
Physics Letters B 611 (2005) 87–92

www.elsevier.com/locate/physletb

Chiral perturbation theory for pentaquark baryons
and its applications

P. Koa, Jungil Leeb, Taekoon Leec, Jae-Hyeon Parka

a Department of Physics, KAIST, Daejon 305-701, South Korea
b Department of Physics, Korea University, Seoul 136-701, South Korea

c Department of Physics, Seoul National University, Seoul 151-742, South Korea

Received 13 December 2004; accepted 14 February 2005

Editor: G.F. Giudice

Abstract

We construct a chiral Lagrangian for pentaquark baryons assuming that the recently foundΘ+(1540) state belongs to an

antidecuplet of SU(3) flavor symmetry withJP = 1
2
±

. We derive the Gell-Mann–Okubo formulae for the antidecuplet baryon
masses, and a possible mixing between the antidecuplet and the pentaquark octet. Then we calculate the cross sections for
π−p → K−Θ+ andγ n → K−Θ+ using our chiral Lagrangian. The resulting amplitudes respect the underlying chiral sym-
metry of QCD correctly. We also describe how to include the light vector mesons in the chiral Lagrangian.
 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Recently, five independent experiments reported
observations of a new baryonic stateΘ+(1540) with a
very narrow width< 5 MeV [1–6], which is likely to
be a pentaquark state (uudds̄) [7]. Arguments based
on quark models suggest that this state is a mem-
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ber of SU(3) antidecuplet with spinJ = 1
2 or 3

2. The
hadro/photo-production cross section would depend
on the spinJ and parityP of the Θ+, and it is im-
portant to have reliable predictions for these cross sec-
tions. The most proper way to address these issues will
be chiral perturbation theory.

In this Letter, we construct a chiral Lagrangian for
pentaquark baryons assuming they are SU(3) antide-
cuplet withJ = 1

2 andP = +1 or −1. (The case for
J = 3

2 can be discussed in a similar manner, except
that antidecuplets are described by Rarita–Schwinger
fields.) Then we calculate the mass spectra of antide-
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cuplets, their possible mixings with pentaquark octets,
the decay rates of antidecuplets, and cross sections
for π−p → K−Θ+ and γ n → K−Θ+. Finally we
describe how to include light vector mesons in our
framework, and how the low energy theorem is recov-
ered in the soft pion limit.

2. Chiral Lagrangian for a pentaquark baryon
decuplet

Let us denote the Goldstone boson field by pion
octetπ , baryon octet including nucleons byB, and an-
tidecuplet includingΘ+ byP . Under chiral SU(3)L ×
SU(3)R [8], the Goldstone boson fieldΣ ≡
exp(2iπ/f ), wheref ≈ 93 MeV is the pion decay
constant, transforms as

Σ(x) → LΣ(x)R†.

It is convenient to define another fieldξ(x) by Σ(x) ≡
ξ2(x), which transforms as

ξ(x) → Lξ(x)U†(x) = U(x)ξ(x)R†.

The 3× 3 matrix field U(x) depends on Goldstone
fields π(x) as well as the SU(3) transformation ma-
tricesL andR. It is convenient to define two vector
fields with following properties under chiral transfor-
mations:

Vµ = 1

2

(
ξ†∂µξ + ξ∂µξ†),

Vµ → UVµU† + U∂µU†,

Aµ = i

2

(
ξ†∂µξ − ξ∂µξ†),

(1)Aµ → UAµU†.

Note thatVµ transforms like a gauge field. The trans-
formation of the baryon octet and pentaquark antide-
cupletP includingΘ+ (I = 0) can be chosen as

Bi
j → Ui

aB
a
bU

†b
j ,

Pijk → PabcU
†a

iU
†b

jU
†c

k,

where all the indices are for SU(3) flavor. The pen-
taquark baryons are related toPabc = P(abc) by, for
example,P333 = Θ+, P133 = 1√

3
Ñ0, P113 = 1√

3
Σ̃−,

andP112 = 1√
3
Ξ−

3/2. Then, one can define a covariant

derivativeDµ, which transforms as

DµB → UDµBU†, by

DµB = ∂µB + [Vµ,B].
Chiral symmetry is explicitly broken by non-

vanishing current-quark masses and electromagnetic
interactions. The former can be included by regard-
ing the quark-mass matrixm = diag(mu,md,ms) as a
spurion with transformation propertym → LmR† =
RmL†. It is more convenient to useξmξ + ξ†mξ†,
which transforms as an SU(3) octet. Electromagnetic
interactions can be included by introducing photon
field Aµ and its field strength tensorFµν = ∂µAν −
∂νAµ:

(2a)∂µΣ → DµΣ ≡ ∂µΣ + ieAµ[Q,Σ],
(2b)Vµ → Vµ + ie

2
Aµ

(
ξ†Qξ + ξQξ†),

(2c)Aµ → Aµ − e

2
Aµ

(
ξ†Qξ − ξQξ†),

where Q ≡ diag(2/3,−1/3,−1/3) is the electric-
charge matrix for light quarks (q = u,d, s).

Now it is straightforward to construct a chiral La-
grangian with lowest order in derivative expansion.
The parity and charge-conjugation symmetric chiral
Lagrangian is given by

(3)L= LΣ +LB +LP ,

where

(4a)LΣ = f 2
π

4
Tr

[
DµΣ†DµΣ − 2µm

(
Σ + Σ†)],

LB = Tr B̄(i/D − mB)B + D Tr B̄γ5{/A,B}
(4b)+ F Tr B̄γ5[/A,B],

LP = P̄(i/D − mP )P + CPN(P̄ΓP /AB + B̄ΓP /AP)

(4c)+HPN P̄γ5/AP,

whereP is the parity ofΘ+, Γ+ = γ5, andΓ− = 1,
and mP is the average of the pentaquark decuplet
mass.

The Gell-Mann–Okubo formulae for pentaquark
baryons will be obtained from

(5)Lm = αmP̄
(
ξmξ + ξ†mξ†)P .

Expanding this, we get the mass splittings�mi ≡
mi − mP within the antidecuplet:

(6a)�mΘ = 2αmms,
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