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1. Introduction

We present the results of our search for the ex@ic pentaquark resonance, which has
strangeness +1 and minimal quark conteatics. Since the spin, parity and isospin of tRe
remain open questions, we have explored [1, 2] a wide spagaasitum numbers using an exhaus-
tive array of interpolating fields, including for the firstnte a study of th©™" as a possible spin-3/2
state [2]. Key to this work is the formulation of a robust neaoce signature in lattice QCD that
can distinguish a resonance from possible scatteringsstatee volume dependence of the residue
of the lowest lying state has been proposed as a way to igentiésonance [3, 4]. Alternatively,
hybrid boundary conditions, i.e. choosing a different lany condition for theu, d-quarks com-
pared to thes-quark, have been proposed in Refs. [5, 6, 7] to differemtthe resonance from a
scattering state. Our method, which is complementary teetlapproaches, is to look for sufficient
attraction between the constituents of the pentaquark stath that the mass of the pentaquark
state is less than the energy of the corresponding free ddwaynel. We refer to this in [1, 2]
as the “standard lattice resonance signature” in lattic® @€cause we have universally observed
this behaviour at the quark masses that have been consiteséutlies of conventional baryons
[8,9, 10, 11, 12].

In Sec. 2 we present the details of our lattice simulationSéi. 3 we present our analysis of
the even and odd parity, spin-1/2 and spj2pentaquark states, in both the isoscalar and isovector
channels. As we will see there is clear evidence of the stdridttice resonance signature in the
I(JP) = 0(3/2*) channel. As we conclude in Sec. 4, thi8(R") state is a worthy candidate for
future study of thé®™ pentaquark in lattice QCD.

2. Lattice Details

2.1 Lattice Simulations

In our analysis we use a large2040 lattice. Using the mean-field(a?)-improved Luscher-
Weisz plaquette plus rectangle action [13], the gauge cordipns are generated via the Cabibbo-
Marinari pseudoheat-bath algorithm with three diagona{Zdubgroups looped over twice. The
lattice spacing is 0.128(2) fm, determined using the Sonsoalery = 0.49 fm. For the fermion
propagators, we use the FLIC fermion action [14]/&@)-improved fermion action with excellent
scaling properties providing near continuum results atdfilaittice spacing [15]. A fixed boundary
condition in the time direction is implemented by settiigX, N;) = 0 V X in the hopping terms of
the fermion action, and periodic boundary conditions angased in the spatial directions. Gauge-
invariant Gaussian smearing [16] in the spatial dimensisagplied at the fermion sourcetat 8
to increase the overlap of the interpolating operators thighground states. Six quark masses are
used in the calculations, witk = {0.127800.128300.128850.129400.129900.13025 pro-
viding amy; = {0.540,0.500,0.453 0.400,0.345,0.300}. The strange quark mass is taken to be the
third largest g = 0.12885) quark mass. This provides a pseudoscalar mass of 697 MeV which
compares well with the experimental value\yffZM}% — M2 =693 MeV motivated by leading order
chiral perturbation theory. The error analysis is perfairbg a second-order, single-elimination
jackknife, with thex? per degree of freedom obtained via covariance matrix fitthEu details of
the fermion action and simulation parameters are providdeis. [14, 15].
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2.2 Interpolating Fields

In this section we review the interpolating fields that we imseur pentaquark studies. The
two general types of pentaquark interpolating fields we iciemsare those based on aNK” con-
figuration (eithemK* or pK®), and those based on a “diquark-diquaflconfiguration. Below is
a summary of the interpolating fields we use that only coupkgpin-1/2 states,

Xk = %sﬁb%wmdb){u‘:(@ewsde) + (ued)

Xk = e T Cl) (1(Sid) F (U )
Xps = Eibceaefebgh(uTeCdf)(uTgCVSdh)CS—Tc
Xss = eIy (T Cpd®)CST®. (2.1)

For xnk and Xy, the — and+ corresponds to the isospin= 0 and 1 channels, whilges andxss
access isoscalar and isovector states respectively.

