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Using the SU(3) flavor symmetry, we construct the effective chiral Lagrangians for the light and
heavy pentaquarks. With the correction from the nonzero current quark mass, we derive the Gell-
Mann-Okubo type relations for various pentaquark multiplet masses. We also derive Coleman-Glashow
relations for antisextet heavy pentaquark magnetic moments. We study possible decays of pentaquarks
into conventional hadrons and interactions between and within various pentaquark multiplets and
derive their coupling constants in the SU(3) flavor symmetry limit. Possible kinematically allowed
pionic decay modes are pointed out. Finally we discuss the possible mixing between different
pentaquark multiplets induced by the quark mass which breaks SU(3) symmetry. The pentaquark
decay patterns receive correction from this breaking effect.
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L. INTRODUCTION

Since LEPS Collaboration announced the discovery of
the exotic baryon ®*(1540) with very narrow width [1],
many other groups have claimed the observation of this
pentaquark state [2—12]. NA49 observed a new penta-
quark E~7(1862) [13], which needs confirmation from
other groups [14]. Recently, H1 Collaboration claimed the
discovery of a heavy pentaquark around 3099 MeV with
the quark content ududc [15]. It is interesting to note that
several groups reported negative results [16—18].

There is preliminary evidence that ®* is an isoscalar
because no enhancement was observed in the pK* in-
variant mass distribution [4,6,7,12]. Most of the theoreti-
cal models assume that ®* is in SU(3) - 10 representation.

The parity of ®* pentaquark remains unknown. Theo-
retical approaches advocating positive parity include the
chiral soliton model (CSM) [19], the diquark model [20],
some quark models [21-25], and a lattice calculation
[26]. On the other hand, some other theoretical approaches
tend to favor negative parity such as two lattice QCD
simulations [27,28], QCD sum rule approaches [29,30],
several quark model studies [31-33], and proposing a
stable diamond structure for ©®* [34].

The narrow width of the ®" pentaquark is another
puzzle. All the experiments can only determine the upper
bound of the pentaquark width up to the detector resolu-
tion. The reanalysis of previous kaon nucleus scattering
data indicates the decay width of ®* should be 1 or 2 MeV
or less [35], which makes the theoretical interpretation
very difficult.

There have appeared several attempts to explain the
narrow width. One possibility is the mismatch between
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the spin-flavor wave functions of the initial and final
states when the ®" pentaquark decays through the fall-
apart mechanism [23,36—38].

Another possible interpretation of the narrow width
puzzle is the possible mismatch between the spatial
wave functions of final and initial states [34]. The reason
is simple. The ®* pentaquark with the stable diamond
structure bound by nonplanar flux tubes is hard to decay
to hadrons bound by planar flux tubes [34]. But this
scheme has not been studied quantitatively.

In the chiral soliton model, the narrowness of ®7
results from the cancellation of the coupling constants
at different N orders [39]. It is suggested that one of two
nearly degenerate pentaquarks sharing the same domi-
nant decay mode can be arranged to decouple from the
decay channel after diagonalizing the mixing mass ma-
trix via a kaon nucleon loop [40].

Recently heavy pentaquarks have received much atten-
tion [20,21,28,41-51]. In the heavy quark limit, the heavy
antiquark decouples and acts as a spectator. The penta-
quark system simplifies significantly. In fact, the heavy
pentaquark system can be used as a test ground of the
various models developed for the light pentaquarks.

Model calculation has shown that the even-parity pen-
taquark antidecuplet and octet lie close to each other and
ideal mixing occurs if quantum numbers allow [20]. The
odd-parity pentaquark octet and singlet are several hun-
dred MeV lower than the antidecuplet and even-parity
octet. Strong transitions between different pentaquark
multiplets may occur [52].

At present the underlying dynamics which binds four
quarks and one antiquark into a narrow resonance above
threshold is still a mystery. We will explore the strong
interactions between pentaquark multiplets using the
SU(3) flavor symmetry as the guide. Effective chiral
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Lagrangians have been used to study the strong decay
modes of pentaquarks [49,52—55].

In Section II, we construct the effective chiral
Lagrangian involving light and heavy pentaquark mul-
tiplets. Then we discuss the mass splitting from the cur-
rent quark mass correction within the same multiplet. In
Section IV, we derive the coupling constants of the pen-
taquark interactions and discuss possible strong decay
modes. In Section V, we discuss pentaquark mixing be-
tween different multiplets. Then we discuss how the pen-
taquark decay patterns are modified by the nonzero quark
mass correction. The final section is a short discussion.

II. EFFECTIVE CHIRAL LAGRANGIANS
A. Notation

The approximate chiral symmetry and its spontaneous
breaking have played an important role in hadron phys-
ics. Through the nonlinear realization of spontaneous
chiral symmetry breaking, we may study the interaction
between the chiral field and hadrons, which always in-
volves the derivative of the chiral field. The nonzero
current quark mass breaks the chiral symmetry explicitly.
These corrections are taken into account perturbatively
together with the chiral loop correction. Generally speak-
ing, chiral symmetry provides a natural framework to
organize the hadronic strong interaction associated with
the light quarks.

However, we want to emphasize in the beginning that
we will not make a systematic analysis based on the strict
power-counting scheme of chiral perturbation theory in
the present work. For example, we will not consider chiral
loop corrections. Instead we focus on the tree-level ef-
fects and build the effective chiral Lagrangian for pen-
taquarks in order to discuss their decay patterns and their
mass splitting induced by the quark mass correction.

In writing down the pentaquark effective chiral
Lagrangians, we follow the standard notation in the
chiral perturbation theory. First the eight Goldstone bo-
sons are introduced exponentially. We use the short-hand
notation 77 to denote the matrix of them.

27
S=¢= exp(F—), (1)
o
0 om + +
At T K
e - 1(20 : )
- 0 M
K K \/68

where F. = 92.4 MeV is the pion decay constant.
Under the SU(3); X SU(3)z chiral transformation,
3.(x) and &(x) transform as
3(x) = LE(x)RT, £(x) = LEX)UT (x) = U(x)é(x)RT
(3)
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where L € SU(3);, R € SUB)g, U(x) is a nonlinear
function of 7r(x) and L, R.
The chiral connection V,, and the axial-vector field A,
are defined as
Vy=5(&T0, €+ £9,€D),
. 4)
(10,6 — ¢0,¢M).

