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The large rate for the Zweig-rule-suppressed decay Y(4S)~)+Xwith a high momentum P is dis-

cussed and models are considered in which bb annihilation occurs in a color-octet state. Our main

findings are the following. (1) The central value of the observed CLEO rate is diScult to account for in

all such models. (2) Among these models, only those in which the bb (octet) is in a total spin-0 state seem

to be the least inconsistent with the observed rate. (3) The spin-0 state yields a hard photon with a rela-

tively high branching ratio which is on the verge of being ruled out by a CUSB measurement. The impli-

cations of these models for q„DD, P, and photonic final states are given. The possibility of distinguish-

ing among the contributions of spin-1 and spin-0 color octets is also discussed.

PACS number(s): 13.25.+m, 12.38.8x

I. INTRODUCTION AND MOTIVATION

Recent experimental studies by CLEO [1] and ARGUS
[2] of g-meson production from the decay of the Y(4S)
have found that

8(Y(4S)~/+X, ~P~ ~ 2GeV) =0.22+0.06+0.04% . (1)

The momentum cut on the P ensures that the P mesons
do not arise from the decay sequence Y(4S)~88 fol-
lowed by 8~/+X. That the observed rate (1) is puz-
zling can be seen by the following reasoning. Recall that
the total width of Y(4S) is —10 times larger than the to-
tal widths of lower-lying Y states. This is usually under-
stood as a consequence of Y(4S) being the lowest-energy
bb state above the 88 threshold, hence the Zweig-rule-
allowed decay mode Y~BB accounts for the increased
width. It is thus surprising to observe an apparently
Zweig-rule-suppressed process at such a high branching
ratio. Indeed the decay Y(1S)~/+X has a branching
ratio less than [3] —10 which would suggest that if the
Y(4S) decay were analogous, the branching ratio in (1)
would be —10,taking into account the difference in to-
tal widths. We must conclude therefore that whatever
Zweig-suppressed process accounts for the g mesons in
(1), the corresponding decays do not occur in lower Y
states.

One class of explanations for this puzzle is that the bb
annihilation takes place in a color-octet state. Explana-
tions of this type include mixing of the conventional
Y(4S) (i.e., pure bb state) with either a bbg or bbqq state.
Another way octet bb annihilation may arise is in the re-
scattering of final-state BB mesons. In this case, the tp

quarks contained in the 8 mesons will collide with in-
coherent color [4—6]. The motivation for explanations of
this sort is that the bb annihilation in the color-octet state
can proceed through two on-shell gluons or a single off-
shell gluon, potentially enhancing Zweig-suppressed
modes. In contrast, the usual color-singlet bb annihila-
tion in conventional Y decay models must proceed
through at least three gluons.

Another class of models, which is considered elsewhere
[7], relies on conventional meson transitions such as
Y(4S)~elhi, where the ht„which is below threshold, for
BB, gives rise to the P mesons. Explanations have also
been proposed which attempt to attribute (1) to exten-
sions of the standard model [8].

There are several reasons that suggest that the origin of
(1) needs to be better understood. For one thing, one ex-
pects the non-BB decays of Y(4S) to contribute towards a
background for the events used in determination of the
Kobayashi-Maskawa (KM) parameter V„t, through the
end-point measurements in the semileptonic transitions
of 8 mesons. Although at present [9] the level of inaccu-
racy of these first determinations is appreciable enough
(about 30%) that the background from non-88 decays is
not serious, this situation is likely to change as efforts to-
wards improved determination of V„b continue. For that
purpose a better understanding of the source(s) of non 88-
decays is important.

Let us also recall that admixtures of rnultiquark
and/or qqg states have been advocated in the past [10) in
the context of lighter (u, d, s,c) quarks but a clear resolu-
tion has not been attained. In the arena of Y(4S), the
presence of the heavier b quarks may make this issue
more tractable.
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Finally, we mention the problem with the semileptonic
branching ratio of the B meson [11j. Experimentally, this
branching ratio is found to be =10%. Theoretically it is
very difficult to account for a branching ratio less than
about 12%. Of course the non-BB decays of the Y(4S)
tend to increase the true experimental branching ratio
from the apparent value of about 10% but the extent of
the increase cannot be ascertained reliably until we have
a better understanding of the origin of (1).

