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The possible discovery of the ©F pentaquark has motivated a number of studies into its nature using lattice
QCD. Initial studies focused on spin-1/2 states and more recently also spin-3/2 states. Here we report the results
of the first exploratory study in quenched lattice QCD of pentaquarks with both spin-1/2 and spin-3/2 using the
FLIC fermion action. We do not find any evidence for the standard lattice resonance signature of attraction (i.e.
binding at quark masses near the physical regime) in the spin-1/2 channels or in the JE = 3/27 channel. Some
evidence of binding is inferred in the isoscalar 3/2% channel. We also present the results of our study into exotic
meson states using hybrid meson interpolators with explicit gluonic degrees of freedom. We find a candidate for

the JP¢ = 177 exotic meson which has a mass consistent with the 71 (1600) experimental candidate.

1. Introduction

We present the results of our search for the pu-
tative ©F pentaquark and JF¢ = 1~1 exotic me-
son in lattice QCD. The ©% pentaquark would be
an exotic baryon, meaning its quantum numbers
cannot be described by a configuration of three-
quarks alone. The candidate ©* has been re-
ported to have a mass of 1540 MeV, strangeness
+1 and minimal quark content wudds; its spin,
parity and isospin are not claimed to be known
[1]. Since the spin, parity and isospin of the can-
didate ©F remain unknown we explore an exhaus-
tive array of local pentaquark interpolating fields
[2,3], including the first exploratory study into the
O as a spin-3/2 state [3], to search for evidence
of the © pentaquark.

Similarly exotic mesons have quantum num-
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bers that cannot be described in terms of a sim-
ple quark-antiquark pair. In our study we ac-
cess exotic meson states using hybrid interpolat-
ing fields, which have explicit gluonic degrees of
freedom. The particle data group [4] has reported
two candidates for the 1" exotic at 1400 MeV
and 1600 MeV. Further discussion of the experi-
mental status of the 177 exotic can be found in
Refs. [5,6]. We find a 1~ state appareently con-
sistent with the 1600 MeV candidate [7].

Central to this work is the formulation of a sig-
nature that distinguishes a resonance from pos-
sible two-particle states with the same quantum
numbers. A number of such techniques have been
developed recently in the search for evidence of
the ©F pentaquark in lattice QCD. The volume
dependence of the residue of the lowest lying state
has been proposed as a way to identify a reso-
nance [8,9]. Alternatively, hybrid boundary con-
ditions, i.e. choosing a different boundary condi-
tion for the w and d quarks compared to the s
quark, have been proposed in Refs. [10-12]. Our
method is complementary to these approaches. In
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Refs. [2,3] we look for evidence of attraction be-
tween the constituents of the resonance such that
the mass of the state becomes lower than the free
decay channel energy at quark masses near the
physical regime. This resonance signature is uni-
versally observed in lattice QCD studies of the
nucleon resonances [13-17]. We find evidence of
this signature for the ©T in the spin-3/2 positive
parity channel. Further work in this channel is
warranted to determine if this evidence demands
the existence of a spin-3/2 pentaquark [3] .

In Sec. 2 we review the standard techniques
for extracting hadron masses in lattice QCD and
state our lattice simulation parameters. The lat-
tice resonance signature is discussed in Sec. 3. In
Sec. 4 we present our results for the 1= meson
and the spin-1/2 and spin-3/2 pentaquark states,
and in Sec. 5 we conclude that there exists a
potential candidate for a I(J) = 0(3/2%) pen-
taquark and a signal consistent with the 71 (1600)
1~ exotic meson.

2. Lattice details

2.1. Lattice techniques
In lattice QCD we derive hadron masses from
the 2-pt correlation function,

g(t,p) = Z exp(—ip’- Z) (O[T x(x) x(0) |0) .
(1)

xr

The time ordered product of fields shown above
can be expressed in terms of quark propagators,
allowing us to evaluate this function. Here the in-
terpolating fields y, (x) create (annihilate) states
with a particular set of quantum numbers. When
studying baryon correlation functions, we must
project out states of the appropriate spin and
parity using the projection operator, I [15]. We
extract the energy of the lowest lying state, with
energy Fjy, created by our interpolator using,

Gt,p) = trp[DG(LD)]
5 exp (—Eot) . (2)

Since the contributions to the two-point function
are exponentially suppressed at a rate propor-
tional to the energy of the state, at zero momen-
tum the mass of the lightest state, my, is obtained

by fitting a constant to the effective mass,

M) = 1%@)
G(t+1,0)
22 mg . (3)

2.2. Interpolating fields

In this section we review the interpolating fields
that we use in our studies of exotic hadrons.

