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Abstra
t

The possible dis
overy of the �

+

pentaquark has motivated a number of studies of its nature

using latti
e QCD. While all the analyses thus far have fo
used on spin-

1

2

states, here we report

the results of the �rst exploratory study in quen
hed latti
e QCD of pentaquarks with spin

3

2

. For

the spin-

3

2

interpolating �eld we use a produ
t of the standard N and K

�

operators. We do not

�nd any eviden
e for the standard latti
e resonan
e signature of attra
tion (i.e., binding at quark

masses near the physi
al regime) in the J

P

=

3

2

�


hannel. Some eviden
e of binding is inferred

in the isos
alar

3

2

+


hannel at several quark masses, in a

ord with the standard latti
e resonan
e

signature. This suggests that this is a good 
andidate for the further study of pentaquarks on the

latti
e.

PACS numbers: 11.15.Ha, 12.38.G
, 12.38.Aw
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I. INTRODUCTION

The re
ent reported observations of the strangeness +1 pentaquark, �

+

, having minimal

quark 
ontent uudd�s, have led to a tremendous e�ort aimed at understanding its properties

both experimentally and theoreti
ally. Many model studies and phenomenologi
al analyses

have explored various aspe
ts of its stru
ture and produ
tion me
hanisms, and have at the

same time have revealed a number of 
hallenges for its interpretation as an exoti
 resonan
e

with a parti
ularly narrow width (for re
ent experimental reviews see Refs. [1, 2, 3, 4℄).

To ta
kle this problem from �rst prin
iples in QCD, a number of latti
e studies have

re
ently been undertaken [5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16℄. These have used various

lo
al spin-

1

2

interpolating �elds (either NK-type or diquark-diquark-�s type), and, in the


ase of Ref. [15℄, also non-lo
al �elds. Several of these studies have interpreted their results

as indi
ating the presen
e of a resonan
e, while others report signals whi
h are 
onsistent

with NK s
attering states.

A major 
hallenge in the latti
e studies has been the identi�
ation of a resonan
e state

from the NK s
attering states. Several groups have sought to distinguish the resonan
e

and s
attering states by 
omparing the masses at di�erent volumes [8, 11, 12, 14, 15℄. The

volume dependen
e of the residue of the lowest lying state has also been proposed as a way

to identify the nature of the state [8, 14℄. Alternatively, hybrid boundary 
onditions have

been used in Refs. [9, 10℄ to di�erentiate the resonan
e in the negative parity 
hannel from

the S-wave NK s
attering state.

In Ref. [5℄ we employed a 
omplimentary approa
h to investigate spin-

1

2

pentaquark

resonan
es by sear
hing for eviden
e of suÆ
ient attra
tion between the 
onstituents of

the pentaquark state su
h that the resonan
e mass be
omes lower than the sum of the free

de
ay 
hannel masses. We labeled this pattern as \the standard latti
e resonan
e signature"

be
ause this signature is observed for 
onventional baryon resonan
es studied on the latti
e

[17, 18, 19, 20, 21℄. By 
omparing the masses of the spin-

1

2

�ve-quark states to the mass of

the de
ay 
hannel we found no binding at any quark mass and hen
e no eviden
e for su
h

attra
tion. The absen
e of binding 
annot be used to ex
lude the possibility of a resonan
e,

as the attra
tive for
es simply may not be strong enough to provide binding. On the other

hand, the presen
e of binding would provide a 
ompelling resonan
e signature warranting

further study.
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One of the major puzzles in pentaquark phenomenology has been the anomalously small

width (. 1 MeV) observed in the experiments whi
h have produ
ed a positive signal. A

possible explanation for this may be that if the pentaquark has J

P

=

3

2

�

, its de
ay to N+K

must be via a D-wave, whi
h would 
onsequently be suppressed. In this paper we therefore

extend the analysis of Ref. [5℄ to spin-

3

2

pentaquarks. We examine both the positive and

negative parity states, in both the isos
alar and isove
tor 
hannels. In Se
. II we des
ribe

the interpolating �eld and outline the latti
e te
hniques employed in this analysis. The

results are presented in Se
. III, where we dis
uss in detail the mass splittings between

the pentaquark and two-parti
le s
attering states. Finally, 
on
lusions and suggestions for

future work are summarised in Se
. IV.