In this paper, we consider the properties of such a
color octet bb annihilation and find that perturbative
QCD invariably leads to the formation of numerous two
and three-body (quark and gluon) final states and the
fraction of final states with P production is, in general, es-
timated to be so small that this mechanism can only be
the dominant cause of (1) in a certain subclass of such
models. In order to facilitate further experimental stud-
ies we also discuss the implications of bb octet models for
various final states such as rI„DD, P, and y. In addition,
we consider g production in bbg models through a mech-
anism where the bb pair annihilate in an octet state to
two gluons and a subsequent collision with the constitu-
ent gluon gives rise to the 1( meson. We find that this
mechanism also leads to a very small fraction of final
states containing P mesons, not enough to explain (1).

In terms of Po, the wave function at the origin, one ob-
tains

2, No
~2(1) +s 224 mb

2, (t'o
I 2

=—
CZ2(3) 3 s

mb

29 , No
(4) 96 ~'

mb

a (q,)
b (p,)

b (u, )

+ 2 more

Note that in the nonrelativistic approximation that we
are using, the sum of the amplitudes for the three graphs
of Fig. 1(a), for Ys(3) to decay to gg, vanishes. Further-
more, Y@,~

cannot decay to qq at lowest order in QCD
since a scalar cannot go through a single gluon.

For convenience we define R2~;~(X) for a given final
state X to be the ratio I (Ys~,~~X)/I 2~;~. This should be

II. THE MODEL AND INCLUSIVE DECAY RATES

Let us denote by Y8 the initial bb system in a color-
octet state in whatever model it is generated. For our
calculations we will assume weak binding and take the bb
to be in an S-wave state. Thus we take the b and b
quarks to be at rest and assign each of them one half of
the energy of the initial Y(4S) so that p&=p& and

Eb =mb.
If the bb in the Y8 are in a spin-0 state we will denote it

as Y8(, ), in a spin-1 state as Y8(3) while if the bb is unpo-
larized we will denote it as Ys(4). For example, in models
that produce a Y8 as a result of BB rescattering, the an-
nihilation will occur through a Y8(4) state. In models that
postulate a bbg state the bb pair is in a Y8(, )

state assum-

ing that the relative angular momenta are all 0. Finally,
models that postulate a bbqq state may contain either

Y8(&) or Y8(3) depending on the dynamics of the model.
The partial widths for the two-body decays Y8 gg,

Ys~qq (where q =u, d, s, or c ) and Ys~gy may thus be
readily calculated from the Feynman diagrams shown in
Figs. 1(a)—1(c) in terms of the wave functions at the ori-
gin (Po), for the Ys systems. However, in ratios between
decay rates of a given Ys system, the wave function will

cancel avoiding the model-dependent uncertainty in Po.
For each of the Yz systems, let us define the quantity

I 2() by

I ~;~
= I (Y ~, , gg )+4I (Y ~;~ qq ),

where q is a massless quark, and i =1, 3, or 4. I 2(,-)

should thus be a good approximation to the total widths
because, to lowest order in QCD, the possible final states
are gg, uu, dd, ss, and cc where all the quarks have masses
much smaller than mb.
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FIG. 1. Feynman diagrams for (a) bb~gg, (b) bb-~qq, (c)
bb~qy, (d) bb~qqg, (e) bb~qqy, (f) gg~gg, and (g) gg ~qq.
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F= 1 B(—Y(4S)~BB), (4)

then under the assumptions that Rz(X) =B(Y()~X)and
that all the non-88 decays go through the Ys state, we
may conclude that

a good approximation to the branching ratio of Y8(,]~X
to the extent that Iz(,.] is an approximation to the total
width. Rz may also be used to calculate the branching
ratio of Y(4S)~X provided we assume that all the non-
BBdecays go through a single Y8 state. If we let

Process

fs~gg
&s~W
Ys~cc
fs~g'Y

R 2(1)

0
—,5 a/a,8

R2(3)

0
1

4
—'(2x + 1)+1—4x

0

R 2(4)

5
29
6

29—(2x + 1)&1—4x
—7a/a,8

TABLE I ~ Expressions for R2 are shown for various two-
body decays of Ys systems calculated to lowest order in QCD.
In the case of Ys~cc, x=m, /4mb.

