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Abstract

Exotic pentaguark baryon with strangenask © 7, is studied in the QCD sum rule approach. We derive sum rules for the
positive and negative parity baryon states witk= % and = 0. It is found that the standard values of the QCD condensates
predict a negative paritpt of mass~ 1.5 GeV, while no positive parity state is found. We stress the roles of chiral-odd

condensates in determining the parity and masa 6f
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The discovery of the ™ state by the LEPS group
at SPring-8 [1] is quite striking®™* is produced by
they +n — K~ 4+ ©7 reaction and is observed in
the invariant mass of the + K final state. Its mass
is 1540 MeV/c? and the width is less than 25 MeV.
Several other groups have confirmed this result [2—4].
The conservation laws of the strong interaction tell
us that®* is a baryon with strangenessl and
thus contains & quark. Therefore the simplest quark
content of @t is uudds, and it cannot be made of
three quarks. Over a thousand hadrons are compiled
by the Particle Data Group [5], but so far none of them
is confirmed as an exotic hadron, which cannot be
associated with either a three-quark baryon or a quark—
antiquark meson.
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(J. Sugiyama), doi@th.phys.titech.ac.jp (T. Doi),
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The spin and parity of th&™* are not yet deter-

mined, but many conjectures have been made [6-12].

We first realize that®+ may be isospin singlet
(I =0), because npK* resonance is observed. This
is against the proposal by Capstick et al. [11], who
interpreted®* as an isotensor/(= 2) state be-
cause of the “unusually narrow” width. It is, how-
ever, pointed out that the coupling constant for the
®T — NK decay is not too small even &+ is an

I = 0 baryon [13]. Thus we assume that" is an

I =0 baryon.

The spin is naturally assumed to t% because
all the hadrons observed so far follow the simple
rule that higher spin states have larger madsese
one-gluon exchange interaction, which is a typical

1 We assume that there is no other resonance state nor a bound

state belows* (1540) Such assumption is supported by the current
experimental data.
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qq interaction, prefers lower spin states, for instance. between the quarks in this channel. The pseudoscalar

This, however, should be confirmed by experiment. It diquark does not have nonrelativistic limit, though

is also interesting to note the spin of the four-quark from the quantum number, we may assign it totife

subsystem. If théud)? system had = 1 [9], then®* state ofud (1 =0).

should have & = %’ partner at maybe a few hundred It is natural to ask why we do not use a prod-

MeV above. No excited state 6f* is observed so far.  uct of two scalar diquarks. The answer is that it is
The narrowness o9+ may indicate aP-wave not possible to construct a local operator with twb

resonance, meanin%]+ state. This is consistent with ~ scalar diquarks, as they behave as identical boson op-
the Skyrme model prediction by Diakonov et al. [6]. €rators, which are to be antisymmgtric in the color
However, the quark model naturally givés state as ~ duantum number. Thus, as a next simple local oper-
the ground state [12]. Several suggestions were made@Of, we employ the combination of a scalar diquark
[7,8,10] to reverse their order, but this is still an open and & pseudoscalar diquark. One of the advantages of
problem. this operator is that its coupling to the main contin-
It is rather clear that the parity as well as the spin Uum state N K, is expected to be small, becaug)
of the @+ is critical in understanding the pentaquark Cannot be decomposed into a productf3q) and

structure of this baryon. We here attempt to determine K (¢9) operators in the nonrelativistic limit.

the parity, assuming that its spin & directly from We would like to stress here that the parity of
guantum chromodynamics (QCD). To this goal, we the baryon is not specified because the interpolating

employ the QCD sum rule technique [14,15]. In this field operator, Eq. (1), may generate both the positive
approach, a correlation function is calculated by the @"d negative parity baryons. To digest this fact, we
use of operator product expansion (OPE) in the deeply COnsider the spatial inversion appliedi10, x),
Euclidean region on one hand, and.is compared v_vith n(t, %) — 4%, —%). )
that calculated for a phenomenological parameteriza-

tion. Thus the sum rules relate hadron properties di- It may seem that the parity of is positive and

rectly to the QCD vacuum condensates, suchjas thereforen annihilates positiye parity baryons qnly.
and (2:G?), as well as the other fundamental con- Butone may chgnge the parity of the operator simply
stants, such ag;. by multiplying y>,

