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Pentaquark as a N K* bound state with TJ” = 03~
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‘We have investigated negative-parity uudd s pentaquarks by employing a quark model with the meson exchange
and the effective gluon exchange as ¢q and ggq interactions. The system of five quarks is dynamically solved;
the gq and gq correlations are taken into account in the wave function. The masses of the pentaquarks are found
to be reasonably low. It is found that the lowest-mass state is TJ " = 0%7 and the next lowest one is O%f. The
former is reported to have a large width. We argue that the observed narrow peak corresponds to the latter state.
It is still necessary to introduce an extra attraction to reduce the mass further by 140-280 MeV to reproduce the
observed ®T mass. Since their level splitting is less than 80 MeV, the lower level will not become a bound state
below the NK threshold even after such an attraction is introduced. It is also found that the relative distance of

two quarks with the attractive interaction is found to be by about 1.2—1.3 times closer than that of the repulsive
one. The two-body correlation seems important in the pentaquark systems.

DOI: 10.1103/PhysRevC.71.062202

Since the experimental discovery of the baryon resonance
with strangeness +1, ®(1540)" [1], many attempts have been
performed to describe the peak theoretically [2]. To describe
this resonance by using a quark model, one needs at least
five quarks, uudds, which is called a pentaquark. After one
year of struggle, it gradually has become clear that a quark
model has difficulties explaining some of the features of this
peak. Namely, (1) the observed mass is rather low, (2) the
observed width is very narrow, and (3) only one peak is found,
especially if no T=1 peak is nearby. In order to reproduce
the observed mass, about 100 MeV above the KN threshold,
it is preferred to assign the (0s)’ state with the most attractive
channel, TJ? = 0%7. It has been pointed out, however, that
the width of this state would be about 1 GeV [3], which
is far from the observed narrow width, 0.90 MeV [4]. The
possibility that the pentaquark with O%f as well as 0%+ may
be seen as a low-lying peak was pointed out by several works
[2,3,5]. In this work, we would like to show that the pentaquark
with 0%_ is a promising candidate for the observed peak by
performing a dynamical calculation of the five-quark system
with the realistic gg and g¢g interactions.

We employ two kinds of parameter sets for the Hamiltonian:
the one is with the one-boson exchange (OBE) as the gg
interaction, the other is with the one-gluon exchange (OGE)
as well as OBE. We find that the absolute value of the mass
is low after a reasonable assumption for the zero-point energy
is introduced, though it is still necessary to introduce an extra
attraction to reproduce the data. We also find that both of the
two parameter sets predict that the mass of the 0%_ state is
lower than that of the O% ~ state. Their difference, however, is
less than 80 MeV. Thus, the 0%_ state can be assigned to the

observed peak without forming the 0%_ bound state below the
NK threshold even after the extra attraction is introduced.
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PACS number(s): 14.20.—c, 12.39.Mk, 12.39.Jh, 24.85.4p

We have employed a valence quark model. The Hamiltonian
is taken as

H, = Z,/m?—i—p?—i—vo

+ Y (Vocki; + Voseij + Veontij): ()

i<j
with Y P; = 0. The two-body potential term consists of
the one-gluon-exchange potential, Vogg [6], the one-boson-
exchange potential, which consists of the pseudoscalar (PS)
and o-meson exchange, Vogg = Vps + V,, and the confine-
ment potential, Vione, Which are defined as
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TABLE I. Parameter sets. Each parameter set is denoted by Rm, or Rgm.

Model Kin q9 int. my mg Ay Ag g§/47t (gO/gS )2 A° K mq Qconf VO Vo/ _2VO
D (MeV) (MeV) (fm~1) (fm~") (MeV) (MeV/fm) (MeV) (MeV)
Rn? SR Ton 313 530 0 - 0.69 0 1.81 092 675 170 —378.3 —51.7
Rgm SR OGErmony 340 560 035 3 0.69 1 1.81 092 675 1724 =381.7 —224
Graz® SR Ty 340 500 O - 0.67 1.34 287 081 - 1724  —416 —-39.3

2Reference [10].
PReference [7] with new V.