II. LATTICE DETAILS

A. Interpolating �elds

The simplestNK-type interpolating �eld used in latti
e simulations, referred to in Ref. [5℄

as the \
olour-singlet" NK �eld, has the form:

�

NK

=

1

p

2

�

ab


(u

Ta

C


5

d

b

) fu




(�s

e

i


5

d

e

) � (u$ d)g ; (1)

where the � and + 
orresponds to the isospin I = 0 and 1 
hannels, respe
tively. This �eld

has spin

1

2

, and transforms negatively under the parity transformation q ! 


0

q.

One 
an a

ess spin-

3

2

states by repla
ing the spin-0 K-meson part of �

NK

with a spin-1

K

�

ve
tor meson operator,

�

�

NK

�

=

1

p

2

�

ab


(u

Ta

C


5

d

b

) fu




(�s

e

i


�

d

e

) � (u$ d)g ; (2)

where again the � and + 
orresponds to the isospin I = 0 and 1 
hannels, respe
tively. The

�eld �

�

NK

�

transforms as a ve
tor under the parity transformation, and has overlap with

both spin-

1

2

and spin-

3

2

pentaquark states. States of de�nite spin 
an be proje
ted from

�

�

NK

�

by applying appropriate proje
tors, as dis
ussed in the next se
tion.
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B. Latti
e Te
hniques

The masses of the spin-

1

2

and spin-

3

2

pentaquark states are obtained from the two-point


orrelation fun
tion

G

��

(t; ~p) =

X

~x

exp(�i~p � ~x) h0 jT �

�

(x) ��

�

(0) j 0i : (3)

To proje
t states of de�nite spin from the 
orrelation fun
tion G

��

(t; ~p) we apply the spin

proje
tion operators [19℄

P

3

2

��

(p) = g

��

�

1

3




�




�

�

1

3p

2

(
 � p


�

p

�

+ p

�




�


 � p) ;

P

1

2

��

(p) = g

��

� P

3

2

��

(p) ; (4)

for spin-

3

2

and

1

2

, respe
tively.

The spin-proje
ted 
orrelation fun
tion re
eives 
ontributions from both positive and

negative parity states. The use of �xed boundary 
onditions in the time dire
tion enables

states of de�nite parity to be proje
ted using the matrix [18, 22℄

�

�

=

1

2

�

1�

M

B

�

E

B

�




4

�

; (5)

for negative and positive parities, respe
tively. We note that this di�ers from that of

Ref. [19℄, where interpolating �elds transforming as pseudove
tors, in a

ord with the Rarita-

S
hwinger spinor-ve
tors, were used. Masses of states with de�nite spin and parity 
an then

be obtained from the spinor tra
e of the spin and parity proje
ted 
orrelation fun
tions,

G(t; ~p) = tr

sp

[�G

��

(t; ~p)P

��

(p)℄

=

X

B

�

B

�

�

B

exp (�E

B

t)

t!1

= �

0

�

�

0

exp (�m

0

t) : (6)

This fun
tion is a sum over all states, B, with energy E

B

, and

�

�

B

and �

B

are the 
ouplings

of the state B to the interpolating �elds at the sour
e and sink, respe
tively. Note that as

in Ref. [19℄, we 
onsider the 
ase � = 3 to redu
e the 
omputational 
ost of the 
al
ulation.

Sin
e the 
ontributions to the two-point fun
tion are exponentially suppressed at a rate

proportional to the energy of the state, at zero momentum the mass of the lightest state,

m

0

, is obtained by �tting a 
onstant to the e�e
tive mass,

M

e�

(t) = ln

 

G(t;

~

0)

G(t + 1;

~

0)

!
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FIG. 1: Mass di�eren
e between the I(J

P

) =

3

2

(

3

2

+

) �(1232) and the P -wave N+� de
ay 
hannel.

t!1

= m

0

: (7)

Following our previous work [5℄, we sear
h for eviden
e that the resonan
e mass has be
ome

smaller than the sum of the free de
ay 
hannel mass for pentaquark states 
reated by the

interpolating �eld �

�

NK

�

. For this purpose it is useful to de�ne an e�e
tive mass splitting.

