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Gluonic hadrons and charmlessB decays
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Hybrid charmonium with mass;4 GeV could be produced via acc̄ color-octet component inb→cc̄s.
These states could be narrow and could have a significant branching ratio to light hadrons, perhaps enhanced
by glueballs. Decays to gluonic hadrons could make a sizable contribution toB→no charm decays. Experi-
mental signatures and search strategies are discussed.@S0556-2821~98!00511-6#

PACS number~s!: 12.39.Mk, 13.20.He, 13.25.Hw, 14.40.Nd
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I. INTRODUCTION

Intensive studies ofB-meson decays are now underw
and will soon be improved further with the emergence
B-factories that will lead to orders of magnitude increase
statistics. While the primary emphasis of these developm
is in studyingCP-violation and seeking evidence of physi
beyond the standard model, we propose here that they
provide a powerful tool to search for a missing piece of
standard model, namely the predicted existence of hy
~quark-antiquark-gluon! mesons and glueballs@1#. We point
out that there could be a sizable production ofcc̄g hybrids
~or hybrid charmonia, denoted hereafter ascg!, and other
gluonic hadrons inB decays which are experimentally ob
servable.

Our motivation is based on the following,a priori inde-
pendent, features of data and theory:

~i! CLEO has recently reported large values
B(B→Kh8) andB(B→h8X,Ph8.2 GeV) @2,3#.

~ii ! The branching ratioB(b→no open charm! appears to
be about a factor of 3 larger than expected@4#.

~iii ! The Cabibbo-Kobayashi-Maskawa-~CKM-! favored
decayb→cc̄s is predicted to produce thecc̄ pair in a
color octet configuration@4#.

~iv! Decays cg→D (* )D (* )1 may be suppressed by
model dependent selection rule@5–7#.

As will be discussed later, item~iii ! favors the formation of

1Hereafter, the notation D (* ,** )D (* ,** ) implies
D (* ,** )D̄ (* ,** ) or D̄ (* ,** )D (* ,** ).
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cg states, some of which are predicted to be in t
4.260.2 GeV region@8–14#. Furthermore, item~iv! indi-
cates that ifcg states occur below theDD** threshold
(;4.3 GeV), they can cascade into conventionalcc̄ states
as cg(cc̄g)→(cc̄)(gg)→(cc̄)1 light hadrons@15#, or that
they will directly decay viacg→ng→ light hadrons~where
n>2! including resonant glueball enhancement@4,16#. The
latter process might explain the enhancedB(b
→no open charm)@item ~ii !#, and the gluonic content in the
final state could contribute to theh8 enhancement, for ex
ample through rescattering ofK (* )cg intermediate states:B
→K (* )cg→Kh8,h8X @item ~i!#. Not only cg but also other
gluonic hadrons can be produced inB decays at rates en
hanced by non-perturbative effects over traditional expe
tions @17–19#.

In the following, we will briefly summarize the spectros
copy of gluonic hadrons, discuss their production and de
in the B meson environment, and propose experimen
search strategies.

II. HYBRID CHARMONIUM SPECTROSCOPY

A rich spectroscopy of hybrid charmonium is predicted
lattice gauge theory, flux-tube, bag models and QCD s
rules. These include exoticJPC5062,121,212 as well as
conventionalJPC5021,122, etc. Lattice gauge theory with
heavy quarks predicts 4.0460.03 GeV for the spin-average
masses of JPC5122,111,(0,1,2)21,(0,1,2)12 in the
quenched approximation@8#.2 More recent calculations
which also do not include the systematic uncertainty due

2Unquenching is estimated to raise the mass by 0.15 GeV.
5653 © 1998 The American Physical Society
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quenching, result in 4.3960.0860.20 GeV for the 121 state
@9#.3 Flux-tube models inspired by the lattice predict 4.2–4
GeV @11# within an adiabatic separation of quark and flu
tube motion. More recent numerical solutions of the mo
find 4.1–4.2 GeV@12#. An adiabatic bag model calculatio
found .4 GeV with an overall uncertainty of.200 MeV
@13,14#. QCD sum rules are less clear, solutions spann
4.1–5.3 GeV@20#.