In Voge, o is the strength of OGE, and A, is the form factor
introduced because quarks cannot be considered as pointlike
particles in this picture. In Vpg, g is the quark-meson coupling
constant: g = gg for 7, K, and n and g = g¢ for n’ meson.
From the asymptotic potential shape, gg can be obtained from
the observed nucleon-pion coupling constant, g, yy [7-10]. f
and o are the flavor U(3) generators and Pauli spin operators,
respectively. The term proportional to (A, /my,)? is originally
the §-function term; the form factor for the meson exchange,
An, is also introduced. A, is assumed to depend on the meson
mass my, as Ay = Ag + « my, [7-10].

The wave function we employ is written as

YrsLEa Ep . R) = D ch Apdp(an € giu)
i,jnm,a,a
X (', Egsu )W (A, 15 v,)lsL
X Xs(R; wm), )
where Ay« is the antisymmetrization operator over the four

ud quarks, and &4, &5, 9, and R are the coordinates defined
as

We have employed two kinds of parameter sets: the set §a=ri—randfy =rs—rs, ®)
with Vpgg but not Vpgg (chiral model, R in the following) n=(r1+ry—r3—rqg/2, ©)
and the set with V/ and V, Rgm) as shown in Table I.

OCE ose (Rem) R=(ri+r +r+r)/d—rs (10)

For reference, we also employ the parameter set given by the
Graz group [7].

As for the confinement potential for pentaquarks, we
replace the factor (; - A;) by its average value as shown in
Eq. (5). This modified potential gives the same value as that
given by the original confinement for the orbital (0s)’ state.
This replacement enables us to remove all the scattering states
and to investigate only tightly bound states, which will appear
as narrow peaks. It is based on the idea of the flux tube model;
there the configurations where gluonic flux tubes bind all the
five quarks can be distinguished from those of a baryon with
a meson. After the coupling of the scattering states with an

¢42(a, §;u) is the wave function for a gg pair with the size
parameter u:

4u?

where the quantum number « stands for one of the four
relative S-wave quark pairs: (7S)C = (00)3, (01)6, (10)6, and
(11)3. The relative wave function between two quark pairs,
¥(A,n;v), and the wave function between the four-quark
cluster and the 5 quark, xs(R; w), are taken as

EZ
¢q(a, §3u) = ¢y exp [——} ; (11)

original confinement potential, some of the states we find will YO 5 v) = exp | — 71_2 (12)
melt away into the continuum [11]. Later we discuss which 1 v) = eXp 02|’
states can be seen as a peak by comparing the masses of the ,
pentaquarks and the baryon-meson states. by _ 2i
We take the zero-point energy, vo, as X5(R; w) = exp 5w? |’ (13)

Vo qq systems
Vo = 3V()
6Vo  q*q systems.

q> systems 6)

The zero-point energy of the pentaquark is taken to be twice
as large as that of the g3 systems. It is motivated by the result
of lattice QCD calculation, which indicates that the ¢g-s-gq
type gluon configuration is favored for a pentaquark [12,13];
namely, two Y-shapes which are connected by the s quark gives
the lowest energy. The value of the zero-point energy itself,
however, is not uniquely determined in this kind of empirical
models. Our main concern here is the level splitting of the
states, though we believe the above assumption is not very far
from reality.

The Gaussian expansions are taken as geometrical series:
Uir1 /Ui = Vyy1 /v, =2 and wy,4q/w,, =1.87. We take six
points for u (0.035 — 1.12 fm), four points for v (0.1-0.8 fm),
and three points for w (0.2-0.7 fm). Since we use a variational
method, the obtained masses are the upper limit. They,
however, converge rapidly; the mass may reduce more, but
probably only by several MeV.

The masses of ¢g,q>, and ¢*g systems are shown in
TableIl. N, ¥, and A masses of R and Graz parameter sets
were given in Refs. [7,10].

It is very difficult for a constituent quark model to describe
the Goldstone bosons: they need a collective mode, which is
constructed by the superposition of (¢g)". Also, it is hard to
justify the models with the kaon-exchange interaction between
quarks to describe a kaon. We do not push the model to give
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TABLE II. Masses of mesons, baryons, N + K* threshold, and pentaquarks of the T.J ¥ state for each parameter set. All masses are given

in MeV.
N z A K P K* NK* Pentaquarks
, . ,
03 03 13

Rn 941 1191 1261 900 776 928 1869 1730 1762 1764
Rgm 938 1192 1231 814 776 908 1846 1603 1682 1689
Graz 937 1178 1239 890 776 888 1825 1815 1824 1835
Exp.? 939 1193 1232 494 776 892 1831 1540

2Reference [4].

the correct kaon mass. After fitting p-meson mass by adjusting
V(; in the Eq. (6), we use K* mass as a reference of the
threshold.

