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Can the mechanism forp1\hp,h8p hybrid decays be detected?
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Two mechanisms for thep1(JPC5121) hybrid meson decay processesp1→hp,h8p are investigated.
These mechanisms are applied tof→hg,h8g andJ/c→hg,h8g decays to illustrate the validity of the decay
mechanisms and to obtain independent information on the coupling ofh,h8 to quark and gluonic operators.
From this information, we find thatG(p1→hp)/G(p1→h8p) is substantially different in the two decay
mechanisms, and hence future experimental measurements of this ratio will provide valuable information for
determining the mechanism for these hybrid decays.
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Hybrid meson states, which contain a gluonic degree

freedom in addition to aqq̄ pair, can have exoticJPC quan-
tum numbers. Experimental evidence for the existence
two such exotic isovectorp1(121) states is summarized i

@1#. The p1(1400), formerly known as ther̂(1405) ~mass
1376617 MeV and width 300640 MeV @1#!, was observed
by both E852 and Crystal Barrel in very different producti
processes decaying intohp @2,3#. The p1(1600) ~mass
1596214

125 MeV, width 312224
164 MeV @1#! was observed by

E852 inrp andh8p decay channels@2#. The branching ra-
tios for all these channels are not yet measured, but as wi
shown below, they can provide important information f
subsequently detecting their dominant decay mechanism

Theoretically, the features of hybrids have been stud
with the MIT bag model@4#, flux tube models@5#, potential
models@6#, quark-gluon constituent model@7,8#, QCD sum
rules@9,10#, lattice simulations@11#, and other methods@12#,
but the exploration is neither complete nor definitive. In p
ticular, predictions for the hybrid decay widths exhibit som
disagreement with the experimental results.

Hybrids can possess exoticJPC quantum numbers such a
012, 121 and 212 which are distinct from those of con
ventionalqq̄ mesons. As such, these exotic hybrids have
mixing with other conventional hadrons which provides
advantage in the investigation and detection of these sta
The predicted mass of the exotic 121 hybrid is approxi-
mately 2.0 GeV in lattice simulations@11#, while in QCD
sum rules the resulting mass prediction is 1.4–2.1 G
@9,10#. The sum-rule predictions are slightly lower than tho
of the lattice, but are consistent with experiment. Howev
considering the possible accuracy of the sum-rule and la
calculations, any apparent deviation between the predi
and observedp1 masses is insufficient to assist in the inte
pretation of the observed states. Thus it is important to st
decay features because they are more sensitive to the n
of the p1 states.
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The decay modes and relevant decay widths of the ex
121 hybrid have been studied using QCD sum rules
three-point correlation functions, but the scheme emplo
for h –h8 mixing has a significant effect on th
p1→ph,ph8 widths. In the traditional singlet-octet mixing
scheme, these widths are found to be small@10#, and are
similar to those found from selection rules@8,13#. These pre-
dictions seem inconsistent with the experimental obser
tions. However, in a differenth –h8 mixing scheme@15,16#,
the three-point sum-rule analysis results in an enhancem
in the p1→hp width @14#.

Enhancement of thep1→hp width in the three-point
sum-rule analysis clearly indicates the importance of
composition of theh,h8 system. However, there are a num
ber of issues that complicate the sum-rule analyses of thep1

decays. For example, there is phenomenological evide
that the h-h8 system has a gluonic component@17,18#,
which would clearly have an effect on the sum-rule analys
Furthermore, the necessary three-point functions have o
been calculated at the symmetric Euclidean point wh
leads to a single Borel transformation instead of the dou
transformation needed for a full analysis. Finally, the tra
tional three-point sum-rule method obscures determina
of the dominant hadron decay mechanism, indicating
need for further investigation.