There is support for these;4 GeV mass predictions whe
one compares with the light quark sector where the flux-t
models find 1.8–1.9 GeV@11,12#, in accord with the
pg(1800) candidate@7,21#. Lattice QCD provides further
justification that theJPC5121 is the lightest of the exotic
states. A candidate for aJPC5121 hybrid has been reporte
@22# in the predicted region of 2.060.2 GeV @8#. Thus the
emerging hints from the light quark sector and the stabi
of predictions within QCD inspired models and lattice QC
are all consistent withcg excitations arising in a kinemati
cally accessible region in theb→cc̄s decay.

III. HYBRID PRODUCTION

A variety of hybrid excitations can be produced inB
decays.4 The production ofcg is promising since in theb
→cc̄s transition thecc̄ pair is dominantly produced in colo
octet, enabling a strong coupling to thecc̄ pair in cg
@4,15,16#.5

The directc production inb decays is (0.8260.08)%
@26#, and is not well understood theoretically. It appears
be enhanced somewhat over estimates based on the ass
tion @27# of color-suppressed factorization@28,29#. The fac-
torization assumption allows for the direct decayb→sxc1
but not for b→s$xc0 ,xc2 ,hc%. Thus, decisive observation
of such modes would either necessitate a non-factoriz
~such as a direct color-octet! contribution @29# or a feed-
down from higher mass metastable states@15#, which would
cascade to other charmonia observed inB decays as well.

If we take the production ofxc2 as a measure of the colo
octet production inB decays, we expect from the CLEO
datumB(B→xc2X)50.002560.0010@26# thatcg should be
produced competitively at branching ratio>0.1%. The sum
total of cg for all JPC could beO(1%), asignificant contri-
bution to the ‘‘non-charm’’B decays. If their production is
to saturate these events, then their combined branching
should be ofO~10%! and their preferred decays to light ha
rons. If B„B→cg(all JPC)X…;O(1%), then B„cg

→(cc̄)X…5O(10– 100%) is still consistent with the mea
suredB„B→(cc̄)1X…. If cg are produced atO~10%!, satu-

3See also Ref.@10#.
4The production of hybridDg states@[cq̄g# could play a non-

negligible role in non-leptonic and semi-leptonicB decays; this
contrasts withD or Ds decays whereKg or pg may mix with the
charmed mesons@23#. A moderate production ofDg in semi-

leptonicB decaysB̄→cq̄g1 ln could solve the puzzle of why ex

clusiveB̄→(D,D* ,D** ) ln transitions do not saturate the inclusiv
semi-leptonic branching ratio@24,25#.

5That mechanism has been challenged by Hou and Tseng@18#
~see also Ref.@19#!.
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rating the missing ‘‘non-charm’’ decays, then cascades

(cc̄) must be a small fraction of the total. Unless some s
cial mechanism causescg to cascade intohc or other unde-

tected conventional (cc̄) states, the measurements on inc
sive hc ,c (8) and xc production constrain the product o

branching ratiosB(B→cgX)3B„cg→(cc̄)X….

We note that thecc̄ invariant mass distribution for the

quark-levelV–A transitionb→cc̄s peaks in the 3–3.7 GeV
mass range@4#; such a process tends to be more inclusive
low mcc̄ and exclusive at largemcc̄ , so we expect that ex
clusiveB→cgK (* ) will be favored in the vicinity of 4 GeV.
Quantitative estimates are model dependent and beyond
scope of this study.

IV. HYBRID DECAYS

An important feature of hybrid decays in at least flux-tu
or bag models is that decays to two mesons with the sa
spatial wave function are suppressed. This selection
@5,6# is broken for light flavors and less so for heavy flavo
@7#. In the case ofcg , decays toD (* )D (* ) are suppressed
and the sum of the widths is predicted to be 1–10 M
depending on JPC of the hybrid @7#. The decays
121→pp, h (8)h (8) are also suppressed@30#. However, the
dissimilar nature ofhc and h (8) implies that the decay
121→hch

(8) should not be impeded sizably.
The above selection rule would be broken if the hyb

states mix with conventional excitations ofcc̄. Hybrid states
with exotic JPC are particularly interesting as they cann
mix with excited cc̄ conventional states and, if below 4.
GeV in mass, will feedB→K1 ‘‘non-charm.’’ States with
conventionalJPC on the other hand can mix with excite
states of the sameJPC and thereby ‘‘leak’’ intoD (* )D (* )

final states. In particular it has been argued@14,31# that
c~4040! andc~4160! are strong mixtures ofc3S(4100) and
cg(4100). In addition, hybrid charmonia can mix with glu
balls. Such a mixing would enhance the production of lig
hadrons.

