunction are combined under SU(6) symmetry, we thus label such a
quark system with SU(6)®0(3) symmetry.

2.1 SU(6) wavefunction

Recalling that we require the product of spatial, spin and flavor wavefunc-
tions to be symmetric, therefore, the product of the spin and flavor wave-
functions could be any possible combinations. We use the representations



of the permutation group S3 to construct the SU(6) wavefunctions for spin
and flavor space.

Generally, there are four representations of S3: total symmetric basis e® ,
total antisymmetric e*, and two mixed-symmetry bases e* and e?, which are
defined under permutation transformations:

' A
w(S)-(8)(E) e

A _1  _3 A
w(o)-(3 7)) o

where Pj3 and Pj3 are permutation operators for exchange of 1 « 2 and
1 < 3, respectively.
Since the representations of SU(IV), which can be constructed from three

fundamental representations of group Ss, are also representatlons of S3, for
SU(2), SU(3) and SU(6), we can obtain

SU22) 202®2 =4,+2,+2), (7
SU(B) 3®3®3 =10,+8,+ 8y +1,, (8)
SU(6) 6®6®6 =56,+170,+ 70+ 20,, (9

where the subscripts denote the corresponding S3 basis for each represen-
tation, and the bold numbers denote the dimension of the corresponding
representation. Note that we cannot construct an antisymmetric spin state
with identical spin 1/2 fermions.

The spin-flavor wavefunctions thus can be expressed as |Ng,25+1 N3),
where Ng and N3 denote the SU(6) and SU(3) representation and S stands
for the total spin of the wavefunction. More explicitly, we have the SU(6)
wavefunctions:

56,28)° = \%(sﬁpx” +0MY
56,Y10)° = ¢°x°,
7028 = — (@ + 8,
[70,48)" = ¢y’
170,210)" = ¢°x*,
17021)? = ¢°x*,




70,28) = 71—5(¢”x”—¢*xA),

|70’48))‘ = (/J’A s,

70,210 = ¢°x*,

7021)* = ¢*%",

20,28)0 = —\}—5(¢pr—¢*><”),

20,41)% = ¢°%°. (10)

2.2 Spatial wavefunctions

The spin-independent potential leads to conservation of the total orbital
angular momentum L and the total spin S. The total angular momentum
of the baryon is J = L+ S, and thus the spatial wavefunctions possess O(3)
symmetry under a rotation transformation. Meanwhile, the Hamiltonian for
such a three-quark system can be invariant under the permutation group Ss.
One thus can express the spatial wavefunctions as representations of the Ss
group. '

Although the energy level (mass position) and symmetries of the baryon
states are dependent on the potential, generally the ground state should be
a symmetric basis of S3 with L = 0%, and the next (excited) states are
of mixed symmetry with L = 1. As a first order approximation, the
eigenstates of harmonic oscillators provide an ideal basis to build up the
spatial wavefunctions for those low-lying baryons.

The Hamitonian for the harmonic oscillator can be expressed as,

L S 2 1

H=3}% Bt omgwd 3 (ry - ), (11)
“~ 2mg 6 e
i=1 <Jj

where ry(;) and p; are coordinate and momentum of the constituent quark;
wy, is the harmonic oscillator potential strength.

One can also express the three coordinates in a basis of S3 group sym-
metry, which is the same as Jacobi coordinate as shown by Fig. 1. The
symmetric coordinates R (or Pr in momentum space) describe the c.m.
motions, which are symmetric under the exchange of any two quarks. The
two mixed coordinates p and X (or p, and p) in momentum space) de-
scribe the internal motions which are antisymmetric and symmetric under
the exchange of quark one and two. It should be noted that although the
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Figure 1: The Jacobi coordinate for a three-quark system.

quarks are labelled by number indices, we will not lose any generality after
the symmetrization of the system.

With the new coordinates, the harmonic oscillator Hamitonian can be
rewritten as

P%  p? p; 3 2/ 2, 72
= = 1
7 6myg + 2m, + 2mg T gMawh(pT A%, (12)

where the transformations between these two coordinates are
1
R = §(r1 + 719 +r3)

p = “\%(rl —T3)




1 .
A = —=(r;+ry—2r3), 13
\/5(1 2 — 2r3) . (13)
or
'Pr = p1+p2+p3

Py = 71-2-(p1—pz).

py = ‘\/1-6(1)1 +Pp2 —2p3) . (14)

The eigenstates for the above Hamitonian can be expressed as

1 1 . o
¢(r1,r2,r3) = (27‘_)3/26 Pr RwNLLz (pa A) 3 (15)

where ¢, (p,A) is the harmonic oscillator wavefunction; o = s,p, )\, a
denotes the representation of the S3 group; N, L, and L, denote the main
quantum number, total orbital angular momentum, and total orbital an-
gular momentum projection along z-axis. Taking the notation of Karl and
Obryk [3], the harmonic oscillator wavefunction can be written as

' ol e 2(n22 \2
YL, (0 A) = PRy, 7 o (PPHA Ve (16)

where ap = mwp, and Pfr is a polynomial of p and A. In this way, the
symmetry charactor of the wavefunctions is highlighted.
Explicitly, the states with N < 2 can be obtained:

N=O, L=0, P6900=17
N == 1, L = 1, P]I.’ll = Othp+,
P)y; = apy,

2
N=2 L=0, P2300=%(P2+>‘2‘30‘;2)3

p o
Pago = ﬁzp ‘A

| P2)b0 - \/"(p A2)a
L=2, Ppy= ah(P+ +2%),

Pl = ofpiry,

7




1
P2,\22 = -2-af21,(p?}- - A?i—)a
L=1, P§;=0cj(ps):— At+Pz)- (17)

2.3 Total wavefunctions

Now it is quite direct to construct the total wavefunction of baryons in the
SU(6)®0(3) symmetry limit:

$|SU(6) ® O(3)) = ¢|Ng, 257IN3, N, L,J), (18)

where again we stress that the O(3) symmetry leads to the total orbital
angular momentum to be a good quantum number with J = L + S.

As discussed before, apart from the anti-symmetric color wavefunction
@c, we need to construct |[SU(6) ® O(3)) to be symmetric. The assignments
of these states to resonances are denoted by Lonen (M), where I, J, and M
represent the isospin, spin, and mass (in MeV) of the resonance, and L is the
relative orbital angular momentum between 7 and NV in the resonance decay
into mN channel. In the following, we also give the resonance experimental
status rated by “*” (See convention of PDG [4]).

i) Ground state baryons with N =0, L = 0, L¥ = 0™.

Nucleon (p and n) (****):

1 1
|56a 28, 01 Oa 5) = E(d’pxp + ¢)\XA)"/)800(p7 A) . (19)
Py3(1232) (ATH, A%, A0, A7) (F¥+¥),

56, 410, 0,0, ) °X* Y00 (0, A) - (20)

ii) The first excited states with N =1, L = 1, L¥ = 1~. Since the spatial
wavefunction with L = 1 cannot be symmetrized, it implies that only the
spatial wavefunction with mixed symmetries can contribute, i.e. Ng = 70.

o S11(1535) (¥**%), Dyg(1520) (****):

1
70, %8, 1,1,J) = (1Lz,-2-sz1JJz>
Ly+S.=J,

X2, + W, (0,0
+(¢X5, - st)"JnL,, (p,A)] . (21)




o 571(1650) (****), D13(1700) (*¥**), D15(1675) (****):
70, 8, 1,1,J)

S (1L, gszum
Lz+Sz—-Jz

\/—[¢p X%, ¥01L, (P X) + Mg v, (o, )] - (22)

o S31(1620) (****), Da3(1670) (****):
|70, 210, 1,1,J)

1 .
>, (1Ls ST )
Lz+Sz=Jz

1
XEWXQZ i’le(p,/\)+¢Sx§,¢%1Lz(p,}\)]J. (23)

I

e States with anti-symmetric flavor wavefunction (only for A baryons):
|70, %1, 1,1, J)

= Y (LS
Lz‘|'Sz=Jz

1 ! N
X ﬁ[@baxéz‘/)fmz (0, A) — ¢°x2, VL. (0 Ny . (24)

iii) Higher excited states with N = 2.
Since the spatial wavefunction can be symmetric, anti-symmetric or mlxed
symmetric, the SU(6)®O(3) representation can be 56, 70, and 20.

A) For Ng = 56:

e Radial excitation with L = 0:
Py1(1440) (Roper resonance) (****)

156, 28, 2,0, 1>——f¢pxp+w MNso(p ). (25)
P33(1600) (s * %)
56, 410, 2,0,2) = X Wino(o, ) - (26)




e L=2: »
P13(1720) (****)a F15<1680) (****)
|56, 28, 2,2,J)

1
= Y (2L, 55:1.Jz)
Ly+4S.=J;

1
X W(W X5, + ™5, W5, (0, A) . (27)

P31(1910) (***%), Ps3(1920) (***), F35(1905) (****), F37(1950) ()

: 3
56, 410, 2,2,7) = Y (2Lz, 582\ J2)6"x%, Yhar. (P, ) - (28)
Lz+sz=Jz

B) For Ng = 70:
¢ Radial excitation with L = 0:
Py (1710) (***)
70, %8, 2,0,3) = S[6xh + M huo(o,N)
+H(OX5, — 6'X5, Va0 (0, N)] - (29)
P13(1900) (**)

70, %8, 2,0,3)
1

ﬁ[cb”xféz?ﬁé’oo(ﬂ, A) + X Yoo (p, N)] - (30)
P31 (1750) (*)

|70, 210, 2,0, %)

1
= X5 Vho0(p, N) + 6" X3, o (0, Ay - (31)

Fo1 with anti-symmetric flavor wavefunction (only for A baryons):

1

3

—_ 1 a. A P a. P 1A .

= %[‘ﬁ X5, ¥200(Ps A) — ¢ Xs,%300(0, )]s . (32)

|70, 21, 2,0,

10




e [ =2
Pi3(1900) (**), F15(2000) (**)

1
|70, 28, 2,2,J) = > (2Lz,§sz|JJz)
Lz+Sz=Jz

X264, + X8 Whar, (b, V)
+(@°xG, — X8, )WL, (2, V)] . (33)
P11(2100) (¥), Pi3(1900) (**), Fi5(2000) (**), Fi7(1990) (**)
|70, 48, 2,2,J)

3
= > (2L, —SZIJJZ)
Lz+Sz-—Jz

x7[¢ X5, Y5z, (P X) + x5 v, (N . (34)

P33(1985) (missing), F35(2000) (**)
|70, 210, 2,2,J)

1
Z (2Lz, 'iSzlJJz)
Lz+Sz=Jz

< S0, (0.0 + X0, (0 - (35)

H

C) For Ng = 20, it must require L = 1. So far no experimental
evidence for the existence of such resonances was found. For non-
strange resonance, we have

|20, 28, 2,1, J)
Z (1 z,QSZlJJz)

Lz+Sz

f(qspxsz X% )5z, (0, A) (36)

and for A baryon with anti-symmetric flavor wavefunction, we have

3.
20, “1, 2,1, 0y = Y (1L, ESZ|JJZ)XSSZ¢“¢§1LZ([;,)\). (37)
Lz+Sz=-]z

11




2.4 The anharmonic and spin-dependent potential

Based on the SU(6)®0(3) symmetry, the quark model succeeded in the
classification of the baryon spectrum. But quantitative results could not be
expected since more elaborate details about the dynamics were needed. A
famous example was that the Roper resonance Py;(1440) was assigned to
the radial excitation state with N = 2, and L = 0, which was found to have
lower mass than the first excited multiplets with N = 1 and I = 1. The
inclusion of the anharmonic and spin-dependent quark potential turned to
be necessary.

The perturbative anharmonic interaction U;; brought the first order en-
ergy shift to different SU(6)®0(3) representations. It led to the largest
energy shift for the SU(6)®0(3) state [56,0%]y—2 (Roper), while it van-
ished for the state [20,1%]y—2. This gave a reasonable explanation to the
lower mass of the Roper resonance, and presumably explained why states of
[20,1%] =2 were not observed in experiment since they were prédicted to
have higher mass scale. 4

The spin-dependent effects are introduced through the hyperfine inter-
action for the light quark system:

g =y 20s(ry) 81 oose v 1 (88iemyS;ry o o
Hpyp “gm 3 S; - 8;0 (ru)‘f‘rgj (T Si SJ)} )

(38)
where S; is the spin operator for the i-th quark.

For the ground state baryons, the hyperfine interaction could be com-
Pletely isolated since both the p and A type orbital angular momentum
operators would annihilate the ground states. The hyperfine interaction can
only contribute via the contact term of S; - S;. Notice that

3

a
(W30016° (v [9o0) = @—W)hgw ; (39)
and
@i _ ) *T1/4 ifiand j have spin 1

(8i-8;) = { —3/4 ifiand j havespin 0 (40)

the ground state diagonal splittings can be then obtained:

4oz

= —2"h , 41
3 \/§7rmg Thyp (41)

12




where T4y, is a factor introduced as a relativistic correction for the naive hy-
perfine interaction. Taking the approximation, m, = mg and z = my/mg ~
2/3, one obtains the following relation for the ground state baryons:

: 1
My = —56,
oMy = +%(5,
1 2z
= (-2
z 1
OMse = (§+é’)(5,
1
My = -35,
22 2z
Mz = (E——3‘)5,
2
T T
M'::* = —_—— —
1.2
Mo = +55. (42)

An interesting feature can be immediately seen is that the hyperfine inter-
action leads to a heavier A mass than the nucleon. Nevertheless, the mass
of A (uds, 1.115 GeV) is lowered by as much as the nucleon.

On the other hand, the total spin and total orbital angular momentum
were no longer conserved due to the tensor interaction, which led to the con-
figuration mixings among SU(6)®0(3) states. One thus had to diagonise a
matrix for each of the spin-parity (physical) states, which were superposition
of the SU(6)®0(3) states. Namely

[¥8) =Y Gil¥spee00) - (43)
i

As an example, Isgur et al [5] showed that the ground state nucleon P;1(938)

(JF = %+) could be expressed as

- 1
|Ty) = 40.91/56,28,0,0, %) —0.34/56,28,2,0, 5)

1
-0.27]70,2 8,2, 0, %) —0.06]70,28,2,2, 5) (44)

13




2.5 Electromagnetic moments of ground state baryons

One of the most impressive successes of the non-relativistic quark model
could be its description of the static property, the electromagnetic moments
of ground state baryons. Based on the simple ‘assumption that all con-
stituent quarks are in S-wave orbitals. That is to say, except for the spin
of the constituents, no orbital angular momentum would contribute to the
electromagnetic moment.

The magnetic moment for the quarks can be expressed as:

Hy = eu/zmu’ Hd = ed/zmda Hs = es/QmS 3 (45)

where e, = +(2/3)e, eg = e, = —(1/3)e, are the quark charges.
The assumption above implies that the operator for the ground state
baryon electromagnetic moment can be written as:

pNoz = (N|Y mol|N), . (46)
;

where o is the z projection of the baryon spin, while ¢¢ is the z projection
of the i-th quark.
For the proton some simple algebra, gives

Up = <PT |vZ/J/iUi|P T)
- X %(aspx"(r) + ¢*x*(T))mUi%(¢”X”(T) + &)

2 1
= 2Uyz + ﬂd(—g)

3
4y, —
= Hu — Pd . (47)
3
Similarly, the neutron magnetic moment can be derived:
Ay —
Un = % . (48)

Given that m, = my is a good approximation, the ratio of magnetic
moment between proton and neutron is

Bo _ 4w —pa _ 3

fr A —p 2] (49)

14




which is in good agreement with the experimental results —1.46. Neverthe-
less, if we assume that the nucleon mass my ~ 3my, the absolute values for
Up and py, are also in good agreement with the experiment, although more
sophisticated approaches are needed to better describe the nucleon magnetic
moment (see e.g. Ref. [6]).

