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Hybrid meson decay from the lattice
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We discuss the allowed decays of a hybrid meson in the heavy quark limit. We deduce that an important
decay will be into a heavy quark nonhybrid state and a light quark meson, in other words, the deexcitation of
an excited gluonic string by emission of a light quark-antiquark pair. We discuss the study of hadronic decays
from the lattice in the heavy quark limit and apply this approach to explore the transitions from a spin-exotic
hybrid to y, 7 and y,S whereSis a scalar meson. We obtain a signal for the transition emitting a scalar meson
and we discuss the phenomenological implications.
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[. INTRODUCTION The way to organize this is to classify the gluonic fields
according to the symmetries of the system. This discussion is
Hybrid mesons are those with nontrivial excited gluonicvery similar to the description of electron wave functions in
components. The simplest such case is when the spin-paritjiatomic molecules. The symmetries grgrotation around
is exotic, namely, not allowed in the quark model. Here wethe separation axis with representations labeled By, (ii)
specialize to heavy quarks and so our comparisons with eX2 P with representations labeled lgyand u and (i) CR.

periment will be forbb systems. In this context, there will be Here C interchange® andQ, P is parity andR is a rotation
a spin-exotic §°°=1"") meson whose properties can be of 180° about the mid-point around tlyeaxis. The QR op-
determined from lattice QCD. We review here first the infor- eration is only relevant to classify states wilhb=0. The
mation on the nature and spectrum of such excited gluoniconvention is to label states §=0,1,2 by ,II,A respec-
states. We then discuss in general the allowed decay modésely.
of such a state. In most of this discussion we focus on pre- In lattice studies the rotation around the separation axis is
dictions in the heavy quark limit, so with heavy quark, spin-replaced by a four-fold discrete symmetry and states are la-
flip neglected. beled by representations of the discrete grdug,. The

We then review lattice methods to extract hadronic tranground state configuration of the color flux is thEGi (Ag
sition matrix elements. In the case of hybrid decay, we exon the latticé. The exploration of the energy levels of other
plore the creation of a light quark-antiquark state from therepresentations has a long history in lattice stufi2e3]. The
gluonic field of the hybrid meson. It is possible to fulfill the first excited state is found to be thg, (E, on a lattice—see
rather restricted conditions on a lattice and we are able t@ig. 1 for an illustration. This can be visualized as the sym-
explore these transitions. We study hybrid meson transitionmetry of a string bowed out in thedirection minus the same
to x,7 and x,S where S is a scalar meson. We obtain a deflection in the—x direction (plus another component of
signal for the transition emitting a scalar meson and we disthe two-dimensional representation with the transverse direc-

cuss the phenomenological implications. tion x replaced byy), corresponding to flux states from a
lattice operator which is the difference of U-shaped paths
Il. HYBRID STATES ON THE LATTICE from quark to antiquark of the form —LI.

. . . A summary of lattice determinations of the energy of this
The static quark approach gives a very sEa|ghtforwarqowest hybrid statgl] puts it atm(H) =10.76(7) GeV foib
way to explore hybrid quarkonia. These will Q&Q states i quarks, so approximately 1.3 GeV heavier than YheThis
which the gluonic contribution is excited. The ground statepypyid state in the adiabatic approximation will have lowest
of the gluonic degrees of freedom has been explored on thgngylar momenturh =1 and combining this with the heavy

lattice, and, as expected, corresponds to a symmetric cigaguark spins gives 8 degeneral® values. Of special inter-
like distribution of color flux between the two heavy quarks gt s the spin exotic state witf©=1""* which is expected

Z_t se_gar_atiorR hthe canléhen CO”St”éCt Iesls symmetric colorig pe the lightest spin-exotic meson. Since it is spin-exotic, it
istributions which would correspond to gluonic excitations. . i\ the non-hybridQ states and is thus of

For a review see Ref.1l]. The properties of the physical : . : |
; ) . considerable theoretical and experimental interest.
states can then be obtained from these static potentials by

solving the Schrdinger equation in the adiabatic approxima-

tion. Iil. HYBRID MESON DECAYS
We shall be discussing hybrid meson decays in the heavy
*Electronic address: cmi@liverpool.ac.uk quark limit, so our conclusions will be more applicablebto
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cussed above, decays to quarkonia are only allowed inp a

state in the heavy quark limit. Thus decayssg or Y (1s)

proceed by heavy quark symmetry violatioisf order

1/My). We do not discuss these modes further here.
Selection rules have been proposed for hybrid decays, for

example[6] that H-AX+Y if X andY have the same non-

- o ] relativistic structure and each hias=0. This would rule out

o BB, BB* and B*B* and the analogous cases for charm
i B T quarks. This selection rule can be addressed directly from the
r B Ay 1 static quark approach. The symmetries in this case of rota-
r o 1 tions and reflections about the separation axis have to be
o 8 preserved in the strong decay. From the initial state with the