For example, in an S-wave de
ay 
hannel,

�M

e�

(t) � M

e�

5q

(t)� (M

e�

B

(t) +M

e�

M

(t))

t!1

= m

5q

� (m

B

+m

M

) ; (8)

where M

e�

B

(t) and M

e�

M

(t) are the appropriate baryon and meson e�e
tive masses for a

spe
i�
 
hannel. For a P -wave de
ay 
hannel, the e�e
tive masses are 
ombined with

the minimum nontrivial momentum on the latti
e, 2�=L, to 
reate the e�e
tive energy,

E

e�

(t) =

p

(M

e�

(t))

2

+ (2�=L)

2

, for ea
h de
ay parti
le, where L is the latti
e spatial

extent. The advantage of this te
hnique is that it measures a 
orrelated mass di�eren
e,

thereby suppressing the sensitivity to systemati
 un
ertainties (su
h as using di�erent �t-

ting ranges). Moreover, 
orrelations in the e�e
tive masses 
an 
an
el, leading to a more

a

urate determination of the mass splitting.

As an example of a latti
e signature of a resonan
e, we 
onsider the mass splitting between

the J

P

= 3=2

+

� baryon and the energy of the P -wave N + � de
ay 
hannel. In Fig. 1 the

typi
al resonan
e signature is 
learly seen, where the � is bound on the latti
e at heavier than

physi
al quark masses, be
ause of its lower energy 
ompared with the free de
ay 
hannel.
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TABLE I: Lowest energy de
ay 
hannels for ea
h pentaquark state on the latti
e, where the �

baryon is bound.

I(J

P

) De
ay 
hannel

0; 1(

1

2

�

) S-wave N +K

0; 1(

1

2

+

) P -wave N +K

0(

3

2

�

) S-wave N +K

�

0(

3

2

+

) P -wave N +K

1(

3

2

�

) S-wave � +K

1(

3

2

+

) P -wave N +K

For a pentaquark resonan
e we shall apply the same 
riteria, and 
onsider the mass

splittings between the pentaquark state and the 
orresponding baryon and meson free two-

parti
le s
attering states. The signal we are sear
hing for is eviden
e of a pentaquark bound

state at quark masses near the physi
al regime. In Table I we summarise the lowest energy

de
ay 
hannels for the various isospin, spin and parity quantum numbers 
onsidered in this

analysis.

In the 
ase of the � baryon, the binding is seen to be
ome stronger at larger quark

masses. Indeed, from their minimal quark 
ontent in the heavy quark limit, one expe
ts to

re
over a � to N � mass ratio of 3/5. In the 
ase of a pentaquark resonan
e, the analogous

mass ratio will be 1 in the heavy quark limit and the mass splitting will vanish relative to

the hadroni
 mass s
ale in the heavy quark limit. Hen
e a latti
e resonan
e signature for a

pentaquark state is binding (a negative mass splitting) at intermediate quark masses, above

the physi
al regime, with a general trend of binding as a fra
tion of hadron mass towards

zero as the heavy quark limit is approa
hed.

C. Latti
e Simulation Formalism

This analysis is based on the ensemble of 290, 20

3

� 40 SU(3) gauge-�eld 
on�gurations


onsidered in [5℄. Using the mean-�eldO(a

2

)-improved Lus
her-Weisz plaquette plus re
tan-

gle a
tion [23℄, the gauge 
on�gurations are generated via the Cabibbo-Marinari pseudoheat-

bath algorithm with three diagonal SU(2) subgroups looped over twi
e. The simulations are

6



performed using a parallel algorithm with appropriate link partitioning, as des
ribed in

Ref. [24℄. The latti
e spa
ing is 0.128(2) fm, determined using the Sommer s
ale r

0

= 0:49

fm.

For the fermion propagators, we use the FLIC fermion a
tion [25℄, an O(a)-improved

fermion a
tion with ex
ellent s
aling properties providing near 
ontinuum results at �nite

latti
e spa
ing [26℄.

A �xed boundary 
ondition in the time dire
tion is implemented by setting U

t

(~x;N

t

) =

0 8 ~x in the hopping terms of the fermion a
tion. Periodi
 boundary 
onditions are imposed

in the spatial dire
tions. To explore the e�e
ts of the �xed boundary 
ondition we have

examined the e�e
tive mass of the pion 
orrelation fun
tion and the asso
iated �

2

dof

obtained

in various �ts. The pion is sele
ted as it has the longest 
orrelation length and will be a

worst 
ase s
enario for the boundary e�e
ts. We �nd that the �xed boundary e�e
ts are


ompletely negligible prior to time sli
e 30, whi
h is the limit of signal in the pentaquark


orrelation fun
tions presented below.