R~ N —

A, =

The vector V, and axial-vector A,, transform under chi-
ral SU(3) as

v,—uv,ut+ve,Ut, A, —-UAUL. (5

With the chiral connection, we can construct the chir-
ally covariant derivative D,,. For the matter field ¢,
which is in the fundamental representation, we have

D,ud) = (a,u, + V,u,)¢’

For the matter field in the adjoint representation like
the nucleon octet B, we have

D,—UD,U'. (6

D,B=03,B+[V, B] 7

where the octet baryon field reads

30 A +
WO j p
) — - _ A
By=| 3 A 8)
== =0 —2

B. Matter fields

In Jaffe and Wilczek’s JW’s) diquark model [20], the
color wave function of the two diquarks within the pen-
taquark must be antisymmetric 3¢. In order to get an
exotic antidecuplet, the two scalar diquarks combine into
the symmetric SUQ3) 6 : [ud?, [ud][ds]., [sul?, [su] X
[ds],, [ds]?, and [ds][ud], . Bose statistics demands sym-
metric total wave function of the diquark-diquark sys-
tem, which leads to the antisymmetric spatial wave
function with one orbital excitation. The resulting penta-
quark antidecuplet P;j, and octet Of; have JP =13
We will use the J = % case to illustrate the formalism. One
can perform a similar discussion on J = % pentaquarks
with some replacements, e.g., P — P, where u is the
Lorentz index for the Rarita-Schwinger spinor.

The pentaquark octet has similar tensor representation
with the nucleon octet B} The members of pentaquark

antidecuplet are P33 = OF, P33 = %N?-O, Pyyy =
_%Nf{)’ ISTE %Efo, Pip3 = _ﬁz?’o’ Py = %Ef‘—o’
Py =Ey, Pip= —%E;—O, Py = %Eg’-o, and
Py =—E}
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Other lighter pentaquarks can be formed if the two
scalar diquarks are in the antisymmetric SU(3)y 3 repre-
sentation [52]: [ud][su]_, [ud]ds]-, and [su][ds]_,

where [¢,9,1[q3q4]- = \g([(hfh][%%] — [93941l9142D.
No orbital excitation is needed to ensure the symmetric
total wave function of two diquarks since the spin-flavor-
color part is symmetric. The two diquarks combine with
the antiquark to form a SU(3); pentaquark octet O ;and
singlet A;. The total angular momentum of these penta-

quarks is % and the parity is negative. There are no
accompanying J = 3 multiplets.

Replacing the light antiquark with one anticharm or
antibottom quark in Jaffe and Wilczek’s model leads to
one even-parity antisextet S;; [20,47] and one odd-parity
triplet 7% [46,48]. In Karliner and Lipkin’s diquark tri-
quark model, the heavy pentaquarks in antisextet and
triplet are all even-parity baryons [47]. The heavy penta-
quark multiplets are

= 195 LE_ == — 150 LEO
Sse BEse s Ssp N At BN Rk
N S =0 — 130 by — | — 1L =50 =+ _ 13+
(7)) = BEse P 725 | (87) = 7 =5b Ssp 725 |
Ly-  __1s0 0 150 _ LS+ +
725 525 05, 7 25p 52 95,
S 5 ©)
c
. < o )
(T = 25, | (1) =| =5, |
=i— =10
Sse Ssh

In writing down the effective chiral Lagrangians, we need the pseudoscalar heavy mesons Q' in SU(3) fundamental
representation:

(0) =(Qa, Qd,  Q5). (10)

Under chiral transformation, the matter fields transform as
Bi— U.BiU!", Dif — UL UL UkD,

0'— U,0°,

0}, — U 04,Ut, 0}, — Ui,05,U1", Ay — Ay,

Py — Py UTUT UL, Si; = SaUiUT®, T — UiTe, (11)
where Di{k represents the A decuplet.
The chirally covariant derivatives of these matter fields have the same transformation as the matter fields. They are
D,B:=0d,B;+V,,Bf —B,V.,  D,D*=29,D*+ Vi DU+V], D%+Vy D,
D,0j; = 9,0, +V, 07, — 0,V D05 = 3,05 +V,,05 =05V . (12)
DyPij = 9uPisi + PijaVys + PV + PV D0’ =9,0'+V,, 0/,

_ t t
DySij = 0,85+ SiaV,y5 + SaiV,S

aj’ uv

The current quark mass matrix m = diag(in, A, my)
breaks SU(3) flavor symmetry and induces pentaquark
mass splittings and pentaquark mixings. It transforms as
m— LmRY = RmLT under SU(3), X SUB)z chiral
transformation. We have ignored the isospin breaking
effect and adopted m, = m,; = m. Hence, the following
combination of m and ¢ transforms as the matter field:

(émé + ETmET) — U(Emé + ETmeNUT (13)
which is denoted by m*.
C. Mass, kinematic, and interaction terms with the

chiral field

Pentaquark multiplets in the diquark model are: 10 and
8; with J® = 1% or3*, and 1 and 8, with J* = 1~ In the

D, T =0,T + Vi T

[
following, we write down the chiral Lagrangian involv-
ing all these multiplets with J = % . With these matter field
multiplets and their corresponding chiral transforma-
tions, we first write down the chiral Lagrangian involv-
ing mass terms, kinematic terms, and interaction terms
between the matter fields and the chiral field. The
Lagrangian has the form

£:£E+£B+£D+£P+£O]+£02+£A|+£Q
+ L+ Ly + Ly, (14)

where
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2
£s =TT, 31003 — 2um(3 + 3]

Lp = DD — mp)D + GpDysAD,
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Ly = TrB(iD — my)B — DgTrBy*ys{A,, B} — FgTtBy*vys[A,, B],

p = PP — mp)P + GpPysAP,

Lo, =Tr0,(iD — mp,)0 — Do, TrOy*ys{A,, 01} — Fo, TrOy*ys[A,, 0]

Lo, =TrO,(iP — mp,)05 — Do, TrO,y*ys{A,,, 05} — Fo,TrO,y*ys[A,, 0,],
L = S(ED — mg)S + GsSys4AS,

Lo =(D,0)(D*Q) — myQ0,

'EAI = KNXZA] + mAIKIAl,
Ly =TGP —mp)T + GrTysAT.  (15)

In the above equations, mpg, mp etc. are hadron masses in the chiral limit.