05— @ = gluonic field in a given symmetry representation, tftgpair
S IS ISV B S must be produced in the decay in such a way that the com-
0 R 4 6 8 bined symmetry of the quark pair and the final gluonic dis-
R/a tribution matches the initial representation.
FIG. 1. The ground stateA() of the static potentiaV/(R) and We first discuss decays of non-hybrid qgarkor_lia _to set the
the first gluonic excitationE,) from this work withN;=2 flavors ~ Sceéne. For the ground state of the gluonic excitatibig (
of sea quarkof approximately the mass of the strange quaik ~ Non-hybrid we haveJ,=0 and everCP. Thus, for this state
lattice units witha~0.1 fm. The energy of a scalar meson with to decay to Qq)(Qq) with each heavy-light meson having
momentums/8a above the ground state potential is shown by thel =0, the final gluonic distribution is also spatially symmet-
continuous line. ric about the separation axigctually it is essentially two
spherical blobs around each static source binding the heavy

light mesong Then anyqq pair production has to respect
quark systems thaoquarks. From the adiabatic approxima- this symmetry and hav& =0 and everCP. Since each light
tion, one solves the gluonic field around a static quark-quark has no orbital angular momentum about the separation
antiquark at separatioR to determine a potential first and axis, theCP condition then require§;;=1, a triplet state.
then solves the Schdinger equation in that potential. For a This conclusion for the light quark spin assignment can be

spin-exotic hybrid with an excited gluonic field havidg  tested by the ratio oBB,BB* andB*B* decays.
=1 about the interquark axis, it follows that the quark- e now consider decays from a heavier quarkonium state
antiquark must have orbital angular momentum greater thagy a lighter such statéwith both intial and final quarkonia in
or equal to one unit and we will assume the least angulaghe most-symmetric gluoniEg representationwith emis-
momentum allowed, namely a P-wave. Hence the quarksion of a light quark-antiquark pair which form a flavor-
antiquark system has=1 in the hybrid and this will persist singlet meson. This flavor singlet meson must be produced
to the final state in any decay. Furthermore the spin-exotiGjth CP even andl,=0 again. Possible modes are a scalar
hybrid has the heavy quark-antiquark in a spin triplet so thiSyeson or a vector meson wiBy=0 which are both allowed
(and its spin projectiohwill also_persist to thg final stat_e N in a symmetric spatial state. Note that decay to a pseudo-
any decay. The potential that binds the hybrid meson is relagcajar meson is not allowed since the required spatial wave
tively flat (see Fig. 1 Hence the hybrid meson has an ex-fnction would have to be in 3 representation but this is
tended radial wave function, for examplpt,5] with not realizable for a meson with no spin.
R-dependence ofiy~R%~ (¥°5Y" in units of fm for the The spin nature of the quark-antiquark pair produced in
inter-quark coordinat® for b quarks. This has implications hadronic decays has been widely discus§&H A color-
for their production and decay. For instance, any vector hysinglet light quark-antiquark pair can be produced from color
brid state will only be weakly produced e~ collisions  flux oriented in thez-direction with vacuum quantum num-
because the wave function at the origin is suppressed.  bers CP=+1,J,=0, flavor singlet either as a scalar meson
We shall later consider transitions at fix&from the  (3p; mode) or as the zero-helicity component of a vector
hybrid state to the P-wavg, state with radial wave function meson ¢S, mode). The lattice study of flavor singlet me-
approximatelyu, ~ R2e~(R0337 \ith R in fm. The lack of  sons suggests that the former is a much laf§éamplitude
nodes in the relevant wave functions implies a spatial wavén general. In any specific case, however, the amplitudes can
function overlap factor which is quite largée., assuming be determined explicitly, and this we undertake for hybrid
the transition rate is independentRffor the above normal- decays.
ized wave functiong u,u,dR=0.63). For theJP¢=1"" hybrid we have a gluonic field with
Given the mass estimate above, the open channels =1 and oddCP. For the case of decay to ®6)(Qq)
decay of aJP¢=1"" hybrid includeBB*, B*B*, 5,7,  Wwith each heavy-light meson havig=0, this would imply
7'y Xo7, XpS, Y(1s)w andY (1s)¢ whereSis a scalar  that theqq would have to be produced with=1 and odd
meson which can subsequently decayrte (note decay to  CP. This is not possible since the triplet state would have
BB is not allowed byC conservation However, as dis- evenCP while the singlet state cannot hadyg=1. This is

aV(R)
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TAB.I_E. l. Hyprid decays by string. de-excitation in the heavy in energy such as the™I" hybrid and they,» final state
quark limit emitting a f;aCVOF singlet light quark-antiquark meson where the light quark mass is adjusted so that there is equal
with quantum numberg™™. This meson has a wave function rela- energy in both systems. This and similar lattice studies will

tive to the heavy quark-antiquark system in the representatiopnable some further guidance to be given for experimental

L-wave about the heavy quark system.

