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1. Introduction

The observed mass pattern of scalar mesons below 1 GeVfralied in Fig. 1, does not
agree with the expectations for the conventiogginonet. The observed orderimg, < M.0(980)
can not be reconciled with the conventiomsiand ud states sinceng, > mg, is expected due to
ms > my. This is the key observation which points to the tetraquatkrpretation, where light

scalar tetraquark resonances may be formed by combiningad“gscalar diquark

[0Qla = £,,JapCYQc — QCYsad]  (color and flavor ant triplet) (1.1)

with a “good” scalar anti-diquarkgQla [1]. The statedqqy 3 [(ﬁj3f 5 form a flavor nonet of
f29C e

color-singlet scalar states, which are expected to be lighthis case, thé = 1 state[ug [dS] with
additional valence pasis naturally heavier than the= 1/2 state[ud|[dS] and the resemblance
with the observed spectrum speaks for itself.

Light scalar tetraquarks have been extensively studiechenpmenological models [1], but
there have been only few lattice simulations [2, 3, 4]. Thennudostacle for identifying possi-
ble tetraquarks on the lattice is the presence of the sitajteontributions in the correlators. All
previous simulations considered orly= 0 and a single correlator, which makes it difficult to dis-
entangle tetraquarks from the scattering. The strongashdbr ¢ as tetraquark was obtained for
m;; ~ 180— 300 MeV by analyzing a single correlator using the sequieatipirical Bayes method
[3]. This result needs confirmation using a different metffod example the variational method
used here) before one can claim the existence of light tedr&g on the lattice with confidence.

We study the whole flavor pattern with=0,1/2,1 and our goal is to find out whether there
are any tetraquark states on the lattice, which could beifaehwith observed resonance$600),

K (800) anda,(980). Our methodology and results are explained in more det]in
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Figure 1: Observed spectrum of scalar mesons below 1 GeV (left), hegestith the expected spectrum for
the nonet of scalar tetraquarks (middle) and compared wifpiaal qq spectrum (right).

2. Latti

ce simulation

In our simulation, tetraquarks are created and annihilbyediquark anti-diquark interpolators

' = [ud][ud] ,

o' =[ud[dg, ¢'"'=ug[d].

2.1)
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In each flavor channel we use three different shapes of itegrs at the source and the sink

01 = Q[ Q] s 05 = [awQu)[GQl» % = [anQu][ G, Q) - (2.2)

Hereq, andqy, denote “narrow” and “wide” Jacobi-smeared quarks. We usetbxthe same two
smearings as applied in [6], which have approximately Gaosshape and a width of a few lattice
spacings. In order to extract energigsof the tetraquark system, we compute the3correlation
matrix for each isospin

Zé*’-’*‘ (0jg! (x,1)0]7(0,0) )10) 5 5= (016! n)(n|&{T|0) e~ = va e Bl (2.3)
n

Like all previous tetraquark simulations, we use the queddipproximation and discard the
disconnected quark contractions. These two approximgattiow a definite quark assignment to
the states and discafdq][qq) + qg +» vac mixing, so there is even a good excuse to use them
in these pioneering studies. We work on fwmlumesV = L3 x T = 16% x 32 and 13 x 24 at
the same lattice spacirag= 0.148 fm [6]. The quark propagators are computed from the @ira
Improved Dirac operator [7] with periodic boundary coratiis in space and anti-periodic boundary
conditions in time. We useya=m, ;a=0.02, 0.04 and 006 corresponding tm, = 344, 475 and
576 MeV, respectively. The strange quark masa = 0.08 is fixed fromm(p. The analysis requires
the knowledge of the kaon masses, which are, 5&, 620 MeV forma= 0.02, 0.04, 0.06.