D. Interaction between different matter fields

The interaction parts of the chiral Lagrangian between different matter fields read

LPAB = CPABpFPAB + h.C.,

Loap = CO,ADalAMDM + h.c.,

£02AD = COZADbziYSAMDM + h.C.,

Loag = CoagTrOysy*{A,, B} + H  4gTrO,ysy*[A,, B] + h.c.,
Lo,4p = Co,apO\LpAP + h.c., Lo = Co,apTr(02y*{A,,, BY) + H ,45Tr(0,y*[A,, B]) + h.c.,

Lo,ap = CoupO.lpysAP + h.c.,

Ly ap = CpapTr(A Ty AB) + h.c.,

Lr,10, = Cayu0,Tr(A Ty, y540,) + hec.,

Lsp0, = Cs00,5TsQ0, + h.c,
L1700, = Cr00,TT70,0 + h.c,

Lo,n0, = Co,a0,Tr(027#{A,, 01}) + H 0,40, Tr(0y*[A,, O\]) + hec.,

Ly a0, = Cr a0, Tr(A Ty A/O)) + hec.,

Lsop = Cs0pSTsOB + h.c,
Lsp0, = Cs00,5Tsys00, + h.c,

Lrgo, = Cr00,TT7750,0 + h.c,

£SQP = CSQPSFSPQP + h.C,
‘ETQB = CTQBTFTBQ_ + ]’l.C,
ETQAI = CTQA]TFTAIQAI + h.C,

Lssr = CsarSUsrAT + h.c., (16)

where D# is the Rarita-Schwinger spinor for the A dec-
uplet, the subscripts P, S, and T are the parities of
pentaquarks (antidecuplet, antisextet, triplet, respec-
tively), and the subscript SP is the product of S and P.
I'yr=ysandT'_ = 1.

IIL. MASS AND MAGNETIC MOMENT
RELATIONS

A. Mass relations

We now include the nonzero current quark mass cor-
rections, which induce mass splittings in the pentaquark
multiplet. These symmetry-breaking terms for various
pentaquark multiplets are

Lm = apPmP + BpPPTr(m3 + Xtm), (17)

Ly = ay Tr(0{m¢, 01}) + ay Tr(0[m¢, 01])
+ Bo,Tr(0,0))Tr(m3 + Ztm), (18)

L g = adzTr(Bz{m", 02}) + aszr(az[mc, 02])
+ Bo,Tr(0,0,)Tr(m3, + 3tm), (19)

Y

L7 = agSmS + BgSSTr(m= + Ztm).  (20)

The B terms do not induce mass splittings. We ignore
them in the following.

[
Expanding Eq. (17), we get the mass splittings Am; =
m; — Mpyeni fOr pentaquark antidecuplet P,
2
Amg = 2apm,, Amy. =z ap(in + 2my),
3 21)

Amgz = 2apii.
=10

2
Amy = gap(Zn% + my),

From the above mass splittings, we can derive the follow-
ing mass relations:
My, = Mz = Mo ™ Mg, (22)

mEl‘o N mEl'o

= MNg, T Mg

These relations have already been derived using the chiral
soliton model [19] and chiral Lagrangian approach
[53,54]. The equal splitting for antidecuplet pentaquark
was also discussed in Ref. [32].

Similarly, for the pentaquark octet O,
Amy, = ap 2+ 2mg) + a2 — 2my),

Am282 = a(4m),

Amz, = g +2m) = ap(2m —2my), (23)
AmA82 = %ad2(4ﬁ1 + 8my).
Hence we have the mass relation
2my, + 2mg, = 3my, + ms,, (24)
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which was first derived in Ref. [52]. The pentaquark octet
O has a similar expression. The mass relations for ideally
mixed pentaquark antidecuplet P and pentaquark octet
O, have been discussed in Ref. [53].

For the heavy pentaquark antisextet S, and S, we get

Amz,, = 2a;,m, Ams,, = ag, (it + my), 25)
Ame,, = 2ag,m;.
mg,, — My, = ms,, — Me,,. (26)

The heavy pentaquark mass splittings have been dis-
cussed in Refs. [20,21,47,49]. Especially in the diquark
model it is very simple to derive these mass relations with
the Hamiltonian H, = M + n,(m, + «).

B. Heavy pentaquark magnetic moment relations

As in Refs. [52,56,57], we derive the magnetic moment
relations of the heavy pentaquark antisextet [47] in Jaffe
and Wilczek’s model for the first time. Interested readers
are referred to Refs. [47,52,58—60] for the magnetic mo-
ments of light pentaquarks. Here we list the results only:

peo oz = 2pEg,

~5c

3pep — Mxo T 2M3; = pEo T

_ (27)
M= + MES, = 2#52}7,

3pe; — myy T 2us0 = pEp T ME

These relations hold for both J¥ =
sextet in JW’s model.

The magnetic moments of J* = %’ heavy pentaquarks
in the diquark model are all identical because they come
from heavy antiquark only.

IV. POSSIBLE STRONG DECAYS AND COUPLING
CONSTANTS IN THE SU(3) SYMMETRY LIMIT

Besides the possible decays of pentaquarks into con-
ventional hadrons, we also consider the strong interac-
tions and possible transitions between pentaquark
multiplets. If pentaquarks are bound by flux tubes and
have the nonplanar diamond structure as suggested in
[34], then the possible transitions between pentaquarks
might get enhanced because of the special stable struc-
ture, although the decay phase space is smaller.
Expanding the interaction terms in the previous section
we obtain the coupling constants for different decay
modes. We present the results up to one pseudoscalar
meson field. Since some interaction terms have similar
flavor structure, it is enough to consider the following
pieces: -EO]AP’ -EOIAD’ -Eoon,’ £A1A01’ Lsar, £SQ01’
Lsop, and Lrgo,.