Gauge-invariant Gaussian smearing [27℄ in the spatial dimensions is applied at

the fermion sour
e at t = 8 to in
rease the overlap of the interpolating op-

erators with the ground states. Six quark masses are used in the 
al
ula-

tions, with � = f0:12780; 0:12830; 0:12885; 0:12940; 0:12990; 0:13025g providing am

�

=

f0:540; 0:500; 0:453; 0:400; 0:345; 0:300g [28℄. The strange quark mass is taken to be the

third largest (� = 0:12885) quark mass. This � provides a pseudos
alar mass of 697 MeV

whi
h 
ompares well with the experimental value of

p

2M

2

K

�M

2

�

= 693 MeV motivated by

leading order 
hiral perturbation theory. The error analysis is performed by a se
ond-order,

single-elimination ja
kknife, with the �

2

per degree of freedom obtained via 
ovarian
e ma-

trix �ts. Further details of the fermion a
tion and simulation parameters are provided in

Refs. [25, 26℄ and [5℄ respe
tively.

III. RESULTS

In this se
tion we present our results for the masses of spin-

3

2

pentaquarks for both

negative and positive parity, in both the isos
alar and isove
tor 
hannels.
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A. Negative parity isos
alar 
hannel

We begin the dis
ussion of our results with the isos
alar, negative parity 
hannel. The

e�e
t of the spin proje
tion on the 
orrelation fun
tion is highlighted in Fig. 2. This �gure

shows the e�e
tive mass plot of theG

33

= tr

sp

f�

�

G

33

g 
omponent of the 
orrelation fun
tion,

whi
h 
ontains a superposition of spin-

1

2

and spin-

3

2


ontributions. Upon spin proje
tion, as

des
ribed by Eq. (5), two distin
t states are identi�ed.

The e�e
tive masses of the spin-

1

2

and spin-

3

2

states are presented in Figs. 3 and 4,

respe
tively. To extra
t the masses of the lowest energy states from these e�e
tive masses,

we �t over the time sli
es 20�30 for the spin-

1

2

and 18�21 for the spin-

3

2

states, respe
tively,

where these intervals have been sele
ted so as to obtain a

eptable values of the 
ovarian
e-

matrix based �

2

per degree of freedom (�

2

dof

), whi
h we restri
t to �

2

dof

< 1:5. The resulting

masses are presented in Fig. 5, together with the mass of the I(J

P

) = 0(

1

2

�

) state extra
ted

with the standard NK pentaquark operator [5℄ of Eq. (1), and the relevant (non-intera
ting)

two-parti
le states. We obtain the expe
ted result that the masses of the I(J

P

) = 0(

1

2

�

)

state extra
ted with the NK and NK

�

interpolators are in ex
ellent agreement. The mass

of the I(J

P

) = 0(

3

2

�

) state is also similar to that of the N + K

�

two-parti
le state, but

lies 
onsistently above the latter, suggesting the presen
e of some repulsion in this 
hannel.

Therefore we 
annot 
on
lude any eviden
e of a bound state in this 
hannel.

B. Positive parity isos
alar 
hannel

Next we 
onsider the isos
alar state in the positive parity 
hannel. Contrary to the

negative parity signal, the spin proje
tion shown in Fig. 6 has a less pronoun
ed e�e
t on

the e�e
tive masses. The e�e
tive masses of the spin-

1

2

and

3

2

states are presented in Figs. 7

and 8, respe
tively. The quality of the signal in the positive parity se
tor is signi�
antly

redu
ed relative to the negative parity 
hannel, as in the spin-

1

2

analysis in Ref. [5℄.

The e�e
tive mass of the spin-

1

2

state is �t at time sli
es 18 � 20 and the spin-

3

2

state at

time sli
es 19�24. The poor quality of the signal limits the analysis to the four largest quark

masses 
onsidered. In Fig. 9 we show the �tted masses of the two spin states extra
ted with

the NK

�

interpolator. For 
omparison, we display the mass of the spin-

1

2

state extra
ted

with the NK interpolator, and the energies of the relevant two-parti
le states. On
e again,

8



FIG. 2: E�e
tive masses of the negative parity proje
ted, isos
alar 
orrelation fun
tions 
al
ulated

with the NK

�

pentaquark interpolator, �

�

NK

�

. The mass 
orresponding to the unproje
ted G

33


orrelation fun
tion (squares) is 
ompared with that of the spin-

1

2

(triangles) and spin-

3

2

(
ir
les)

proje
ted 
orrelation fun
tions. The data 
orresponds to our heaviest quark mass.