Hybrids are a many body system containing a quark,
tiquark and gluon (q̄qg), which complicates the determina
tion of the allowedJPC values. To get some feel for what i
involved, consider these complexities in the MIT bag mod
In this model, the gluon in hybrids may be in two differe
modes „TM(122) or TE(112)…, and the quark-antiquark
pairs may also take on differentJPC configurations. As a
consequence, there exist many kinds of quantum num
combinations. For example, when the quark and antiqu
have no relative orbital angular momentum in the pair,
JPC of this pair may be 021 or 122. Therefore, besides th
normal qq̄ mesonJPC quantum numbers, hybrids may als
have exoticJPC such as 012, 121 and 212. These kinds of
exotic states simplify both the theoretical investigation a
experimental detection. Among these exotic states, the
©2003 The American Physical Society20-1



A. ZHANG AND T. G. STEELE PHYSICAL REVIEW D67, 074020 ~2003!
FIG. 1. The decay p1

→ph8,h via the q̄q mechanism
is shown in ~a!, while decay via
the gg mechanism is shown in
~b!.
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brid p1 (121) is predicted as the lowest-lying state in th
hybrid spectrum. ItsJPC construction is: 1223112, i.e.,
the gluon is in transverse electric modeTE(112).

There are a number of models to describe the strong
cay of hadrons. Many models describe the strong decay
meson to a two-meson final state through creation o
quark-antiquark pair which then combines with the qua
and antiquark of the original meson to form the two-mes
final state. However, at a more detailed level, the quark p
creation process can be viewed as either a3S1(122) or
3P0(011) intermediate state.

The special role of the constituent gluon in hybrids lea
to some different decay possibilities. In the constituent p
ton picture, two main decay mechanisms, denoted byq̄q and
gg will be studied in this paper. In theq̄q process the gluon
in the initial hybrid becomes a quark-antiquark pair, while
the gg process a new gluon is emitted from an original co
stituent quark and combine with the original constitue
gluon into a final meson. For thep1→ph8,h decays, these
two decay mechanisms are illustrated in Fig. 1.

It is difficult to accurately describe or calculate these d
cays directly from QCD because of the fundamentally n
perturbative nature of strong decays. In this paper we sh
that it is possible to extract theh,h8 couplings to quark and
gluonic currents from existing experimental data on the
caysJ/c→gh8,gh andf→gh8,gh, and to apply this in-
formation to two mechanisms forp1→ph8,ph decays.
This approach avoids the issues that have complicated
sum-rule analyses, and allows determination of the domin
hybrid decay mechanism.

I. GLUONIC COUPLINGS OF h, h8 THROUGH
JÕc\hg,h8g DECAYS

To extract theh,h8 couplings to gluonic currents, con
sider the processesJ/c→hg,h8g. In these processes th
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photon is emitted by one of thec quarks before their annihi
lation into lighter quark pairs@17,18#. The resulting ratio of
decay rates occurring if theJ/c→hg,h8g decay processe
occur throughc̄c→gg→h,h8 is

G~J/c→hg!

G~J/c→h8g!
.U ^0uGG̃uh&

^0uGG̃uh8&
U2S 12mh

2/mJ/c
2

12mh8
2 /mJ/c

2 D 3

, ~1!

where it has been assumed that thegg pair is sufficiently
hard so that the use of the local operatorGG̃
51/2emnlrGlr

a Gmn
a extracted from thegg pair is a good ap-

proximation. The experimental value of this decay-width
tio is @20#

G~J/c→hg!

G~J/c→h8g!
50.20060.023. ~2!

Using the known massesmJ/c53.1 GeV,mh50.548 GeV,
andmh850.958 GeV, the following relation

^0uGG̃uh&

^0uGG̃uh8&
.0.40460.023 ~3!

is obtained. The uncertainty given in Eq.~3! is only associ-
ated with the experimental value~2!.

The agreement between the value~3! and the correspond
ing sum-rule estimates@16,18# provides support for the as
sumedc̄c→gg→h,h8 mechanism and associated appro
mations used for these decays. However, the sum-
analyses are based on specific models of theh-h8 system,
while the extraction~3! is independent of such conside
ations and would remain valid with the addition of a gluon
component mixing withh-h8. For this reason we will use
~3! in our subsequent analyses.
0-2
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II. QUARK COUPLINGS OF h, h8 THROUGH
f\hg,h8g DECAYS

The f→hg,h8g decays must occur through a differe
mechanism than theJ/c decays, since as̄s→gg→h,h8 pro-
cess similar to theJ/c decays considered earlier would lea
to

G~f→h8g!

G~f→hg!
.U^0uGG̃uh8&

^0uGG̃uh&
U2S 12mh8

2 /mf
2

12mh
2/mf

2 D 3

.2.831022,

~4!

where the massmf51.02 GeV and~3! has been used. Thi
value is an order of magnitude larger than the known exp
mental value@21#

G~f→h8g!