JPC IV. DECAYS FROM THE LATTICE

Meson wavefn. L, CP L Example

Consider the generic transitidth— A+ B whereA andB
represent stable particles aHds unstable to decay. Here we
assume that the two-body state has exactly all the symme-
tries of the statéd. For simplicity we will consideH at rest
then equivalent to the selection rule described above. Therand thenA and have momenté and —k respectively. Thus

will presumably be small corrections to this selection ruletf]e two-body _state, i non-interacting, has energyg

. _ — = Jm+k*+{mg+k°. In Euclidean time, the properties of
comlr?g fro:p rr}etardauog ef_“fects. Decay tQ%),(QQ) ".‘"th _this decay transition are very different in pract{de] from
one heavy-light meson having a non-zero orbital excitation igpe Minkowski case, in particular the large time correlator

allowed 'from symmetry_ but is not allowed energetically with i pe dominated by the lightest two-body state which will
conventional mass assignmef@®3 for the P-wave excited B be that with minimum momentum.

meson multiplet. o One way to explore this system in detail is to consider a
Decays of a hybrid meson t€(Q)(qq) are also possible finite volume. We make the usual assumption that the theory
since there is enough excitation energy to create a light quarng defined independently of the boundary conditions. From
meson. This meson must be created in a flavor singlet stat@e lattice viewpoint, the finite volume result can be obtained
and the lightest candidates are » and scala(S) channels. by taking the continuum limit at fixed physical volume. For a

In a lattice context, this production is via a disconnectedcubic spatial volumé-® with periodic boundary conditions,
quark loop while the normalization of the meson will involve the momenta are discrete k€2#7n/L) where n

the connected correlator. Thus the relative strength of the-(n, n,,n;) is an integer vector. The two-body states are
disconnected correlator to the connected correlator entekfen also discrete in energy. One expects thadt aereases
and this has been studied for different meson quantum nunpeyond the range of the two body interaction, the two body
bers on a lattic¢8]. As expected from the phenomenology of energy levels become close to the non-interacting case. This
meson spectra, the pseudoscalar and scalar mesons are [ been studied4—17 and detailed formulas obtained for
only two cases with relatively large disconnected contributhe energy shifts at sufficiently lardein terms of the scat-
tions. For pseudoscalar mesons, the flavor Singlet mixture QEnng phase shift in thA+B System, provided ine|asticity is
nandy’ is mainly 7" with only an amplitude of sin(10°) of negligible. This allows, in principle, to measure the phase
n for the conventional mixing schem@ee[10]). For the  shift at various energies by varyingandn. From the phase
scalar meson, the discrete states coming from mixing of thehift one can then deduce the properties of the decay in the
glueball andgq meson are relatively heavy so they may notlarge volume limit. To measure the lightest two-body state
be allowed from energy considerations, but one should alsaccuratelytypically with n=(1,0,0)] is already a challenge
consider therr7 continuum with flavor singlet and scalar and to obtain accurate energy determinations for excited
guantum numbers, which is experimentally known to be bigstates with higher momentum will be much harder. More-
(i.e., have larger phase shiftaround 700 MeV. over, in practice the energy shifts are small and so it will be

In these decays from a hybrid meson will) representa-  extremely difficult to measure accurately the phase shifts on
tion to a de-excited string withl ; representation, the light a lattice[18].
quark meson must have a wave function with a Hgtrep- For some applications, it is possible to measure the tran-
resentation withJ,=1 andCP=—1. If this meson has an Sition amplitude directly. This is clearly the case in a
angular momentum of. about the final state heavy-heavy quenchedor partially quenchedapproach where the decay
meson, then this implies that the orbital wave function hadransition does not actually take place in the lattice version of
L,<L andCP=(—1)". Using this orbital angular momen- the theory. For example, the meson does not decay to
tum then allows the decay products from the decay of a- = in quenched studies. Let us describe how this can be
JPC=1"" meson to be identified. Thus in the static limit the measured in principle: Creatd at t=0 and annihilate a
decays allowed by symmetry forld, representation hybrid two-body state with relative momentaand —k at timet.
to a Eg representation state p|us ﬂavor-sing'et meson aré—hen the contribution to the correlator from Binstate with
shown in Table. I. The examples shown take account of th&'assmy and a two-body state with ener@g is given by
adiabatic approximation and the nature of #%&=1"" hy-
brid wave function. _ —myt;y a—Eap(t—ty)