FIG. 3: E�e
tive mass of the I(J

P

) = 0(

1

2

�

) pentaquark 
al
ulated with the NK

�

pentaquark

interpolator. The data 
orrespond to m

�

' 830MeV (squares), 700MeV (
ir
les), and 530MeV

(triangles).

we see ex
ellent agreement between the masses of the spin-

1

2

states extra
ted with the NK

and NK

�

interpolators.

Interestingly, the mass of the spin-

3

2

state be
omes smaller than the non-intera
ting two-

parti
le energy of the P -wave N +K state for intermediate quark masses, i.e., we observe

9



FIG. 4: As in Fig. 3, but for the I(J

P

) = 0(

3

2

�

) state.

FIG. 5: Masses of the I(J

P

) = 0(

1

2

�

) and 0(

3

2

�

) states extra
ted with the NK

�

interpolating

�eld as a fun
tion of m

2

�

. For 
omparison, we also show the mass of the I(J

P

) = 0(

1

2

�

) state

extra
ted from the NK pentaquark interpolator [5℄, and the masses of the S-wave N + K and

N +K

�

two-parti
le states. Some of the points have been horizontally o�set for 
larity.

binding. As dis
ussed in the previous se
tion and in Ref. [5℄, the transition of a resonan
e

to a state whi
h lies below the free parti
le de
ay 
hannel at quark masses near the physi
al

quark masses is the standard resonan
e signature in latti
e QCD.

Moreover the approa
h to the heavy quark limit is in a

ord with expe
tations. Re
all

that in the 
ase of the �

+

, whi
h has a \fall-apart" de
ay me
hanism, quark 
ounting

indi
ates the �

+

to N+K mass ratio will approa
h 1 as the heavy quark limit is approa
hed.

10



FIG. 6: As in Fig. 2, but for the isos
alar positive parity 
hannel.

FIG. 7: E�e
tive mass of the I(J

P

) = 0(

1

2

+

) pentaquark obtained from the NK

�

interpolating

�eld. The data 
orrespond tom

�

' 830MeV (squares), 700MeV (
ir
les), and 530MeV (triangles).

At intermediate quark masses, however, one expe
ts the resonan
e signature analogous

to the � baryon in Fig. 1, and at the two smallest quark masses shown the pentaquark lies

below the s
attering state, whi
h is the ne
essary 
ondition for the presen
e of binding. As

this result presents the possible existen
e of a pentaquark resonan
e in the physi
al quark

mass regime, it is essential to 
onsider a mass splitting analysis of the e�e
tive masses.

As an indi
ative example, we review the analysis of the lightest quark mass presented in

Fig. 9. In Fig. 10 we present the e�e
tive mass splitting between the �ve-quark state and

the lightest non-intera
ting two-parti
le state having the same quantum numbers.

At �rst sight it might be tempting to 
onsider �ts early in the Eu
lidean time evolution

11



FIG. 8: As in Fig. 7, but for the I(J

P

) = 0(

3

2

+

) state.

FIG. 9: Masses of the I(J

P

) = 0(

1

2

+

) and 0(

3

2

+

) states determined from the NK

�

interpolating

�eld as a fun
tion of m

2

�

. For 
omparison, we also show the mass of the I(J

P

) = 0(

1

2

+

) state

extra
ted with the NK pentaquark interpolator [5℄, and the masses of the P -wave N + K and

N +K

�

and S-wave N

�

+K two-parti
le states. Some of the points have been o�set horizontally

for 
larity.

where the errors are small and a possible plateau 
at
hes the eye. However, it is easy

to demonstrate that su
h a �t does not des
ribe the lowest lying state in this 
orrelation

fun
tion. For example, Fig. 11 reports the �

2

dof

for a sele
tion of �ts to the e�e
tive mass

shown in Fig. 10, where the lower bound of the �t window is �xed at t = 12 (four time

steps from the sour
e at t = 8), and the upper bound of the �t window is plotted on the

12



FIG. 10: E�e
tive mass splitting between the I(J

P

) = 0(

3

2

+

) state extra
ted with the NK

�

interpolator and the energy of the P -wave N + K two-parti
le state for the lightest quark mass

shown in Fig. 9.