Similarly, the magnetic moment for ¥ and = can be derived,

4 —
e = st
_ dpd — pis
/‘LZ_ - 3 )
_ Aps =y
H=o = 3 )
_ Aps—pg
/‘LE_ - 3 I
PBA = pizo = fs .- (50)

Meanwhile, the magnetic transition between A and X9 can be also eval-
uated:

(ZMI T wiotlA(D) = 2 (51)
i .

Although not all of these evaluations hold a good accuracy, the relations
provide a possible way to fit the experimental data for these magnetic mo-
ments by treating p, (= —2u,) and p, as parameters. As shown by Ref. [7],
an overall fit can be achieved with high accuracies."

One essential point is that one cannot negect the “color” degrees of
freedom at all. As a simple test, if we antisymmetrize the total wavefunction
without the color part taken into account, we then have, pp/pn = pa/ s =
—1/2, which obviously deviates far away from the reality.

Back to the fact that the CQM is indeed tackling something essential,
we are however confronted with big difficulties to disentangle it_based on
this model itself. As shown by recent development [6], the meson cloud
effects and chiral phenomenology in baryon magnetic moments turned to be
important, which however is not our subject here.

2.6 “missing resonances” in baryon spectroscopy

It should be useful for us to come back to the question about “missing
resonances”. As we have known that theé quark model predicted a much
richer baryon spectrum than observed in 7N scatterings, a logic consequence

15




therefore could be, “The quark model may have overestimated the internal
degrees of freedom of baryons”. Following such a direction, a quark-diquark
model was proposed in the literature, which could efficiently reduce the
baryon internal degrees of freedom. According to this model, the short-
range forces would tightly bind two quarks to form a scalar-isoscalar di-
quark. Therefore, few baryon states were predicted. Unfortunately, such a
treatment did not bring much significance to solving the puzzle. Even apart
from the question whether such a model could account for the existing states
(several “missing” positive parity states around 2 GeV would be ruled out),
a sensible question arising is that it was too drastic to imagine that two of
these three quarks had larger probabilities to be close to each other.

In a quite dramatical way, Koniuk and Isgur [8] suggested an alterna-
tive solution for this problem. They claimed that the missing states may
be caused by experimental limit rather than a theoretical failure. It was
suggested that some of those predicted states would have much weaker cou-
plings to the 7V channels, which were the only inelastic channels measured.
Therefore, experiments on other meson decay channels, to which those miss-
ing states might have strong couplings, could be useful for pinning down
missing resonance signals, e.g. 7N, 7N, Aw, wN, pN, etc. An immediate
support for this idea came from pair-creation models [9, 10, 11] and partial
wave analyses (PWA), of which calculations indicated that a few “missing
resonances” indeed had stronger couplings to the Aw and pN channels.

This idea has effectively initiated a great number of experiments at JLab,
ESRF, ELSA, MAMI, SPring-8, etc., namely, to search for “missing reso-
nances” in meson photo- and electroproduction. Experimental évidence will
also provide insights into baryon structure, which has been the subject in
various theoretical efforts (see Ref. [12] for a recent review).
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3 Electromagnetic coupling of baryons

The high intensity electron and photon beams serve as a clean electromag-
netic probe in the study of nucleon internal structures. The baryon reso-
nances can be can be excited by high energy photons and then investigated
via their decays into various channels, e.g. YN, 7N, 77N, nN, KA, KX,
pN, wN, K*A, K*%, etc. We shall concentrate here the baryon excitations
and leave their decays to be discussed in meson photo- and electroproduc-
tion. '

The electromagnetic excitation of baryon resonances in effect provides
informations about the baryon electromagnetic form factors. In general,
one useful observable is the helicity amplitude, i.e., A1/2(Q%), A3/2(Q?) and
S /2(Q2) for y*N — N*, where A; /2 and Ag/y are transverse amplitudes for
the nucleon spin anti-parallel or parallel to the incoming photon, and S; /2 18
the amplitude for the longitudinal (virtual) photon excitation. These quan-
tities denote the YNN* EM couplings and can be measured as a function
of photon four-momentum @2, thus provide information about the baryon -
structures.

3.1 Photoproduction of baryon resonances in the nonrela-
tivistic quark model

The NRCQM proposed a simple picture for the baryon resonances as we
have seen in the previous Section. Meanwhile, taking the assumption that
a single quark absorbs a photon and then is excited to be a resonance, one
obtains again the simple picture for resonance photoexcitations. Supposing
the constituent quark has a mass m; (= 330 MeV for the u and d), the
magnetic moment of the constituent quark thus can be expressed as

€;
Qmi

..
pi=g =uo;’, (52)

where pg = e/2mgq = /dmae/2my = V4 x 0.13 GeV~! is the proton
magnetic moment, and e; is the fractional charge of the quark.
The electromagnetic field of a photon in form of the second quantization
is :
1 kT, —iker;
Ag(r;) = T €, (aLe™ ™ 4 apeiTe) (53)
where the photon couples to the i-th constituent quark. Taking the direction
of the photon momentum k as the z-axis, and taking the advantage of the
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permutation symmetry of the baryon wavefunctions, we can express the EM
interaction Hamiltonian as

(Uy|Hy + Hy + Hs3|T;)

(Us|PisHs PG5! + PysH3 Pyl + HsW;)
= 3(Us|Hs|T;) (54)

where H; is the single quark-photon interaction. The factor 3 implies that

the photon couples to the three constituent the same way when the baryon
total wavefunctions are antisymmetrized. One thus can “define” that in the
EM excitation, the photon “only” couples to the third quark. Explicitly,
the EM interaction can be expressed as:

3
Hepm = ZHz = 3H;

i=1

3 : 1
= mpo\/ﬁqgezkza <k53+ + §P3+_) , (55)

where S3, = S; +iS, and Py, = P, + iFy. The first term is the magnetic
interaction which would raise the 3rd quark’s spin projection by one unit,
while the second term, the electric multipole interaction, would raise orbital
angular momentum by one unit. In the end, the total angular momentum
projection of the three quark system will be raised by one unit. We thus
can express the above equation into a more compact form:

Hem = g3(AL+ + BS,) (56)

where quantity A and B are determined by the transitions in the spatial
space:

3 1 . '
A= bV IR P 0 57)
Y
and 3
B = —gioV B0, (59)
Y

Now given the initial and final state baryon wavefunctions, we can compute
the EM transition amplitudes between these two states. The amplitudes
can be expressed as two independent helicity amplitudes. Namely,

1 i 1
Avjo = (s (7, I = + ) Hem| Wi T, T = =3)) (59)
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and
3 . 1
Agjp = (Tp(J7, 7] = +'2')lHeml\I}i(Jz,J; = +§)) ; (60)

where the subscripts 1/2 and 3/2 denote the photon and nucleon helicity.
anti-parallel and parallel to each other.

We show below an example for the transition yp — S11(1535). Including
the spin and isospin wavefunctions explicitly, we have

A = Y (L gSII351600 + W, (R.o, N

Lz+S,=1/2
+(#px] — #pX3)¥0L. (R, 9, A)] as(AL4 + BS,)
X34 + 8 o R0, )
1
= 575 [(11 5~ 21T AUSEIldg) — (Blasled))
10, 21T Bl 0 1S5 2 )

~ (@3 lasldd) () ISa+ 1 )| | (61)

A=

where we have adopted the factor:

(¢°10s19*) = (¢A|03lw" )=0, (62)

since the operator O3 does not change the symmetry properties of quark 1
and 2.

Given the spin and flavor wavefunctions (Section 2), one can easily com-
pute the following elements in spin and flavor space:

(X2l8s4lx” 1) =1
2 2

(xalSseixly) = -3, ‘ (63)
and
WBlaslér) = 2
(Splaslép) = 0. (64)
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It is useful to give the corresponding elements for the neutron transition,

1
(#rlaslen) = ~3
1
(Blaled) = 3. (65)
Consequently, we have the helicity amplitude for yp — Sy;:
1 1 1.1 11,1
4 = o [A(ll, 5 — 33+ B, §§|J§)J
1 1
= —=A--—=B, 66
EN RN (66)

where for the Si;, J = 1/2. A and B can be worked out by explicitly
introducing the spatial wavefunctions (See Appendix II for details). We

thus have: \
_ 1 2 (q k —k2/6a2 .
A%"uo\/m3<g+2ah)e " (67)

In the S11(1535) mass system, substituting a = 0.41 GeV, yg = vV4r x
0.13 GeV~!, and the kinematical variables wy = k| = (MZ, —M2)/2Ms,, =

0.48 GeV, into Eq. (67) gives A LR 0.172 GeV~3. Compare to the experi-

mental value AT™ = 0.090 £ 0.030 GeV~2 (See PDG [4]), the naive quark
2
model has overestimated the experimental values significantly.
Taking into account the Lorentz contracting effects, more realistic num-
ber can be obtained by introducing a Lorentz boost factor for the spatial
part, ie., = = E‘f = —M].\/ﬁ; The spatial part changes as, f(k) —

1 (1K :
5z f ( ™ ) In this way, we have

1 2 (o k? —K2/6022
— =~ [ = w7k 68)
uov%v 3 ( g * 2ah"/k) ¢ ’ (68)

which gives 41 = 0.125 GeV‘%, which is significantly reduced.

The propeity of the S11(1535) attracts a lot of attentions from experi-
ment and theory at this moment. We shall come back to this with & brief
discussion about the  production. _

Here, we give a brief summary of the NRCQM prescription for baryon
resonance excitations.

A

i
2
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e The Delta resonance P33(1232) is classified as the ground state of
isospin 3/2 baryons. Since it has the same spatial wavefunction as
the nucleons, its excitation from the nucleons can only occur via the
magnetic interaction, i.e., its helicity amplitudes A 1 and A g are both
proportional to B. The quark model predicts:

=3, (69)

D:-I pS
(ST [

while the PDG gives 1.67 [4].

e The Roper resonance P;;(1440) is classified as the nucleon radial ex-
citations with N = 2 and L = 0. Since compared to the proton and
neutron, the P;;(1470) has only the spatial wavefunction different from
the nucleons, the quark model predicts '

p
AE:(PH) Un 2’

which is the ratio of the magnetic moments between the proton and
neutron.

e The resonance P13(1720) and Fi5(1680) are assigned to representation
56,2 8,2,2,J), which has the same spin and flavor wavefunctions as
the ground state nucleons. Since the total spin for this representation
is 1/2, in order to have spin 3/2 for the Pi3 and spin 5/2 for the
Fi5, the total orbital angular momentum projection L, # 0. The
transition can thus occur only via the A mode which is proportional
to the charge operator. For the neutron transition, the transition
element in the flavor space vanishes which results in A% = 0. This

2
selection rule based on only quark model symmetry is consistent with
the experimental observation. ‘

e Moorhouse selection rule [13]: excitations of states of representation
[70,4 8] from the proton vanish. Since the excitation changes the total
spin from 1/2 to 3/2, it can only occur via the magnetic transition.
Explicitly, the amplitude has the following expression:

1 3 '
As, = 3B{10, SIS NG lasle)) (x5 IS k), ()
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where we only keep the term of B ~ (w}‘le"kzﬁ‘lwf) since the other one
(¥hle™=3]yhf) = 0. Notice that (Bplasled) =0, it leads to Ag, = 0.

3.2 Brief summary

The nonrelativistic quark model unavoidably suffers the problem that the ex-
citation energies of the resonances are comparable to the constituent masses,
which certainly makes the nonrelativistic treatment questionable. Although
it is still unclear why such a nonrelativistic model works so well for the
light flavor quark system consisting of u, d and 8, there is no doubt of its
extensive empirical successes. Various investigations are making progress
on providing a firm basis for the quark model phenomenology, and it is be-
lieved to be a good approximation for non-perturbative QCD. For instance,
the progress on lattice QCD is providing evidence for the effective degrees of
freedom known as constituent quarks inside the nucleon. Readers are refered
to Ref. [14] for a systematic and still-intriguing view of baryon structures
and quark degrees of freedom in hadrons. ' :

On the other hand, attempts to the development of a relativistic ver-
sion have been made since early 70’s [15]. During recent decades, progresses
in the development of a relativistic-version quark model for baryon spec-
troscopy have been made by taking into account different ingredients in the
quark interactions. These subjects deserve a full-time lecture by themselves,
and we refer the readers to a recent review and references therein [12]. It
is worth noting that Close and Li [16, 17, 18] showed that the inclusion of
the spin-orbital angular momentum coupling in the EM interaction for the
three quark system required a simultaneous consideration of recoil effects,
which arose at the same order as their analogues in quark potential. Con-
sequently, it suggested that a separation of the internal excitation from the
motion of the center mass would lead to a “nonadditive” term, which was
related to the Wigner transformation of the quark spins from the frame of
the recoiling quark to the frame of the recoiling baryon. Interestingly, it was
found that in most cases, the inclusion of the relativistic effects survived the
nonrelativistic quark model [19].
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4 Study baryon properties via meson photo- and
electroproduction

As presented in the previous Section, the high intensity electron and photon
beams provide clean probes for the study of internal structure of baryon
resonances. In this Section, we will concentrate on meson photo- and elec-
troproduction reaction. The production of pseudoscalar and vector meson
will be discussed. ‘

4.1 Pseudoscalar meson production

We discuss pseudoscalar meson photoproduction in the quark model.

4.1.1 The kinematics

We select the center of motion (c.m.) system for meson photoproduction.
As shown by Fig. 2, the production plane is determined by z; (zs) and z;
(2f) -axis. The energies and momenta of the initial photon and nucleon are
denoted by (wy,k) and (E;,P;), while those of the final state meson and
nucleon are denoted by (wm, q) and (Ef, Ps). Note that P; = —k and
P F=—qQ

Count over the polarization of the two-body reaction system, in pseu-
doscalar meson photoproduction, the degrees of freedom is 2x2x2. Given
that the two transverse polarizations of the real photon are not independent,
at each energy W and each angle ., , we need 4 amplitudes (8 complex
numbers) to determine the dynamics. Taking into account the cross section
which provides a normalization constraint, we still need 7 complex numbers.