Contrary to the gq systems, we have more satisfactory
results for the ¢* baryons. The masses of the S-wave ground
states are well reproduced. Each parameter set was taken so as
to approximately reproduce N, A, and ¥ masses. Though we
do not recite other baryon masses, the octet baryon masses are
predicted within less than 25 MeV error in the Graz parameter
set, 41 MeV in R, and 13 MeV in Rgm parameter set. The
decuplet baryon masses are predicted within less than 14 MeV
in the Graz parameter set 93 MeV in R, and 5 MeV in Rgr
parameter set. The R parameter set tends to overestimate the
strange baryons. The level splittings themselves are not very
far from the observed values [10].

We have solved the system of the pentaquarks using the
method described in the previous section. It is known that only
the (T'S) =(01) (10) (11) (12) and (21) q4 state can be combined
with the orbital [4] symmetry [14—16]. Since other states do
not couple to the g* (0s)* state, the mass of the pentaquark
states which consists of the above g* states and 5 quark is
lighter by about 2w. Among these pentaquarks, we calculated
the mass of the 7JF = O%_, O%_, and 1%_ states. We check
these states because the observed peak is considered 7T = 0, and
because they are the three lowest states in the group theoretical
consideration with the flavor-spin interaction and/or the color-
spin interaction between quarks. As we discuss below, we
argue that 03~ may be observed, but 04 and 13 cannot be
seen as a peak.

The masses of the pentaquarks are shown in Table II. As for
the chiral quark models, the (7'S) = (01) and (10) states are the
lowest two among the ¢* S-wave systems with the flavor-spin
interaction [14—16]. Since there is no pion-exchange between
u or d and 5 quark, the three states, TJ” = O%_, 0%_, and

l%_, are essentially degenerated. In our case, R and Graz
parameter sets are the chiral models. The mass difference
of these three levels is 20-34 MeV in these parameter
sets.

Both of the Vpogg and Vpgg are included in the Rgm
parameter set. Because of Vpgg has nonvanishing spin-spin
interaction between the g* cluster and 5 quark, the splitting
between 7J” = 01~ and 03~ is much larger in Rgr than that
of the chiral model: it is 79 MeV for the Rgm parameter set
whereas itis 32 MeV for Rz, or 9 MeV for the Graz parameter
set.

The absolute values of the pentaquark mass are from 1603
to 1835 MeV. Each of the states is below the N K* threshold
except for one exception, 1%_ of Graz parameter set. Since
the assumption we made for the zero-point energy has much
ambiguity, we do not conclude that they are the pentaquark
mass. More attraction is necessary to reproduce the observed
pentaquark mass.

Let us discuss which of the above levels should be observed
as a peak. It is known that for each 0~ and 03" (and 24"~

and 2%_), there is only one spin-flavor-color configuration
which can be combined to the orbital (Os)* state [14—16].
This means that the above pentaquarks couples to the relative
S-wave meson-baryon systems strongly. Because there is no
extra quark state that couples to the baryon-meson state
only weakly, no narrow S-wave resonance exists in these
channels. As for the 1%_ state, there are two pentaquark
states, (7'S) = (10) and (11) with 5, both of which contains the
same amplitude of the NK component: 0.5. So, there may be
a pentaquark state which couples to the relative S-wave
baryon-meson system only weakly if it contains the two states
by a similar amount. This is, however, not the case here,
because the quark interaction favors (7S) = (10) state, and
the more than 92% of the lowest level is the (10) state. Thus,
this 1%7 state also couples to the NK system strongly as shown
numerically below.

We have made a rough estimate of the NK decay width
under the same assumptions as in Ref. [3]. The width we
found is 1-1.3 GeV for the TJ¥ = O%_ pentaquark, which
is larger than that in Ref. [3] mainly because the size of the
pentaquark is smaller in the present calculation. As for the 1 %_
pentaquark, the width is 0.3-0.6 GeV. In both of the channels,
the decay width seems far larger than the observed one even
after gq correlation is included.