As for the case of quarkonium decays and string breaking Cri-np(t tEl he xe b @)
[12,1]], it is possible in principle to explore on the lattice
some aspects of these hybrid meson decays. One can studiere the summation over the intermediataluet, will be
matrix elements between ground states which are degeneraa integral in the continuum and wheneandb are the am-

7 7 0" I 1 + 2 Hybrid— x,+ 7
scalar 07 I, 1 — 1 Hybrid=y,+7+m
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plitudes to make each state from the lattice operators used
andx is the required transition amplitudéi|AB). Here we
are assuming that the statedsand AB are normalized to 1.
By obtainingh andb from theH—H andAB— AB correla-
tors, one can hopgl2,19 to extractx.

The complication, however, is that removal of excited
state contributions is tricky. For example, i, —Eag>0
then the transition time; will be preferentially near @since
the heavier state then propagates less far in)tamel one can FIG. 2. Light quark pair productiofwiggly lines) for the three
complete the sum ovej obtaining at-dependence of Eql) point functionH— A+ B in Euclidean time(running horizontally.
ase” Er8', This same-dependence would be obtained if the The straight lines represent quarks which may be heavy or light.
state with massny were to be replaced with an excited state The left hand diagram has the interpretation of a transitammn x)
with an even heavier mass. Thus one cannot separate tlagan intermediate time while the right hand diagram can be thought
ground state and excited state contributions even in principle2f as some intrinsic mixing in thel state.
See Ref[19] for a fuller discussion.

The way forward is that ifmy=E,g, the ground state ) _ ) o
contributions have a-dependence ate Ea8' whereas any 2 for an illustration of a typical contributidris expected to
excited state contributions behave @sEAst as above. So be of ordex/E wheref is the energy of the quark pair and so
now we do have a way to isolate the required ground statwill contribute a term likexe EY€. This is a contribution

A

contribution: similar to that from excited states and so will be dominated
at larget by thexte E' term we are looking for. So we need
1 Ch_ag(t) bothxt to be small and to be large. This implies thatmust
x=lim T 7" (2 be small for this simplified approach.
t—= t [Crn(t)Cap-as(l)] We now discuss whetheris generically small. Provided

the ranges of the interactions betweandB and between
ela and AB are effectively finite and smaller than the spatial
xtentL, then the transition probabilitx? will be propor-
lonal to 1L3 and hence the transition amplitusebehaves
_ _ _ as 1132 AsL is increased, the different momentum states of
In practice the requirement of energy equality can be rea 1 g pecome closer together in energy and the density of
laxed. DefiningA =m,,—E,g, then the ground state contri- gates hehaves like®. Hence the net transition probability to
bution to the expression ) of Eq(2) evaluates 10 giates close to a given momentum will be independehtaf
2xsinh@a/2)/(tA) =x[1+ (tA)%/24+ - --]. So this will be |5rge as expected. Thus we conclude thas indeed small
equivalent to the expression with=0 provided at large volume but that off diagonal transitions between dif-
(Myy— Ep)t<5 3) ferent momentum states will become impor_tant. Thus at large
H —AB ' volume there will be many smal's to take into account.

So far we have described the behavior of §1¢_g(t) in So a practical method will be possible if the lowest energy
the quenched approximation. In full QCD, there will be aAB state that couples tbl has a similar energy téi. This
mixing of these two states. Let us illustrate this for the casdowest energy state will have relative momenturs O for
of interest where the energies are approximately the same-wave decays and=(1,0,0) for P-wave decays etc. By

(namelyE). Then the energy mixing matrix has the form  adjusting the lattice volume and quark mass, it may be pos-
sible to arrange for approximate energy equality: this is often

(E x) called an on-shell transition. From studying the correlations

Note that this separation is only by a powertafhich is
less than the case for diagonal correlations where the excit
state contributions are suppressed by an exponenti
e(m,q—mH)t.