A standard way to express the four independent transition amplitudes
is to define them in the helicity space:

Hy = (Af=-1/2|T|\, =41, A =+1/2) .
= (my=+1/2|T|my = +1,m; = -1/2)"
Hy = (Af=-1/2|T|\y =+41,) =-1/2)
= (my=+4+1/2|T|my = +1,m; = +1/2)
Hy = (Af=+1/2|T|\y =41\ =+1/2)
= (my=-1/2[Tim, = +1,m; = -1/2)
Hy = </\f=+1/2|T|/\7=+1,)\i=—1/2>
= (my=-1/2[T|my = +1,m; = +1/2), (72)
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Figure 2: The kinematics for meson photoproduction.

where A; (m;) and Ay (my) are helicities (spin projections) of the initial and
final nucleons and A, (m,) is the helicity (spin projection) of the photon.
Amplitudes with Ay = —1 are not independent of those with A, = 41 due to
parity conservation. We understand that H, (a = 1,2,3,4) is also function
of energies and momenta of the particles which are not explicitly shown.
Our consequent job thus is to work out these amplitudes using a dynamical
model. _

Before we proceed to the next Section to derive the transition amplitudes
using a dynamical model, it is useful to have an idea about the experimen-
tal observables, of which a complete set of measurements contains all the
dynamical information. It was discussed in the literatures, an unambiguous
determination of the pseudoscalar meson photoproduction (in a fixed isospin
channel) needs a complete set of three single polarization asymmetries, four
independent double polarization asymmetries and the cross section measure-
ment.
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As an example, one can do the experiment to study the polarized photon
asymmetry %, which is defined as

(73)

where o is the cross section for polarizing the photon along the y-axis
(perpendicular to the production plane), while oy is that for polarizing the
photon along the z-axis (parallel to the production plane). Such a linearly
polarized photon can be expressed in terms of the helicity states of the
incoming photon (ey+ = F(1,+1,0)/v2), i.e.,

€L = G=iley +e-)/V2
6 = &=l —€-)/V2, (74)
One can thus have
o1(0) ~ (H +H4|2.+ |Hy — Ha|?)
oy(0) ~ (|Hy—Ha?>+|Hy+Hs?). (75)

More explicitly, we have
5(0) = %Re(Hlij — HyH)) (76)

where 7 = % ; H? denotes the unpolarized cross section which normalizes
the asymmetry to the range —1 < ¥ < +1.

Similarly, the polarized target asymmetry T and the recoil polarization
asymmetry P can be defined:

Oy —0—
g4+ +o_

T(0) =

1
= fIm(HlHé‘ + H3Hj) , (77)
where o4 and o_ are cross sections for the target nucleon polarized “up” and
“down” in the ¢ direction. Similar to the target polarization, but polarize
the final state nucleon along the § || §, and measure the cross sections “up”
and “down”, we have

P) =

: |
= —Im(H.H; + HH]) (78)
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Figure 3: The schematic diagram for tree level transition processes in pseu-
doscalar meson photoproduction.

The differential cross section is

do a (Ef+M E+M14

A B[k M M;

The transition amplitudes of pseudoscalar meson photoproduction can
be expressed in terms of standard CGLN amplitudes [20], or multipoles by
a standard transformation [21, 22].

4.1.2 The theory

For pion photoproduction, the low energy theorem (LET) provides a crucial
test near threshold. Asshown in previous investigation by Li [23], to recover
the LET, one has to rely on the low energy QCD Lagrangian which keeps the
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meson-baryon interaction invariant under the chiral transformation. Com—
bining the low energy QCD Lagrangian with the quark model, we introduce
the quark-meson interaction through the effective Lagrangian [24, 25]:

£ =Pl + V* 4354 —mlp+ -, (80)
where the vector and axial currents are
Ve = 30,6 +60,8),
Av = in(€l0.6 - 0,8, (51)
and the chiral transformation is,
¢ = elém/fm, (82)

where fr, is the decay constant of the meson. The quark field ¢ in the SU(3)
symmetry is

P(u)
Y(s)
and the meson field ¢,, is a 3®3 matrix:
204 Ly 7t K+
v T ve —Lig04 L K©
bm = A"+ , (84)
K~ K - \/%77

where the pseudoscalar mesons 7,  and K are treated as Goldstone bosons.
Thus, the Lagrangian in Eq. (80) is invariant under the chiral transforma-
tion. Expanding the nonlinear field £ in Eq. (82) in terms of the Goldstone
boson field ¢y, i.e. € = 14+idm/ frm+--, we obtain the standard quark-meson
pseudovector coupling at tree level: '

Hp=Y fimwﬂfngwj%m , (85)
M

where 1; (—’(,EJ) represents the jth quark (anti-quark) field in the nucleon.
It is still not clear whether the Goldstone bosons couple to the nucleon
through a pseudoscalar or pseudovector coupling, or even both. To our
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present knowledge, at low energies, the pseudovector coupling satisfies par-
tial conservation of axial current (PCAC) and is consistent with the LET
and chiral perturbation theory to leading order, while the high energy study
prefers a pseudoscalar coupling. As pointed out in Ref. [26], the operators
for the pseudoscalar and pseudovector coupling have the same leading order
expression at quark tree level. Therefore, Eq. (85) can be regarded as a
reasonable starting point for investigations of pion photoproduction in the
resonance region.

The quark-photon electromagnetic coupling is

He ==Y eyl A¥(k,t), (86)
J

where the photon has three-momentum k, and the constituent quark carries
a charge e;.

The photoproduction amplitudes can be expressed in terms of the Man-
delstam variables, .

My = Mg + M} + M + MS;, (87)
where M/ is the seagull term and M i M}, and M7, represent the s, u-,

and ¢-channel processes as illustrated in Fig. 3. As shown in Ref. [25], the
seagull term is composed of two parts,

Msg = (Ng|Hm,e|N;) + ©(N7|[ges Hm]|N3), ; (88)
where |N;) and | Ny) are the initial and final state nucleon, respectively, and
e _ .
Hm,e = Z f—:‘QS‘m(qv rj)¢j7z7§¢jA“(ka rj) (89)
j

is the contact term from the pseudovector coupling, and
G =) _ejr;- €;eTs (90)
J

comes from the transformation of the electromagnetic interaction in the s
and u-channel [27, 25].
The s and u-channel amplitudes have the following expression:
Mg; + Mj;
1
= 3 N¢|Hp|NjY(Nj| m——————h|N;
W’r?( 1 Hm| N ) JIE,~+w7 iy e Vi)

, 1 '
+ wy Z<Nflh€TfINj><leHm|Ni)’ (91)
5 E; - wn — E;
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where o
he = Z €4T; - 6-,(1 — Q- k)e'Lk'rj, (92)
J

and k = k/w, is the unit vector in the direction of the photon momentum.
The nonrelativistic expansions of Egs. (92) and (85) become [25]:

he=Y [ejrj &= 0 (& X f«)} ks, (93)
f 2mj
and
' Wm, p Wm b
H«g,, Z Ef-i-Mfo.] f+Ei+Mia-J PZ
—0 + U' i3 —iq~rj’ 94
—05-4 YL PJ} 9 (94)

where M; (M), E; (Ef) and P; (Pj) are mass, energy and three-vector mo-
mentum for the initial (final) nucleon; r; and p; are the internal coordinate
" and momentum for the jth quark in the nucleon rest system. Note that,
ga, the axial vector coupling, relates the hadronic operator o to the quark
operator o; for the jth quark, and is defined by,

(Nf‘ijO'lei> EgA<]‘-ff|0'|Ni). (95)
Jj

4.1.3 Transition amplitudes in the harmonic oscillator basis

The seagull term in this model differs from the traditional definition due to
the appearance of a transformed electromagnetic interaction coupling to the
meson at the same vertex. This term can be worked out explicitly in the
SU(6)®0(3) symmetry limit:

sg _ _~(k—a)2/6c wn (1 1\,
MfZ e em[l-i- 5 (qu'{‘qu—l—Ef'f'Mf o€y, (96)

where the exponential factor is the corresponding quark model form factor
in the harmonic oscillator basis.

The t-channel charged pion exchange amplitude can be derived by treat-
ing the exchanged pion as an elementary particle:

t (k—q) /Ga2em(Mf+M) o-q _ oc-k )
Mji= q-k B+ M; B+ )T (97)
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where g and k are four-vector-momenta of the pion and photon, respectively.

As illustrated in Egs. (96) and (97), the leading order amplitudes from
chiral perturbation theory are reproduced. The quark model modifications
to these two terms come from three-body effects, which add an additional
term (the second term in Eq. (96)) to the amplitudes. Note also the ap-
pearance of a form factor, which is essential to sustain the forward “spike”
in 7t production.

Generalized expressions for the s- and u-channel amplitudes are:

%= (M5 + M)e~U+a?)/6a? (98)
n

and
My = (Mg + MY)e~(F+a?)/6a? (99)
n

where the M3 and M, represent transitions in which the photon and me-
son couple to the same quark or different quarks, respectively. The general
framework was presented in Ref. [25]. Here, we present the transition am-
plitudes in terms of the harmonic oscillator shell n as follows:

M3 1 |
7 = —%; [igvAs - (€4 X k) — 0 - (As X (& X Kk))]
o M, (k . q)”
nl(P; - k — nMuwy) \ 3a?
1 | wywm Wy 2w, :
+ 8 [ i (1+2mq)‘7'€7+7‘7‘AS€7‘q
y Mn (k . q>'n,—l
(n=1DYP; -k —nMwy) \ 302
Wyom My k- q)“
+ 18pqa? 7 - ke q(n = 2)/(P; - k — nMuwp) ( 3a? ,(100)
and
M§(~2) 1.
"‘ZT = —% [igyAs - (€4 x k) ‘_gzlza (A x (€4 x k))]
o M, (k . q)"
nl(P; -k —nMuwy) \ 302
1 fwywr ; Wy 2wy )
+ 6 [ e (1 +9a2mq)°' €&yt 2 7 Asey-q
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) M, k-q n-l

X :
(n—=1DYP; -k —nMuwy) \ 3a2

wrywm . . Mn k * q)n_2

B2’ K& U T, - k= niwn) ( 52 ) (101

result for the s-channel, while

My _ 1 noA K A K
E = 2_mq[zg” u (€ X k) +0 - (Ay X (€y x k))]

+

y M, (k : q)"‘
n!(Py - k +nMwp) \ 302
1 Wy

WryWm 2w,
- SR e e ae g

y Mn (k_q)n—l
(n = 1){(Pf - k +nMwy) \ 3a?

_ W M k'q>""2 _
’ 18,uqa2a key q(n — DY Ps - k+nMwp) ( 302 {102)

and
My (-2 1 .
'4%%L'= o [ (6 X109 = 4,0 (Au X (& X )]

n!(Ps -k +nMwp) \ 302
_ 1 [“"f‘”m

6

w 2w
™ (1 +g{177q)0 €y + ?27-0' - Ayey -q]

X

(n — DI(Pf - k+nMwp) \ 3a?
M, k- q n—2
18uqa2a key q(n —2)I(Ps -k +nMuwy) ( 302 > (103)

are corresponding terms for the u-channel. Vectors A; and A, are deter-
mined by the meson transitions in the s- and u-channels:

— [
A== (5285 +1)a (104

and

A, =— k—|—=—"—+1)q. 1
(Ei+Mi+Ef+Mf) (Ef+Mf+ )q (105)
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In Egs. (100)-(103), P; and P are four-vector momenta, of the initial and
final state nucleons in the total c.m. system; M, is the mass of excited state
in the nth shell, while wy, (= a?/m,) is the typical energy of the harmonic
oscillator potential. The factor My /(P;-k—nMuwy) and My /(Ps-k+nMuwy,)
have clear physical meanings in the s- and u-channels that can be related to
the propagators.

The quark level operators have been related to the hadronic level ones
through g-factors defined as below: |

(Nflzea 2|N;) /ga, (106)
95 = (Ns|Y_ e;Li07|N3) [ ga, (107)
7]
1 N

gy = ——(N e;iL;|N;), 108
Gv gﬁ*gA( flz]: 7 Jl z) . ( )

1 ) .

’— Y . . . o . .
= 5o (Nflgjeafzo'z 7,IN3), (109)

and

= J.(a; x a:),|N; 110
= 5o > eih(o: x 071 (110)

Numerical values for these g-factors can be explicitly calculated in the
SU(6)®0(3) symmetry limit [25].

So far, the resonance contributions have not been explicitly separated
out. The intermediate states are still degenerate in the quantum number of
the harmonic oscillator shell. Notice that the factor My,/(P; - k — nMuwy)
can be written as 2M,/(s — M2), where s = W? = (P; + k)? is the square
of the total c.m. energy, we thus substitute a Breit-Wigner distribution for
the resonances, 2Mp/(s — M% +iMgT'r(q)), where the resonance mass and
width effects are taken into account. Explicitly, all the contributing reso-
nances with n < 2 in the quark model symmetry limit can be included. In
pion production, this is the place where the imaginary part of the transition
amplitude comes out. The role of the imaginary part can be investigated
more directly in the polarization observables, e.g. polarized target asym-
metry T and recoil polarization asymmetry P, where direct interferences
between the real and imaginary part are highlighted.

Consequently, we must separate out the resonance excitation amplitudes
for each n. For n = 0, the contributing terms are the Delta resonance
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excitation and the nucleon pole terms. One can see that only the first terms
in Egs. (100)-(103) can contribute. For the s-channel, we have
1 ..
Min=0) = -5 -ligign+ F9u)As - (€4 x k)
—(93 + 9390)0 - (As X (€4 X K))]
Mo ~(P+q?)/6a?
XPi-k—5M2/2e , (111)
where 0M?/2 denotes the mass square difference between the intermediate -

state and initial state nucleon. The amplitude for the spin 1/2 nucleon pole
term is,
M?(nucleon) = (Nj|Hp|N(J = 1/2))(N(J = 1/2)|he|N;)
s :
= 2mqa Ao (e, xk)
2MN ——(k2+q2)/6a2
X—— M e | ) (112)

where we have used 6M?/2 = 0 and P, - k = (s — M%)/2 for the nucleon
pole; p; is the magnetic moment of the initial nucleon in terms of the nu-
clear magnetic moment e/2My. In this way, the Delta resonance excitation
amplitude is derived,

M?(A) = M?*(n=0)- M*(nucleon)

1 ..
= ‘z_mq[z(gggv + 9%9;; — ui)As - (64 x k)
—(g3 + 939, — 1i)o - (As x (64 x K))]

QMA —(k2+q2)/6a2
XS~ MZ +iMaTa® ’ (113)
where My/(P; - k — 6M?/2) = 2Ma/(s — M} — (M3 — M%)) is used and
the Breit-Wigner distribution is introduced after the separation of the spin
operators. .
Similarly, the Delta resonance and nucleon pole terms in the u-channel
with n = 0 can be separated:

M*(nucleon) = (N¢lhe|N(J =1/2){N(J = 1/2)|Hm|N;)
—;ga-(ev x kK)o A,

aq

QMN —(k?+q?) /602
X —— M%e , (114)

33




and

1 ..
M*(A) = —%[2(9:?91; + 959y — 1f)Au - (€4 x k)
q
+(95 — 9390 — k7)o - (Ay X (&4 X K)))]
2Ma ~(k+q?)/6a?
e , (115)
u— M3

where 15 is the magnetic moment of the final state nucleon in terms of the
proton magnetic moment e/2m,.

Several points can be learned from Egs. (100)-(103). First, the nucleon
pole terms and Delta resonance transition only involve the c.m. part of their
spatial wavefunctions. Therefore, only the first terms in these equations
contribute to the amplitudes. For resonances with n > 0, the internal motion
of constituents will be involved. Specifically, terms relating to (n—1) are
due to correlations between c.m. motion and internal ones, while (n — 2)
terms are due to correlations between internal motions at two vertices.