B(Y(4S)~X)=FRz(X) . (5)

Experimental determination of F is not presently avail-
able. The deviation between theory and experiment of
the semileptonic branching ratio for 8 mesons may be
used as one indication that F 0.2.

Table I shows expressions for R2 for the two-body de-
cays Y8(;]~gg, Y8(;]~qq, where q is an essentially mass-
less quark (i.e., u, d, or s ), Ys(;)~cc, and Ys(;)~g y.

Thus the Y8(;], to lowest order, decays predominantly
to gg and it also decays to gy with Rz())(gy)

1.3X10 . In the case of Y8(3) the state decays
predominantly to a quark pair with no gy while for the
Ys(4), Rz(4)(gg)=0. 17, Rz(4)(gy)=2. 2X10, and for
each quark, R z(4) (qq ) =0.21 where we have taken
a, =0.3. Now let us consider the three-body decays
Y8~qqg and qqy, where q =u, d, s, or c. These decays
proceed through the Feynman diagrams in Figs. 1(d) and

1(e). The differential rate for these is given by [12]

dR2 NE
dy dz m

z2
A +B f(x,y, z )+Cg(x, y, z )

(1—y)'

(6)

where the kinematic variables x, y, and z are defined by

m,
' (p, +p-, )'

4mb 4mb 4mb2

and where 4x y ~1 and ~z~ ~&(y —4x)/y (1—y). f
and g are defined to be

f(x,y, z}=-z4+4z y(2x+1) —(1—y) [(1+y) +8x(y —4x —2)]
[(1—y )'—z']'

g(x,y, z)= yzz+(1 —y) (y+4x)
z( 1 y )z

(8)

The values of the parameters N, E, A, 8, and C, are given
in Table II for the cases Ys~qqg and Ys~qqy where q
is a quark of charge e . In addition, we have considered
the case denoted by YI~(qq), g where we project out the
color singlet part of the qq system. In this case,
Rz())((cc))g} is 0 to the relevant order in QCD because
both Ys() ) and (cc ), must couple to at least two gluons.

Figure 2(a) shows a graph of dRz(4) /dy for various pos-
sible final states. dRz(4)(ssg )/dy is shown as a solid line,
where we have taken m, =0.5 GeV, mb =5 GeV, and
a, =0.3. Likewise dRz(4)(ccg )/dy is shown (dots) as well
as dRz(4)((cc),g)/dy (dashes). +dRz(4)((qq))y)/dy is
shown (dot-dash) where the sum is taken over

q =u, d, s, and c (here we have used the constituent mass
m„=m&=0. 3 GeV) as well as dRz(4)(ccy)/dy (long
dashes). Figures 2(b) and (c) show similar plots for
dR2(3) /dy and dR2(&] /dy respectively.

Note that in the case of Y8(3) and Y8(4] these processes
become infrared divergent in the limit that y~1 corre-
sponding to the fact that this graph is a radiative correc-
tion to Y8(3)~qq. This can be seen by the sharp rise in
the curves of Fig. 2 as y —+1. Infrared cutoffs will there-
fore be necessary to get the total branching ratios. If we

cut off the infrared divergence by taking the energy of the
gluon, E 700 MeV [which is equivalent to introducing
the cut y 0.86 since Eg=(l —y)mb] and E &200 MeV
(which is equivalent to introducing the cut y 0.98}, the
curves in Fig. 2 may be integrated yielding the total
values for R 2. In the Y8(4] case these are
R z(4)(ccg ) =0.10, R z(4)(ssg ) =0.25, R z(4)((cc ))g }
=0.018, QRz(&)(qqy) =0.012, and Rz(&)(ccy) =0.0025.

+8(1)

&s(3}~Wg
&8(4)~Wg
+8(1)~(W )1g
+8(3) (W )2g

&8(4}~(W)1g

&8(1}

&8(»
fs(4}~&X

3
40
1

64
3

232

0
1

64
3

232
3

40
1

64
3

232

a,

a,

a2

0
14
3
14
3

0
4
3
4
3

0
8eq

8eq

0
4eb'

0
4eb

TABLE II. The coefficients of Eq. (6), calculated using the
Feynman diagrams in Figs. 1(d) and 1(e), are given.