horizontal axis. As soon as time sli
e 19 is in
luded in the �t the �

2

dof

be
omes very large

and 
ontinues to in
rease with the in
lusion of time sli
es 20 and 21. One must therefore


on
lude that the results for time sli
es 19 through 21 are signal rather than noise, re
e
ting

the true ground state of the 
orrelator. The e�e
tive mass splitting with a \double plateau"

as in Fig. 10 
an o

ur when the interpolating �elds 
ouple strongly to a more massive state

and relatively weakly to the ground state. The former dominates at early Eu
lidean times

and the latter at later times.

To determine an appropriate lower bound for the �t, we begin by returning to Fig. 10.

The 
u
tuation at t = 25 suggests that there is valid data up to time sli
e 24, after whi
h

noise begins to hide the signal. Indeed, the �

2

dof

is approximately invariant for �ts of t = 19

through 24 and beyond. Therefore, time sli
e 24 is sele
ted for the upper bound of the �t

window.

The lower bound of the �t interval must be sele
ted with regard to the systemati
 time

dependen
e of the e�e
tive mass and the �

2

dof

of the �t. Figure 12 reports the latter 
riteria,

illustrating the �

2

dof

for a sele
tion of �ts to the e�e
tive mass shown in Fig. 10, where the

lower bound of the �t window is shown on the horizontal axis and the upper bound of the

�t window is �xed at time sli
e 24. The mass splittings extra
ted for these �ts are shown

in Fig. 13. Again, the lower bound of the �t window is shown on the horizontal axis and

the upper bound of the �t window is �xed at time sli
e 24. The most statisti
ally pre
ise

13



FIG. 11: The �

2

dof

for a series of possible �ts with a lower bound �xed at time sli
e 12 and an

upper bound shown on the horizontal axis.

FIG. 12: The �

2

dof

for a series of possible �ts with an upper bound �xed at time sli
e 24 and a

lower bound shown on the horizontal axis.

estimate of the mass splitting is obtained for t

min

= 19, and this result agrees with all other

determinations at the 1� level, with the ex
eption of t

min

= 16.

Having determined that there is genuine signal in the e�e
tive mass splitting at time sli
e

19, and given the systemati
 drift in the results approa
hing time sli
e 19 as illustrated in

both Figs. 10 and 13, one has to 
on
lude that nontrivial 
ontributions from more massive

ex
ited states are still present at time sli
e 16. The more 
onservative evaluation is to delay

the �t to later Eu
lidean times where the �

2

dof

. 1.

14



FIG. 13: Mass splitting extra
ted from a series of possible �ts with an upper bound �xed at time

sli
e 24 and a lower bound shown on the horizontal axis.

These �

2

dof

analyses have been repeated for all six quark masses 
onsidered with similar

results. Figure 14 shows the mass splitting between the isos
alar spin-

3

2

state extra
ted with

the NK

�

interpolator and the P -wave N + K energy, where we �t at time sli
es 19 � 24

as 
on
luded above. Here we are able to show the mass splitting at all of our six quark

masses. The reason that we are able to re
over a mass splitting for an additional two lighter

quark masses is be
ause, as dis
ussed in the introdu
tory se
tion, 
orrelated errors in the


orrelation fun
tions are suppressed in 
onstru
ting the e�e
tive mass splitting. The state

extra
ted with the pentaquark operator indi
ates the possibility of binding for the four

smallest quark masses shown.

In the in�nite-volume limit, the lowest energy two-parti
le state, the P -wave N + K,

approa
hes the energy of the S-wave N + K state. As a genuine single-parti
le state is

expe
ted to have a small volume dependen
e on our latti
e, we also show in Fig. 15 the

mass splitting with the N +K two-parti
le threshold. In this �gure, the mass di�eren
e is

also negative, as is ne
essary for the presen
e of a bound state, suggesting that the presen
e

of binding may prevail on larger latti
es. Finally, we emphasise the possibility that the mass

splitting may de
rease as the light quark mass regime is approa
hed, allowing the transition

to a resonan
e at physi
al quark masses. High statisti
s studies at lighter quark masses

would obviously be of 
onsiderable interest.
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FIG. 14: Mass splitting between the I(J

P

) = 0(

3

2

+

) state extra
ted with the NK

�

pentaquark

interpolator and the mass of the P -wave N +K energy.