We employ the following interpolating field opera- 5 . - 5.0 = 0,5 2
t, t,—X)=— t,—x). (3
tor for the pentaquark state, Yo X) = +y7y i, =) vy —n. (3

‘ The correlation function
n(x)= e”b‘edefecfg{uar (x)Cdb(x)}

_ — 4. ig-x: -
x {ug(x)Cy5de(x)}ng(x), ITr(q) /d xe l<0|T(77(x)77(0))|0> (4)
(x) = —e*e?l e85 (x)Cldo(x)ysCit)y (x)} can be expressed in terms of the spectral function
< _T by inserting intermediate baryon states in betwgen
% {db(x)cu" (x)}’ (1) andp. For the positive parity states, the matrix element
wherea, b, c, ... are color indices and” = iy?y°. is given by

It is easy to confirm that this operator produces - oy i
a baryon withJ = 3, I = 0 and strangeness 1. (Oln()|B(P)) = Ay us(Pe™P, %)
The parts,S¢(x) = eabcug(x)c%db(x) and P¢(x) = while for the negative parity states, we have
eveyl (x)Cdy(x), give the scalarS (01) and the . 5 o _ipy

pseudoscalaP (0-) ud diquarks, respectively. They O ()| B™(B)) = Ay u—(pre™"™. ©)
both belong to the antitriple¢3*) representation of  Thus the correlation function can be expressed by the
the color SU(3) and havé = 0. The scalar diquark  positive parity spectral functiop™ and the negative
corresponds to théSy state of thel =0 ud quark parity onep™ as

system. Itis known that a gluon exchange force as well n

as the instanton mediated force commonly used in the 1T7(¢) = — f dm plmy)

quark model spectroscopy give significant attraction ¢ —my
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+/dm_y5'0 (m—)ys from the OPE up to the dimension 6 operators.
qg—m- Fig. 1 shows various terms of OPE graphically. Here
ot (my) p-(m>) the masses of the, d quarks are neglected. Some
z_/d"” ", _/dm* d+m_ special features of this OPE are (1) that neither
@) nor d quark condensate appears up to this order, and

In order to separate the positive and negative parity (?) thef _term anS'StS of ﬁh'raltr? dd tcondensateks '
states out of the correlation function, we use the °%) @nd(5gso - Gs), as well as the strange quar
technique developed in Ref. [17] for the ordinary massm, which breaks chiral symmetry explicitly.

three-quark baryons. We consider the retarded Green’sﬁgéétlijg Spha?r\ils ;hpagci?jrspégtr'ggsoirghme pl(r)f'g:/hee?nd
function and choose the rest frange= 0, . o o
words, chiral symmetry breaking is responsible for the

parity splitting. This feature has been seen also in the
baryon sum rule and shows explicit roles of the chiral
symmetry breaking on the hadron spectrum.

The first feature comes from the structure of the
interpolating field operator, Eg. (1). One sees in Fig. 1
ImII(s, %) =ImIr@, %) fore>0, ) that the _OPE consists only of the contractions of the

scalar diquarksS—S, and the pseudoscalar diquarks,
where[Ty is the Feynman correlator defined in Eq. (4). p_p, while the other terms of the typ®-P vanish.
Thus the retarded correlation function has Singulal’ities Then the Chira' structure Of the diquark Operators

only at real positivego. From Egs. (7) and (9), we  prohibits appearance of the or d, condensates, i.e.,

M(q0) = f d*x &% (016 (x0)n(0)7(0)[0)| . (8)
G=0

This correlation function is analytic for Igp > 0 and
satisfies

obtain, for realo > 0, the diquarks contain only the left-left or right—right
1 0 combinations and therefore a single quark condensate
- Im IT(go) = A(go)y~ + B(qo), vanishes in the chiral limity, ~ my ~ 0. We also

1 note that four quark condensates of dimension 6 do
A(qo) = E(f(l]o) + 07 (q0)). not contribute to the leading order iy &, which is