Process
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FIG. 2. dRz, 4, /dy vs y for the processes ssg (solid), ccg (dots), (cc),g (short dashes). gqqy (dash-dotted), ccy (long dashes). (b)

dR2(3) /dy vs y for the same final states as in (a). (c) dR &(&) /dy vs y for the same final states as in (a) except (cc ) &g is not shown since it
is 0 to this order in @CD.
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Il llc Y8(3) case thcsc aI'c R 2(3)(ccg ) =0.11,
Rz~&~(ssg ) =0.28, Rz~li((cc )&g) =0.02, QRz~l~(qqy)
=0.013, and Rz(3)(ccy)=0.0030; while in the Y8~&i case
these are R z~, i(ceg )=0.039, R z~, ~(ssg ) =0.11,
Rz~, )((cc),g ) =0, QRz~l~(qqy) =0.0028, and Rz~l~(ccy)
=0.00028 (see Table III).

dIT(gg~gg) 9m z (rlz+3)' 1

dg 16 (1—
rl ) s

T

do'(gg qq } z 9'hz+7 z~96as 2 9ag

1 —4x —q 1

s

(9a)

III. IMPLICATIONS FOR SEMI-EXCLUSIVE RATES

A. Final state g or P

In order to calculate the rate of f and P production we
will use a color evaporation model [13]. In the case of 1(

for example, this model assumes that a fixed fraction of cc
pairs produced by the above cog process with center-of-
mass energy below a certain threshold T are converted to
1( mesons. The conversion factor from cc pairs to g
mesons we will denote by C&. Note that the kinematics
of this model imply that the 1( is always at its maximum
possible energy so it will always pass the cut in (1).

To make estimates for g production we will take the
threshold to be 3.7 GeV. Furthermore, theoretical uncer-
tainties are taken into account by varying a, between
0.25 and 0.3, m, from 1.2 to 1.6 GeV, and mb from 4.5 to
5 GeV. Also, following Ref. [12], we take C& to range
from —,

' to —,'.
Using these parameters, we find that for Y8~4~,

Rz~4~(/+X) ranges from 1.0X10 to 1.4X10 while
for Y8(3) Rz(3)(1(+X) ranges froln 2.0X10 ' to
3.7X10 . In the Y@,~

case Rz~, i(1(+X) ranges from
6X10 torX10

Consider now the predictions for Ys~f+X in relation
to the observed experimental results. If we push I' to its
upper limit of 0.2 and consider the values of
Rz~;)(/+X, E& )2 GeV), we find that B(Y(4S)~f
+X,E& & 2 GeV) is ( 3 X 10 for Y@4~ theories,
~7X10 for Y8(3) theories, and ~1.2X10 for Y8~, )

theories. It would thus appear that Y8~&) theories are the
only ones that are not inconsistent with (1), as they could
be within 1 to 20. of the observed value while the other
cases appear an order of magnitude or so smaller than the
observation and are thus excluded.

In models involving the state bbg, f mesons may also
be produced by the constituent gluon interacting with a
gluon resulting from the annihilation of the bb. Thus the
Ys component of the system decays to gg and one of the
gluons thus produced rescatters off of the constituent
gluon producing a final state that could contain
mesons. In analyzing this model, our approach will be to
calculate the branching ratio to f mesons in comparison
to the decay width contribution of such rescattering
events. This will, for instance, give an upper bound on
the branching ratio to 1( Inesons.

Let us consider first the rescattering process itself. To
lowest order in QCD the possible processes are
g(q, )g(qz )~g(p, )g(pz ) and g(q, )g(qz )~q(p, )q(pz ).
The differential cross sections for these 2-to-2 processes
obtained from the Feynman diagrams in Figs. 1(f} and
1(g} are well known [14] but we reproduce them here
purely for the sake of completion:

(9b)

where s=(q, +qz), I =(q, —p, ), u =(q, —pz),
x =m~/s, and I)=(u I )/s. —Note that the cross section
for gg~gg has bad infrared behavior (i.e., it diverges
when ~y~~l). This corresponds to the I or u-ch-annel

propagator carrying low momentum. We know however
that perturbative QCD is not a good description in this
regime, so we will consider only events where

I
& I, Iu I

~ Q';.
The total cross sections for these processes are

9~a,
Ir(gg gg }=

8s

1 0(129—320 —0 )

3 1 —v

—16arctanh v (loa)

2ala 1
o'(gg ~qq ) = 8(x +4x + 1 }arccosh

12s 4x

' 1/2

—( 31x +7)l/1 —4x (lob)

10 =

10 =

10 =

10 =

2"10 I I I I

0.0 4.0 6.0 8.0
s-~(G V)

FIT&. 3. A plot of o.(gg~gg)lcro (solid) and 0.(gg~ce)/00
(dotted) vs &s taking Q;„=0.7 GeV.