In addition to these fields we have also considerel Kii-type field that couples to both spin-
1/2 and spin-3/2 states and we propose to study a diquatkidicgtyle field, similar to that used
in [7], which couples to both spin-1/2 and spin-3/2 statesluding isovector states,

X = %sabC(UTaCygdb){uc('gpiy“de) T (ue—d)}
xls = €U CyyHd®) { (" Cysd®) F (U™ Cysd®)  CST, (2.2)

where the— and+ corresponds to the isospin= 0 and 1 channels, respectively. To project states
of definite spin from the correlation function we apply thangprojection operators [10],

3

1 1
Piv(p) = Guv — gVl — (Y- PYubv + PuWwy-p),
3

3p2
1 3
Piv(P) = Guv —Piv(p) - (2.3)
2.3 Lattice Resonance Signature

The presence of binding at quark masses near the physidaladms been universally ob-
served in our studies of nucleon resonances and is centtaketstudy of the electromagnetic
properties of decuplet baryons [17] and their transitidt®& [L9, 20] in lattice QCD. In Fig. 1 we
show the spectrum of nucleon aAdesonances [9, 10]. The solid curve is the S-Wewert decay
channel energy corresponding to th&1 and 32~ states which clearly become bound, i.e. the
mass of the resonance beconhess than its decay channel energy, at the quark masses shown.
This what we refer to as the standard lattice resonancetsignaf binding at quark masses near
the physical regime. Note that th¢ 3 state also becomes bound as it decays to a P-\Naver
(not shown), which due to finite volume effects is at a highreargy than the S-Wawd + 1t.

To search for evidence of ti@&" we require a precise measurement of the splitting betwesen th
mass of the pentaquark state and the free decay channeleHerice we define an effective mass
splitting where both correlated and systematic errors darénmsed. For example in an S-wave
decay channel,

AMET(t) = MEJ(t) — (ME(t) + My (1))
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Figurel: Summary of nucleon resonances [9, 10], the solid curve isnh&s of the S-Wavl + 1T decay
channel corresponding tg/2~,3/2~ parity states.

=" meq — (Mg +mu) (2.4)
whereMgf(t) and MEf(t) are the appropriate baryon and meson effective masses foecifis
channel. In the case of a P-Wave decay channel, the effetiigses of each decay constituent
is combined with the minimum nontrivial momentum on thei¢&tt 2r7/L, to create the effective
energyE®f(t) = \/(Mef(t))2 4 (2r/L)2.

3. Results

In this section we present a summary of the findings from autiss of the©™ pentaquark.
In Fig 2 we present a summary of our most relevant results. Ndetlfiat the negative parity states,
spin-1/2 and spin-3/2, isocalar and isovector are moreinet®gn their respective decay channels.
While this does not necessarily exclude the existence abthpentaquark, Mathur et al. [3] have
shown that the @/27) is indeed &N + K scattering state. Its mass is shifted higher than the free
decay channel energy, due to finite volume effects, and Hifs gan be related to the scattering
length for which we find values the order ofl fm with a trend towards the experimental value. In
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Figure2: A summary of results extracted with spin-1/2 and spin-3f2aguark interpolators.
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the spin-1/2, positive parity channel we found that the nadi$ise pentaquark states are consistent
with their decay channel energies.

Our most striking observation of the standard lattice rasee signature is in the(8/2")
channel, which shows evidence of binding at quark massegmeahysical regime and also dis-
plays the appropriate approach to the limit of very heavyrkjnaasses that one expects for a five
quark state based on quark counting rules.
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Figure3: The masses of theg8/2+) (left) and 0 1/2+) (right) pentaquark states minus the P-Walxe K
decay channel energy.

Figure 3 shows the masses of thd/®+) and (3/2+) pentaquark states minus the P-Wave
N -+ K decay channel energy. The physical mass of3fieminus the physical P-Waweé + K decay
channel energy, adjusted for our finite volume lattice, spldiyed for comparison. The standard
lattice resonance signature is seen in t(@/2+) channel, whereas existence of binding in the
0(1/2+) channel remains inconclusive due to large statistical tiaicgies.

4. Conclusions

We have completed a comprehensive analysis of the isosyiparity states of the spin-1/2
and spin-3/2 pentaquark. We find no evidence of the stand#idd resonance signature for nega-
tive parity spin-1/2 or spin-3/2 states. Due to large diatiserrors we could not determine if there
exists evidence of binding in the positive parity spin-1faenel. However, in our examination
of 0(3/2") pentaquark state we have discovered evidence of the sthladtice resonance signa-
ture making it a prime candidate for future study. An analysfithe volume dependence of this
signature to determine if it suggests the existence o&th@entaquark remains as future work.
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