FIG. 15: Mass splitting between I(J

P

) = 0(

3

2

+

) state extra
ted with the NK

�

pentaquark

interpolator and the two-parti
le S-wave N +K mass threshold.

C. Negative parity isove
tor 
hannel

For 
ompleteness we also in
lude an analysis of the isove
tor 
hannel. First we present

the results for the isove
tor, negative parity 
hannel. In Fig. 16 we see that the e�e
ts of

the spin proje
tion for the largest quark mass are small. This may be understood by the

presen
e of the S-wave �+K

�

and N +K

�

two-parti
le states, whi
h both the spin-

1

2

and

spin-

3

2

proje
ted 
orrelation fun
tions should 
ouple to. We �t the e�e
tive masses extra
ted

from the spin-

1

2

and spin-

3

2

proje
ted 
orrelation fun
tions, shown in Figs. 17 and 18, at time

16



FIG. 16: As in Fig. 2, but for the isove
tor negative parity 
hannel.

FIG. 17: E�e
tive mass of the I(J

P

) = 1(

1

2

�

) pentaquark obtained for the NK

�

interpolator,

�

NK

�

. The data 
orrespond to m

�

' 830MeV (squares), 700MeV (
ir
les), and 530MeV (trian-

gles).

sli
es 20 � 30 and 18 � 21, respe
tively.

The masses are presented in Fig. 19, along with the 
orresponding mass extra
ted from the

NK interpolator and the relevant two-parti
le states. The mass extra
ted from the spin-

3

2

proje
ted 
orrelation fun
tion is in good agreement with the mass of the N+K

�

two-parti
le

state. Although this 
orrelation fun
tion must have a 
ontribution from both the � + K

and N +K

�

two-parti
le states, we are probably a

essing an admixture of these states. A


orrelation matrix analysis is required to separate this admixture. The mass extra
ted from

17



FIG. 18: As in Fig. 17, but for the I(J

P

) = 1(

3

2

�

) state.

the spin-

1

2

proje
ted 
orrelation fun
tion is 
onsistently more massive in this 
hannel than

the mass extra
ted with the NK interpolator. However, in Ref. [5℄ we used a 
orrelation

matrix to extra
t the mass from the NK interpolator. This pro
ess removes ex
ited state


ontamination and renders the ground state mass 
onsistently smaller. In addition, by


onsidering the two-point fun
tions 
al
ulated with the NK and NK

�

interpolators at the

quark level, one would naively expe
t the NK

�

interpolator to 
ouple mu
h more strongly

to the N +K

�

two-parti
le state than the NK interpolator. In fa
t, the weak 
oupling of

the spin-

3

2

interpolators to the lowest lying spin-

1

2

states is re
e
ted in the relatively large

statisti
al un
ertainties for the NK

�

interpolator results.

In summary, as in the 
ase of the negative parity isos
alar 
hannel, there is no indi
ation

of the latti
e resonan
e signature.

D. Positive parity isove
tor 
hannel

Finally we 
omplete our dis
ussion with the positive parity isove
tor 
hannel. In Fig. 20

we see that the spin proje
tion suggests the presen
e of two distin
t states but the errors

overlap. The e�e
tive masses 
orresponding to these 
orrelation fun
tions are presented in

Figs. 21 and 22. We �t the e�e
tive masses 
al
ulated from the spin-

1

2

and spin-

3

2

proje
ted


orrelation fun
tions at time sli
es 19�22 and 15�20, respe
tively. Due to the poor signal,

results for only the three largest quark masses are shown. The masses of these states are

presented in Fig. 23 along with the mass extra
ted with the NK interpolator and energies

18



FIG. 19: Masses of the I(J

P

) = 1(

1

2

�

) and 1(

3

2

�

) states extra
ted with theNK

�

interpolating �eld

as a fun
tion of m

2

�

. For 
omparison, we also show the mass of the I(J

P

) = 1(

1

2

�

) state extra
ted

with the NK pentaquark interpolator in a 
orrelation-matrix analysis [5℄, and the masses of the

S-wave N + K, N + K

�

and � + K two-parti
le states. Some of the points have been o�set

horizontally for 
larity.