PHYSICAL REVIEW D 70 094045

A. Possible strong decays of antidecuplet pentaquark
P;ji

SU(3) symmetry forbids the antidecuplet to decay to
the A decuplet and pion octet or the A;s. The chiral
Lagrangian and couplings of the antidecuplet with pseu-
doscalar meson octet 7 and nucleon octet B can be found
in Refs. [53,55].

The antidecuplet pentaquarks P;;; and the octet O,
pentaquarks lie close to each other [20]. Some states
especially are nearly degenerate and mix ideally. So the
strong interaction between these two multiplets is very
important. One example is the identification of N(1440)
and N(1710) as nucleonlike pentaquarks in the diquark
model [20]. Such a big mass splitting after the diagonal-
ization of the mixing mass matrix will allow the pionic
transition to occur kinematically. We collect the cou-
plings of the pentaquark antidecuplet with the even-
parity pentaquark octet and pseudoscalar octet in Table L

We want to emphasize that the odd-parity pentaquark
octet O, lies much lower than the antidecuplet. Pionic
decay modes P — O,m are allowed kinematically in

TABLE L. Couplings of the pentaquark antidecuplet P;j; with
the pentaquark octet O} ; and pseudoscalar meson octet 775 The
universal coupling constant —(1/F,)Cp,4p is omitted.

+ + 0 +
® Niy N 25
KJFI’I&I 1 7T+l/lg_1 _ﬁ 770”81 ﬁ 7T+A81 ﬁ
K'pgy  —1  7'pg, _ﬁ T P81 % LAY _ﬁ
1 n 1 7S+ 1
NP1 5 T8Ny ;) 81 /6
1 - 1 1
K+A8‘1 _ﬁ K+281 ﬁ 1732{{1 ﬁ
0 1 0 _ 1 =0  _ 1
K*33, 7 KAy -5 K'Ey —;
K028+,1 % K38, _% K'ps, %
0 - =
21’0 21'0 ~10 =10
- 1 0y — 1 =0 - _ 1
T 35— N 25, 7% 7 By, 1 7' Eg, e
Ay~ Ay -k RO -1 a%ER, -
- 1 -30 1 7030 p
73 ko738, -% OIS \ﬂ
7]828’1 ﬁ 778287,I ﬁ K72§| %
5o L 5o L
K+)—48’1 \/6 K())—lgl \/5
0/=0 — L - 1
K =g 1 \/6 K ngq \/§
Kol’l&l ﬁ
K~ pg, _ﬁ
o o
=hy 2 pE-
77(1,:%1 3 77'_,_,%1 1
T ‘:8,1 _ﬁ K 281 -1
0 — 1
K 28,1 ﬁ
Kizg.l _\/%

094045-5



LIU, ZHANG, HUANG, DENG, CHEN, AND ZHU

TABLE II.  Couplings of the pentaquark octet 0} ; with the
baryon decuplet DY and pseudoscalar meson octet ;. The
universal coupling constant _(I/an-)COIAD is omitted. Except
the universal coupling constant, the couplings of O, are the
same.

ES_,I Eg,l P31 13,1

7 B0 % Tt B —% AT \/% mOA° \/%
e —% w050 —ﬁ 7t Al \}i T AT —%
g B ﬁ ng 20 —% a7 AT -1 atAT 1
KO¥ " - KTXTT o KPR S KO0 -
K72*0 _ﬁ 1202*0 ﬁ K02*+ _% K+2*— %
KO- 1 KTQT -1

33, 8.1 81 Ag

at 3 % 7t 30 —% 30 ﬁ Tty —%
s % O3+ ,% O3 7% 70340 ,%
ng2*0 ﬁ ng2"" _% g2 ﬁ DY ﬁ
K°E® & K'EY -5 KA - K'EY
KA+ —\g K-A*™* 1 K'ET b kTET -
RA®  —f ROAT L RAT -

KtE— L

)

many channels. The coupling constants can also be found
from Table L

Replacing the octet Of; with corresponding B in
Table I, one gets the coupling constants of the pentaquark
antidecuplet with the nucleon octet and pseudoscalar
meson octet.

B. Possible strong decays of light pentaquark octet O,

The couplings of the light pentaquark octet O, with
the pseudoscalar meson octet 7 and nucleon octet B can
be found in Ref. [52,53].

The even-parity and odd-parity octet pentaquarks can
also decay into the A decuplet and the pseudoscalar
meson octet. Jaffe and Wilczek pointed out that the decay
mode EJ observed by NA49 Collaboration
may indicate the possible existence of the even-parity
octet [20]. Since these decay modes can be measured in
the near future, we present the couplings of the octet
pentaquarks O, with the decuplet baryon and the pion
octet in Table IL

Similarly, since the odd-parity octet O, is lower than
the even-parity octet O, the pionic decay mode O; —
O,m is allowed kinematically in some channels. The
couplings are collected in Table IIL. One can also get
the coupling constants of the pentaquark octet with the
nucleon octet and pseudoscalar meson octet from
Table III with special b and proper replacement [52,53].

— 207
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It is straightforward to derive the coupling of the
pentaquark singlet A; with the pentaquark octet O j

and the pseudoscalar meson octet 773'»:

1 A —
Lan0, = _F_CA1A01A1FA1(157TOE(§,1 + gmt g,

+@m 3§, + JKTEg, + #K°EY, + K ps;
+ ﬂkon&l) + h.c.. (28)

C. Possible strong decays of heavy pentaquarks

The interaction of heavy pentaquarks with the heavy
vector mesons and nucleon octet has the same flavor
structure as in the case of heavy pseudoscalar mesons.
It is interesting to note that the heavy pentaquark ob-
served by H1 Collaboration sits right on the threshold of A
and D meson. One may wonder whether this resonance is
affected largely by the threshold behavior. However, in
the SU(3); symmetry limit one heavy pentaquark in
antisextet cannot decay to a A decuplet member and a
heavy pseudoscalar meson. In other words, this state
cannot be explained as a coupled channel effect between
D*"p and DA through t-channel pion exchange. The
antisextet will not decay to A; plus a heavy meson.
Similarly, the heavy triplet will not decay to the A
decuplet plus a heavy meson or the antidecuplet plus a
heavy meson.