1 another advantage of this choicergf).
B(qo) = E(p+(qo) -0~ (q0)), (10) The sum rule is obtained by comparing the OPE of

] the correlation function, Eq. (12), and explicit forms of

or equivalently, the spectral functions using the analytic continuation.
pE(q0) = A(q0) + B(qo). (11) The spectral function is commonly parametrized by a

pole plus continuum contribution,
The imaginary part of the correlation function is
evaluated at the asymptotic regiqﬁ,—> —00, by the
operator product expansion (OPE) technique. We then p,éthe,.ﬁqo) = 2s[%8(qo —mx)

obtain N
Aopetcn) qé_l . qg - +0(q0 — N)IOCONT(‘]O)’ (13)
OPE\40) = mg(ss
5!5!21077”8 3151270 where|i+|?, defined in Egs. (5) and (6), denotes the
+ q70<% 2> residue of the pole determined by the matrix element
513121076\ of the interpolating field for the designated state of
qg B massn 4. The residue should be positive, which gives
~ A3129,6 s (8850 - G5), a condition to check the validity of the sum rule.
q&oms qg The continu_um part is ass_umed to be identical to the
Bope(qo) = 5151210,8 4!5!27716(ss> correspiondlig (EPE_funcUon at above the threshold
5 V$th, PconT = Pope= AoPE=L BoPE.
n do (52,0 - Gs) (12) In order to enhance the pole part and also suppress
31412976 the higher dimension terms of the OPE, we introduce
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Fig. 1. Contributions to Eq. (12). The dashed lines are gluons, and the blob on the quark line indicates the insertion of the mass, and the
condensates. Plot (a) gives the term without condensate, (B)sth6s), (sgso - Gs), mg(ss), andmg (sgso - Gs) terms, and (c) and (d) give
the gluon condensate terrfs G2y.

a weight function Finally, we obtain the sum rules for the positive and
negative parity baryons,
2
4o
W(qo) = exp(—m), (14) |)Li|ze_m*2/M2
whereM is the relevant mass scale for the baryon. The  _ 1
sum rule is obtained as 31412776
1 1

X | == 111(M, sth) £ o~——I10(M, sth)m

/ dqo W (40) ppherdq0) = / dqo W (40) pGpe(q0)- [5600n2 80072 )
(15) 1 - 1 _
F %ls(M, sth) (ss) + EH(M’ sth)m (Ss)

This form of the weight function is borrowed from
the Borel s‘,‘um rule forrpulatlo_n and the{@ is often +—I(M, Sth)<—SG2>
called the “Borel mass”. Physical quantities are to be 40 g
independent of the choice &1 ideally, but in practice, 1
the truncation in the OPE and the incompleteness of + ZIG(M, sth){5gso - Gs)
the pole plus continuum assumption lead to mid
dependence. We have to choosg a reasonable range of - }15(M, Sth)ms (Sgs0 - Gs)i|, (16)
M to evaluate the physical quantities. 4
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Table 1
Standard values of the QCD parameters
e (5s) m} = (5850 - Gs)/(5s) (362
0.12 GeVc? 0.8 x (—0.23 GeV)3 0.8 Ge\? (0.33 Gew?
where the functior, (M, sin) is defined by The pole residuei |2 must be positive in order
to be able to normalize the baryon state. In fact, if

Vi s we find zero or negative residue, such a pole must

LM, spn) = / dqoqge*qo/’” . a7) be spurious. In order to avoid the spurious pole, we

examine the values of Eq. (16), which are plotted vs.
M in Fig. 2. There the contributions from each term
In order to eliminatdx+|?, we differentiate Eq. (16)  of OPE are added up subsequently. We find that the
by —1/M? and obtain dimension-5 condensatésg,o - Gs), gives a large
negative contribution tgx. |2, which ends up with
almost zero or a slightly negative value. This suggests