For thosecg that mix negligibly with conventional char
monia and have a mass of,4.3 GeV, the prominent decay
will be either by cascadecg@[cc̄g#→(gg)1(c,hc ,...) or
by annihilation cg(C51)→(gg)→ light hadrons @32#.
Whereas these are at the same order inas , the decaycg
→ light hadrons should be favored at least forC51 states
for the following reason.

A measure of the relative importance of the cascade w
compared to the annihilation width could be provided
G(c8→cpp).O(0.1 MeV) versusG(hc8→ light hadrons)
.G(hc→ light hadrons)3Gee(c8)/Gee(c) . O(5 MeV).
The c8→cpp gives information aboutc8→cgg, while
hc8→ light hadrons informs abouthc8→gg. While both
processes areO(as

2) in rate their absolute rates diffe
drastically, because of distinct kinematics, dynamics a
scale-dependences. Those rates suggest what to e
for cascade and annihilation decays of charmed hybrids.
rates of cg→(cc̄)1 light hadrons and cg(C51)
→ light hadrons are both down by one power inas . We
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TABLE I. Some possible experimentally accessible final states ofJPC exotic charmed hybrids and
glueballs belowD** D threshold. Note that open charm modes ofcg are suppressed by a selection rule@6#.
For hidden charm modes, the charmonia tend to have the sameC as that of the parentcg . The light hadron
modes are enhanced forcg with C51. See the main text for details. Decays topp̄$p,h (8),v,r,f% are
allowed for all states listed.

JPC Open charm Hidden charm Light hadrons

012 Quantum J/c$ f $0,1,2% ,(pp)S% a$0,1,2%r; a$1,2%$b1 ,g%
numbers hch; hch1 b1p; h1h (8)

forbid xc0v $(pp)S , f 0%$v,f%
D (* )D (* ) xc$1,2%$v,h1 ,g% f $1,2%$v,h1 ,f,g%

022 D* D hc(pp)S a$0,1,2%b1 ; a$1,2%$r,g%
J/c$ f $1,2% ,h (8)% rp
xc0h1 ; hc$v,f% f 0h1 ; h (8)$v,f%
xc$1,2%$v,h1 ,g% f $1,2%$v,h1 ,f,g%

121 D* D, D* D* xc$0,1,2%(pp)S a$0,1,2%a$0,1,2% ; a$1,2%p
hc$ f $1,2% ,h (8)% f $0,1,2% f $0,1,2% ; f $1,2%h

(8)

xc$1,2%h $r,g%$r,b1%; b1b1

$hc ,J/c%$v,h1 ,f,g% $v,h1 ,f,g%$v,h1 ,f,g%

212 D* D, D* D* $hc ,J/c%$ f $0,1,2% ,(pp)S% a$0,1,2%$r,b1,g%
$hc ,J/c%h (8) $r,g,b1%p

$hc ,xc$0,1,2%%$v,h1 ,f,g% $h (8), f $0,1,2%%$v,h1 ,f,g%
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estimate the ratioG„cg→(cc̄)1 light hadrons…/G„cg(C5
1)→ light hadrons… at the few percent level@32#.6

The light hadron production rate fromcg decays withC
52 is suppressed by one power ofas with respect to
cg(C51) decays. Note that the production rate of conve

tional charmonia (cc̄) from either cg(C51) or cg(C5
2) decays is of the same order inas and thus similar. Bar-
ring non-perturbative effects mentioned in@32#, the charge
conjugation (C56) of the produced conventional charm
nium should be the same as that of the parentcg in hadronic
decays, since two gluons (C51) are emitted in the lowest
order process. That may prove useful in searching for
classifyingcg states.

Some decays are forbidden by simple conservation
quantum numbers; for example, (J50)→” (J50)1g by an-
gular momentum conservation. Similarly, theD (* )D (* ) final
states are forbidden byP and/or C conservation for the
JPC5012 exotic hybrid. Thus, if the mass of the 012 is
sufficiently low, it will be seen only in light hadrons or pe
haps also in hidden charm decay modes~see Table I!.