2.0 10.0

where 0=1—2Q;„/8 is the cutoff in ~y~ corresponding
to the

~
I ~, ~

u
~

(Q;„. Notice that if we take the limit
s —+ ~ while holding Q;„constant, o (gg ~gg ) ap-
proaches the constant value o o= 9a, /Q

Referring to Fig. 3, which plots cr/oo as a function of
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TABLE III. A summary of various branching ratios given in the text are listed for Ys(&),Y8(3) and Y8(4) according to the assump-
tions described.

Quantity

R, (qq)
R2(gy)
Rz(ccg), E~ ~0.7 GeV
R2(ssg ),E~ 0.7 GeV
R2((cc),g), E~ ~0.7 GeV
R2.(ccrc),E~ «0.2 GeV

QR (zqqy), E +0.2 GeV

R2(y+X), Ey ~ 3 GeV
QRz(qqr ),

0.4 GeV ~ E~ ~ 0.6 GeV
R&(cc+X),m„«6.5GeV

R2(cc+X),
m, , «6.5 GeV, E «1 GeV

R, (ss+X),
m, , «6. 5 GeV, E~ «1 GeV
Rzig+X}
Rz{P+X)
Rz(/+X)/Rz(/+X)
R,(it+ y+X)/Rz(/+X)
Rz(i), +X)/Rz(/+X)

+8(1)

1

0
1.3X10

0.039
0.11

0
0.000 26
O.O028

1.3 X10'

3.7X 10

0.009

O. 5X 1O-4

0.5 X10-'

4 X 10-'-6 X 10-'
8X10 4-1X10

0.2-15
0.0064

0

+8(3)

0
0.25

0
0.11
0.29
0.022
0.0030
0.014

1.0X10-'

2.0X1O-'

0.25

8.7X 10

4.4x 10-4

2X10 '—3.7X10
7X 10-'-1X10-'

0.03—3.4
0.016

0.7 —2.2

+8(4)

0.17
0.21

2.2X 10
0.10
0.25
0.018
0.0025
0.012

2.2X 10

1.6X 10

0.21

7.3 X10-'

3.7X 10

1.0 X 10-'-1.4 X 10-'
1.5X 10-'-1.8X 10-'

0.2 —8
0.0085

0.53—1.5

&s with Q;„=0.7 GeV, we see that the ratio between
cr(gg~cc)/cro, represented by the dashed curve, and
cr(gg —+gg )/00, shown by the solid curve, is about
l. 5 X 10 when &s =2m, .

To further specify the model we would need to know a
structure function f (q) which gives the probability that
the gluon will have four-momentum q. We attempt to
take into account such effects very crudely by assuming
that the constituent gluon is on shell and is equally likely
to have any energy between 0 and E,„=1 GeV.

Let us label the constituent gluon 1, the gluon that col-
lides with it 2, and the other gluon 3. As above, we use
the color evaporation model which implies that the cri-
terion for possible 1( formation is that m, be between

2m, and T. This, together with the above condition, may
be expressed in terms of the energies E, and E3 (Ez is

constrained by energy conservation), the energies of
gluon 1 and 3, respectively, by

0+8) &E,„, (1 la)

Pl z 1 2
b 4 mb —m,2 2

~E, &
Plb

(1 lb)

B(Y(4S)~/+X)=RF =6X 10, (12)

Thus the probability that a gg collision in this model will
have the correct kinematics to produce a f is the ratio R
of the area of the Dalitz plot specified by (1 la) and (1 lb)
above to the area specified by just (11a).