Secondly, amplitudes for processes having the photon and meson cou-
pled to different quarks are relatively suppressed. This can be seen clearly
through the factors (—2)". In Ref. [28], this qualitative feature was dis-
cussed, but not shown explicitly. Here, we show how the indirect diagram
can be exactly calculated, and show that the direct diagram will become
dominant with increasing energy and the excitation of higher states.

From Eq. (113), the analytical expression for the Delta multipole can be
derived,

3/2 _ _ W, 2Ma (04?60
Mt = ~gnungrs - [Ef + M; } s— M3 +iMaTp* ’

. (116)

where gr = g3g, + 9%}, — i, and gzyn has been taken into account. The

real and imaginary parts of the Delta, multipole Mf J/f are calculated and

shown in Fig. 4. We shall discuss the quark model form factor effects in the
following Section. Therefore, it would be useful to present the calculation
of M13 42 without the exponent, which comes from the spatial integral and
serves as a form factor for the multipole. As illustrated by the dotted and
dot-dashed curve in Fig. 4, apparent deviations from the experimental data
occur with the increasing energies. In another word, the quark model turns
to be indispensible to account for the correct energy dependence.
Multipole Ef_/f vanishes in this approach for the s-channel Delta reso-

nance. Experimentally, Eff is found to be much smaller than M 13 _{_2 [29, 30].

34




4.1.4 Pion photoproduction

The study of pion photoproduction provided a direct test of this model ap-
proach. We shall not go to details about the numerical results, but only
outline some features which would be sensible for a fundamental frame-
work [31].

e We showed that an overall fit of the data up to 500 MeV was obtained
by introducing the effective Lagrangian for the quark-meson coupling
and treating the TNA coupling strength as a free parameter. This
result had non-trivial implications. It suggested that the quark model
within an effective Lagrangian provided correct signs and even reason-
able form factors for the Delta excitation and nucleon pole terms.

e The role of the it u-channel resonance excitations was highlighted,
which was not included in isobaric models.

e In 7+ photoproduction, the most prominent features seen in the cross
section are forward peaking and the dip at —t = m2, which is at-
tributed to the Born terms. Our results also reproduced this feature.
Some new ingredients appearing in this approach concerned the roles
played by the Born terms and the Delta resonance, and the influence
of their associated form factors.

As found in previous studies, the Born terms deviated significantly
from the experimental data at intermediate and backward angles as
photon energies increased to the GeV level. The cross section due to
Born terms alone was much larger than the data suggest. One possi-
ble explanation was that the Born terms were cancelled by resonance
contributions away from the forward peak. As discussed by Barbour,
Malone and Moorhouse in a fixed-¢ dispersion relation [28], the real
parts of the resonance amplitudes tended to cancel the Born terms at
—t > m2, while the region —t < m2 was slightly enhanced by low-lying
' resonance contributions. ‘

In Fig. 5, we illustrate the results for the Born terms and Born terms
plus Delta excitation, with and without the quark model form fac-
tors, respectively. Clearly, form factors are vital in the quark-model
description, though no free parameters have been introduced. Com-
paring the full result to one in which the form factors are switched off,
we see potential problems for those who compare quark-model results
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1

directly to fits (such as SAID and MAID) which do not introduce form
factors.

4.1.5 Eta photo- and electroproduction

Large discrepancies existed in the study of the S1;(1535) helicity amplitude
A1 In the photoproduction, it was shown that the uncertainties of the total
Wldth and partial branching ratio S1;(1535) — 7N could go to the same
direction without change too much the fitting results [33].
The recently published data from JLab [34] covered the kinematics 1.490 <

W < 1615 GeV at Q% =2.4 and 3.6 (GeV/c)?. Accompanied with data
for photoproduction from GRAAL [35] and Mainz [36], and focussing on
the S11(1535) mass region, we showed that an explicit constraint on the
S511(1535) could be obtained [37]. It suggests that the nN.S;; coupling has
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been restricted within an uncertainty of about 15%.

4.2 Vector meson photoproduction
4.2.1 The kinematics

In vector meson photo-production, the final state vector meson decays (w —
ntn~79) provide access to the measurements of the vector meson decay
density matrix elements, which can be related to the vector or tensor po-
larizations of the vector meson, or angular distributions of the cross sec-

tions [38, 39]:

W(cos,,8) = W(cosb,,pls) — Pycos 20W(cos 8, 6, phg)
—P, sin 28W?(cos 4, ¢, pig)

37




+\y PyW3(cos 0, 6, piﬁ) . (117)

where

3.1 1
0 0 .2 2 0
W¥(cos 6, ¢, pyp) i [5 sin“ 6 + 5(3 cos” 8 — 1)pgo

—\/_ 2Reply sin 26 cos ¢ — pd_; sin® 6 cos 2¢)]
Wi(cos 6, ¢,p55) = —[pu sin? 8 + pfg cos? 0

—\/_ 2Rep},sin 20 cos ¢ — p}_; sin® 6 cos 2¢] ,
W?(cos 6, ¢, pgﬁ) = o [\/§Imp10 sin 20 sin ¢ + Imp?_; sin® fsin 24] ,

W3(cosd, ¢, piﬁ) = % [V2Rep} sin 20 sin ¢ + Imp3_; sin® fsin 24{118)

In the above equations, ¢ and ¢ are the polar and azimuthal angles of the
normal direction of the w decay plane with respect to the z-axis in the
production plane, which in the helicity frame is defined as the direction of
the w meson momentum. & is the angle of the photon polarization vector
with respect to the production plane, and P, is the photon polarization
degree. :
In the helicity space, the density matrix elements can be explicitly ex-
pressed in terms of the 12 independent helicity amplitudes:

1
0 _— *
Pie = F Z Hyoppa o H3, 00 0000
Mz
: 1
1 _ *
P = 7 > HapoaHi,
A2

2 _ i *
i = 7 2 Me-anHE g

Ad2 A1
q
ng = 1 Z )\HAuiAz,AAlHLk)‘z,,\Al, (119)
A2 A1
and .
A = Z HAU,’ )\21AA1 HXB.AQ,AA].’ (120)
Av /\)\2)\1

where p; stands for Po;duy 1 and Ay;, Ay, denote the hehc1ty of the produced
vector mesons. A is the cross section function.
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With the linearly polarized photon beam, pY;, py. and p%, can be mea-
sured while with the circularly polarized photon beam, pY, and p3, can be
measured. It also gives access to some other spin observables [42, 43], e.g.
the polarized photon asymmetry 3. With the linearly polarized photon
beam, the distribution of the vector meson decay will be described by the
first three terms in Eq. (117). Then, the integratal over § and ¢ gives

W(®) =1+ P,Ecos2® , (121)

where

2011 + pho
2091 + pdo
is the polarized photon-beam asymmetry. The additional relations, 209, +
p80 = 1, which represents the normalized cross section, was implied in the
above equation. Therefore, only 11 density matrix elements are linearly
independent. Explicit relations between the helicity amplitudes and polar-
ization observables (and multipoles) were available in the literatures [40, 41].

5 (122)

4.2.2 The theory

In the SU(6) ® O(3) symmetry limit, the quark-vector-meson coupling is
described by the effective Lagrangian [44, 45]:

b0 q”

Leff = "—";'Yupudj + %uqu“%b + J(a')’u + om
q

)¢, (123)

where 9 and ¥ represent the quark and antiquark field, respectively, and ¢4,
denotes the vector meson field. The two parameters, a and b represent the
vector and tensor couplings of the quark to the vector meson, respectively.
mq and eq are the mass and charge of the constituent quark, respectively.
For the quark model parameters, mq and o (harmonic oscillator potential
strength), the commonly used values 330 and 385 MeV are adopted, respec-
tively. -

With such an effective coupling, the transition amplitudes for the s- and
u-channel can be explicitly derived [45]. The intermediate resonances will
be introduced in the harmonic oscillator basis. Resonances with masses less
than 2 GeV are assigned to the states of n < 2 in the harmonic oscillator
basis, therefore, can be taken into account explicitly in the NRCQM. Then,
in the helicity space the amplitude for each resonance with spin J can be
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expressed as:

2MR J
Z £ iMal(q) ; dagn: (AR AL, (124)
- |

H), =
B T S M2

where s is the c.m. energy square and My is the resonance mass. I'(q) is
 the momentum dependence of the resonance width, which has been given in
Ref. [45]. Ay and A; are defined as, Af =Xy — X, and A; = XA — ;. Here
Ay ==L, Ay = 0,1, Ay = £1/2 and Ny = +1/2 denote the helicities of
the photon, w meson, initial and final state nucleon, respectively. A;(i and
AR ; are the helicity amplitudes for the photon excitation and vector meson

decay of an intermediate resonance, respectively. d,{f' As (6) is the Wigner-d

function which rotate the vector A}’{i from the initial state coordinate system
to the final state coordinate system.

For a resonance of the SU(6)®0(3)quark model with spin J, its 12 in-
dependent transition amplitudes can be written as

H = d{/z,z/z(a)Ai'/zAg/z’ :

Hy = dlyq, (0821243, = (=1)7d 3/ (m + 0)511343 )2,
H, = d{3/2,3/2(9)A33/2A3/2 = (=1)7*d] g g (m + 0)A3/343 5,

HY, = dj,p (6)A7 )5 A7 1,

Hy, = d£1/2,1/2(9)531/214¥/2 = (=1)%d]) 1 jo(m +0)S7 547 )5,
Hi , = d{3/2,1/2(9)A33/2A¥/2 = (=1)™dyg,/5(m + 0)As)341 g

Hy) = dipqp (6)A3/243 ), |

Hjy = d1J/2,3/2(9)5f/2Ag/2’
H{, = d{1/2,3/2 (9)A1i1/2Ag/2 = (—1)J"d1J/2,3/2(7r + 9)A11)/2Ag/2’

Hfi = dfy,p (0)A3241 )3 = —di)5.32(6) A3 547,

Hj = d‘1]/2,1/2(9)5f/2AY/2’ ‘
Hti]—l = d£1/2,1/2 (9)‘431/214'17/2 = (—l)J”df/g,lﬂ(7r + 6’)“1111/2‘4;’/2(125)

where S}  denotes the longitudinal helicity amplitude of vector meson decay
of the intermediate resonances. In some of the above equations, parity
conservation allows us to relate A” A, With A% for each SU(6)®0(3) state
with spin J which then decays into a vector meson and a nucleon with
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relative angular momentum J,,
Lo () = ()RR AR (), (126)

where the factor 1/2 denotes the spin of the final state nucleon. The parity
of such a state is (—=1)V, where N is the main quantum number of the
harmonic oscillator shell. Meanwhile, the final state system has a parity
(+1)(=1)(—1)’ which is determined by the parity of the nucleon, vector
meson, and their relative angular momentum. Equivalence of these two
parities gives (—1)" = (—=1)7»*!, and thus

U () = ()20 4 (). (127)

So far, the dynamical feature has not been explicitly involved. Note that
the change of the rotation functions has been taken into account as well in
Eq. (125). Symmetric feature for each state of SU(6)®0(3) quark model
can be seen clearly. The nodal structure is determined by the interfering
amplitudes, therefore can be studied in an explicit model. We explicitly in-
clude resonances (states) with n < 2 in the SU(6)®0(3) quark model, while
states with n > 2 are treated as degenerate due to our lacking knowledge of
their properties.

In the case of the neutral vector meson (w, p° and ¢) photoproduction,
the t-channel and the seagull term from Eq. (123) vanish since they are
proportional to the charge of the outgoing vector meson. The nucleon pole
terms have been explicitly included [45]. Meanwhile, the diffractive process
will be accounted for through a pomeron exchange model [46], in which the
pomeron mediates the long range interaction between two confined quarks,
and behaves rather like a C = +1 isoscalar photon. Qualitatively, Pomeron
exchange can be understood as background contributions from exchange of
vaccuum quantum number in the t-channel with no quark lines connected,
i.e. non-Regge-pole contributions [47]. '

We summarize the vertices as follows [48, 49):

(i) pomeron-nucleon coupling: _

(4M% —2.8t)

Fu(t) = 360vuf(2), £t) = (M2, )1 —£/0.7)2

(128)

where fp = 1.27 GeV~! is the coupling of the pomeron to one light con-
stituent quark; f(t) is the isoscalar nucleon electromagnetic form factor with
four-momentum transfer ¢; the factor 3 comes from the “quark-counting
rule”.
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(i) Quark-¢-meson coupling:

1 1
Vz/(p - iq’p + 5(]) = fVM¢7V 3 (129)

where fy is the radiative decay constant of the vector meson, and determined
by Ty_ete- = 8maled ff/3My. A form factor pd/(uf + p?) is adopted
for the pomeron-off-shell-quark vertex, where pg = 1.2 GeV is the cut-off
energy, and p is the four-momentum of the quark. The pomeron trajectory
is a(t) = 1 + € + 't, with o/ = 0.25 GeV~2. v

The 70 exchange is also included in the model, which is introduced with
the following Lagrangians for the TN N and ¢7y coupling:

Lann = —iganNYys(T - )Y . (130)
and
Lygo, = eNgJ‘l}—:yeagﬁaaaAﬁaﬂ’V'swo . (131)

where the commonly used couplings, gerN /4T = 14, 93«7 = 3.315 and
gi,m = 0.143, -are adopted.

An exponential factor e~(a-%)*/ 6o% from the nucleon wavefunctions plays
a role as a form factor for the TN N and ¢ny vertices, where a,; = 270 MeV
is adopted. This factor comes out naturally in the harmonic oscillator basis
where the nucleon is treated as a 3-quark system.

For p? production, the o meson exchange is included to account for the
JPC = 07 pole exchange in the t-channel [45]. Although this process is
part of natural-parity exchanges, it behaves differently from the Pomeron
exchange. Due to the suppression of the propagator, the pole exchange
generally will drop down at high energies, while the Pomeron exchange will
sustain a stable cross section to a wide energy region.

A detailed calculation of this approach was recently carried out intending
to interpret the new experimental data from GRAAL Collaboration [50].
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5 [Experimental projects on baryon physics and
some open questions

5.1 CLAS at JLab

The N* program at JLab has a wide scope of interest to cover the study
of baryon properties from the ground state to the complete set of excited
baryon resonances. In principle, CLAS has access to all the photo- and
electroproduction (charged) channels covering the whole resonance region.

Program:

i) The first resonance region

Electroproduction of 7 meson in the A resonance region: v*p — A(1232) —
pr° [51]. |

The experiment was devoted to the study of the YNA quadrupole tran-
sition. The magnetic dipole M1 is dominant in vNA transitions. The non-
relativisitic quark model predicted the electric quadrupole Ej to be small -
(vanishing) at the real photon limit. The ratio of the electric quadrupole
Ey+ and scalar quadrupole Sy, to the magnetic dipole were measured and .
the results suggested sizable contributions from the Ey+ and Sy, transition.
-Models including pion cloud effects showed promising in the explanation of
the sizable ratios at the real photon limit and their @? dependence.

ii) The second resonance region

Photo- and electroproduction of the P11(1440) (Roper resonance), Is it
a hybrid, a normal three-quark state, or a No bound state?

S11(1535) (see Ref. [34, 52] for y*p — S11(1535) — pn), and D;3(1520).
Simple quark model and a relativistic quark model predicted a larger A 1

at the real photon limit. At small Q?, what’s the role played by the pion
cloud? Also note that, the potential effects turn to be important in the
reaction study. For the D;3, precise measurements (hep-ex/0203006, GDH
and A2-Collaboration) and explicit calculations are both needed.

iii) The third resonance region .

