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state at the physical quark mass or pentaquarks with moteexave functions.
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In the present paper we report on our extended search foxttie & particle on the lattice
[@]. The difficulty of the lattice approach lies in the facatihe®* (1540 mass is very close to the
nucleon-kaon (KN) scattering threshold. In a finite box tbetmuum of KN scattering states turn
into a stack of discrete energy levels with & (1540 embedded somewhere among them. One
then has the task of reliably separating @g(1540 from these nearby scattering states appearing
in the same channel. In our opinion the confirmation of thetexrice of th&®™ (1540 from lattice
studies is completed only if all the states up to above theewepl location of th©* (1540 have
been identified and th®* (1540 can be clearly separated from the neighbouring scattetaigss

All the published lattice studies so far used rotationayisnmetric quark source arrangements
and none of them could identify the lowest expected nuclemn scattering state imoth parity
channels [R[{IP]. In the present paper we extend our ptevigentaquark search including spa-
tially non-trivial operators. This enables us to use a dikpsiquark-antiquark type wave function
with unit diquark-diquark relative angular momentum [11].

For extracting the lowest few states in the given sector wesider a linear combination of

operators of the form
n

()= 3 90 (1)

&
The correlator ofZ can be expressed in terms of the n correlation matrix

Cij(t) = (6i(t) 0}(0)) 2)

as
_ n

R(t) = (Z2(t)Z(0)) = S viviCjj(t). ©)
i,j=1
Morningstar and Peardon used this cross correlator to ctengtueball masses on the lattide][12].
Their procedure was based on the effective mass defined femexa correlator as

1 [(Ct+a
Meff = —Eln (W) (4)

Let us now consider the effective mass obtained fRyf),

At

m(t) = ——1In — (5)

() At R(t) zir:j:]_ViVjCij (t)
If the correlator contained only different states, the linear combination with the lowegt&ifve
mass would yield exactly the ground state. A simple commriathows that the stationary points of
the effective mass with respect to the varialleg;’ ; are given by the solutions of the generalized
eigenvalue equation

1 {R(HN)}: 1 [Zﬂj_lviVjCij(HAt)

leij (t+At)v; = A Zlcij (t)vj. (6)
= f=

We only asked for the lowest effective mass, but this eigelevaroblem can have many so-
lutions. They can be interpreted using the following geoiuaticture. C;j(t) andC;;(t + At),
both being Hermitian, can be considered to be the compomédrigo quadratic forms on the n-
dimensional space spanned by #is. Cj; (t) can be taken as an inner product on this vector space.
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The effective mass does not depend on the normalizationeo¥ehbtor{v;}, so we can restrict it
to be of unit length (with respect to the inner product judiragel). The stationary points of the
effective mass correspond to the principal axes of the segoadratic formC;; (t 4+ At). In the lan-
guage of the generalized eigenvalue problem this is eaqnivab the statement that two quadratic
forms can always be simultaneously diagonalized in a vesfiace: there is a basis orthonormal
with respect to one quadratic form and pointing along theqgipal axes of the other one.

In the absence of degeneracies the stationary points wil 84.,2... unstable directions deter-
mining the coefficients that yield the ground state and tigbdr excited states. This holds exactly
if there are onlyn states in the correlator. The importance of correctionsicgiitom higher states
can be estimated by checking how stable the whole proceguvet respect to varyingandAt.

Our lattice configurations were generated with the stantiéitson gauge action g8 = 6.0.
For the measurements we used the Wilson fermion action with differentk, 4 values for the
light quarks: 0.1550, 0.1555, 0.1558 and 0.1563. This spgren mass range of 400-630 MeV.
For the strange quark we used a constant 0.1544, which gives the required kaon mass in
the chiral limit. The lattice size was 24 60 and for the largest quark mass we also performed
simulations on a 2bx 60 lattice to see the volume dependence of the observed.state number
of configurations we used was around 200 except for the smvalleme, where we had about three
times more.

For obtaining excited states the proper choice of operasoespecially important. In the
present study we opted for using five different types of spidoscalar operators, including spa-
tially non-trivial ones.

01 Rotationally symmetric nucleos kaon.

0, Rotationally symmetric diquark-diquark-antiquark irmtewed by Zhu [[13] and subse-
quently used by Sasali [3].