G~f→hg!
54.760.4760.3131023, ~5!

indicating that thes̄s→gg→h,h8 process does not properl
describe thef→hg,h8g processes. Since a high ener
scale is needed to approximate thegg mechanism as the
coupling of a gluonic operator to mesons, it is not surpris
that thegg mechanism cannot be applied tof radiative de-
cays toh,h8 @19#.

Alternatively, consider thes̄s→q̄q→h,h8 mechanism,
which could include the direct processs̄s→h,h8. Although
the detailed decay mechanism is unknown, this process
be modeled throughh,h8 couplings to quark currents. Con
sidering the nature of the the initialf state and finalh,h8

states, the appropriate quark current is of the formq̄ig5q
indicating a general flavor structure. Note that a coupling
an axial vector current would contain a~dominant! anomaly
term which would then lead to the gluonic current couplin
as ruled out in the above analysis. The resulting ratio
decay rates in this generals̄s→q̄q→h,h8 mechanism is

G~f→h8g!

G~f→hg!
.U^0uq̄ig5quh8&

^0uq̄ig5quh&
U2S 12mh8

2 /mf
2

12mh
2/mf

2 D 3

. ~6!

Using Eq.~5!, we obtain

U ^0uq̄ig5quh&

^0uq̄ig5quh8&
U.0.98460.082, ~7!

where the uncertainty only reflects the experimental va
~5!.

To disentangle the actual flavor structure occurring in
estimate~7!, we turn to the theoretical estimates

U ^0us̄ig5suh&

^0us̄ig5suh8&
U.0.7660.10 ~8!

U ^0un̄ig5nuh&

^0un̄ig5nuh8&
U.2.5 ~9!
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as obtained in a recent QCD sum-rule analysis@16# ~see also
@15# for other estimates of this quantity!, wheren denotes the
non-strangeu,d quarks in theSU(2) limit. Comparison of
Eqs. ~7!, ~8! and ~9! indicates that the directs̄s→hh8 pro-
cess is predominant inf→hg,h8g, and the agreement be
tween Eqs.~7! and ~8! validates the approximations used
obtain Eq.~6!. In particular, this agreement indicates that t
coupling of the final states to operators ignored in obtain
Eq. ~6! must be small enough such that the pseudosc
current dominates the process.

It is important to note that the numerical value~9! is al-
most unchanged betweenh,h8 mixing schemes, while Eq
~8! shows some scheme dependence. Thus we can con
our result~7! as a mixing-scheme independent extraction
the ratio of the couplings to strange pseudoscalar curre
and can safely use the theoretical value for nonstrange
rents, obviating the absence of experimental data that co
be used to extract the nonstrange ratio.

As a final demonstration of the consistency of our ana
sis, we return to theJ/c decays under the assumption of
c̄c→q̄q→h,h8 mechanism, resulting in

G~J/c→hg!

G~J/c→h8g!
.U^0uq̄ig5quh8&

^0uq̄ig5quh&
U2S 12mh

2/mJ/c
2

12mh8
2 /mJ/c

2 D 3

*1.19,

~10!

where Eq.~7! has been used to obtain a lower bound. This
clearly an inadequate description of the decay process
cause of its disagreement with the experimental value~2!,
illustrating that different mechanisms and the resulting c
pling of h, h8 to different operators are occurring in eac
case. Indeed, if a common decay mechanism existed in
cases considered so far, then the matrix elements of the
evant operator would cancel in the following double ra
resulting in

G~J/c→hg!

G~J/c→h8g!

G~f→hg!

G~f→h8g!

.
~12mh

2/mJ/c
2 !3

~12mh8
2 /mJ/c

2 !3

~12mh8
2 /mf

2 !3

~12mh
2/mf

2 !3

55.5931023 ~11!

where masses have been inserted to obtain the nume
value. By comparison, the experimental value of the dou
ratio ratio obtained from Eqs.~2! and ~5! is

G~J/c→hg!

G~J/c→h8g!

G~f→hg!

G~f→h8g!

50.234.73102359.431024, ~12!

demonstrating that the scales associated with thef andJ/c
decays must be described by couplings to different operat
with the J/c decays best described by coupling to gluon
operators through thec̄c→ḡg→h,h8 mechanism, while the
0-3
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f decays are best described by a coupling to quark opera
through thes̄s→h,h8 mechanism.