x E (4) as above, one can then extract the transition amplitude
One example was to explore glueball decay to two pseudo-

which has eigenvalueE=+x. An accurate measurement of scalar mesons in the quenched approximajtz21].
these energy eigenstates would then give the transition am- A careful discussion of the matching@2] between finite
plitude x. If x is numerically small, it is actually possible to volume and infinite volume relies on a quantitative treatment
follow an approach similar to that described above for theof the interactions between the two bodies+B). In our
quenched approximation. Namelyxifs small, one can work ~treatment, we are neglecting this interaction, so one can ob-
to a given low order irx. Then provided Eq(3) is satisfied, tain the matching directly from phase space considerations
to first order inx, we again find thaCy_»g(t) will have a  [13,20,21. The key step is that we are normalizing the states
contribution with at-dependence behaving ate E»et from  H, AandB to one. Then the density &+ B states in energy
Eq. (1) just as described above. In addition to further transi-is given fromE(n) = \ma+k?+mg+k? with k=27n/L.
tions and corrections from the mixing energy shifts whichlIn our application here, we shall treat, as infinite so the
will both be of higher order ixt, one must also consider the density of stateg(E)=4mn?dn/dE=L3kEg/(27?). Then
intrinsic mixing of the initial H state withAB (and vice first order perturbation theorfFermi's Golden Rulgimplies
versa. This intrinsic mixing[i.e., not the mixing induced by a transition rate’=2mwx?p(E). Here we explicitly see the
the propagation from the energy matrix of E4)—see Fig. factor of L® from the density of states cancelling the implicit
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factor of L ~*?in x. At first sight the fact that the density of we have a two-dimensional representatidike J,=1).
states is rather sparse in a finite volume is worryingThese two states correspond to flux states from a lattice op-
[23,24—but the matching is done at the level of the transi-€rator which is the difference of U-shaped paths from quark
tion amplitude so the density of states is needed in a largt® antiquark of the formr—L where the transverse extent
volume only. can be in thex or y direction respectively.

In conclusion, we are able to evaluate the transition am- For the ground stateA;4 on a lattice we take a straight
plitude x on a lattice wherE,~E+Eg for momentumk  Path from the static quark to antiquark. Then we need to

which is the minimum lattice momentum at that finite vol- discuss the spatial distribution of the light quark meson with
ume, provided respect to the static quarks. We have to ensure that the initial

and final states are in the same representation of the symme-
(Ep—Ea—Ep)t<h, xt<1, tries of the heavy quark state. This can be achieved by con-

q structing the two body state using the lattice operator
an

(E'—E)t<1 (5) O(r)=25 a(rM(sjw(sr) (6)

whereE’ —E is the energy gap to an excited state. Then we

use this lattice result to determine the large volume physicalvherea represents the color field in thedirection fromr

decay rate wher& is the momentum of the decay product. —e,R/2 tor+e,R/2 andw is the distribution function of the
flavor singlet meson operat (which will be either a pseu-

V. LATTICE TRANSITION MATRIX ELEMENT doscalar or scalar mesprBecause of translational invari-
) ance, we can express this meson distribution funationost
A. Energies efficiently in momentum space:

Here we use 207 dynamical fermion configurati$@s]
with N¢=2 flavors of sea-quark with masses around the iK(r—9
strange quark massx=0.1355 with NP improved clover w(s,r)=; e w(k). @)
having Cgy~=2.02 atB=5.2 for a 16x 32 lattice, with lat-
g?zrsopuicéng_fl;/rﬁn byo/a=5.04(4) which corresponds t The symmetries ofnv(r,s) depend on _tho_se oF]‘Cthe+n:eson
We are interested in the heavy quark limit so we evaluat@roduced. For scalar meson productiowith J™*=0""),
the usual static potentialAg,) and the excited-gluonic po- ther_l w(s,r) is In an Ey representation and_ this can be
tential which corresponds to tHg, representation. Results achieved by makingv(k) odd ink, and even irk, andk,
are shown in Fig. 1. Whergx is the direction of transverse extent of tBg state
We can now evaluate the energy release at each valRe ofdescribed above. o
and compare it with known flavor-singlet meson masses. We FOr pseudoscalar meson productiomhich has CP=
are interested in the minimum momentum allowed which~ 1), thenw(rs) is in anE, representation and this can be
will be n=(1,0,0) for the scalar meson emission and 2achieved by makingv(k) odd inky andk; and even irk,.
=(1,1,0) for the pseudoscalar emission. We can evaluate tHehother way to see that this is the correct symmetry configu-
energies of these states with non-zero momentum by assurftion is by considering space inversions, sifge P, and
ing the usual energy-momentum relationship and taking th& Pz aré conserved in the transition. Now consider Epg
masses as determined on a latfi26]. We also check these '€Presentation which is odd undeg and even undeP, and
energy estimates from our results here. For example from th€ Pz, While the » operator, being pseudoscalar, is odd under
pion massam=0.294(4) and flavor singlet mass enhance-all thre_e operations. Thalg_operator is even unde_r aII_three
ment of around 0.06 one gedsE(110)=0.66 for this pseu- pperatlons, so we n.eed to mtroduc_e a wave funotiamhich
doscalar state. For the scalar mesan=0.628(30) imply- IS 0dd under inversionB, andP, (sinceC=+1 for the )
ing aE100=0.74(3) for this scalar state. These two energy @nd even undep,.