The interaction between heavy pentaquarks, the nu-
cleon octet B, and the pseudoscalar meson octet 7 was
discussed in [48,49]. In Jaffe and Wilczek’s diquark
model, the odd-parity heavy pentaquark triplet is much
lower than the even-parity heavy antisextet. Pionic decay
S — T may happen in many channels. It will be very
interesting to explore this kind of decay process experi-
mentally. Now the heavy quark acts as a spectator. We
collect the relevant coupling constants in Table I'V.

We list the couplings of the heavy pentaquark antisex-
tet with the light pentaquark octet O, and the heavy
pseudoscalar mesons in TableV, and those of the antisextet
with the anitdecuplet and heavy meson triplet in Table VL.
The couplings of the heavy pentaquark triplet with the
light pentaquark octet O, and heavy meson triplet are
presented in Table VIL All these processes might be
forbidden by kinematics.

D. Interaction of pentaquarks within the same
multiplet

For completeness, we also consider the interactions
within the same pentaquark multiplet arising from these
terms: GpPysAP, (Do + Fo)Tr(Oysy*A,0) + (Do —
Fo)Tr(Oysy*0A,), GsSysAS, and GrTysAT. The cou-
pling constants for the pentaquark octet O; or O, can be
found in Table III through simple replacements. We col-
lect other couplings in Tables VIII, IX, and X.
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TABLE IIL

PHYSICAL REVIEW D 70 094045

Couplings of the pentaquark octet O ; 1, with the pentaquark octet O and pseudoscalar meson octet 77'; The universal
coupling constant —(1/F,)Cop,40, is omitted. The constant b = H , 40, /C

02A0l
Es) Eg,l P31 13,1
7 Eg, 1-b mtEg, 1—-b 7 pgs %(1 +b) 7ng 5 - ﬁ(l + b)
™ Eg, 51 =) mES, —5(1-0) ming, 1+b T Py 1+b
M3Eg, - ﬁ(’é’b +1) n3E9, _ﬁ@b +1) N3 Ds,2 %(317 -1 MgNg ) %5(317 -1
K3, 1+b K3, 1+b K*3Y, (1 -b) K39, —51-b)
K39, 51 +b) K39, —5(1+b) K3, 1-b K3, 1—b
K_A&Z ﬁ(.’)b - 1) KOA3‘2 %(Sb - 1) K+A8’2 —ﬁ("ﬁb + 1) K0A8’2 - k(.’)b + 1)
384 8.1 8.1 Ag
725, V2b 77*2(8),2 —2b T 282 2b T2, %
T 34, —/2b T3, V2b 73, —\22b 73, 3
7 Ay, 3 N85, 3 N85, 3 7023, \/%
328, 3 7 Agp z 7 Agp z ngAg, /3
K™ pg» 51 =0 K*EY, 1+b KEqg, 1+b K" Eqg, ZBb—1)
K'ng, - %(1 —b) Kpg» 1-b K ng, 1-b K°EY, ﬁ@b -1
K"Eg, ﬁ(l +b) K;Ps,z - ﬁ(?’b +1)
K°EY, —%(1 +b) K'ng, - ﬁ(Bb +1)
E. Decay widths Ip*|
. . Iy 5 at(my + my)*[(my — my)* — my],
There are four types of interaction terms correspond- 8mm;
ing to four kinds of Lorentz structures depending on the Il o, ) 5 5
parities of the pentaquarks: 27 8am? ay(my = mo)*[(my + my)* — my],
N (30)
- = Ip”|
a Fyysy*o, MF, a Fyy* 9, MF, 29) Iy = ry— azl(my — my)* — mp),
a3F1y’ OF,, asFy Q Fy, |p*|1
r a[(m, + m,)* — m2],
4 S : 4[( 1 2) Q]

where F| and F, denote initial and final fermions, re-
spectively, and M and Q are the pseudoscalar mesons. The
corresponding decay widths are

TABLE IV.  Couplings of the heavy pentaquark antisextet S;;
with the heavy pentaquark triplet 7* and pseudoscalar meson
octet 77'; The universal coupling constant —(1/F,)Cgur is
omitted.

where p* is the meson momentum in the parent particle

TABLE V. Couplings of the heavy pentaquark antisextet S;;
with the light pentaquark octet Of; and heavy flavor pseudo-
scalar meson triplet Q. The universal coupling constant C 500,
is omitted.

E;;(Esw Es.(53, ES.(E3, 2. (B5) E5.(BY) B (B4,
(35 1 KTERGL) 5 7EL(ER) 1 DTBYE; 1 DUBNE; 5 DUBHES, -l
W‘Eéc Eg) -1 K335 -5 KSRy -1 DiB)Y, -1 DT(BYEY, -5 Di(B)X; 1
B (Bf) -1 D;(B)EY, I
35(25,) 35,35, 05.(03, 25 (35,) 2535, 05.(03,
DA YR 035 5 KEREE) 1 DUBYY;,  J D'BH3Y, L D'(BYng 1
Wozg;(zgob _% 7782 (2 _g K+Egc(25b -1 D_(BO)E(S),I _% D_O(B+)A8,1 —§ D_(BO)P&l -1
n3L (S8 —F AILEL) 4 D= (B, —-£ DB, &
K'EL(B5) -5 K'EL(ES) -5 D;(B)ng; —5 Di(BIpsi —
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TABLE VI Couplings of the heavy pentaquark antisextet S;;
with the pentaquark antidecuplet P;;; and heavy flavor pseu-
doscalar meson triplet Q. The universal coupling constant
Csop is omitted.

E--(25) 2-(292) =0 (2
=5¢c \='5b =5c\=5b

=5c\=5b
D'BHE, 1 DUBYHE, L DUBYHEY, &
D (BYE, ~—% D (BOEY, -2 D (BYE;, -l
D;(B)E, 5 DiBIEY 5 DB &
25.(35,) 38,3, 03,03,
D'(B*)3y, \/2 DUBH)SY, L DUBONYG L
D (BYYY,  —& DTBOIE —f DB, -k
D(BINYG,  \F DrBING o DrB)OT

F| rest frame.