The extraction of the energies from the correlation fumiaising a multi-exponential fit
Cj= znw"nj e Bl is unstable. A powerful method to extract excited stategiesiis the variational
method, so we determine the eigenvalues and eigenvectonstiie hermitian % 3 matrixC(t) 2

C(t)Vn(t) = An(t)Vn(t) - (2.4)

The resulting large-time dependence of the eigenvalyéy = wye Bt [1+ &(e72)] allows a
determination of energies, , , and spectral weights,, ; ,. The eigenvectorg,(t) are orthogonal
and represent the components of physical states in terneziational basis (2.2).

3. Results

Our interpolators couple to the tetraquarks, if these ghigtthey also unavoidably couple to
the scattering statesr (I = 0), Kt (I = 1/2) andKK, mnss (I = 1) as well as to the heavier states
with the same quantum numbers. The lowest few energy le¥éhe scattering state?i(l_(') PZ(—R)

< 21j\ 2 2mmj\ 2
P
E 1() ( J) Nmpl—l_mpz, eey \/m%l_l_ <T> +\/m|232+ (T) g (3'1)

are well separated for olr and we have to identify them before attributing any energglke
E >~ my « 5, t0 the tetraquarks.

The three energy levels for= 0 are represented by the effective masses of the three eigen-
valuesAp(t) in Fig. 2. Similar effective masses are obtained for all iges, quark masses and

1Equal smearings are used on both volumes.
2We use the standard eigenvalue problem in order to saty.
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volumes. The energie, , , extracted fromA, ; ,(t) are summarized in Fig. 3 for all isospin
channels. The excited energies were obtained from a cdowmahttwo-parameter fif\, ,(t) =

w, [eFret + e F12(T=]. The fit of Ag () (A.1) takes into account a non-standard time dependence
at finite T (noticed from decreasing),;; neart ~ T /2) and is described in Appendix.

three eigenvalues fol=0, ma=0.04 V=16x32
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Figure 2: Effective masses for the three eigenvalﬂgiz(t) atl =0,ma=0.04 anaV = 16° x 32. They

are obtained from conventional cosh-type definition, exéapthe full diamonds which are obtained from
Ao(t) — const= wy[e ettt 4 e~ Me1(T1] (see Appendix). The lines give energy levels for the sdatjer
states: full lines present non-interacting energies, evbdéashed lines take into account tree-level energy
shifts.

Theground stateenergies i =0,1/2 and 1 channels are close o2 m;+m, and 2n,, m;+
my,., respectively, which indicates that all ground statessspond to the scattering statﬁ@) P2(6)
(see Fig. 3). Another indication in favor of this interptédga comes fromw,(L = 12) /w,(L =
16) ~ 16%/12® (see Fig. 4). This agrees with the expected dependegce 1/L3 for scattering
states [3], which follows from the integral over the loop mmtaf%f(l?,t) — L_lsZp f(R,t)
with dk = 2m1/L. The third indication comes from a non-standard time depeoel ofA,(t), which
agrees with the expected time-dependendél@) Pz(ﬁ) at finite T (see Appendix).

The most important feature of the spectrum in Fig. 3 is a lg@e above the ground state:
the first and the second excited stadgpear only at energies above 2 GeV. Whatever the nature of
these two excited states are, they are much too heavy tespord too (600), k (800) or a,(980),
which are the light tetraquark candidates we are after. Waeeixcited states may correspond to
P, (k)P,(—k) with higherk or to some other energetic state. We refrain from identifytire excited
states with certain physical objects as such massive stega®t a focus of our present study.

Our conclusion is that we find no evidence for light tetraggaat our range of pion masses
344— 576 MeV. This is not in conflict with the simulation of the Keky group [3], which finds
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Figure 3: Three lowest energy levels from tetraquark correlators4n0,1/2,1 channels at lattice vol-
ume 16 x 32. The lines give analytic energy levels for scatteringestafull lines present non-interacting
energies, while dashed lines take into account tree-lenarlgy shifts.

indication for an = 0 tetraquark for pion masses 18@00 MeV (but not above that) since all our
pion masses are just above 300 MeV.