The two general types of pentaquark interpo-
lating fields we consider are those based on an
“NK” configuration (either nK* or pK?°), and
those based on a “diquark-diquark-s” configura-
tion. Below is a summary of the pentaquark in-
terpolating fields we use that couple to spin-1/2
states,

XNK =
e (uT*Crysd®) {u(5%y5d°) F (u - d)} ,

5l

XNK
e (uTCrysd®) {uf(5%y5d°) F (ud)} ,
XPS Gabc€aef6bgh(uTeCdf)(uTgC’Y{)dh)Cch ’
1 b T b T =T
= —"(u""Cysd”)(u" “Cysd®)C5" ¢ .
Xss /2 ( Y5d”)( ¥5d°)

(4)

Sl

Here u,d,5 correspond to up, down and anti-
strange quarks respectively, the letters a — h refer
to the colour of the quarks and C' is the charge
conjugation matrix. For xnyx and X3, the —
and + corresponds to the isospin I = 0 and 1
channels, while y ps and xgg access isoscalar and
isovector states respectively. In addition to these
fields we have also considered an N K*-type in-
terpolating field that combines the standard spin-
1/2 nucleon interpolating field with a spin-1 K*
meson interpolating fields. This pentaquark in-
terpolator couples to both spin-1/2 and spin-3/2
states. In Sakurai’s notation

p _
XNK* =

T3 T Cd) (i) F (u d()}>
5

where the — and + corresponds to the isospin
I = 0 and 1 channels, respectively. To project
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states of definite spin from the correlation func-
tion extracted with the x/ . interpolator we ap-
ply the spin projection operators [15],

3
Pi(p) = X .
e (e 3—}?2(7 “PYuly + Pu VY D)
1 3
Pi(p) = 9w — Pi(p) . (6)

To extract 1-T exotic states we use local in-
terpolating fields, coupling colour-octet quark bi-
linears to chromo-electric and chromo-magnetic
fields. We consider four interpolating fields for
the 1= exotic,

X1 = ¢“uE’

X2 = iejud Bt

X3 = dejud® B

Xt = ud B . (7)

The interpolating fields which couple large-large
and small-small spinor components (i.e x2 and
X3) provide the strongest signal for the 1~ state.

2.3. Simulation parameters

In our analysis we use a large 203 x 40 lat-
tice.  Using the mean-field O(a?)-improved
Luscher-Weisz plaquette plus rectangle action
[18], the gauge configurations are generated
via the Cabibbo-Marinari pseudoheat-bath al-
gorithm with three diagonal SU(2) subgroups
looped over twice. The lattice spacing is 0.128(2)
fm, determined using the Sommer scale 7y = 0.49
fm. For the fermion propagators, we use the
FLIC fermion action [19], an O(a)-improved
fermion action with excellent scaling properties
providing near continuum results at finite lat-
tice spacing [20]. A fixed boundary condition
in the time direction is implemented by setting
Ug(Z,N;) = 0V & in the hopping terms of the
fermion action, and periodic boundary conditions
are imposed in the spatial directions. Gauge-
invariant Gaussian smearing [21] in the spatial
dimensions is applied at the fermion source at
t = 8 to increase the overlap of the interpolators
with the ground states. Eight quark masses are
used in the 17" calculation, providing am, =
{0.540, 0.500, 0.453, 0.400, 0.345, 0.300, 0.238,
0.188}. For the pentaquark study we limited

our calculations to the six largest quark masses
because of large statistical uncertainties. The
strange quark mass is taken to be the third
largest (k = 0.12885) quark mass. This k pro-
vides a pseudoscalar mass of 697 MeV which
compares well with the experimental value of
V2ME — M2 = 693 MeV, which is motivated
by leading order chiral perturbation theory. The
error analysis is performed by a second-order,
single-elimination jackknife, with the x? per de-
gree of freedom obtained via covariance matrix
fits. Further details of the fermion action and sim-
ulation parameters are provided in Refs. [19,20].