DR = a0 Pl = Gy = ]
(€29)
For example, ®* width reads
Fo+ =2l g+ = 2L g+_ko,,
= 8 e+ Pl — )~ )
(32)

If the mass of A, is around 1405 MeV [52], it decays to
a2, only. Its width is

Ly, =30 opes-
3C?\ AB|p2|

= W(mm - ’1’12)2[(’"Al + m2)2 - m%.]
(33)

Even with [Cp 45| = 10[Cpypl, hence I'y /Tg+ = 43, A,
is still not a broad resonance assuming the current ex-
perimental upper bound of ®* width.

TABLE VIL Couplings of the heavy pentaquark triplet T"
with the pentaquark octet O} ; and heavy flavor pseudoscalar
meson triplet Q'. The universal coupling constant Crqp, is
omitted.

L35 (25 EL(E5
D°(B*)3Y, % D°(B*)Zg, 1 D°(B*)Eg, 1
D°(B*)Ag,  DT(BYXS, -5 D (BOEY, 1
DTBYLY, 1 DBy DIB)Ay
D;(B)ps; 1 Dy (B)ng, 1
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TABLE VIIL.  Couplings of the pentaquark antidecuplet P;j;
with the pseudoscalar meson octet 77’/ The universal coupling
constant —(1/F,)Gp is omitted.

+ + 0 +
0 N1‘0 Nl‘o E1'0
+ A70 1 + 70 _1 opn0 1 +30 A2
K'Ny 5 7 Ny 3 TNy 35 7 2% j_
opn+ — L ONT 1 -Nt -1 o'+ _¥2
KNy 5 "N ) AT 3
+ 2 + ) _ L gtE0 1
1730 7% MNp NG 5N, % K'5n 3
+30 2 y- 2 0=+ _ L
K'2h 5 K':p 5 KB 5
0yt _2 p-@t L poyt 2
K% ; K0T & KN}, 2
0@+ 1 050 _ 2
K'0 75 K 21-0 5
30 S = =0
10 i0 =10 =10
+35— _\2 0s — 2 +=0 _ 1 4= _2
T i T Ty 3 T REn TR T R 3
e e
- 2 - 1 =+ 1 =0 1
K'2p 5 K20 5 MmEn F MEL 3
KNy 2 KBy -} RSH - 7 EH -4
KOE?’O _4 KﬁN?’o % KOE(I)D _4
0 A0 _\2 -5+ 1
K'Ny, 3 K™% 3
== =-=
=10 =10
te-- 1 0m—— L
T = BT F 72
== 1 gpE- L
=10 342 =10 3
—=0 _2 —— 1
T = 3 Ms&g 7%
=- 1 -y L
M= % K 25 3
o~ Y
K 21‘0 3
) ﬁ
K3% 3

TABLE IX. Couplings of the heavy pentaquark antisextet §;;
with the pseudoscalar meson octet 7T; The universal coupling

constant —(1/F )Gy is omitted.

Es. (Bs) Es.(BY, B (84,

PEER) & T E(ER) % mELEL) %

™ B (BS) g 7 BBy~ 7EL(ES) 5

555 (E5) 7 mEs(ES)  F mEL(ED) %

K735, (38) 5 K9E.(35) -3 K383 -5
K™35,(25) 3

25.(35,) 3535 05.(9s,

7035, (33,) ﬁ Tr35(38) -3 KT35(5%) ﬁ

7 35.(35, -3 mE5E, _ﬁ K°35.(35, _ﬁ

1535.(38,) s ms28(E5) —5 ms08.(05) -

K*Es (Bs) 5 K'Es(E})

KOES:-(E(S)I?) 7% KOE(S)C Esp *ﬁ

k"05.(05) 5 K°O5.(05) -
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TABLE X. Couplings of the heavy pentaquark triplet T? with
the pseudoscalar meson octet 77", The universal coupling con-

stant Gy,p is omitted.

S0(55) 35 (38) =y (25,
TS 1 PEE -k mELER %
WIOEE) o omSLR) & R3LES)
WELEE) how SR 1 KN
KEL(ES) | KELED 1

The ratio BR[E” — 2 K ]/BR[E;y = E 7 ]is
different for positive and negative parity pentaquark,
which is independent of models. This property has been
proposed to determine the parity of the pentaquark anti-
decuplet in Ref. [55]. If we assume F(E]_-O_ — Bg,m ) is

’3][, == Colpélch + h.C.,

LrAn]@ = CAlozTr/_\lmCOQ + h.c.,

PHYSICAL REVIEW D 70 094045

significantly smaller than T(E =~ —27K") and
F(‘:17'07 — E~ 7 ) because of phase space suppression,
then the ratio FE;(; /T'g+ is about 4.1 for positive parity
and 2.0 for negative parity with mz_- = 1862 MeV. If

their widths can be measured accurately, the parity of the
antidecuplet can be determined [55].

V. PENTAQUARK MIXING BETWEEN
DIFFERENT MULTIPLETS

Generally speaking, the quark mass correction may
induce possible mixing of pentaquarks between different
SU(3) multiplets. By replacing the axial-vector field in
Eq. (16) by the mass matrix m¢, we can find the following
mixing Lagrangians. We use the following three cases for
illustration.

.EgvnT = CSTS_mCT + h.c. (34)

Such a mixing occurs only between multiplets with the same parity. Expanding Lgl P LK} 0, and L7, we have

2
£rglp = ﬁ
m 4 A -
A0, T _6CA102(m - ms)AlA&z + h.c.,

where the heavy quark is taken to be the charm quark.

Colp(ms - ﬁi)[ig_lElfO + 2(8),12(1)-0 - iglszo + ﬁg,lNl% + ﬁ&lN(l)_O] + h.C.,

(35)

mo=2Cgr(my, — m)[25.35 — 33,307 + hee,

Because of the mixing of pentaquarks between different multiplets, the mass eigenstates differ from the flavor
eigenstates. If the mixing parameters Cy p etc. are determined from future experiments, one may diagonalize the
pentaquark mixing mass matrix to get the mass eigenstates. We note that the mixing angles may deviate significantly
from that in the ideal mixing case as assumed in Refs. [20,53].