Looking for “missing resonances” in meson photo- and electroproduction,
e.g. YN = wN, PN, ¢p,n'p, KA, K*%, ... Progresses have been reported
on conferences (see e.g. Refs. [53, 54]). Above the traditional resonance
regions, experimental results for three channels, yp — ¢p, vp — p%, and
Yp — wp, have been published recently [55, 56, 57].
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5.2 GRAAL at ESRF

The GRAAL facility provides a polarized and tagged photon beam through
the backward Compton scattering of laser light on the 6.04 GeV electrons
circulating in the ESRF storage ring. The detectors cover full angles, and
have great an advantage of measuring neutral channels, e.g., w — 7% in
addition to w — 77 7~. Meanwhile, experiment on 4n is possible.
Program: - :
i) 1996-1997, E, = 500 ~ 1100 MeV,

w — (77 — 3w, 7°y7) (published)
— pr° naT (published)
= pr%r® (A*79), nrta® (A*70, A% +) (to be published) -
—  p (to be published)

ii) 1998-1999, E, = 900 ~ 1470 MeV,

v — pn(n— 3w, 1%yy) (published)

vp — AK*, ¥°K* (in analysis and to be published)
— pw (in analysis and to be published)

— pnf (in analysis and to be published)

iii) 2000, E, = 900 ~ 1470 MeV, statistics improved.

iv) 2001, polarized HD target installed for measurement of double po-
larization (beam-target) [58].

v) Compton scattering has been measured as well. Prehmmary data. are
available.

v1) Recent future, 1ncreasmg the photon energy up to 1.8 GeV; expen—
ments on meson photoproductlon on light nuclei. :

5.3 SAPHIR/ Crystal Barrel at ELSA

The ELectron Stretcher Accelerator (ELSA) with a tunable electron energy
up to 3.5 GeV provides access to a bremsstrahlungs photon beam up to

E, =26 GeV.
Program:
i) Kaon-Hyperon production
w — KTA,
- K'%0
— K%t




ii) Vector meson photoproduction [59]
P — pw
- pp’
— pé
ili) Recent program using Crystal Barrel

o Direct measurement of the Gerasimov-Drell-Hearn (GDH) sum rule at
600 MeV< E, < 3 GeV.

Double pion production: vp — pro70 via A*+x0.

Study of reaction yp — pm9n via the following processes:
Aty
S 11 (1535)7T 0 0
pap(980)

(132)

Inelastic photon scattering in yp — pr%y and vp — prpy.

Photoproduction of n and 7' up to E, = 3 GeV.

5.4 LEPS at SPring-8

Adopting the technique of backward Compton scattering of laser photons
similar to GRAAL, linearly polarized photon beams up to E, = 2.4 GeV are
produced from the 8 GeV electron facility SPring-8. This project extended
the kinematics of GRAAL to higher energy regions.

Program:

i) Photoproduction of ¢ near threshold.
The strangeness component in nucleons and its knock-out can be detected;
Non-diffractive process such as resonance excitations can be also investi-
gated. _

ii) Beam polarization asymmetries for yp — K+A at 1.5 - 2.4 GeV.
In addition to the cross section measurement of SAPHIR, the data for the po-
larized beam asymmetry would provide more information about the “missing
resonance” D;3(1960), and be more selective to models.

iii) Study property of A(1405) (See Particle Data Group [4] for a recent
summary). -

iv) Photoproduction of w meson at backward angles.
Higher resonances from the third resonance region can be investigated.
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5.5 GDH- and A2 Collaboration at MAMI

MAMI provides an access to double polarization, circularly polarized photon
(Ey < 790 MeV) and polarized proton. By measuring the exclusive pion
production channels, one of the important aims at MAMI is to test the

GDH sum rule at low energies. It is promising to precisely derive resonance
signals (e.g., D13(1520)). '

5.6 BEPC N* program
A unique channel for N* physics: J/¥ — N*N [60].
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6 Perspectives of baryon physics in experiment
and theory

Since large degrees of freedom are involved at the resonance region, in prin-
ciple we need as many as possible measurements of various spin observables
to understand the reaction mechanisms. This feature highlights the impor-
tance of polarization experiment where small amplitudes could be amplified
by interferences. A

The new generation of the electron accelerators with the high intensity
electron and photon beams have started to provide new data with unprece-
dented precision for various observables. Theoretical efforts ‘on the inter-
pretation of a wealth of data are needed. Such efforts would significantly
improve our quantitative understanding of the nucleon resonance structures,
which are essentially non-perturbative QCD phenomena.

On the other hand, modern research on baryon physics, more or less,
has to be based on some phenomenologies. This situation might suggest
that a better understanding of baryon resonances should be built up on a
basis containing as less as possible parameters. Such an approach, even
though interprets the experimental data only qualitatively, could however
provide more physical insights rather than a perfect fit with a large number
of parameters. In this sense, quark model seems likely to be able to provide
us with a reasonable starting point for the reaction study. Although, such a
phenomenology has many unanswered questions which prevent it from being
a fundamental theory, one would expect that the regime where the failure

of this phenomenology is exposed should be the point from which one could
step further. :
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Appendix I

The SU(2) spin wavefunction for a three-quark system:

spa _ Sy _
X(SZ—Q) = M
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1 1

XS =3) = (-1t
MS, =1y = L,
(S =3) = ZE@ITL-1TT=1D), (133)

where x® has a total spin 3/2, and the other two have a total spin 1/2.
The SU(3) flavor wavefunction for the light quark system on the basis of
the S3 permutation group could have the four different symmetries labelled
by s, A, p and a.
The symmetric wavefunction is

$°(10) = > a(1)b(2)c(3) (134)

permu.

where a, b and ¢ represent flavor u, d or s.
The mixed octet wavefunctions are

( —\}—E(2uud — duu — udu) for 2
75 (dud + udd — 2ddu) for

%(%ms — SUY — USY) for ot

~ 1 ’ 0
A —==(sdu + sud + usd + dsu — 2uds — 2dus) for T

8) ={ 2v3
9°(8) #(sdd+ dsd — 2dds) for 5= (135)

5(sud + usd — sdu — dsu) for A

L (2s5u — sus — uss) for =0
VB -

ﬁ(%sd — sds — dss) for 2~

and

( %(udu — duu) : for p
71-§(udd — dud) for n

Vl—i(suu —~ USU) for T

i 0
) z(sud+ sdu — usd — dsu) for ¥

P®) =1 I (sdd — dsd) for 2 - (136)

ﬁ-g(usd + sdu — sud — dsu — 2dus + 2uds) for A

%(sus — uss) for =0

—\};(sds — dss) for =~

The anti-symmetric singlet is:

42(1) = Vl_é(uds + dsu + sud ~ dus — usd — sdu) (137)
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Appendix IT

Spatial integrals for [56,0"]y—g — [70,1 ] y=1:

(D fle™ L)
7
- %/ dpdre k(O +X) g=iv/FR oy

7 3 +oo
- 3 (—@) [ oy [Tvio(6, )
™ \an ) Jo
X Z (—=4)}(20 4 1) By(cos 8) i ( \/—k/\ ) sin 8d6do

= ik <a—:) 43 / ANy f k)

ot & 2V e
— /6a?
4\/—\/_ T 202 4ah ‘
k

= i ke /6a? 138
2\/§ahe ) . (138)

where P;(cos§) = 1/221{13’10(9, ¢), and the orthogonal relation for the spher-
ical harmonics is used, ‘

™ 2r
L Vi 6.0 Y (0,000 = S8 - (130

Similarly, the spatial integrals for other transitions can be calculated.
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Abstract .

The possible candidates of S—wave dibaryons with various strange num-
bers are studied under the chiral SU(3) quark model. It is shown that there
are three types of baryon-baryon bound states. The states of the first type
are called deuteron-like states. If chiral fields can provide enough attraction
between interacting baryons, these systems, such as [ZQ —Z*Q](1,1/2), [EE](0,1),
[NQ](QJ/z) would be weakly bound. The states of the second type such as
[Z*Alo,s/2)5 [2*A3,1/2), [AA](03) and [AA](3) are named as AA-like states.
Due to the highly symmetric character in orbital space, these systems could
be relatively deeply bound, but the strong decay modes of composed baryons
cause the widths of the states much broader. The states of the third type
are entitled as 2Q2-like states. Due to the same symmetry character shown in
the systems of the second type and the only weak decay mode of composed
baryons, for instance in [0, or at most one strong decay mode of com-
posed baryons, for example in [Z*Q2](,1/2), these states are deeply bound states
with narrow widths. The states of latter two types are most interesting new
dibaryon states and should be carefully investigated both theoretically and
experimentally. '
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1. Introduction.

Dibaryon as a six—quafk system has shown its special place in the investiga-
tion of medium-energy physics since Jaffe published his prediction of H particle
in 1977 [1]. As is commonly believed, to study a quark system, the Quan-
tum Chromodynamics (QCD), which governs the strong interaction among
quarks and gluons, should be employed as an underline theory although its
non-perturbative behavior is still not quite clear and cannot exactly be solved
up to now. Jaffe studied the color-magnetic interaction (CMI) of the one-
gluon-exchange (OGE) potential in the multi-quark system and found that
CMI shows attractive character in the H particle case. This character com-
pels six quarks staying in a smaller volume, say less than 0.85fm in radius.
Thus dibaryon study could provide more information about the short-range
behavior of QCD, and the existence of dibaryon can directly supply the evi-
dence of the quark-gluon degrees of freedom in hadrons and hadronic systems.
However, the reason for forming the baryon-baryon bound state presents great
complexity. The nonperturbative QCD (NPQCD) effect may seriously affect
the properties of the diba.rydn due to its finite size. The CMI and the in-
teraction describing the action from physical vacuum should be co-responsible
for the binding energy of the system. The symmetry structure of the system
may also play an important role there. In a word, the character of CMI is.no
longer dominant. Sometimes, meson clouds may provide predominant effects.
Exploring dibaryon may enable us to investigate the short- and medium-range

NPQCD effects and to find out a practical way to properly treat them.

In order to reliably study dibaryon, a model that can describe most of short-
and medium-range NPQCD effects should be employed. In other word, the
model should have predictive power. It should at least contain two-fold require-
ments: By using this model the ground state properties of baryons should well
be fitted, and the experimental data of the nucleon-nucleon (N — N) scat-
tering and, especially, the empirical data of the nucleon-hyperon (N — Y—)
scattering and reaction can reasonably be reproduced in the dynamical calcu-
lation. When extending this model to dibaryon investigation, no additional
parameters are required. There are lots of models such as MIT bag model [2],
the constituent quark models of various kinds [3, 7, 8], Skyrme model [9], etc.
Among them, the chiral SU(3) quark model {7, 8] is one of the models which
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satisfy requested conditions. In terms of this model, invesﬁigating and further
systematically analyzing possible bound six-quark systems become significant
and essential. '

Since 70’s, dibaryon has been intensively studied. The most interesting
dibaryons have been studied are the following: H particle has been theoret-
ically and experimentally investigated for years. The theoretically predicted
mass is in a large range [1, 3, 4, 5, 6, 15, 26|, say from 2GeV to 2.4GeV.
The most believed theoretical prediction is around the AA threshold, namely
around 2.232GeV [4, 5]. However, this particle still has not been found in the
experiment yet. The most recent data showed that the lower limit of the A
particle mass is about 2.22GeV [13]. Except the H particle, possible bound
baryon-baryon systems in the non-strangeness sector were also investigated.
d* is one of them. There were number of theoretical predictions by using vari-
ous models, such as the non-relativistic boson-exchange model [17], the quark
cluster model [4], the quark-delocation model [19], the chiral SU(3) quark
model [20] and etc.. The predicted masses also spread in a wide range. All
the predictions are below the threshold of the AA channel of 2.464GeV, and
most of them are above the threshold of the strong decay channel, NN,
of 2.154GeV. d'(J¥ = 07, T = 0) is another interesting particle. In the ex-
periments of double-charge-exchange reactions, it was found that when the
energy of the incident pion is 50M eV, there exists a resonance with the mass
of 2.065GeV and the width of 0.5M eV in the processes with a variety of targets
[22]. To explain that phenomenon, one proposed d'. Although there were many
theoretical attempts [23], the theoretical result is still away from the expected
value. Whether this phenomenon indicates d' is still under discussion. Up to
now, these three interesting candidates of dibaryons are still not found or con-
firmed by experiments. It seems that one should go beyond these candidates
and should search the possible candidates in a wider region, especially the sys-
tems with multi-strangeness, in terms of a more reliable model such as chiral
SU(3) quark model. According to this idea, Yu et al. analyzed the six-quark
system with a simple six-quark cluster configuration [16]. Later, by employing
the chiral SU(3) quark model, Zhang, Yu et al. studied Q2(S = 0,7 =0) and
ZQ(S =1,T =1/2) [16, 14], and Li and Shen explored Z*Q(S = 0,7 = 1/2)
and ZQ — Z*Q(S = 1,T = 1/2) [24]. In this paper, we would present a sys-
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tematic study of possible candidates of S—wave baryon-baryon bound states

in this model.

The paper is arranged in the following way: The chiral SU(3) quark model
is briefly introduced in Seet.2. In Sect.3, the results calculated by this model
are given, and the symmetry characters of the system concerned are discussed.
The effects of chiral-quark field induced interactions on the binding behaviors
of systems are detailed analyzed in Sect.4. In Sect.5, the model parameter
dependence of the predicted binding energy is further studied. Finally, in

Sect.6, the concluding remark is drawn.

2. Brief introduction of chiral SU(3) quark model. |

Following Georgi’s idea [10], the quark-chiral SU(3) field interaction can

be written as

Lr = —gen(YrS¢r — vrE L) (1)

with g., being the quark-chiral field coupling constant, ¥ and ¥ being the
quark-left and right spinors, respectively, and

= explimaAe/f], a=1,2,..8 . (2)

where 7, is the Goldstone boson field and A, the Gell Mann matrix of the
flavor SU(3) group. Generalizing the linear realization of X in the SU(2) case
to the SU(3) case, one obtains

8 8
ZzZaa/\a—z’Zﬂa}\a , ' (3)
a=0 a=0
and the interaction Lagrangian
/8 8
EI = _gchw <Z Ua/\a +1 Z 7Ta/\a75> '(/) ) (4)
a=0 a=0 i

where A is a unitary matrix, oy, .., og the scalar nonet fields and g, .., 7%8 the
pseudo-scalar nonet fields. Clearly, £; is invariant under the infinitesimal chiral
SU(3)L x SU(3)g transformation. Consequently, one can write the interactive
Hamiltonian as

8 8 .
Hch = gchF(q2)”L (Z O'aAa +1 Z 7ra/\a75> '@b . (5)
a=0 a=0
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Here we have inserted a form factor F'(¢?) to describe the chiral field structure.
[11]. As usual, F(¢?) is taken as |

2 AZsp s

F = | == , (6)
Fia) (A2CSB + ‘12)

and the cut-off mass Aqgp indicates the chiral symmetry breaking scale [11].’