0

2 2
A |PmE e MM

1 that the pole in the positive parity spectral function
= 3141276 is spurious. It is indeed shown that the derived mass
for the positive parity baryon is wildly sensitive to
1 1
X [75600712]13(1‘/[’%) + —Soonzllg(M,sth)ms M and_th(; cc()jntinuu_m thresfhﬁld/st , asI EqT.h(16)f
comes in the denominator of the sum rule. Therefore
1 1 it i
= oM < = Io(M < we conclude that the sum rule shows no positive parity
20 10(M, sth)(Ss) + 0 o(M, sth)ms(Ss) Solution.
1 o5 o In contrast, the largelsg;o - Gs) contribution
+E319(M’Sth)<;c > makes |A_|2 positive, and therefore the obtained
1 negative parity state is a real one. It is, however, noted
+ ZIB(M, sth)(5gso - Gs) that the cancellation between the dimension-3 term,
1 (ss), and dimension-5 term{sg,o - Gs), is rather
— ZI7(M’ Sth)ms (S50 - Gs)]. (18) sensitive to the value cnfz%, defined by
One sees that the difference between the positive , (5gso - Gs)
mo =

and negative parity states comes from the terms
with £ sign. These are the terms which are chirally
odd, and thus the mass splitting is attributed to the The value is determined from the sum rules of the
chiral symmetry breaking. The leading (i.e., lowest strange baryons, and a generally accepted value is
dimension) OPE term which causes the parity splitting m3 ~ 0.8 + 0.2 Ge\? [16]. We therefore varym}

is them, term, but the contributions of thgs) and from 0.6 to 10 Ge\?, and check the positivity of
(5gs0 - Gs) are larger in magnitude. At dimension 5, |A+|2. It is found that the conclusion does not change
we have neglectea&s(‘j‘r—sc% term, which happens to  within this window. It should be mentioned, however,

(ss)

be small. that if m3 were smaller as.@ Ge\?, then the negative
Dividing Eq. (18) by Eq. (16), we express the parity baryon would be turned to a spurious state,
massesmy in terms of the QCD parameters;,, while the positive parity becomes a real state. But such

(ss), (5gs0 - Gs), (%G2>, as well as the threshold avalue ofmg may not be physical. In Fig. 2, one sees
parameterny, and the “Borel mass”M. The values that the other terms of OPE are not important, and the
of the parameters are summarized in Table 1. Threeresults are found to be insensitive to the other QCD

values ofsiy are chosen for the evaluatiog/si = parameters. Thus we conclude that the sum rule with
1.6, 1.8, and 2.0 GeV, whilev of the range D — the standard values of condensate values predicts a

2.0 GeV is considered. negative parity@*.
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Fig. 2. Contributions from each term of Eq. (16) added up subsequently for the negative parity and positive parity sum rules with

/st = 1.8 GeV.
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Negative parity sum rule

In Fig. 3, the obtained masses of the negative parity Table 2

©™ are plotted againsi/, where the linesM =m_

andM = 1.5 GeV, are also drawn for guidelines. The /5y [GeV] M=m_ [GeV] M =15[GeV]
curves show that th& dependence is weak and there- 1.6 1.34 1.35
fore the sum rule works. The results, however, de- 1.7 1.42 1.42
pend on the choice of the threshq)@w of the contin- 18 1.49 1.49

. : 1.9 1.57 1.56
uum, which may come mainly from thewave K N e 163

scattering states. As we expect no excited resonance

Masses of th%7 baryon for various /st

states in this channel, the continuum starts up gradu-

ally, and therefore the threshold parameter can be asgndym = 1.5 GeV agree at_ ~ 1.5 GeV, which is
large as 2 GeV. We thus choogéh = 1.6, 1.8 and
2.0 GeV. The extracte* masses are given in Ta-
ble 2. For,/sth = 1.8 GeV, the solutions foM =m_

consistent with the observe#it mass.
In conclusion, we have performed a QCD sum
rule analysis of the pentaquark baryon with strange-



J. Sugiyama et al. / Physics Letters B 581 (2004) 167-174 173

2 T T T T T

Vsuw=1.6GeV
B ‘/sﬂ=1 .8GeV =====--
V53=2.0GeV «+erne-

1.8

L PR ! ]

e mmmm———
_______
-----

14 b P .

Mass of O [GeV]
.

12 | ! -

1 1 I . 1 1
1 1.2 1.4 1.6 1.8 2
M [GeV]

Fig. 3. Masses of the negative pari#yt baryon vs.M.
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