VL. MODIFICATION OF PENTAQUARK DECAY PATTERNS BY SU(3)-BREAKING QUARK MASS
MATRIX

The SU(3)-breaking quark mass matrix modifies the decay patterns of pentaquarks. Firstly the coupling constant in

2
mK,m

forbidden in the symmetry limit are allowed now.

the SU(3) flavor symmetry limit receives O[m

/(4mF)?] corrections. Secondly some decay modes which are

When pentaquarks decay into the pseudoscalar meson octet and nucleon octet, one may need to consider the
following corrections in addition to the SU(3) flavor symmetric Lagrangian:

Ly g = apapPmTpy*(Gg)), + BpagPmTpy*(Gs,) + vpapPmTpy*(Gry)y + 8papPmTpy*(Gyy), + hec.,
Ly ap = @0,asTHLOmVysy*(G1) + B apTHLO1m ysy*(Gs)) ] + By agTiLO1m ysy#(Gg,) ]

+ VlolABTr[Oﬂs?’“(Gsl)Mmc] + ?’%)IABTT[O_ﬂsV”(Gsz)MmC] + 80,4501m ysy*(Gyo),,

+ 00,4801m Ysy*(G ) + K0,a501m y5¥*(Ga7),, + h.c.,
LY a5 = aAlAB/_\1Tf[mCFAIY“(G81)M] + ,BAIAB/_\le[mCFAIY“(Gsz)M] + h.c., (36)

094045-9
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where

(Gl),u, = AL,,'B{,

. . 1

(G s = B}~ 3 SAL B,
. ) 1.

(GSQ);M' = A:Z,]B:n 3 S}A;mL,nBﬁp

PHYSICAL REVIEW D 70 094045

(Gio)i' = (AL, .BS + Ak, B)) + €/“P(Al, B + A% ,BL) + (AL, B} + Al .Bi),

(GI_O),LL,ijk =

(G27)Z,kl =

€iap(AY ;BL + A% BY) + €4, (A% By + AY (BY) + €ap(AY BY + AY B

i wjoih

(A;,L,ka + ALka; + A;LJB;( + ALJB}{) - 5{52(AL,mB;" + A/’f‘lB{n) + 5}(AL,mB$ + Ar,l:,l,kB{")

+ 6,(Al, B + A’;Z’IB;,) + 6)(A}, B + A'}'L”kB;n)} + E(B}C(Sf( + 6)6,)A}. ,B),.

For the antisextet heavy pentaquark state decaying to a

triplet heavy pentaquark and one pseudoscalar meson, we

have

L2 = agarSmTspy(H3),, + BsarSmTsryH(Hg),
+ YsarSmTgry*(Hys),, + h.c., 37

where

(H3)fu, = A,l;L,aTa’
(Hé)p,,ij = AZ,ijeabi + AZ,,ineubj’

(Hls):i,k = AT+ A'L,le — Z(Bj{A'fwT“ + 8{(A;MT“).

Similarly, if heavy pentaquarks decay to heavy flavor
mesons and octet baryons, the Lagrangians including the
breaking effects are

Lop = asopSmTs(J3) + BsopSmTs(J5)
+ ¥s5088mT5(Jy5) + h.c.,

L7 = arepTmT1(J3) + BropTmTr(Jp)
+ YrogTmTr(Jy5) + h.c.,

(38)

S .
(XS);L,]' - A;L,apbcjeu B
X0 wije = A iPaji T AY iPair + A kPaijy

(Xa7)i 1 = (AL, Ppii€ + Al aPppe™’) — 5(52Aﬁ,aphcz€“b’ + 0JA¢

[
where

(J3)' = Q“Bi,  (Jg)ij = Q“Bleyy + Q“Bleyy),
.. . . | L
(1s){ = Q'Bj + Q'B|, — 1 (5,0"Bi + 6,0B,).

In the case of the antisextet pentaquark decaying to the
antidecuplet, we have

.EgvnQP = aSQPSmCFSP(Wé) + ,BSQPS’mCFSP(qu) + h.C.,
(39)

where
(Wg)i; = O*Pijr, (W2'4)§k1 = Q'Pj.

The SU(3)p-breaking effects will also modify transi-
tions between different states in the same pentaquark
multiplet.

L3,p = apPmysy*(Xg), + BpPmysy*(Xip),
+ ypPmysy*(Xor), + 8pPmeysyH(Xas) .
(40)

where

PhckEabj + 6{(AL

Ha

bi J Ac bi
m.a Phclea T+ 6[A§L,aphck6a l)’

) . ) . . 1, .
(X§5)fu,jk1m = (A;L,ijlm + A;L,kpjlm + A;L,[ijm + Afu,,ijkl) - g{aj(AZ,kPnlm + AZ,,[Pnkm + A:l/.,mPnkl)

+ 8L (AL Py + AT Py + ALy Poit) + SUAL Py + AL (P + AL P

+ 8, (AL Py + AL Py + AL Pk

L= asSmysy*(Zs), + BsSmysy*(Zg),, + vsSmysy*(Zys), + 8sSmeysy*(Zz) .

where

(41)
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(23, = AL Syek,
- A];L,iSjk + A];,[Sik’

(Zé),u,,ij
(215)2{,;{

(Zz)%, ju

TABLE XL

vector meson. Whenever the pentaquark lies very close to the threshold of the final state, we indicate this case with *.