If we take E,„=0.7 GeV, m, =1.5 GeV, and T=3.7
GeV, then R =4X10 . Furthermore, for a numerical
estimate we take [15] F=O. 1 and assume that gg rescat-
tering dominates the Y8 decay then

which is well below the observed value (1); hence, this
process is unlikely to make an appreciable contribution to

g production.
Let us now use the color evaporation model to obtain

Rz for P production from Ys~ssg. We use a threshold
of 1.5 GeV where we take the range for C& to be about
the same as C& given above. We also take m, varying
from 0 4 GeV to 0 6 GeV. In the Ys(4) case,
R z~4i (/+X ) ranges from 1.5 X 10 to 1.8 X 10; in the

Ys(3) case, Rz~3i(/+X) ranges from 7X10 to 1X10
while Rzi&i(/+X) ranges from 8X10 to 1X10

It is not unreasonable to assume that C& and C& are
not drastically different, in which case the uncertainties
in the ratio Rz(/+X)/Rz(/+X) would tend to cancel.
Also this ratio in our model should be the same as

B(Y(4S)~/+X, E& ~ 2 GeV)

B(Y(4S)~ /+X, E& ~ 2 GeV )
(13)

and has the virtue of being independent of F. For numer-

ical estimates we take —,
' ~C&/C&~2, and find that for

Y@4i, Rz~4i(1() ranges from 0.2 to 8, for Ys(3),
Rz~3i($)/Rz~3~(g) from 0.03 to 3.4, and for Y+, i,

Rz~, i($)/Rz~, ~(g) ranges froin 0.2 to 15. Experimental
bounds [1] on this ratio show it to be ~ 1. Thus this
model suggests that P production should be near the

current limits in Ys(4) and Y8(, ) models although, strictly

speaking, considerable suppression compared to P cannot
be ruled out.

B. Final state q,

Turning our attention now to g, production for Y8 de-

cay, we observe that a color-singlet cc pair produced
from the graphs in Fig. 1(d) will have the same (0
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quantum number as the g, when they have relative orbit-
al angular momentum 0. Thus we expect that a cc pair
below threshold in a color-singlet state is most likely to
condense into an g, . If we assume that the probability
for a color-singlet cc pair to convert to an g, is unity, we
obtain R z(~) (g, +X ) ranging from 4 X 10 to 2.2 X 10
R2(3)(rl, +X} ranging from 5X10 to 3.7X10, and

R2(, )((cc),g)=0. So, in particular, we expect that r},
may be suppressed in Y8(, ] models. Based on the above
assumptions, we may also calculate the ratios
R2(4)(ri, +X)/R2(4)(/+X), which ranges from 0.53 to
1.5 corresponding to —,

'
C& —,', while R2(3)(r/c+X)/

R z(z)(/+X), which ranges from 0.7 to 2.2.

C. D-meson Anal states

We must discuss decays to charm. We suppose that
the c quarks hadronize into D mesons (here we use D
generically to include D,D', etc.) which appear in the
final state. Thus since Ys(3) and Y8(4~ go to cc, these
states will give rise to hard DD pairs. If we consider the
quantity m... the invariant mass of the cc pair, this quan-

tity will be of the same mass as the initial Y8 system,
about 2mb. On the other hand, if

Y(4S) +BB~—DD +X

then m», the mass of a DD pair, must satisfy

mB+mD2 2
mB mD

2 2

m~D m 4s+ Q m 4s
—4m'

2mB 2mB

=6.35 GeV (14)

so a cut of mDD 6.5 GeV will select only the non-88
events.

Let us now discuss the expected branching ratio in Y8
theories for DD pairs satisfying the above condition.
Taking [15] F=0. 1 we find B(Y(4S)~cc+X,m, , +6.5

GeV) to be about 2.5% in Y()(3) theories and 2.1% in

Y8(4~ theories. In Y8(&] theories the only contribution is
from ccg. Integrating the spectrum in Fig. 2(c) subject to
m, ~6.5 GeV (which is equivalent to y ~0.42} we get

Rz(, )(ccg, m ~6.5 GeV}=9X10 corresponding to
B(Y(4S)~cc+X,m ~ 6.5 GeV) =9X 10

There are difficulties in interpreting these numbers as
branching ratios for mDD

~ 6.5 GeV since one must take
into account the hadronization of the c quarks into D
mesons. One would in fact expect the meson branching
ratios to be less than the parton branching ratios given
above.