FIG. 20: As in Fig. 2, but for the isove
tor positive parity 
hannel.

of the relevant two-parti
le states. Neither state extra
ted with the NK

�

interpolator lies

below the lowest energy s
attering states, whi
h is ne
essary for binding. Therefore the

analogous latti
e resonan
e signature is also absent in this 
hannel.
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FIG. 21: E�e
tive mass of the I(J

P

) = 1(

1

2

+

) pentaquark obtained from the NK

�

interpolator.

The data 
orrespond to m

�

' 830MeV (squares), 700MeV (
ir
les), and 530MeV (triangles).

FIG. 22: As in Fig. 21, but for the I(J

P

) = 1(

3

2

+

) state.

IV. CONCLUSIONS

We have 
ompleted a 
omprehensive analysis of the isospin and parity states of the spin-

3

2

pentaquark. Following our previous work [5℄, we sear
h for the standard signature of a

resonan
e in latti
e QCD, where the presen
e of attra
tion renders the resonan
e mass lower

than the sum of the free de
ay 
hannel masses at quark masses near the physi
al regime.

This standard latti
e resonan
e signature has been observed for every 
onventional baryon

resonan
e ever 
al
ulated on the latti
e [17, 18, 19, 20, 21℄.

In the 
ase of a pentaquark resonan
e, the relative mass splitting is expe
ted to vanish in
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FIG. 23: Masses of the I(J

P

) = 1(

1

2

+

) and 1(

3

2

+

) states extra
ted with the NK

�

interpolating

�eld as a fun
tion of m

2

�

. For 
omparison, we also show the mass of the I(J

P

) = 1(

1

2

+

) state

extra
ted with the NK pentaquark interpolator [5℄, and the masses of the P -wave N +K, N +K

�

and the S-wave N

�

+K two-parti
le states. Some of the points have been o�set horizontally for


larity.

the heavy quark limit. Therefore the analogous latti
e resonan
e signature for a pentaquark

state will exhibit a negative mass splitting at intermediate quark masses, with a general

trend towards zero as the heavy quark limit is approa
hed.

In our examination of spin-

3

2

pentaquark states we have dis
overed eviden
e of the stan-

dard latti
e resonan
e signature, in the spin-

3

2

positive-parity isos
alar 
hannel. At interme-

diate quark masses, the presen
e of attra
tion between the 
onstituents of the pentaquark

baryon is suÆ
ient to render the mass of the pentaquark state lower than the N +K two-

parti
le threshold. The mass splitting approa
hes zero as the light quark masses be
ome very

large, in a

ord with expe
tations. Moreover, Fig. 15 suggests that the resonan
e signature

might prevail on larger latti
es, and provides a hint that the mass splitting will de
rease as

the light quark mass regime is approa
hed, allowing the transition to a resonan
e at physi
al

quark masses.

Future work must explore the volume dependen
e of the binding observed in the spin-

3

2

positive-parity isos
alar 
hannel. Otherwise, one 
annot 
ompletely rule out the possibility

that the observed binding is a pure �nite-volume e�e
t, re
e
ting a non-trivial s
attering

phase shift [29℄ in the I(J

P

) = 0(

3

2

+

) N K s
attering 
hannel at momentum p = 2�=L. If
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this is the 
ase, the mass splitting will go to zero as the volume of the latti
e is in
reased. On

the other hand, a genuine single-parti
le state is expe
ted to have a small volume dependen
e

su
h that the negative mass splitting is preserved in the in�nite volume limit. As Fig. 15

illustrates, the observed mass splitting with the N +K two-parti
le threshold is suÆ
ient

to maintain the latti
e resonan
e signature in the event that the volume dependen
e of the

spin-

3

2

positive-parity isos
alar state is indeed small.

The I(J

P

) = 0(

3

2

+

) 
hannel is therefore an interesting pentaquark resonan
e 
andidate

for further study. Chiral fermions su
h as the overlap fermion a
tion [30℄ allowing a

ess

to the lightest quark masses [31, 32℄ should be brought to bear on this parti
ular 
hannel.

High statisti
s studies will be vital in rendering a 
on
lusive result. Alternative resonan
e

signatures su
h as the volume dependen
e of the residue [8, 14℄ or invarian
e under hybrid

boundary 
onditions [9, 10℄ should also be brought to bear on this most promising 
hannel.

Ultimately, it will be important to investigate the nature of this state in full QCD, where

the dynami
al generation of quark-antiquark pairs is a

ounted for in the 
onstru
tion of

the gauge �eld ensemble.
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