. o 1
Al Sk € + AluaSpie” = 1 (B{AG, (Spoe™] + BIAS,

= AL Sk T AL S+ AL Sk —

Sbc

*),

1. . .
g{a}(AZ,kSaz + AG Sar) + 64 (AS Sa + AS LS

PHYSICAL REVIEW D 70 094045

aj) + 5;’(Azyjsak + At;/,,kSaj)}-

Strong decay modes of the three observed pentaquarks and other exotic pentaquarks with corresponding coupling
constants. Yor N represents the decay mode which is kinematically allowed or forbidden in JW’s model with the masses estimated
in Ref. [20,47,48,52]. Yor N in the parentheses corresponds to the case of the heavy pseudoscalar meson being replaced by the heavy

o+ El_'o_ ®?(®;)

K*n _%”CPAB Y m BT %CPAB Y D™ (B%p —Csos YY)
K%p # Chras Y K3 7 Chras Y D°(B*)n Cson Y(Y)
KN - ﬁ(ﬁ Gp) N T Ep %(p% Gp) N D™ (B)N}, - %CSQP N(N)
KN %(L Gp) N T B \/E(Flw Gpr) N D°(B)NY, %CSQP NN)
30" \/— (— Gp) N M= NG (7 Gp) N Dy (B))®* Csop N(N)
K" ng 7 Coap N K3 \/—(p% Gp) N D™ (B%)ps, —Csgo, N(N)
K%ps s COIAP N 7 Eg) Coup * D°(B")ng, Csoo, N(N)
K'ng, —#Cour N K™ 3¢, Co,ap N D™(B%)ps, —Csg0, N(N)
Kpg, 7 Co,ap N T Eg, Co,ap Y D°(B*)ng, Csoo, N(N)

K™ 3, Co,ap * K" 35, - ﬁ(pf Gs) N

k%S, 55 (= Gs) N

UNCH ZG=Gs) N

K35, — 7 Csar *

K35, > CSAT *

Eh Es. (Esp) BS(Esy)

A=A - F%TCPAB Y D™ (B)E~ Csos YY) D°(B)E° —Csos YY)
KO3+ FLﬂ Cpan Y D; (B9~ —Csos Y(Y) D; (BY)X* Csos Y(Y)
a E?-O \/% (F% Gp) N DO(B+):1_O_ Csor N(N) D°(B)EY 0 ﬁ Csor N(N)
A f Gp) N D™ (B"E}, - ﬁ Csop N(N) D™ (B")E], —Csor N(N)
nsEL - ﬁ (F% Gp) N Dy (B)X % Csop N(N) Dy (B)X % Csor N(N)
K35 7 Gp) N D~ (B")Eg, Csoo, N(N) D(B¥)EY, —Cso, N(N)
t 52,1 - F%T Co,ar * Dy (B?)Eg] —Csoo, N(N) Dy (B?)Eg*,l Csoo, N(N)
K'%g, F%rCOIAP N D™ (B")Ejg, Csoo0, Y(*) D°(B*)EY, —Csgo0, Y(*)
7B, - F% Co,ap Y D; (BY)Xg, —Cspo0, Y(Y) D; (B)2g, Cso0, Y(Y)

K%g, FLWCOQAP * 7 B35 (E5,) _%(F% Gs) N 7 B (EY) %(Fﬁ G, N

FELEL LG9 N mELEL)  L(LG) N

n3Es. (E5,) *ﬁ(p% Gs) N nsE8.(E3,) *%(Lg ) N

K 35.(29) —ﬁ(ﬁ Gs) Y K39 (33, 7( G, Y

K~3L(38) - F% Car Y KO3D (3L F Cqar Y

m B (Y, F%,CSAT Y atEL(EY, _F,, Cur Y
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L7y = arTmysy*(H3),, + BrTm ysy*(Hz),
+ yrTm ysy*(His) (42)

where (H3)/u (Hg),.,ij» and (H,S) i 1 are just those in L, ;.
The Clebsch-Gordan coefﬁments for the different de-

cay modes in the above interaction Lagrangians can be

derived using the useful tables collected in Ref. [61].

VII. SUMMARY AND DISCUSSIONS

In the framework of Jaffe and Wilczek’s diquark
model, these pentaquark multiplets include one even-
parity antidecuplet, one even-parity octet, one odd-parity
octet, one odd-parity singlet, one even-parity heavy anti-
sextet, and one odd-parity heavy triplet. We have con-
structed the effective chiral Lagrangians involving the
above six SU(3)r pentaquark multiplets.

After taking into account the symmetry-breaking cor-
rections from the nonzero quark mass matrix, we have
derived the Gell-Mann—-Okubo mass relations for differ-
ent pentaquark multiplets. We have also given the
Coleman-Glashow relations for heavy pentaquark mag-
netic moments.

We have discussed the couplings of pentaquarks with
other pentaquarks and pseudoscalar mesons in the SU(3)
flavor symmetry limit. We have also investigated the
possible decays of pentaquarks to the A decuplet and
pseudoscalar mesons. The SU(3) breaking quark mass
matrix induces mixing of pentaquarks between different
multiplets and modifies their decay patterns.

If symmetry and kinematics allow, the most efficient
decay mechanism of pentaquarks is for the four quarks
and one antiquark to regroup with each other into a three-
quark baryon and a meson. This is in contrast to the 3P,
decay model for the ordinary hadrons. This regrouping is
coined as the “fall-apart” mechanism, which leads to
selection rules in the octet pentaquark decays. This fall-

PHYSICAL REVIEW D 70 094045

apart decay mechanism can be taken care of in the chiral
Lagrangian formalism through keeping the flavor indices
explicitly [52,53]. The couplings of two octet baryons
with a pseudoscalar meson with the general F/D flavor
structure are presented in Table IIL It is pointed out that
the fall-apart mechanism requires b =% for the even-
parity pentaquark octet decay to the nucleon octet and
pseudoscalar meson octet [53]. In contrast, this mecha-
nism requires b = —1 for the odd-parity pentaquark
octet decay to the nucleon octet and pseudoscalar meson
octet [52].

We collect all the possible decay modes of @*, ‘_‘10 ,
and ©? in Table XI with correspondmg coupling con-
stants in the chiral limit. We find that 2 S, canalso decay
into ,:8,2 via the emission of a 77~ . The heavy pentaquark
00 has four decay channels, D~ p, D°n, D*~ p, and D*'n.
The decay modes and corresponding couplings of the
other exotic members in the antidecuplet and antisextet
are also included in the table. Using the mass of % from
the H1 experiment as a constraint, we have updated our
old mass estimates of heavy pentaquarks in Ref. [47] and
use the new values to analyze the possible decay modes in
Table XI. Hopefully our present study may help the future
experimental discovery of those missing pentaquarks.
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