A possible way to reduce this uncertainty is to consider
instead the ratio between the production of DD pairs
satisfying mDD ~6.5 GeV at the continuum and on the
Y(4S) resonance. We expect these two hadronization
processes to be analogous since in both cases the cc has
an energy of about 10 GeV. Thus if we define the ratio

we expect that to the extent that the hadronization effects
cancel,

(r(e+e ~Y(4S)),„„„„,„„
FR&(cc) .

)connnuum

(15b)

From experiment [9] we have that o ( e +e
~Y(4S)),„„„„,„„=1.2 nb while o (e+e ~cc )„„„„„„
=16m.a /(9s)=1. 0 nb so that

o (e+e ~Y(4S))n„„sn„,„„=1.2 .
0 (e+e ~cc )„„„„„„

(15c)

Taking F=0. 1 we get 8'D =0.030 in the case of the Y8(3)
and 8'D =0.025 in the case of the Ya(4~. While these ra-
tios (Wn) are too small to be easily observable in Y()
models, an experimental signal for these at appreciably
larger values could indicate a source for (1) other than
the octet mechanism being considered here.

In the case of Ys(& ~

—+ccg, the cc does not carry the full

mass of the Y8 system. Thus the assumption of the can-
cellation of hadronization is less likely to be valid. W' e
therefore expect that the result we get by applying this
method will only be an upper bound since softer cc pairs
are unlikely to give rise to D mesons passing the cut

mDD 6.5 GeV. We therefore estimate that in this case
8'~ + 0.0010.

By the same logic Ys~ss gives rise to Y(4S)~KK
with m&g ~6.5 GeV. Since the numbers calculated

above are not sensitive to the mass or charge of the
quark, the above estimates for branching ratios into hard
DD pairs also apply to hard EE pairs.

We may also consider measuring the ratio

(r(e+e ~Y(4S)~KK, mxz ~ 6.5 GeV),„„sn„,„«~a=
(r(e+e —~KK, mxz ~ 6.5 GeV)„„„„„„

(15d)

which is analogous to the quantity 8'D defined above.
Following the method of estimation which we used in
that case, we obtain 8'~ =0.12 for Ys(3], 8'z =0.10 for
Y8(4~, and 8'z ~0.004 for Y8(, ~. The numbers here are
larger than in the D case because the charge of the s
quark reduces the continuum contribution. Experimen-
tally this case may therefore be slightly more accessible.

Another method of using D mesons to tag a non-88
decay is to look for single D mesons with energy greater
than the kinematic threshold for 8—+D+X. This has
been done [1] experimentally for the specific case of D'
mesons giving

B(Y(4S)~D' +X,$~0.473) ~7.4—%%uo, (16a}

where g=~pr)~/Eb„(denoted by x in Ref. [1]). The
condition that / ~0.473 roughly corresponds on the par-
ton level to E, ~

—,'mb, a condition that is always satisfied

o(e+e ~Y(4S)~DD, mDD ~6.5 GeV),„„„,„„~c-
(r(e+e —~DD, mnD ~6.5 GeV)„„„„„.„

(15a)
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by one of the c quarks in the final state cc or ccg. Let us
model D* formation by supposing that a c quark has a
fixed probability F, of forming a D*. Thus, in our model

8(Y(4S)~D* +X—, $~0.473}=F,FR~2&(cc+ccg ) .

(16b)

Taking F to be about 0.1, the products F~2, (cc,E, or
E, ~

—,'mb ) for Y@,i, U@3i, and Y@4~ respectively are
4X10, 2.5X10, and 2X10 . Since F, &1, all the
cases appear to be consistent with (16a}.

In passing let us mention that one can also consider
hard DD pairs and KK pairs associated with a hard pho-
ton. Let us consider mz& or mz& 6.S GeV with Ez 1

GeV, which is equivalent to taking 0.42 y 0.8. Under
these conditions, we can calculate R2i~i(ccy)
=7.3X10, R2~3~(ccy)=8.7X10, and Rz~, i(ccy)
=0. 5 X 10, while R 2~4 ~

(ss y ) =3.7 X 10, R 2i 3 ~
(ss y )

=4.4X10, and R2~, i(ssy)=0. 5X10 . Because of the
hadronization difficulties we are unable to translate these
parton model calculations to rates of DDy (KKy) final
states so the numbers given should be interpreted as
upper bounds.