Thus, it is safe to assume that a peak is observed only
when the level is below the “S-wave threshold,” by which we
mean the mass of the meson-baryon system which can form
the concerning TJ state with relative S wave. For example,

the S-wave threshold of the TJ% = 0%7 and 1%7 states is
my + mg while that of O%_ is my + mg+. Then, the levels
of 01 and 11" cannot be seen as a narrow peak if they are

higher than the NK threshold while the level of O%_ may be
seen if it is lower than the N K* threshold.

As seen in Table II, the TJF = 0%7 and 1%7 states are
above the NK threshold in our present work. Thus these two
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are probably not observed. On the other hand, the mass of
the 0%7 state is below the N K* threshold. Because this level
has to decay to the relative D-wave NK system by the tensor
term of the interaction, this level may be seen as a peak. To
investigate the situation quantitatively, one needs to perform,
e.g., a resonating-group-method calculation for ¢*g systems
[17], by which the width of the state can be obtained. This we
will investigate elsewhere.

To assign the 0%_ state to the observed peak, it is still
necessary to introduce an extra attraction by 140-280 MeV. It
is reported that there are other sources which contribute the
absolute mass. For example, the instanton induced interaction,
which should be taken into account to reproduce the -1’ mass
difference, gives a universal two-body attraction and a three-
body repulsion [18].

The level splitting between the lowest two states, TJF =
0%7 and 0%7, is less than 80 MeV. So, the lowest state will not
become a bound state as the extra attraction is introduced so
that the O% " state becomes 100 MeV above the NK threshold. It
is also pointed out that one of the positive-parity pentaquarks,
O%+ state, may be assigned to the observed single peak.
Actually, this level can be as low as the negative-parity state
[16]. Itis argued, however, that the width of this state seems still
wider than the observed one [3]. This O%_ pentaquark seems
more appropriate candidate of the observed single peak.

Except for the confinement force, all the interaction
terms are short-ranged in the quark model. Thus, when the
deformation by the quark-quark correlation is introduced in the
model, quark pairs where the interaction is attractive become
more tightly bound while those with repulsion tend to stay
apart from each other. Then an attractive pair may behave like
a single particle; this is the gg correlation which motivates the
diquark models [19,20]. We have looked into how much the
qq correlation is developed in our full calculation by checking
the size of each quark pairs.

In Table III, we show the number of quark pairs with specific
quantum numbers and the size of those pairs. The number of
the pairs with the quantum number 755,, Nr,s,, and the size
of the pairs, rr,5,, are defined by using the projection operator
Pi(jTZSZ) as

Npys, = <Z pijZSz)>, (14)

i>j

rrs, = <Z Pi§T2S2>r3j> / Ni,s,. (15)
i>j

The number of quark pairs, Nr,s,, obtained by the full
calculation is not very different from that of the group
classification, as was also found in the nucleon case [9]. The
contribution from each pair, however, can be different. The
size of quark pairs is large when the interaction is repulsive
while it becomes small for the attractive pairs. The ratio is
about 1.2-1.3. The gq correlation in the pentaquarks have
similar size to that in the nucleon. As mentioned before, the
feature of the pentaquark decay is not very much different from
that estimated by a simple uncorrelated model. The reason is
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TABLE III. The number of quark pairs with the quantum number
1585, Nr,5,, and the size of the pairs, rz,s,, in fm. For definition, see
text.

(T252) qq pair
T8)J* (00) [(25) (10) (11)

Rt (O™ Nps, 149 151 051 249
15, 053 070 068 062
Nps, 149 151 051 249
1y, 053 072 069 063
N Nps, 148 002 002 148

Ty8, 0.50 0.65 0.65 0.56

oD~

Rgm  (ODLT Ny 1.49 1.51 051 249
r1ys, 0.56 0.69 068  0.64
O™ Nps, 1.49 1.51 051 249

15, 057 073 071 066
N N1ys, 149 001 001 149
o 055 076 076 062

SUB) (O3 Nps, 1.5 1.5 0.5 2.5
(012" Nps, L5 L5 0.5 25
N Nr,s, L5 0 0 1.5

probably because the correlation is not very strong. It, however,
plays an important role to reduces the mass: by introducing the

correlation, for example, the mass of 0%7 pentaquark reduces
from 1702 to 1603 MeV in Rgx.