03 Nucleon® kaon shifted bys/2.

04 Diquark-diquark-antiquark with= 1 relative orbital angular momentum.

Os Nucleon® kaon shifted bys/4.

The symmetric operator’y — ’3) gave a good signal only in the negative parity channel
while the antisymmetric operatorg’{, Us) had reasonable overlap only with positive parity states.
This can be understood since the parity transformationides a spatial reflection and the nucleon-
kaon system has a negative inner parity. Therefore we udgdlmoperators’; — 3 to extract
negative parity states and operatais— s for positive parity. For more details of the operators
and projection see the contribution by Balint Téth in thisuvoe [14].

After performing the spin and parity projections, we usezldhove described diagonalization
procedure to separate the possible states in both paribnels® We varied bothandAt required
for the diagonalization over a range of% and included the systematic uncertainties coming from
this variation in the final error bars. We had to extract thedst masses from the correlator of
each stationary linear combination of the operators. hddrout that for the excited states neither
a correlated nor an uncorrelated fit with a single exponk(t@sh) was satisfactory since in the
asymptotic region where a one exponential fit could work @ avere rather noisy. We used the
following technique instead.
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Figure 1. The effective masses for the first two states in the negaévigychannel fox = 0.1550 and the
fitted exponentials.

If one plots the effective mass I@ft)/C(t+ 1) as a function ot, it should show a plateau
at asymptotically large values. It is easy to show that the effective mass approdthetateau
exponentially:

m,(t) = m-+a-exp(—bt) t— oo, (7)

wherem s the lowest mass in the given channel. One can fit the efeeatiasses with the above
formula and use it to extract the lowest masses. In this wayatso uses the information stored in
the points before the plateau even if the plateau itselfisynd his technique turned out to be very
stable and we could start to fit the effective masses=a, 3. Fig.[] illustrates the method for the
first two states in the negative parity channekat 0.1550.

In both parity channels we extracted the two lowest masshiwve denote byny andmy).
It is straightforward to define the ratmm = m/(my + mk ) which compares the possible scattering
and pentaquark states to the nucleon-kaon threshold. Terimental value ofx for the @
particle isag+ = 1.07.

The summary of our results including also the pion, kaon amtdemn masses is given in
Table[1. The zero momentum scattering state is just at tieslibtd. Above that scattering states
are expected to appear at

Ec= /M + P2+ R+ 0 ®)

where o
PL= Pk = P1,V2p1, V3p1, ... 9)

S

The ratio ofE; to the threshold is 1.151, 1.166, 1.177, 1.202&c£ 0.15500.15550.1558 and
0.1563, respectively for our larger volume. For the smalldunee (s = 20) atk = 0.1550 this
ratio is 1211. We can see that in all cases the measured mass ratiamarstent with the scatter-
ing states. The expected and measured volume dependentesfiost excited state for negative
parity and the ground state for positive parity is shown ig. B

For the highest quark mass, where we had the largest statvgé also performed the whole
analysis for the isovector channel. The extracted masskthair volume dependence turned out
to be gualitatively similar to those in the isoscalar channe
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size | parity | kuq | am; | an | any | ap | a; |
28x60] - [0.1550] 0.296(1)] 0.317(1)] 0.642(6)] 1.01(1)| 1.16(5)
28 x60| - |0.1555|0.259(1)] 0.301(1)| 0.613(5)| 0.99(1)| 1.16(5)
28 x60| — |0.1558] 0.234(1)] 0.290(1)| 0.592(6)| 0.99(1)| 1.14(8)
28 x60| - |0.1563] 0.185(1)| 0.272(1)| 0.545(7)] 0.98(2) | 1.28(13)
| 20°x60| - |0.1550] 0.295(1)] 0.316(1)| 0.647(7)| 1.00(1)| 1.24(8)]
28 x60] + |0.1550] 0.295(1)] 0.316(1)| 0.636(6)| 1.16(2) | 1.45(16)
28 x60| + |0.1555| 0.258(2)] 0.299(2)| 0.615(14)| 1.13(3) | 1.39(15)
28 x60| + |0.1558] 0.233(2)] 0.288(2)| 0.595(12)] 1.09(5) | 1.39(17)
28 x60] + |0.1563] 0.184(3)| 0.270(2)| 0.552(10)| 1.14(8) | 1.31(32)
| 2°x60| + |0.1550] 0.295(1)| 0.316(1)| 0.647(6)| 1.21(2) | 1.48(12)]

Table 1: The measured pion, kaon and nucleon masses and the ratmfoktitwo five-quark states in both
parity channels to thKN threshold.
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Figure 2: The volume dependence of the two lowest states in the twayparannels (left panel: negative
parity; right panel: positive parity). The solid lines igdte the expected scattering states with 0 momentum
and the first two non-vanishing momenta. The dashed line sliogvexperimental value of the pentaquark
state.