3. Lattice resonance signature

A test that has proved useful in studies of nu-
cleon resonances [13-15] is a search for evidence of
binding at quark masses near the physical regime.
In Fig. 1 we show the spectrum of nucleon and
A resonances [14,15]. The solid curve is the S-
Wave N + 7 decay channel energy correspond-
ing to the 1/27 and 3/2~ states which clearly
become bound, i.e. the mass of the resonance
becomes less than its decay channel energy, at
the quark masses shown. This is what we refer
to as the standard lattice resonance signature of
binding at quark masses near the physical regime.
Note that the 3/2% state also becomes bound as
it decays to a P-Wave N + 7 (not shown), which
due to finite volume effects is at a higher energy
than the S-Wave N + m. We can calculate the
energies of P-Wave decay channels by adding the
minimum non-trivial momentum on the lattice,
2T where L is the spatial dimension of the lat-
tice, to each decay constituent. For the 1~ the
lowest energy decay channel is the a1n’. A sum-
mary of pentaquark states and their respective
decay channels is presented in Table 1.

4. Results

We begin the discussion of our results with
the search for the ©* pentaquark. In Fig. 2 we
present a summary of our most relevant results
[2,3]. We find that the negative parity states
in both spin-1/2 and spin-3/2 channels are more
massive than their decay channel energies. While
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Figure 1. Summary of nucleon resonances [14,15],
the solid curve is the mass of the S-Wave N + 7
decay channel corresponding to 1/27,3/27 parity
states.

Table 1
A summary of pentaquark states and the respec-
tive lowest energy decay channels.

I(JP)  Decay channel

0,1(3 ) S-wave N+ K
0,1(3")  P-wave N+ K
03°) S-wave N 4+ K*
0(%+) P-wave N + K
1(37) Swave A+ K
13")  P-wave N+ K

this does not exclude the possible existence of the
©1 in these channels, it has been shown [8,12]
that the I(J¥) = 0(1/27) and 0(3/27) are scat-
tering states, where the masses of these states are
larger than their respective free decay channel en-
ergies because of finite volume effects. However
in the 0(3/21) channel the standard lattice reso-
nance signature is seen. Further, quark counting
rules imply that the mass splitting between the
©1 and its decay channel should vanish (relative
to the quark mass) in the limit of large quark
masses, which we observe. Therefore we find that
the 0(3/2%) channel is a promising candidate for
future research. Further, because of large statis-
tical errors, evidence of binding cannot be ruled
out in the 0(1/27).

In Fig. 3 we present the 177 exotic mass ex-
tracted with the ys interpolator, the ain’ de-
cay channel energy, at each quark mass, and the
71(1600) experimental candidate. At the four
largest quark masses the standard lattice reso-
nance signature of binding quark masses near the
physical regime is observed. In the approach
to the large quark mass limit, quark counting
rules imply that the mass splitting should become
larger, which we observe. Further we are satisfied
that at the lighter quark masses the y2 interpola-
tor is not accessing the a;n’ decay channel as no
evidence of negative metric contributions is ob-
served in our correlation functions [7]. Therefore
we tentatively identify this state as the 177 ex-
otic meson. We extrapolate to the chiral limit by
fitting the function,

2 4
mi-+ = ag + azm; + agm.; , (8)

to the 1~ mass in Fig. 3 and recover a mass of
1.74(25) GeV which is consistent to within errors
of the m1(1600) experimental candidate. System-
atic errors associated with the naive extrapolation
are estimated to be £50 MeV [7].

5. Conclusions

We have completed a comprehensive search in
quenched lattice QCD for the ©F pentaquark and
the 1~ exotic meson.

We find evidence of the standard lattice signa-
ture in the spin-3/2 isoscalar positive parity chan-
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Figure 2. A summary of results extracted with
spin-1/2 and spin-3/2 pentaquark interpolators
and their respective decay channel energies.

nel, making it a promising candidate for future
research. An analysis of the volume dependence
of this signal is required to determine if this signa-
ture implies the existence of the © pentaquark.

With the y2 hybrid meson interpolator we ex-
tract a state which we tentatively identify as a
17T exotic meson. Extrapolation to the chiral
limit yields, for the first time, a mass that is con-
sistent with the 71 (1600) experimental candidate.
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