There is an interesting possibility if light hadrons such

h (8) or v contain cc̄ in their Fock states@33#. Charmed
hybrids that do not mix could decay into (c,hc ,xc ,hc ,...)
1(h (8),v) via a Zweig-allowed 4-charmed intermedia
state. That amplitude would of course interfere with the t
ditional amplitude governing hidden charmonia productio

6Ignoring potentially large differences in wave function overlap

we roughly estimateG„cg→(cc̄)1 light hadrons…;O(0.5 MeV)
andG„cg(C51)→ light hadrons…;O(20 MeV).
-
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V. EXPERIMENTAL SIGNATURES
AND SEARCH STRATEGIES

Information useful in the search ofcg is listed in Table I.
Not only the exoticcg with JPC5062,121,212 will in-
volve unique characteristics, even the non-exoticcg that mix
negligibly with conventional charmonia will have strikin
signatures~corresponding tables could be produced easi!.
There are three major categories of decay:~a! open charm,
~b! hidden charm, and~c! light hadrons. Light hadronic
modes that involve one or moreKK̄ pairs~more generallys s̄
pairs! could also be searched for. In general, we suggest
a dedicated study ofB→cgXs , whereXs is light hadron~s!
with total strangeness511, be made as follows:

~i! cg→D (* ,** )D (* ,** ). In addition to a search forcg ,
theD (* ,** )D (* ,** ) system should be studied to see
evidence ofc~4040;4160!, and other excited (cc̄)
states~see Sec. IV!. On general grounds we advoca
measuring theJPC dependence of charm pair produ
tion by these channels. Note that such channels fee
‘‘wrong sign’’ B̄@bq̄#→D̄@ c̄q8#1¯ charm produc-
tion that has been observed by several experime
@34#, and so relevant data may already be at hand

~ii ! cg→(cc̄)1„light hadron~s!,g…, where (cc̄) is a con-
ventional charmoniumc,hc ,xc ,hc ,... ~see Table I!.

~iii ! cg→ light hadrons. For examples, consult the last c
umn of Table I.

WhenXs5K (* ), it has definite momentum in theB rest
frame. Thus careful studies ofK (* ) momentum spectra could
establish excesses beyond what is expected from o
sources.

We recommend not only to search forcg production, but

,
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TABLE II. Glueball masses in GeV in the 3–4.5 GeV mass range accessed byB→K (* )1glueball,
according to lattice gauge theory@37#. The 022 glueball mass is poorly determined. NoJPC exotic glueballs
are expected below 3 GeV.

JPC 112 221 311 111 222 122

Mass 2.960.3 3.060.2 3.960.5 4.060.3 4.060.4 4.660.5
JPC 121 012 212

Mass &4.1 &3.7 3.960.7
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also for other gluonic hadrons inB decay. Significant yields
of light hadrons inB decays could feed through light gluon
hadrons. In that scenario theb→cc̄s transition is followed
by non-perturbativecc̄ annihilation, such as multiple gluo
exchange between the spectator quark and the closed c
line @35#. The resulting intermediate state is rich in soft gl
ons and light quarks, which can arrange themselves
glueballs, light hybrids and glue-rich mesons likeh8. The
resulting final-states have lost their charm content. Some
cay modes of glueballs into light hadrons are summarize
the last column of Table I. PredictedJPC and masses o
glueballs can be found in Table II.

There is also the possibility for theK system to resonate
as Kg . The lightest of these states is predicted to oc
;2 GeV in mass@11,23# which leaves&3 GeV available for
the mass of thecc̄ system. Excitation ofKg is therefore
likely only with low mass charmonia~such asc,hc! or with
(h (8),v,r,...) if they containcc̄ @33,36#, or with light had-
rons. A search forB→Kgh (8) could be interesting, in light
of the largeB→Kh8.

We note that vertex detectors can utilize the long lifetim
of B andD hadrons to reduce backgrounds, and the excel
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rg
b

u

ys

et

31
rm

to

e-
in

r

nt

p/K/p separation capabilities atB facilities will further im-
prove the sensitivities. Full exploration of multibody deca
of b hadrons will require the ability to detectp0,h (8),g as
well.

VI. CONCLUSIONS

B decays are a fertile ground for searching and discov
ing gluonic hadrons, including hybrid charmonia which m
be copiously produced in the processb→cc̄s. Some of them
could significantly decay to light hadrons contributing toB
decays to final states without charm. We have studied
patterns of production and decay of such hybrids, and p
posed experimental search strategies.
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