The individual results in the odd and even parity channeidbessummarized as follows (based
on the statistically most significant, highest quark maskassuming thatng: /(my + mk ) scales
with the quark mass).

1. Odd parity. We extracted the two lowest lying states. The lower one igtifled as the
lowest scattering state with appropriate volume depereléndhis case the p=0 scattering means
no volume dependence). This state s below the®@' state. The volume dependence of the
second lowest state is consistent with that of a scattetatg svith non-zero relative momentum.
For our larger/smaller volumes this state is 1.8#1ahove theD™ state. None of these two states
could be interpreted as ti@" pentaquark.
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2. Even parity. The two lowest lying states are identified. The volumes aoseh such that
even the lowest scattering state is above the exp&tegoentaquark state. The volume dependence
of the lowest state suggests that it is a scattering statebdib volumes this state isog6above
the ©" state. Since the energy of the second lowest state is ewger,larone of them could be
interpreted as th®* pentaquark.

To summarize in both parity channels we identified all the'lmeatates both below and above
the expectedd state. Having done that no additional resonance state waslfoThis is an
indication that in our wave function basis @ pentaquark exists (though it might appear in an
even larger, more exotic basis, with smaller dynamical kjozasses or approaching the continuum
limit).

References

[1] F. Csikor, Z. Fodor, S. D. Katz, T. G. Kovacs and B. C. TattXiv:hep-lat/0503012.

[2] F. Csikor, Z. Fodor, S. D. Katz and T. G. Kovacs, JHER 1, 070 (2003). [arXiv:hep-lat/0309090].
[3] S. Sasaki, Phys. Rev. Lefi3, 152001 (2004). [arXiv:hep-lat/0310014].

[4] N. Mathuret al,, Phys. RevD70, 074508 (2004). [arXiv:hep-ph/0406196].

[5] N. Ishii, T. Doi, H. lida, M. Oka, F. Okiharu and H. Suganapihys. RevD71, 0340001 (2005).

[6] T.T. Takahashi, T. Umeda, T. Onogi and T. Kunihiro, PHgsy. D71 (2005) 114509
[arXiv:hep-1at/0503019].

[7] T. W. Chiu and T. H. Hsieh, Phys. Rev. T2 (2005) 034505 [arXiv:hep-ph/0403020].

[8] C. Alexandrou, G. Koutsou and A. Tsapalis, Nucl. PhyadSuppl140 (2005) 275
[arXiv:hep-1at/0409065].

[9] B. G. Lasscoclet al,, Phys. Rev. D72 (2005) 014502 [arXiv:hep-lat/0503008]; B. G. Lasscock,
D. B. Leinweber, W. Melnitchouk, A. W. Thomas, A. G. WilliaiR. D. Young and J. M. Zanotti,
arXiv:hep-lat/0504015.

[10] K. Holland and K. J. Juge [BGR (Bern-Graz-Regensbuig)aboration], arXiv:hep-lat/0504007.

[11] R. L. Jaffe and F. Wilczek, Phys. Rev. L&3i., 232003 (2003) [arXiv:hep-ph/0307341],
hep-ph/0312369.

[12] C. J. Morningstar and M. J. Peardon, Phys. Re&6[§1997) 4043 [arXiv:hep-lat/9704011]; Phys.
Rev. D60 (1999) 034509 [arXiv:hep-lat/9901004].

[13] S. L. Zhu, Phys. Rev. Letf1, 232002 (2003) [arXiv:hep-ph/0307345].
[14] F. Csikor, Z. Fodor, S. D. Katz, T. G. Kovacs and B. C. TpRoS(LAT2005)0%8

066 /6


http://pos.sissa.it/archive/conferences/020/088/LAT2005_088.pdf