Then, the SU(3) chiral-field-induced quark-quark potentials can be derived
in the following :

Vou(Tig) = —C(gen, Moy, Acsp) X1(ma,, Aoss, i) Aa(i) Ma(5))
+ VEE(Ry), (7)
m2 L.
Vi (73) = C(gch,mwa,Acss)m[Xz(m%,Acsg,rij)(ai-aj)
A N
o (#mrs) - BZ2 b (csar)) s )0u000) | 8
with
- 2 .
VE(F) = —C(Gen M, Aess) —2e—[G(mo, 1)
o \'1] chy ig, s . 4mqimqj a'ij
A L N
— (Z22PG(Mosari)|(L - (3 +3) Ml Xa(i)) 5 (9)
2 2
_ 9o A
Clgen,m,A) = o ™ | (10)
Sy = 3(6;- 7)) — (- y) , (11)

and mg, being the mass of the scalar meson and m,, the mass of the pseudo-
scalar meson. The explicit forms of functions X 1, Xo, H and G can be found
in [7].

As mentioned in [7], the interactions induced by chiral fields describe the
NPQCD effect in the low-momentum medium-distance range, which is very im-
portant in explaining the short- and medium-range forces between two baryons.
To study the baryon structure and baryon-baryon dynamics, one still needs
an effective one-gluon-exchange interaction V;%® which dominates the short-
range perturbative QCD behavior and a confinement potential Vi?mf which
provides the NPQCD effect in the long distance and confines three quarks to

a baryon. Then, the total Hamiltonian of the six-quark system can be written

Ut
=1



as

H= Z T-Te+ 3 Vi (12)
1<J
with
Vij — V;JOGE +Vi§0nf + ‘/iih , (13)
where
1 1w 1 1
OGE :—i~)\9-/\c. — — =T ) (— + —~
‘/1_7 4gg]( i1 ]){Tij 92 (7‘.7)(,’712Z + mc21j
4 1 1
= T G —=5; , 14
3 MgiMyg;j (o a])) 4qumqg7"u ]} +V GE (14)
o 1 3
05 — ; /\ ¢ ——L i+ 0 15
Vi = -qgaai08 Mo L Gk ) (19
V;;onf :__a;:j()\c )\c) V_GICO()\C /\c) , (16)
and
Vi = ZV i) +ZV% . (17)

The model parameter should be fixed before calculation. The coupling
constant g, is fixed by
4mr 5 4r M%
and g2, /47 is taken to be the empirical value of about 14. The masses of
the pseudo-scalar meson my, m,, my and mg can be chosen as the masses of

the real 7, n, 7' and K, and the mass of the scalar meson oy can be taken as
My, = 625 MeV, according to the relation [12]

m? = (2mg)? +m2 . (19)

ao

In our previous investigation [7], it was found the N — N and N —Y scatterings
are not sensitive to the masses of strange chiral fields. In order to reduce the
numbers of adjustable parameters, mg,(a = 1,.., 8) are also taken to be the
mass of 7. The cut-off mass A¢csp for various chiral fields is taken to be

42fm=!, form K and g

Acsp = { 50fm~t, forn,n,0',kand e (20)
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This set of model parameters is called Model I (Set I) which was frequently
used in our pervious investigations [7, 8, 5]. Because the systems studied in this
paper mostly comprise strange quarks, the strange chiral clouds surrounding
the baryons become influential. In order to see this effect, we increase the
masses and corresponding cut-masses of k and € to the values of 1.4GeV and
1.5GeV, respectively, which are close to the masses of real mesons with the
same quantum numbers [25]. This set of parameters is called Model I (Set II).
When the values of my, mg, by, g, Mr,, Mo, and Acsp are fixed, the one gluon
exchange coupling constants g, and g, can be determined by mass splittings
between A and N, and ¥ and A, respectively, the confinement strengths ag,,,
al, and af; are fixed by the stability conditions of N, A and Z, respectively,

20 a® and o are fixed by the masses of N, A

uu? us

and the zero point energies a
and ¥ + §, respectively.

As is mentioned above, to predict the dibaryon structure, the model should
be able to reproduce the data of the N-N and Y-N scatterings reasonably. The
detailed comparison of the theoretical scattering results and the empirical data
can be found in [7]. Here, we only show a typical plot, the cross section of the
A — p process in Fig.1. In this figure, the solid and dashed curves represent
the results with Sets I and II, respectively. It is shown that both curves are
consistent with the experimental data. After confirming the model, we use the
same set of parameters to study the dibaryon system.

All the model parameters in Sets I and II are tabulated in Table 1, respec-
tively.

Table 1. Model parameters



Set I Set IT

my(MeV) 313 313
ms(MeV) 470 470
bu(fm). 0.505 |  0.505
Gu : 0.936 0.936

gs 0.924 0.781

ag,(Mev/fm?)/a (Mev) || 54.3/-47.7 55.0/-48.9
al(Mev/ fm? )/afg(Mev) 65.8/-41.7 | 66.5/-50.6
as,(Mev/ fm?) /a®(Mev) || 103.0/-50.6 | 115.4/ -73.7
i )/Aufn ) 07/42 | 0.7/42
mi(fm) Ak (fmY) || 251/42 | 2.51/4.9
ma(fm 1) /A(fm )| 2.78/5.0 | 2.78/5.0
my (fm) /Ay (FmY) | 4.85/5.0 | 4.85/5.0
mao( ) A (fmY) | 317742 | 317/42
Mo (fmY) /A (fm=Y) | 4.85/5.0 | 4.85/5.0
me(fmY)/A(fm=1) | 4.85/5.0 | 7.09/7.6
me(fm~)/A(fmY) || 485/5.0 | 7.09/7.6

The binding energy of the baryon-baryon system is dynamically solved by
using the Resonating Group Method (RGM). In this method, the trial wave
function of the six-quark system can be written as

U = Alga(&1,&)d5(, &)xret(R)xenr (Bou))sr, (21)

where ¢ 4(p) denotes the antlsymmetrlzed wave function of the baryon cluster
A(B), Xrei(R) the trial wave function of the relative motion between interacting
clusters A and B, XCM(RCM) the wave function of the motion of the total
center of mass, and & the Jacobi coordinate with i = 1 and 2 for cluster A and

t =4 and 5 for cluster B, respectively. The symbol A describes the operation
of the antisymmetrization between ‘quarks in two interacting clusters. This ,
operator can be read as

A=NY epP,
P

where P is an operator which permutes quarks of cluster A and quafks of
cluster B, ep = 1(—1) when P is an even(odd) permutation and N is the

normalization factor. Considering the permutation symmetry, A can also be
written as

A = N@O=-Y Py, (22)
i€A
JEB
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where P{;sf ¢ denotes the permutation operation carried out between the i — th
and j — th quarks in the orbit, spin, flavor and color spaces, simultaneously,
and again N’ represents the normalization constant. Calculating the expec-
tation value of the Hamiltonian operator on the trial wave function in which
the unknown Xrel(é) s expanded'in terms of well-known bases, one deduces a

secular equation
Z (Hy — ENU ¢; =0, (i=1,2,-,n), (23)

with H;; and N;; being the Hamiltonian and normalization matrix elements,
respectively, E the eigenvalue and ¢; the corresponding eigenfunction, namely
the expansion coefficients of X, /(R). Solving this equation for cj, one ob-
tains the binding energy and the corresponding wave function of the six-quark

system. The detailed method can be found in our previous paper [24, 5].

3. Symmetry character discussion.

As a comprehensive survey, there are two crucial physical factors which
resolve whether a two-baryon system is bound. One is the symmetry property
of the system, namely the characteristics of quark exchanges between baryons,
and the other is the interaction including both the direct and exchange com-
ponents between quarks, and eventually between baryons. In this section, we
analyze the symmetry property of the system according to the character of the
matrix element ngsf ¢, where the superscript sfc denotes the P operator acts
within the spin — flavor — color space only and the subscript 36 represents
the exchange operation is between the 3-rd and 6-th quarks. Then, in section
4, we discuss the effects of various chiral-quark field interactions by employing

several models.

As is pointed out in Ref.[21], the matrix element (A4%/¢) is an important
measure of the action of the Pauli principle in the two-baryon state. This mea-
sure specifies the symmetry character of the state of the system. According to
the symmetry characters of systems, namely the mentioned matrix elements,
the two-baryon systems concerned can generally be divided into three classes.
In the first class, 9(Ps/°) ~ 1, namely, (4*f¢) ~ 0. The Pauli blocking effect
between interacting baryons are incrediblely serious so that the two-baryon

S—wave state with [6]., the [6] symmetry in the orbital space, is almost a for-
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. bidden state. Namely, it is very hard to form a bound state. The state in the
second class has the property of 9(Psf¢) ~ 0, or (A*f¢) ~ 1. In this class, the
Pauli blocking‘ effect between interacting baryons are very small so that the
exchange effect between quarks which are located in different baryons, respec-
tively, becomes negligible and these two baryons are relatively independent
with each other. As a result, the meson-exchange effect may play a dominant
role in binding. If the inter-baryon interaction shows an attractive feature with
a large enough strength, the system would be bound. This kind of system may
also be deduced in terms of a model in the baryon-meson degrees of freedom.
The state in the third class possesses a feature of 9(Ps{®) ~ —1, or (A*/¢) ~ 2.
The inter-baryon quark-exchange feature of this kind would be enormously
beneficial to form a state with the [6], symmetry [21]. If the inter-baryon
interaction demonstrates the attractive character with certain strength, it is
possible to form not only a bound state, but also a dibaryon with a relative
smaller size in radius. We present the resultant binding energies and the cor-
responding root-mean-square radii (RMS) of the S—states which have various
strange number S and belong to the second and third classes in the following
subsections.

3.1. The systems in which the expectation values of P:fﬁf ¢ operator

are close to zero.

In the deuteron case, (Psf°) = —1/81, it is a typical case of the second
class. We collect some systems which have the same symmetry characteristics
as deuteron in this subsection. The binding energies, Fj,, and corresponding
RMS, R, of these systems are tabulated in Table 2.

Table 2. Binding energy, Ej, and corresponding RM S, R, for the systems with (P;gc) 2~ 0. The
units for E, and RMS are in MeV and fm, respectively.

[@)]
[S]




S _ System (P3¢ | Model I (Set I) [ Model I (set II)
’ Ey, //R By /IR
0 NN(§=1,T=0)
deuteron ' -1/81| 0.2 //1.63 -0.7 //1.68
~ NA NA(S=0,T = 1/2) 0 6.6 //1.63 7.7 //1.69
(§=0,T=1/2) NA—NZ(§=0,T =1/2) 5.7 //1.59 7.2 ]]1.66
-1 NA NA(S=1,T =1/2) 0 7.7 /J1.68 7.7 ]/1.68
(§=1,T=1/2) NA—NS(8 =1,T =1/2) 6.6 //1.63 6.7 //1.64
NZ(S=0,T =3/2) —1/81[ -5.1 //1.58 5.3 //1.59
AR AA(S=0,T=0) 0 4.8 //1.54 5.6 //1.58
2| (§=0,T=0) [AA—N=Z-Zx(8=0,T=0)
H particle -2.0 //1.15 8.2 //0.91
AE(S=1,T=1/2) 4/81 | 8.1//1.74 7.7 JJLT2
-3 NQ(S=2,T =1/2) 0 35 //1.18 12.7 //0.98
AOS =3,T =3/2) 0 24 J/115 14.2 //0.96
4 EE(S=0,T=1) —1/81| 4.1 //1.17 0.4 //1.30
-5 =0 EQ(S=1,T =1/2) 1/81 | 9.5 //1.02 42 //1.14
($=1,T=1/2) EQ-=" S =1,T =1/2) . 32.9 //0.78 32.6 //0.77

The data in Table 2 shows that the deuteron is weakly bound in the Model I
(Set I) case, which indicates that the chiral SU(3) quark model, in principle,
can reasonably describe the structure of deuteron?. It is also seen that in the
single NA channel and the coupled NA — NX channel with S = 0(or1) and
T = 1/2 cases and the single NX channel with S = 0 and 7' = 3/2 case, no
matter which set of model parameters is employed, the systems are not bound.
These are in agreement with experiments. The H particle is also not bound in
Set I but weakly bound in Set II. The resultant mass of H is close to the AA
threshold in both Set I and Set II, and this feature is consistent with the recent
finding in experiments [13]. These results further convince ourselves that the
chiral SU(3) quark model is reasonable and reliable in the bound-state study.

It should be noted that (P;.ff;f ‘) of these systems appoximately being zero
means that the symmetry structure of this kind makes the quark-exchange
effect less important, and consequently, the contribution from the kinetic en-
ergy term shows relatively repulsive nature to the kinetic energy of the relative
motion between two well-separated interactive baryons (see Appendix), which
makes interacting baryons apart. Therefore, very similar to deuteron, whether
the two-baryon system is bound depends on the feature of the interaction be-
tween interacting baryons, especially that caused by chiral fields, namely the
overall characteristics of the short- and medium-range NPQCD effects, to a

20f course, it is easy to fine-tune the mass of og so that the best agreement between
the calculated and experimental binding energy of deuteron can be achieved. However, it is
not necessary to give a very accurate mass of predicted dibaryon, we would relinquish this
adjustment.
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considerable extent. If the characteristics is attractive in nature, the system
would be bound like deuteron, and we call it as a deuteron-like system. If
it shows weak attraction or even repulsive feature, the system would not be
bound anymore. It is also noticed that the OGE interaction provides repul-
sion in the deuteron, NA, NX, Z5(S = 0,T = 1) and ZQ(S = 1,T = 1/2)
systems. To form a bound state, a strong enough attractive interaction by
the meson exchange must be requested. For instance, the ™ exchange, espe-
cially the tensor force, causes the weakly binding of deuteron and the relative
strong attraction from the coupling between the chiral fields and quarks makes
Z2(S = 0,7 =1) and 2Q(S = 1,T = 1/2) bound. Then in the H particle
case, although OGE interaction provides attraction, due to the repulsive ef-
fect from the kinetic energy term, the only attraction from OGE potential
is not strong enough to cause binding. The attractive feature of the chiral
field would be helpful to form a weakly bound H. But it is model parame-
ter dependent. In the NQ(S-= 2,T = 1/2) and AQ(S = 3,T = 3/2) cases,
OGE contributes nothing, the weakly bound behavior of these systems fully
depends on the attractive features of the chiral fields. Moreover, it is notewor-
thy that very similar to the deuteron, the AA — NE-2%(S =0,T7 =0) and
=0 — =*Q(S = 1,T = 1/2) systems are bounder than the AA(S =0,T = 0)
and ZQ(S = 1,T = 1/2) systems due to the channel coupling effect.

In summary, we predict that NQ(S = 2,T = 1/2), AQ(S = 3,T = 3/2),

Z2(S=0,T=1) and EQS =1,T = 1/2) are weakly bound baryon-baryon
states. The mass of the H particle is around the AA threshold. =2 — =Z*Q(S =
1,T = 1/2) system is a bound state with a relative large binding energy due
to the strong channel coupling.

3.2. The systems in which the expectation values of Psf ¢ operator
are close to —1/9.

The systems in which (P§{°) ~ —1/9 are collected in this category: The
binding energies, Ej,, and corresponding root-mean-square radii, R, of these
systems are tabulated in Table 3.