values are comparable with the energy releas®fealues of In practice we evaluate the difference of two Wilson loops
around 0.2 fm—see Fig. 1 where this is illustrated for thecOrresponding to creating tt, state ar,t with transverse
scalar meson emission. extent in thex and —x directions and annihilating tha, 4

state atr,t+T. Let us call this observablé&(r) and its spa-
tial Fourier transform?(q). The disconnected fermion loop

(from operatorp=qysq for pseudoscalar mesons St:aq

We now d|_sc_uss the transition matrix elem(-_znts n thefor scalar mesonss evaluated at each spatial pogt time
heavy quark limit where Fhe quark_oma. states will be accUi L 1 and its Fourier transform i#(p) corresponding to
rately tre'ated by th_e static apprQX|mat|0n.. We_ then dISCUSS7](p) or S(p). Then the required correlation is given after
the creation of the light quark antiquark pair which forms theSummin oVer as
flavor singlet meson. In particular we discuss how to create g
operators for the,,, Ajg+S(0" "), andA4+ 7 states.

Let the static quarks be separatedRyn the z-direction 2 w(k)&E(— KM (K). @)
with the midpoint atr. Then under rotations about tzeaxis K

B. Transitions
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Here A represents a Wilson loop which has a zero expecta- 0.04
tion on its own since it has a8, state at one end and &n4

state at the other end in time, aMirepresents a fermionic

disconnected loop with non-zero momentum which also has 0.02
a zero expectation value on its own. Héfleis evaluated by
stochastic methodsl9]. The product of these two operators

is constructed to have a non-zero expectation value and that
is the target of this investigation. We actually used fuzzed
sources for the spatial ends & [2 or 13 iterations ofU

— P(CUspaightt ZUstapled With ¢=2.5 for the A, end but
only the higher iteration level for thg, end| and different -0.02
sizes(1 or 2 lattice spacinggor the transverse extent of the
E, end while we use fuzzed and local fermionic operators for
the light-quark meson.

We have here described the correlation in terms of a spe-
cific orientation of the static quark separation and of the t
transverse extent of tHg, state. On a lattice we sum over all
cubic rotations, translations and reflections to increase stati
tics.

X
[y

0.00

x(R)t
- 3
=

PN S R R

(o]
n
IS

_ FIG. 3. The transition matrix element for H—AP with mo-
Tc’nentumn=(1,1,0) versud. HereR=0.1 to 0.3 fm is represented
by symbols: fancy square, diamond,

1. Pseudoscalar decays

For pseudoscalar decays, sivegk) is odd in bothk, and ~ Here theC, _,(t) contribution includes the connected and
in k,, these momenta must be non-zero. The simplest aslisconnected contributions to thge propagation.
sumption which corresponds to the lightest allowed state is As shown in Fig. 3, we obtain no signal for the ratio of
used in this exploratory study; namely, thgt=0n,==*1 Eq. (11) which curtails our investigation. We can obtain lim-
and n,=*t1 where the lattice momenturk=2n=/L. In its, however. For instance &=2a and att=3, a valuext
terms of these components of the momentum, the requireet 0.0026+ 0.0017 is obtained. This can be turned into a limit

correlation is on this transition rate df <1.5 MeV. Note that this value is
for quarks of strange mass 0.2 fm so with no account
2R¢ /£(0,1,1) »(0,-1,-1)-A(0,1,-1)»(0,—1,1)] of wave function effects, foN;=2 with no account ofy, »’

9 mixing, with no account of excited state contamination and
without any continuum limit. Because of the lack of any
which we evaluate agherecc means cos transform yxand  signal, we are unable to pursue these corrections and ex-
z, etc) trapolations. Perhaps the most useful conclusion is that this
transition appears weak, maybe because iths/iave and so
A(— Fccnss™ Fssleet Ascliest Aesttse)- (100 involves cancellations between different spatial components
of the » wave function.
Note thatz(s) is real for Wilson-like fermion formalisms, so
we take the real part of the stochastic estimate, wiki(e) is 2. Scalar decays
complex since the Wilson loop in $8) has an orientation,

but 7 has even charge conjugation so we need to take the nfor;jgflbaer ggﬁ?;:'?rzeé(ks)m'ls IZOSI? ;2';6 hth'tli?)rzn\?vrr?iip\-cor-
real part here also. . p p