We have investigated the negative-parity uudds pen-
taquarks by employing a quark model. The system for the
five quarks is dynamically solved; the effects of gq or gq
correlations on the wave function are taken into account. The
model has realistic gq and ¢ ¢ interactions: the meson exchange
for the chiral models, and both of the meson and the effective
gluon exchange for the other parameter set, Rgr.

It is found that the masses of the pentaquarks are reasonably
low, though it is still necessary to introduce an extra attraction
to reduce the mass further by 140-280 MeV to reproduce
the observed ®* mass. The pentaquark of the lowest mass is

found to be T7J” =03 . The next lowest is 03 ; we argue
that the observed peak corresponds to the latter state because
the width can be narrow for this state. Since the level splitting
of these two states is no more than 80 MeV, the lower level
will not become a bound state below the NK threshold even
if we introduce the extra attraction so that the mass of the
upper state becomes as low as the observed one. The lower
level will melt into the continuum after the coupling to the
meson-baryon states is introduced.

It is also found that the size of quark pairs with the attractive
interaction is found to be by about 1.2—-1.3 times closer than
that of the repulsive one. The two-body correlation seems
important in the pentaquark systems.

This work was supported in part by a Grant-in-Aid for
Scientific Research from JSPS (No. 15540289).

062202-4



PENTAQUARK AS A NK* BOUND STATE WITH 7J” = O%_

[1] T. Nakano et al. (LEPS Collaboration), Phys. Rev. Lett. 91,
012002 (2003).

[2] M. Oka, Prog. Theor. Phys. 112, 1 (2004), and references therein.

[3] A. Hosaka, M. Oka, and T. Shinozaki, Phys. Rev. D 71, 074021
(2005).

[4] S. Eidelman et al., Phys. Lett. BS92, 1 (2004); http://pdg.
Ibl.gov/.

[5] T. Inoue et al., arXiv:hep-ph/0407305.

[6] A. De Rujula, H. Georgi, and S. L. Glashow, Phys. Rev. D 12,
147 (1975).

[7] L. Ya. Glozman, W. Plessas, K. Varga, and R. F. Wagenbrunn,
Phys. Rev. D 58, 094030 (1998).

[8] K. Shimizu and L. Ya. Glozman, Phys. Lett. B477, 59 (2000).

[9] M. Furuichi and K. Shimizu, Phys. Rev. C 65, 025201
(2002).

[10] M. Furuichi, K. Shimizu, and S. Takeuchi, Phys. Rev. C 68,
034001 (2003).
[11] E. Hiyama et al., in Pentaquark04: Proceedings of International

Workshop, edited by A. Hosaka and T. Hotta (World Scientific,
Singapore, 2005).

PHYSICAL REVIEW C 71, 062202(R) (2005)

[12] F. Okiharu, H. Suganuma, and T. T. Takahashi, arXiv:hep-
1at/0407001; H. Suganuma, T. T. Takahashi, F. Okiharu, H. Ichie,
Nucl. Phys. Proc. Suppl. 141, 92 (2005).

[13] Y. Kanada-En’yo, O. Morimatsu, and T. Nishikawa, in Pen-
taquark04: Proceedings of International Workshop, edited by
A. Hosaka and T. Hotta (World Scientific, Singapore, 2005).

[14] C. E. Carlson et al., Phys. Lett. B573, 101 (2003).

[15] Fl. Stancu and D. O. Riska, Phys. Lett. B575, 242 (2003);
Fl. Stancu, ibid. B595, 269 (2004); B598, 295 (2004).

[16] K. Shimizu and S. Takeuchi (in preparation); in Pentaquark04:
Proceedings of International Workshop, edited by A. Hosaka
and T. Hotta (World Scientific, Singapore, 2005).

[17] S. Takeuchi, S. Nussinov, and K. Kubodera, Phys. Lett. B318, 1
(1993).

[18] T. Shinozaki, M. Oka, and S. Takeuchi, in Pentaquark04:
Proceedings of International Workshop, edited by A. Hosaka
and T. Hotta (World Scientific, Singapore, 2005); Phys. Rev. D
71, 074025 (2005).

[19] R. Jaffe and F. Wilczek, Phys. Rev. Lett. 91, 232003 (2003).

[20] M. Karliner and H. J. Lipkin, Phys. Lett. B§75, 249 (2003).

062202-5

RAPID COMMUNICATIONS