Table 3. Binding energy, E;, and corresponding RMS, R, for the systems with (P, sfc) = ——1/9
The units for E, and RMS are in MeV and fm, respectively.
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s System P:7%y [Model I (Set I) [Model I (set II
36

Ey, /IR Ey, /IR
0 |AA(S =3,T=0) (@) || =1/9 | 22.2//101 | 18.5//1.0
AAS=0,T=3) || =1/9 | 160 //110 | 13.5//1.14

| ZFA(S=0,T =5/2) || =1/9 | 24.6 //0.99 19.0 //1.04
S*A(S=3,T=1/2) || =1/9 | 25.9 //0.95 29.3 //0.93
=S =0,T=1/2) || -1/9 | 92.4 //0.71 76.5 //0.72

QQ(§=0,T=0) —1/9 | 116.1 //0.66 | 98.5 //0.67

]
(<28

'
D

;From this table, one sees that all the systems in this category have the fea-
ture of (P5J°) = —1/9. Tt indicates that the system has relatively higher
anti-symmetry in the spin-flavor-color space. As a consequence, the contri-
bution of the kinetic energy to the binding energy plays a relatively attrac-
tive role in comparision with the kinetic energy in two independ baryons [21]
(see Appendix). This characteristics would bring six quarks closer. If the
chiral fields can additionally provide attraction between interacting baryons,
the deeply bound state may be established, such as QQ(S = 0,7 = 0) and
=Z*Q(S = 0,T = 1/2). Even the contributions of chiral fields are mild, the
system with the symmetry structure of this kind may still have the binding
energy of several tens MeV. Therefore, in any case, the system in this cat-
egory would be a bound state. However, it should be noticed that in most
states here, such as AA and X*A, both composed baryons have strong decay
modes. Therefdre, if the AA and Z*A are not bound deeply enough, namely
their masses are not smaller than the thresholds of NN7m and NAnw, re-
spectively, these four states should be bound states with broad widths. Only
QQ(S=0,T=0) and Z*Q(S = 0,7 = 1/2) are the most interesting systems.
Both Qs in QQ(S = 0,7 = 0) can decay only through the weak mode, so that
QQS = 0,T = 0) is a bound state with a narrow width. It is also possible
that the mass of =*Q(S = 0,7 = 1/2) is smaller than the threshold of ZQx
(with Set I), then this state could also be a narrow width bound state.

4. Effects of interactions induced by chiral-quark field couplings.

In this section, we would demonstrate another factor which dominates the
binding behavior of the system concerned, namely the interactions caused by
the chiral-quark field couplings.

The characters of chiral fiels are different case by case, and the importance
and sensitivity of these fields in the bound-state problem of six-quark systems

also dissimilar. In order to analyze the effect of the chiral field on the binding
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energy of the baryon-baryon system, we build up other two models. In Model
II, the m, K, n, ' and og are considered. This is so called extended chiral
SU(2) quark model. The Model III is called chiral SU(2) quark model, in
which only 7 and oy fields are remained.

We arrange all concerned systems which are possibly bound into following

types:

4.1. Deuteron-like systems.

To convince readers the the importance of the interaction for binding, we
present the contributions of various terms, such as kinetic energy, OGE, pseu-
doscalar meson exchange and scalar mesons exchange terms to the total bind-

ing energy for the typical case == ;) in table 4.

Table 4. Contributions of various terms to binding energy for ZE(0,1)» the unit for energy is
in MeV.

kine. OGE T K n 7 c o K €
Model I Set 1 -17.3 -15.2 -1.2 -1.7 -14 -0.8 37.7 1.9 -1.2 6.2
Model II -12.0 -6.5 -08 -1.1 -0.8 -0.5 26.0 — - —
Model I -16.1 -15.8 -1.4 S - - - 40.5 - - -

From the table, we sees that aithough the kinetic energy, OGE and pseu-
doscalar mesons provide the repulsive feature, the strong attractive effect from
scalar mesons, especially ¢ meson, would compensate the repulsion and make

the 2= 1) system weakly bound.

We then demonstrate the binding energies and the corresponding root-
mean-square-radii of the bound systems in Sect.3.1 with Models I (set I), II
and III, respectively, in Table 5, except the H particle which was carefully
studied in our previous paper [5].

Table 5. Binding energy, E}, and corresponding RMS, R, for deuteron-like systems in various
chiral quark models. The units for E, and RMS are in MeV and fm, respectively. The system is denoted
by symbol [B1Bz](s,7y with By, Bz, S and T being baryons 1 and 2 and the total spin and isospin of the
system, respectively.

S=-5 S=-4 S=-3 S=0
Model |/ {=Q — E¥Q](1,1/2) | [E=](o,1y [[ND(2.1/2) | [B(3,3/2) | ds=1,7=0)
Ey [/R Ey //R | Ey //[R | Ey //R | By /IR
[(Set )| 329//0.78 |41 //1.17 | 35 //1.18 | 44 //1.15 | 0.2 //1.63
I 29.3 //0.79 _ |-0.5 //1.33|31.8 //0.81 | 34.3 //0.80 | 2.1 //1.52
T 17.6 //0.86 | 3.1 //1.18 |49.5 //0.74|49.6 //0.74| 4.4 //1.41

As mentioned in the preceding section, the binding energies of the systems
in this type are sensitive to the contributions offered by the chiral field. This
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character is very similar to that of deuteron and can explicitly be seen in this
table. In most cases in this type, say the systems with low strange number,
when one switches the model from Model II to Model I (Set I) or even from
Model III to model IT, namely the strange clouds are taken into account step
by step, additional strange-cloud-caused interactions would make the overall
inter-baryon interaction less attractive in nature, and consequently the systems
would become less bounder. In a word, these systems are bounder in the
chiral SU(2) quark model than in the chiral SU(3) quark model. But, in high
strangeness systems, additionally taking strange clouds into account would
benefit the binding.

The channel sketches and the predicted mass ranges of these states with
the different combinations of chiral fields, which are denoted by shaded areas,
are plotted in Figs.2(a)-(d) for the [ZQ — Z*Q)1,1/2), [EE](0,1), [NQ(2,1/2) and
[AQ(3,3/2) systems, respectively.

4.2. AA- and QQ-like systems

Now, we analyze the role or impoatance of the interaction in the system
in the third class or in subsection 3.2.. As is mentioned above, except the
symmitry character (Ps{) ~ —1/9 of the system, the effect of the interaction is
dominantly responsible for binding. A detailed study of the binding energies of
the systems in this category show that, different with the contribution provided
by the interaction in the second class, the contribution from exchange term of
the interaction is substantially large and gernerally has two different character
for various states in the class. Considering this difference together with the
different decay mode, we further distinguish the states in this class into AA-
like states and 2{-like states. In AA-like states, where only weak decays
exist, the direct and exchange terms of interactions play comparable roles in
forming dibaryon and the binding energies of these states are only a few tens
of MeV. As a specific example, the calculated result showes that in Al 3),
the exchange term of the interaction induced by o meson provides a binding
energy of 17.0 MeV, which is comparable to the direct contribution of 16.0
MeV. While in Q§)-like states, where at most one strong decay mode exists,
the exchange terms of interactions play much more important roles than the

direct terms do and the binding energies of these states can reach nearlv one
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predicted some bound states in the S = —2, — 3 and —4 systems [27].

The AA-like state is the second type state. The system of this type is
mostly symmetric in the orbit space. In these states, the interaction, espe-
cially the scalar meson induced interaction, dominates the binding behavior.
Together with the symmetry behavior of the system, the relatively deeply-
bound state can be formed. However, because both baryons in the system
have strong decay modes, only when the predicted binding energy is lower
than the threshold of the strong decay channel, say the N N7z channel for the
AA system and the AN7m channel for the ¥*A system, the width of the bound
state could be narrow. In our calculation, the predicted binding ehergies of
AA and T*A are not large enough, so that the widths of these bound states
should be rather broad. Although this kind of bound state might not easily

be detected in experiments, it may worth to search in the future.

The third type state is the {2-like state, which is the most interesting
state in our study. Same as those in the second type, the system in this type is
mostly symmetric in the orbit space. Meanwhile, the strange chiral fields can
offer rather strong attraction. As a result, these states are deeply bound states.
If we believe that the chiral SU(3) quark model is one of the most suitable
models in describing the system with high strangeness, the predicted binding
energy of =*(1 is possibly below the threshold of the strong decay channel =7.
Thus, both Q€ and =*Q2 can merely have weak decays, and consequently are

deeply bound states with narrow widths.

It should be specially emphasized that the states of the second and third
types possess the six-quark structure, and their inter-baryon distances are
relatively short. These characteristics cannot be provided by the model on the
baryon level. Thus, they are new dibaryon systems. The existences of this kind
of dibaryons would be an important place to reveal QCD phenomenology.

Appendix.

In the framework of RGM [28], the upper bound is given by the expectation

(op}
(V]




value of the Hamiltonian

(V|H[Y)
(Tlw) -

where H =T +V is the Hamiltonian, with T and V being the kinetic energy

operator and the potential operator, respectively, ¥ represents the trial wave

(H) = (24)

function of the system and (H) denotes the upper bound of the system. The

kinetic operator of a six-quark system can be written as:

) |
T =73 T,—Tcu, (25)

i=1
where 7; and Ty, denote the kinetic energy operators of the i-th quark-and
of the center of mass motion (CM), respectively. Substituting the trial wave
function (Eq.(21)) and the antisymmetrizer A’ (Eq.(22)) into projection equa-

tion
([$adsxcm(Ben)lsrH — E|A'[$abpxra(B D) xem(Row)lsr) = 0, (26)

one obtains RGM equation
hZ ) ., . .
{ 5 VE +Vr(tizzlr(R) - Erel}Xrel(R)' (27)
+ / (KT (B, B) + KV (R, B) = By N"(R, B)| oot ) d =

where Vr‘fj[(R) represents the relative potential between two clusters, E,,; and
E.e; denote the total energy and the relative energy between two clusters, re-
spectively, and K7(R, R'), KV(R,E') and Ne=h(R, R') describe the kinetic
energy exchange kernel, the potential energy e‘cchange kernel and the normal-
ization exchange kernel, respectively. Expanding Xrez(R) by well-defined basis

functions

n

Xrel(él) = Z Ciqsrel(éla ‘S_;z)a i (28)

1=1

and left-multiplying ¢.¢ (R, S; ;) to RGM equation and integrating over & and

R’ one obtains the secular equatlon of the bound state problem,

1_7 Etot 21] j (29)

I

TtM: IIM:

[H' ~Er Njlc; =0, (i=1,--,n)

iJ
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with H;; and N;; being the Hamiltonian and normalization kernels, respec-

tively, and
Etot = Ezn + Erea, (30)

Eior, Fin and E,; being the total, inner cluster and relative energies, respec-

tively. Apparently, H' can be written as:
Hj; = Hijj—EuNy (31)
= [T — ELNy) + Vi — B Ny).
In this equation, T3; and Vj; is the kinetic energy and potential energy ker-

nels, respectively, and the superscripts 7" and V' denote the kinetic energy and
potential energy parts, respectively. Then,

H. = T;- ELNy - (32)
(T8 + (T
with
o o B2 o o
(T4 55 = (brei( ",sl)|<—ﬂv'g> (R" — B)|¢ra(R', S})) (33)
and
(TE2)i; = (dra(R, S)|KT (R, R)|$ra( R, S;)).- (34)

To compute HE;’ explicitly, we employ the Generating Coordinate Method
(GCM) technique, which is equivalent to RGM. In GCM, we re-write

v =3, (35)
=
with |
Vi = Albadsdra(R, S >xCM(RCM)xS3xc1 (36)
- AL b0~ ) T+ Scsrd
and
D057 = %) = Noexp s (7 - §)2 (37)

S s o 1

i
1




To ensure the total CM motion can explicitly be separated, we keep w un-
changed, namely

w = (mybl) ™ = (msbg) " (38)

If one temporarily ignores the flavor symmetry breaking, namely b = b, = b;
and m = m, = m,, for instance in the (2Q) or AA or NN system, the
following discussion would be flavor independent and it is easy to obtain the

kinetic energy induced S-wave adiabatic effective interaction

HLY K
T Za 220
1 — (P Cosh
= 2Kyz[— 1+ Ctgh(3z) A Bifzco.s <$)/CO_Sh(3$)
1 = 27(P3{°)Sinh(z)/Sinh(3z)
with
s
T= s (40)
and
3
According to the definition of the binding energy
Ey=—(Mpp — M4 — Mp), (42)

where Mpp, M4 and Mp denote the masses of the dibaryon, baryon A and
baryon B, respectively, the contribution of the kinetic energy to the binding

energy of the dibaryon in the adiabatic approximation should be

Ey = —-Y c¢E(S) . (43)
=1

with

Ky

wis) = B+ K

(44)

where c; is the wavefunction. We plot Ef (S;) versus S; in Fig.4 (for conve-

nience, we drop the subscript ¢ in S; in Fig.4). In this figure, the solid and
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dashed chrvebs denote the results with (P§f®) = —1/9 and (P§{°) = —1/81,
respectively. Apparently, when (Ps{°) = —1/81, ET(S;) has less attractive
character than that in the (P®) = —1/9 case. And when (P3{%) > 0, it
would be even less attractive.

Apparently, Ef is always a negative number (or repulsive for binding).
This indicates that, when off-diagonal matrix elements contribution can be

neglected under adiabatic approximation, £ always has a repulsive effect.

However, when calculating Ef, one should also take the off-diagonal ma-
trix elements into account. Further calculation shows that the contribution
of the off-diagonal matrix elements differs substantially in-the system with
(P3fe) = —1/9 to that in the system with (Ps#°) =~ 0. In the former case,
it is so large that El can be changed to a positive value (or attractive for
binding). For instance, in the Q0 ) dibaryon, the contribution of the diago-
nal matrix elements is —145.6 MeV while the contribution of the off-diagonal
matrix elements is 154.2 MeV, and consequently Ef = 8.6 MeV. On the other
hand, in the latter case, thisbontribution_ is not large enough to change the
sign of Ef. For instance, in the deuteron case, the contribution of the diago-‘
nal matrix elements is —57.5 MeV while the contribution of the off-diagonal
matrix elements is 43.0 MeV, and conseqﬁently ET = —14.5MeV. The effect
of the off-diagonal matrix elements can also simply be seen by diagonalizing
the —(EL + £2), called ET, matrix. In the (P§{°) = —1/9 case, some of

177
diagonalized matrix elements ET can be positive. Because

Ef = Z &L, | (45)

1
where EI is the diagonalized matrix element, and & is the wave function
after the unitary transformation that diagonalizes the —(E;—’; + K‘1) matrix, the
resultant £ becomes positive. While for the system with <P8f ‘) & 0, the
diagonalized matrix elements are always negative, consequently, Ef always

keeps a negative value.