For this minimum momentum, we have energy equalit atresponds to the lightest allowed state is used in this prlor-
R=2a gy €q y atory study; namely, that,= = 1,n,=0 andn,=0. For this
Following Eq.(2), we normalize states to 1 and evaluate MnNMum momentum, we have energy equality in the transi-

the transition matrix element=(H|A») from the ratio at tion atR=2a—see Fig. 1. In terms O].c th(?se components of
the momentum, the required correlation is

eacht value
Im[A(1,0,08(-1,0,0 -A(-1,0,05(1,0,0] (13
= Ch-an(t) (11)
[Ca-a(t)Ch_n(H)C,— ()] which we evaluate aherec means cos transform i etc)
where we have neglected interactions in the two body 2 Re — A S+ ES,). (14)

state so have used for its correlator the direct product of the

A and » propagation. This amounts to neglecting the corre4pe evaluate the ratio at eatlvalue
lation between th&® X't Wilson loop givingC,_ A(t) and the
7 correlator involving light quarks, so that Corndlt)

xXt=
Cay-nn()=Ca_a(t)C,,_,(1). (12 [Ca-a(t)Ch_n(t)Cs_g(t)]¥?

(15
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0.08

would expect the transition amplitude to have a factok.of
However, we are working at a fixed volume, so the minimum
momentumk is fixed asR varies. Thus although the energy
release varies witlR, we have a fixed momenturk and
hence this consideration should not affect the dependence of
xXonR.

One way to interpret th&®dependence of is by noting
that the scalar meson wavefunction has a node at the center
of the E, state in the transverse directigsincew is odd in
relative transverse spatial coordineéed so it is sensitive to
the transverse width of the excited gluonic flux in tBg
state. This increasg26] with longitudinal extenR and then
starts to saturate, just as we find.

0.06

0.04

x(R)t

0.02

0 2 4 C. Phenomenology

In the extreme heavy quark limit, the heavy quarks are
FIG. 4. The transition matrix elemert for H—AS with mo-  Static and one can define a transition rate for each separation

mentumn=(1,0,0) versug. HereR=0.1 to 0.6 fm is represented R. Also there will be a well defined energy release for each

by symbols: fancy square, diamond, octagon,x, square. The Value of R: for example atR=2a=0.2 fm we find Eg_

line represents a linear fit to tHie=0.2 fm case. — EAlg:O]gl)/a: 1.4 GeV. The energy of the scalar me-

son with the required momentum we take a&(100)
=0.74(3) and we also check that this energy is consistent

where the scalar propagation@y_g(t) again involves both  with the value we find directly from fitting our scalar corr-
connected and disconnected contributions. In this case we dgators with this momenturhnamely aE(100)~0.7]. Thus
obtain a signal and the values wfextracted are shown in indeed we are close to on-shell as required. In the real world,
Fig. 4. Moreover we do see good evidence for a linear dethe quarks are bound and there is a distributiofRafalues
pendence ohas needed to ensure excited state contributionas given by the wave functions. Fbrquarks, as discussed
are removed. This linear dependence sets in from very smafireviously, the static potentials allow us to estimate the quark
t-values which may be explained if the off-diagonal transi-wave functions. The hybrid wave function is effectively
tion matrix elementgi.e., the correspondingvalues for the P-wave and actually has a quite large overlap with e
transition from excited state to ground statee small com- wave function(the overlap peaks at around 0.4 fm and the
pared to the diagonal case. From the slope we can exractwave-function overlap integrated over &ligives a factor of
obtaining ax=0.009(1) atR=2a. This is indeed a small 0.63 in the transition rate assumings independent oR).
value and our assumptions about using the three point funcFhe energy release from the hybrid meddn at 10.767)
tion analysis are thus fully justified. It would indeed be very GeV to they, state at 9.893 GeV will be 0.87 GeV which is
difficult to detect directly the shift of- 0.01 in theaE-values  similar to the value at fixe® with R~0.4 fm. Thus there is
of Fig. 1 arising from this mixing where the two levels cross a mismatch in the energy release we study on the laftige
atR~0.2 fm. GeV) and that in experimen0.9 Ge\j. Note that this issue

Using thisx-value and an energy releasead=0.73, we  could be very important: the decay rate will be proportional
obtain a transition rate df=0.061(14) GeV. Note that this to k3, so a small change of energy release will have a big
result is at a fixedR-value (0.2 fm), for strange quarks and effect onk and an even bigger effect on the rate. Put more
with no continuum limit. bluntly: there will be no decay to a scalar meson heavier than