III. HYBRID p1\hp,h8p DECAY MECHANISMS

The details of theqq̄g hybrid decay mechanisms repr
sented in Fig. 1 are unknown. However, the quark pair~one
created from the initial constituent gluon in the hybrid! can
be modeled through a quark current, and the gluon pair~one
emitted from an initial constituent quark! through a gluonic
current. Thus, forp1→hp,h8p decays, thegg mechanism
can be analyzed through theh,h8 couplings to the pseudo
scalar gluonic current, and theq̄q mechanism through a
pseudoscalar quark current. Although it is possible to ant
pate the dominance of thegg mechanism in theJ/c decays
and theq̄q mechanism in thef decays because of the ener
scales associated with the decay processes, the special r
the constituent gluon in the hybrid makes it difficult to ma
a theoretical prediction of which mechanism is dominant
hybrid decays. However, experimental data combined w
the phenomenological analysis given below provides
means for distinguishing between these mechanisms.

If p1→hp,h8p decays are dominated by thegg
→h,h8 mechanism illustrated in diagram~b! of Fig. 1, then
we would find

G~p1→hp!

G~p1→h8p!
.U ^0uGG̃uh&

^0uGG̃uh8&
U2S 12mh

2/mp1

2

12mh8
2 /mp1

2 D 3

50.42560.048, ~13!

wheremp1
51.6 GeV has been used along with Eq.~3! for

theh, h8 gluonic couplings. If the hybrid mass is reduced
mp1

51.4GeV, the central value of this ratio increases

0.659.
For the q̄q→h,h8 mechanism illustrated in diagram~a!

of Fig. 1 we find

G~p1→hp!

G~p1→h8p!
.U ^0un̄ig5nuh&

^0un̄ig5nuh8&
U2S 12mh

2/mp1

2

12mh8
2 /mp1

2 D 3

~14!

wheremp1
51.6 GeV has been used, and the isovector

ture of thep1 and p necessitates the nonstrange quark
erators in theSU(2) limit. If the theoretical value~9! is used
to obtain an approximate value of the non-strange quark
erators we obtain
07402
rs

i-

e of

h
a

-

-

p-

G~p1→hp!

G~p1→h8p!
'16, ~15!

which is clearly distinct from thegg value ~13!. Even the
lower bound obtained from Eq.~7!

G~p1→hp!

G~p1→h8p!
.2.5, ~16!

is sufficient to distinguish between thegg andq̄q processes.
Reducing the hybrid mass tomp1

51.4 GeV increases the
numerical values in Eqs.~15! and ~16! by approximately
55%.

In conclusion, experimental information for the dec
processesJ/c→hg,h8g and f→hg,h8g has been used to
demonstrate that these decays occur through different d
mechanisms, allowing the extraction ofh, h8 couplings to
gluonic and quark operators. These extractions are consis
with those of QCD sum rules, but have the advantage
they are independent ofh-h8 mixing details. The overall
consistency of these couplings substantiates the models
approximations used to study these decays.

Under the assumption of a hybrid nature of thep1 states,
the extracted couplings ofh, h8 to the gluonic and quark
operators are applied to estimating the decay-width ra
G(p1→hp)/G(p1→h8p) through theq̄q and gg mecha-
nisms illustrated in Fig. 1. This ratio is substantially differe
in the two mechanisms, and hence future branching-r
measurements should identify the dominant decay mec
nism, facilitating more detailed theoretical work. Howeve
we note that a sum-rule analysis in the quark scheme
h-h8 mixing clearly predictsG(p1→hp)/G(p1→h8p)
.1 @14#, suggesting dominance of theqq̄ mechanism. Al-
though effects of final-state interactions and of using a lo
operator for theq̄q andgg pairs have been ignored in thes
processes, it seems unlikely that they will be large enoug
alter the qualitative resultG(p1→hp),G(p1→h8p) in the
gg mechanism andG(p1→hp).G(p1→h8p) in the q̄q
mechanism. Conversely,p1 branching ratios that lie outsid
the extremes associated with Eqs.~13! and ~15! may be dif-
ficult to accommodate from a theoretical perspective.
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