The physics picture of the positive contribution (ot attractive contribution)
of the kinetic energy operator to the total binding energy may be understood as
the following. In the dibaryon with (P3¢) = —1/9, such as {282(0,0), six quarks

interfere with each other very strongly due to the large quark exchange effect,

-1
&)




so that they cannot move as freely as they do in two independent baryons.
So the expectation value of kinetic energy operator in such system (which is
definitely positive) would be smaller than the kinetic energy in two independent
baryons. While in system with (Pg/ °y & 0, the quark exchange effect is so
weaker that the expectation value of kinetic energy operator is always larger

than that the kinetic energy in two baryons.
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Figure captions
Fig.1. A-P scattering.
Fig.2. Energy level sketches for a.[20-2*Qq,1/9), b. (EZ]0,1), c[NQe,1/2),
d.[A\Q](g,g/Q), e.[E*A](gys/z) and [E*A](g’l/z), f.[AA](O,g) and [AA](g,O), g.{QQ](Q’O),
h.[Z*Q(0,1/2)- .
Fig.3. Binding energy Ej with respect to b, and m; for systems with (A°/¢) ~
2. The solid curves are for m,;=470 MeV, the dashed curves are for m,=515
MeV.
Fig.4. In the S-wave case, the contribution to binding energy provided by the

kinetic-energy related terms with different S in the adiabatic approximation.
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N* and Meson Resonances in J/1 decays*
BING-soNG ZoU,

Institute of High Energy Physics, Chinese Academy of Sciences,
P.0.Box 918 (4), Beijing 100039, P.R.China

(representing BES Collaboration)

Over sixty million J/1 events have been collected by the BES Col-
laboration at the Beijing Electron-Positron Collider (BEPC). J /v decays
provide an excellent place for studying excited nucleons and hyperons —
N*, A*, * and E* resonances, as well as meson resonances, including pos-
sible glueballs and hybrids. Physics objectives, recent results and future
prospects of light hadron spectroscopy at BEPC are presented.

PACS numbers: 13.25Gv, 14.40Cs, 14.20Gk, 13.65-+i

1. Introduction

The Institute of High Energy Physics at Beijing runs an electron-positron
collider (BEPC) with a general purpose solenoidal detector, the BEijing
Spectrometer (BES)[1], which is designed to study exclusive final states in
ete™ annihilations at the center of mass energy from 2000 to 5600 MeV.
In this energy range, the largest cross sections are at the J /¥(3097) and
1'(3686) resonant peaks. Up to now, the BES has collected about 65 mil-
lion J/¢ events and 18 million ¢ events. From J/¢ and ¢’ decays, both
meson spectroscopy and baryon spectroscopy can be studied.

Three main processes which play very important role for the light hadron
spectroscopy are 9 hadronic decay into baryons and anti-baryons, 1 radia-
tive decay, and 9 hadronic decay into mesons. In the following three sec-
tions, I will outline the physics objectives and summarize recent results for
each of them. Future prospects are given in the final section.

* Presented at the Meson2002, 7th International Workshop on Production, Properties
and Interaction of Mesons, Cracow, Poland, May 23-28, 2002
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2. N* and hyperons from J/v decays

Baryons are the basic building blocks of our world. If we cut any piece
of object smaller and smaller, we will finally reach the nucleons, i.e., the
lightest baryons, and we cannot cut them smaller any further. So W1thout
mention any theory, we know that the study of baryon structure is at the
forefront of exploring microscopic structure of matter. From theoretical
point of view, since baryons represent the simplest system in which the
three colors of QCD neutralize into colorless objects and the essential non-
Abelian character of QCD is manifest, understanding the baryon structure
is absolutely necessary before we claim that we really understand QCD.

Spectroscopy has long proved to be a powerful tool for exploring internal
structures and basic interactions of microscopic world. Ninety years ago de-
tailed studies of atomic spectroscopy resulted in the great discovery of Niels
Bohr’s atomic quantum theory[2]. Forty to sixty years later, still detailed
studies of nuclear spectroscopy resulted in Nobel Prize winning discoveries
of nuclear shell model[3] and collective motion model[4] by Aage Bohr et al.
Comparing with the atomic and nuclear spectroscopy at those times, our -
present baryon spectroscopy is still in its infancy[5]. Many fundamental is-
sues in baryon spectroscopy are still not well understood[6]. The pessibility
of new, as yet unappreciated, symmetries could be addressed with accumu-
lation: of more data. The new symmetries may not have obvious relation
with QCD, just like nuclear shell model and collective motion model.

Joining the new effort on studying the excited nucleons, N* baryons, at
new facilities such as CEBAF at JLAB, ELSA at Bonn, GRAAL at Greno-
ble and SPRINGS at JASRI, we also started a baryon resonance program
at BES[7], at Beijing Electron-Positron Collider (BEPC). The J/4 and ¢’
experiments at BES provide an excellent place for studying excited nucle-
ons and hyperons — N*, A*, ©* and Z* resonances{8]. The corresponding
Feynman graph for the production of these excited nucleons and hyperons
is shown in Fig. 1 where 1 represents either J/¢ or ¢'. '

e* N.!A"z’,z.

Fig.1. pN*, AA*, £T* and EE* production from e*e™ collision through 1) meson.

o
Lo




mesonzou printed on October 10, 2002

Comparing with other facilities, our baryon program has advantages in
at least three obvious aspects:

(1) We have pure isospin 1/2 7N and 77N systems from J/4 = NN
and NNz processes due to isospin conservation, while 7N and 77N sys-
tems from 7N and N experiments are mixture of isospin 1/2 and 3/2, and
suffer difficulty on the isospin decomposition;

(2) ¥ mesons decay to baryon-antibaryon pairs through three or more
gluons. It is a favorable place for producing hybrid (qqqg) baryons, and
for looking for some “missing” N* resonances which have weak coupling to
both 7N and vN, but stronger coupling to g3 N;

(3) Not only N*, A*, * baryons, but also =* baryons with two strange
quarks can be studied. Many QCD-inspired models[9, 10] are expected to
be more reliable for baryons with two strange quarks due to their heavier
quark mass. More than thirty =* resonances are predicted where only two
such states are well established by experiments. The theory is totally not
challenged due to lack of data. .

BES started data-taking in 1989 and was upgraded in 1998. The up-
graded BES is named BESII while the previous one is called BESI. BESI

collected 7.8 million J/9 events and 3.7 million 9’ events. BESII has col-
lected 58 million J/1 events.

-
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Fig. 2. left: pr® invariant mass spectrum for J/v — ppn?; right: m invz;riant mass
spectrum for J/¢ — ppn. BESI data

Based on 7.8 million J/% events collected at BESI before 1996, the events
for J/1 — ppmr® and ppn have been selected and reconstructed with 70 and g
detected in their yy decay mode[7]. The corresponding pn® and pn invariant
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mass spectra are shown in Fig. 2 with clear peaks around 1500 and 1670 MeV
for pn® and clear enhancement around the pn threshold, peaks at 1540 and
1650 MeV for pr. Partial wave analysis has been performed for the J/¢ —
Ppn-channel[7] using the effective Lagrangian approach[11, 12] with Rarita-
Schwinger formalism[13, 14, 15, 16] and the extended automatic Feynman
Diagram Calculation (FDC) package[17]. There is a definite requirement for
a JP =17 component at M = 1530 + 10 MeV with I" = 95 & 25 MeV near
the nIN threshold. In addition, there is an obvious resonance around 1650
MeV with J¥ = 17 preferred, M = 1647 £ 20 MeV and I' = 14575 MeV.
These two N* resonances are believed to be the two well established states,
S11(1535) and S;;(1650), respectively. In the higher pn(pn) mass region,
there is a evidence for a structure around 1800 MeV; with BESI statistics
we cannot determine its quantum numbers.

niries 28904 J o |- [ _Entries 57808 i |

L L L
a8 oss. oy ogs 1 108 11
Missing Hass

1 L L
[E] 14 3 8 3 22

Fig. 3. left: missing mass spectrum against pr~ for J/¢ — fipn—; right: pr—&fan~
invariant mass spectrum for J/¢ — Apr~. Preliminary BESII data

With 58 million new J/4 events collected by BESII of improved detect-
ing efficiency, we have one order of magnitude more reconstructed events for
each channel. We show in Figs.3 and 4 preliminary results for J/v¢ — pfin~
and J/% — pK~A + h.c. channels, respectively.

For J/# — pnm~ channel, proton and 7~ are detected. With some cuts
of backgrounds, the missing mass spectrum shows a very clean peak for the
missing antineutron with negligible backgrounds; The N7 invariant mass
spectrum of 28,904 reconstructed events from half BESII data looks similar
to the pr invariant mass spectrum for J/¢ — ppn® as in Fig. 2, but with
much higher statistics. Besides two very clear peaks around 1500 and 1670
MeV, the peak around 2020 MeV becomes clearer. This could be a “missing”
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Fig.4. left: pK invariant mass spectrum for J/9 — pKA; right: KA invariant
mass spectrum for J/1 — pKA. Preliminary BESII data,

N*. For the decay J/¢ — NN*(2020), the orbital angular momentum of
L = 0 is much preferred due to the suppression of the centrifugal barrier
factor for L < 1. For L = 0, the spin-parity of N*(2020) is limited to be
1/2+ and 3/2+. This may be the reason that the N* (2020)3/2+ shows up
as a peak in J/v decays while no peak shows up for 7N invariant mass
spectra in 7N and yN production processes which allow all 1/2%, 3/2+,
5/24 and 7/24+ N* resonances around 2.02 GeV to overlap and interfere
with each other there.

For J/¢ — pK~A and K tA channels, there are clear A* peaks at 1.52
GeV, 1.69 GeV and 1.8 GeV in pK invariant mass spectrum, and N* peaks
near KA threshold and 1.9 GeV for KA invariant mass spectrum. The
SAPHIR experiment at ELSA[18, 19] also observed a N* peak around 1.9
GeV for KA invariant mass spectrum from photo-production.

We are also reconstructing J/v — ppw, pKZ, ppr+r= and other chan-
nels. Partial wave analyses of various channels are in progress.

3. J/4 radiative decays

There are three main physics objectives for J /1 radiative decays:

(1) Looking for glueballs and hybrids. As shown in Fig. b, after emitting
a photon, the ¢ pair is in a C' = +1 state and decays to hadrons dominantly
through two gluon intermediate states. Simply counting the power of as we
know that glueballs should have the largest production rate, hybrids the
second, then the ordinary gg mesons.

co
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Fig. 5. 9 radiative decays to (a) glueball, (b) hybrid, and (c) ¢g meson.
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(2) Completing qg meson spectroscopy and studying their production
and decay rates, which is crucial for understanding their internal structure
and confinement. ;

(3) Extracting gg + ¢g coupling from perturbative energy region of
above 3 GeV to nonperturbative region of 0.3 GeV. This may show us some
phenomenological pattern for the smooth transition from perturbative QCD
to strong nonperturbative QCD.

Up to now, we have mainly worked on glueball searches. One thing
worth noting is that the J/¢ radiative decay has a similar decay pattern as
0~*, 0%t and 2+ charmoniums, i.e., 7, Xco and Xc2, as it should be, since
all of them decay through two gluons. The 47, KKmm, nrm and KK seem
to be the most favorable final states for the two gluon transition at 1 ~ 3
GeV. The branching ratios for J/¢ radiative decay to these four channels
are listed in Table 1. The sum of them is about half of all radiative decays.
If glueballs exist, they should appear in these four channels. Therefore BES
Collaboration has performed partial wave analyses (PWA) of these four
channels[20, 21, 22, 23] based on BESI data. The main results have been
summarized in Ref. [25]. Mesons with large branching ratios in the J/
radiative decays are a very broad 7(2190) for 0~%, a broad f2(1950) for
2++, £o(1500), fo(1710-1770) and fo(2100) for 0.

Table 1. Branching ratios for the four largest J/¥ radiative decay channels
(BRx10%)

y4m yKKrn ynpmw vKKn
144+1.8[24] 95+27[21] 6.1+1.0(5 6.0£2.1[23]

With BESII data, all signals become clearer. For example, Fig. 6 shows
the comparison of BESI and BESII data for J/¢ — yrTa~n¥7x~. For
BESII data, we have performed partial wave analysis for the yKK and
ynt 7~ channels[26], where the main result is that f;(1710) peak in these
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Fig. 6. Comparison of BESI (left) and BESII data (right) for J/v) — yr+r—nt7~.
channels is definitely due to a 0+ particle.

4. J/+ hadronic decays to mesons

There are mainly two physics objectives here:

(1) Looking for hybrids. Since ¢ decays to hadrons through three gluons,
final states involving a hybrid as shown in Fig. 7(a) are expected to have
larger production rate than ordinary ¢4 mesons as shown in Fig. 7(b,c).

(2) Extracting ui + dd and s5 components of associated mesons, M, via
¥ — M + w/¢ as shown in Fig. 7(b,c).
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Fig. 7. 1) hadronic decays to (a) hybrids, (b) s5, and (c)nn = Lz(uﬂ+daf) mesons.

In order to look for isoscalar 1=+ hybrid & decaying to 4w, we have
studied J/¢ — wrtn~wtr~ process[27]. A peak around 1.75 GeV in the
47 invariant mass spectrum is visible. But due to low statistics, no PWA is
performed. No other structure is observed. ‘

To investigate the uti+dd and s3 components of mesons, we have studied
J/Y = wrntn™, wKTK~, ¢rtr~ and §K+K~ channels. The invariant
mass spectra for these channels are shown in Fig. 8 and Fig. 9, which are

similar to the previous ones by MARKIII and DM2 Collaborations, but
with much higher statistics.

8T
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Fig. 8. left: mr invariant mass spectrum for J/4 — wrtn~; right: K +K~ invariant
mass spectrum for J/9 — wK+K~. Preliminary BESII data
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Fig. 9. left: 77 invariant mass spectrum for J/¢ — ¢rtn~; right: K + K~ invariant
mass spectrum for J/1 — ¢K+ K ~. Preliminary half BESII data

For J/¢ — wrtn™, there are two clear peaks at 500 MeV and 1275
MeV in the 27 mass spectrum corresponding to the o and the f»(1275),
respectively[28]. For J/¢p — wK+K~, there is a threshold enhancement
due to the f3(980) and a clear peak at 1710 MeV probably due to the
fo(1710).

Preliminary results[28] of partial wave analyses indicate that (1) in the
7 mass spectrum of the J/¢ — ¢mTn~ process all three peaks at 980
MeV, 1330 MeV and 1770 MeV are dominantly 0%F; (2) in the KK mass
spectrum of the J/¢ — ¢K T K~ the peak at 1525 MeV is due to f3(1525)
while the KK threshold enhancement and the shoulder around 1700 MeV
are due to f(980) and fo(1710), respectively.

[0/9]
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In summary, the o and f2(1275) appear clearly only in the J/¥ — w+X
process, the f3(1525) appears clearly only in the J/¥ — ¢+ X process, and
f0(980) and f(1710-1770) appear clearly in both processes.

5. Future prospects

We are now working on the 58 million J/1 events collected with BESII
detector in the years from 1999 to 2001. Physics results on various channels
of N* and meson production are expected to be published in near future.

We have been taking 1’(3686) data since last year and hope to reach
more than 20 million ¢’ events in next year. The data of 9’ decays will
extend our study on N* and meson resonances to a broader energy range.

A major upgrade of the collider to BEPCII is planned to be finished in
about 4 years. A further two order of magnitude more statistics is expected
to be achieved. Such statistics will enable us to perform partial wave anal-
yses of plenty important channels for both meson spectroscopy and baryon
spectroscopy from the J/¢ and ¢’ decays. We expect BEPCII to play a
very important role in many aspects of light hadron spectroscopy, such as
hunting for the glueballs and hybrids, extracting u@+dd and s3 components
of mesons, and studying excited nucleons and hyperons, i. e., N*, A* ¥* and

=* resonances.
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