4. The absence of scattering states witfk| = 271/L in the spectrum

Why are there no states close to the energid? df)P,(—1) with k| = 2m/L in the spectrum
of Figs. 2 and 3? We believe this is due to the fact that all ources (2.2) have a small spatial
extent and behave close to point like. The point source esuil all the scattering states equally
zRgR|P1(I_<')P2(—R)> up to a factorgR, which gives a Lorentz structure of the coupling. In this
approximation each sourca@u,3 (2.2) couples to the few lowest scattering states equalithifiv
our error bars)

4 :CiZQR|P1(R)P2(_R)>+ai|a>‘|‘bi|b) i=123 (4.1)
k

and only the overall strengtttg , 5 are different. We assume also that the sources couple to two

other physical statesandb. Given these linear combinations, one can construct threggonding
3 x 3 correlation matrix and it can be easily shown that its tleigenvalues are

» Aap(t) =Wy e Favl (4.2)

The physical statea andb get their own exponentially falling eigenvalues, while &¢o of few
lowest scattering states contributes to a single eigeevialuhis approximation. The agreement
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Figure 4: The ratio of spectral weights,(L = 12)/w,(L = 16) for | = 0,1/2 as computed from ground
state eigenvalues for two volumes.

of Ay(t) and the analytic prediction (4.2) Wi@i =1 [5] gives us confidence about the hypothesis
(4.1). So our basis does not dissentangle the few lowedtsdogt states into seperate eigenvalues.
They would contribute to seperate eigenvalues only by usidigferent or larger basis.

5. Conclusions and outlook

Our lattice simulation gives no indication that the obsdresonances (600), k (800) and
a,(980) are tetraquarks. However, one should not give up hopes fitinfirithese interesting objects
on the lattice. Indeed, our simulation with pion masses -34%6 MeV does not exclude the
possibility of finding tetraquarks for lighten; or for a different interpolator basis. A stimulating
lattice indication foro as a tetraquark ah,; = 182— 300 MeV has already been presented in [3].
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A. Appendix: Effect of finite T on scattering states

We find that the cosh-type effective mass for the ground ﬁ’gz{éé)Pz(ﬁ) is decreasing near-
T /2 (empty symbols in Figs. 2 and 5), which means fyt) does not behave asF + e F(T—Y)
at larget. The time dependence 9{(6) Pz(ﬁ) with anti-periodic propagators in time is

)\gl(O)Pz(O) (t)= Wo[e_Eot + e—Eo(T—t)] _|_A[e—mP1te_mP2(T—t) 4 e—mpzte_mpl(T—t)] , Eg~mp +ms,.
(A1)
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In the last term one pseudoscalar propagates forward amdhtbebackward in time (see Appendix
A of [8]). The ground state energies for isospins 0 ari@d In Fig. 3 were obtained by fitting
Ao(t) to (A.1) with three unknown parametels, w, andA 3. The effective mass obtained from
Ao(t) — AleMriteMe(T—1) 1 e Meote= ™ (T—1] is flat neartt ~ T /2 (full symbols in Figs. 2 and 5).

Thel = 1 channel containkK and rnss scattering states and is therefore more challenging.
The ground state energies were obtained from a naive otee{stash) fit since a two-state fit is
very unstable.

ground state fol=1/2, V=16x32
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Figure 5: The effective masses for tHe= 1/2 ground states at variouga andV = 16° x 32. Empty
symbols are obtained using the conventional cosh-typetifiemassi,(t) = wyle ™t 4 e Mert(T-V],
while the full symbols take into account the correct foAgit) — Ale Mte M(T-1) 4 g Mtemr(T-0] =
Wo[e_mefft + e_meff(T_t)] for K (0)rm(0) scattering (see Appendix).
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3At the time of our presentation at Lattice 2008, we were natravof the last term in (A.1), so the numerical results
on our slides are slightly different. The general physicadatusions concerning the tetraquarks are however the.same