Although we are only able to evaluateat oneR-value in 870 MeV in practice, but our estimates for the scalar meson
principle (where we have energy equalitin this study, we mass are indeed heavier than this. Thus we will need some
can explore otheR values where the energy equality is only method to treat the virtuabelow threshol@lproduction of a
approximate. Indeed since the energy difference increases tzalar meson which subsequently decays to two pions. We
only aA=~0.35 atR=6/a, we find that the criterion of ap- discuss this in the context of the quark mass dependence.
proximate energy equalitjEq. (3)] is met for the range of We are evaluating the transition matrix element for quarks
t-values considered here. Moreover, we do findReralues  of mass near that of strange quarks. At this quark mass on
from a to 6a that the correlator ratio of Eq15) is consistent  our lattice the scalar mesdmassma=0.63) is already un-
with a linear fit int over the range dffrom ato 5a. Thus we  stable to decay to two piongnassma=0.29 each in an
can still estimate the-values by a linear fit irt, with the ~ S-wave. Thus we should consider, in principle, a further
understanding that excited state effects may be less contayer of sophistication: the sequential decay of the scalar
pletely removed. We find an increaseofvith R (see Fig. 4  meson to two pions. This decay will become even more sig-
with some sign of a saturation at larB¢namely fit values of nificant as the quark mass is reduced further towards the
ax=0.0051), 0.0091), 0.0121), 0.0132), 0.0152), physical case. Moreover it will allow scalar+ 7 states to
0.0172) atR=0.1,...0.6 fmrespectively. Since the tran- be produced even if the available energy is less than the mass
sition to the scalar meson with momentltis a P-wave, one of a scalar meson as discussed above. Thus we do not at-
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tempt a naive extrapolation to light quarks of realistic mass. We have explored in lattice QCD witN;=2 flavors of a
A study of the three body final state will be needed to resolvesea quark(with mass near that of the strange quatke
this issue more completely. transition between an excited gluonic state with heavy

We could also study, in principle, the transition for higher quarks at separatioR and a ground state gluonic system
momentum, for exampl& having momentum (1,1,0)2/L with a flavor-singlet light quark-antiquark pair emitted. We
with energyaE(110)=0.854), butthen energy equality be- find a very weak transition amplitude for emission of a pseu-
tween initial and final states would be at even smallerdoscalar meson but a much larger rate for a scalar meson.
R-values. Also this higher energy state would be coupled to On a lattice it is only possible to extract a limited set of
the lighteraE(100) state we have explored above and thisinformation: namely when there is an on-shell transition in
would make the extraction from the lattice more prone tothe finite volume used. Our raw lattice results are a transition
systematic errors. width of less than 1 MeV for the pseudoscalar case and

Another possible avenue would be to vary the lattice spa61(14) MeV for the scalar case. These results are for transi-
tial size L. This is not feasible with our current dynamical tions at fixedR~0.2 fm in the heavy quark limit and for
data set but is of interest for the future. light quarks that are of strange mass.

Without making a detailed study of the sequential decay Forb quarks the relevant transitions will b&— x, 7 and
of the scalar meson to two pions, our estimates of the decayl — y,,S. We argue that wave function effects will suppress
rate will be qualitative. We find a rate of @4) MeV for the  these decay rates rather littla factor of 0.6 while the
unphysical case of a transition B=0.2 fm with strange choice of a more appropriate-value (of 0.4 fm) will in-
quarks in the scalar meson. At the more realistic valuecrease the rates. This yields an off-shell decay rate to a scalar
(where the wave function overlap peakd R=0.4 fm, we  meson of around 80 MeV which can be regarded as an upper
have a larger transition amplitudex=0.013(2) but the en- limit. The main uncertainty comes from the sensitive depen-
ergy release is insufficient for decay to an on-shell scaladence(like k%) of the rate on the energy release and the
meson. Including the wave function overlap factor of 0.63,complications caused by the subsequent decay of the scalar
we conclude that the decay rate to a scalar channel will beneson to two pions. More work needs to be done to build
less than 80 Me\(here the upper limit is from assuming that phenomenological models of scalar meson production and
the scalar meson is produced off-shell with momentkim decay and, eventually, to explore the transition to two pions
=27/l at R=0.4 fm). directly on the lattice.

Flux-tube models have been used to estimate hybrid de- Despite this, we consider that first principles QCD evalu-
cay widths[27]. For bb hybrid mesons, they only consider ation of these hadronic transitions is a very valuable compo-
decays tdBB andB* B and these decay rates are found to ben€nt of a phenomenological study of hybrid decays. Our re-

very small(less than 1 MeV. sults are consistent with the expectation that these spin-
exotic hybrid meson states are relatively narrow and hence
VI. CONCLUSIONS will be detectable experimentally. We have not evaluated de-

cay processes that are not allowed in the heavy quark limit
We have presented arguments that, in the heavy quarsuch as retardation effects or heavy quark spin-gipd it
limit, the decay of aJ?“=1"" spin-exotic hybrid meson would be valuable to investigate them to ensure that they are
will be primarily through flavor singlet light quark-antiquark indeed negligible compared to the string deexcitation decay
emission. that we find to be important.
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