D. Final states containing photons

Since Y8(&) and Y8(4) decay to gy, if these states are
present, they should lead to the production of a hard
photon via Y(4S)—+y+X, where the photon has Er =5
GeV. This is experimentally significant in that a photon
with energy E~ & 2. 83 GeV cannot arise from
Y(4S)~BB and so would be another configuration of
non-88 decays of Y(4$). Thus again with [15] F=0. 1

the branching ratio is 1.3X10 in the case of Ys(&) and
2.2X 10 in the case of Y@4~ [16]. In all of the Ys states
the process Y8~qqy gives a photon spectrum which can
be obtained from Fig. 2 by recalling that Er =(1—y )mb.
One can see that Y8(3) has a softer spectrum than the oth-
er cases. If one wants a hard photon from Y8(3) which
cannot come from BB, then since Y8(3) does not have
direct (i.e., gy) photon production, we may consider im-

posing the cut E ~3 GeV. Integrating the spectra in

Fig. 2(b) we thus obtain QR2i3i(qqy, E& ~ 3 GeV)
+1X10 which gives a branching ratio of 10 with
F=0. 1 as previously.

If indeed an Y@,~
is truly responsible for (1), we may

further search for the decay Y8(&)~g y in the experirnen-
tal data. According to Ref. [17],at 90% C.L.,

8( Y(4 S)~gy, 3GeV~E ~5. 1 GeV}~1.4X10

8( Y(4 )S~g y4 GeV~E ~5 GeV) ~0.8X10 3, (17)

B(Y(4S)~gy, S. 1 GeV + E ~ 5.29 GeV) ~ 2. 3 X 10

whereas in our model, 8(Y(4S}~gy}=0.013F=1.3X
10 for F=0.1. The energy of the photon should be
about 5 GeV though it could vary somewhat according to
the detailed dynamics of the model. In any case, the
branching ratio is similar to the limits above. A reduc-
tion of the experimental limit by about a factor of 3 could
thus prove decisive for the Y8(&) possibility.

IV. METHODS FOR ESTIMATING F

It would be useful at this point to have a crude esti-
mate of the total widths that these Y8 states would have.
To do this, let us assume that Po is the same for Ys and

Y(1S). Taking our cue from potential models, we will

also assume that Po will be the same for 0 + and 1

ground states in heavy quarkonia.
Thus

I 2(1) 5

l(gb) 16

I 2(3) 1

I(qb) 2

I 2(4) 29

I(gb) 64

(18}

Now,

1(qb)=6 1(Y(1S)~e+e )=16 MeV, (19)
a

from which we conclude that I z(, )
=4.3 MeV, I p(3) 6.8

MeV, and I 2~4' =6.2 MeV. The total width of the Y(4S)
is 23.8 MeV, so if the assumptions about the Po used to
derive (18) and (19) are accurate, then the upper bound
on F is about 18% (in the case of Y8~ & ~

).
Another relatively clean method for determining F is,

of course, by measuring the branching ratio into photons,
as already discussed above.

V. SUMMARY AND CONCLUSIONS

We have considered bb octet annihilation as a source of
the observed rate of Y(4S)~/+X. Despite the fact that
the probability of such an admixture is not known experi-
mentally and we also do not know how to calculate it
theoretically, we show that QCD perturbation theory im-

plies that the observed rate [1] is uncomfortably high for
this class of models. Among these models, those in which

a bb octet is in a spin-0 configuration appear to be the
least inconsistent with the observed g rate. This specific
configuration leads to the emission of hard photons with

a relatively high branching ratio. Existing measurements

by the CUSB group [17], however, seem on the verge of
ruling out such photons. Improved determinations of the

g and the photon rate are clearly highly desirable. We
also give the implications of these models for many final

states such as P, DD, KK, g„etc. and we suggest a search

Also in Ref. [17] it was found that the branching ratio
for soft photons with 0.4 GeV E ~ 0.6 GeV is

0.65%. This is well within our model for Ys(~) since

QRz~, ~(qqy, 0 4.GeV~Er ~0.6 GeV)=3. 7X10

Another ratio that should be even more independent of
theoretical uncertainties than the above is
Rz(g+y+X)/Rz(t(+X) with hard y and g. If we cal-
culate it as in the previous examples we find it is given to
a good approximation by 0.085 for Y8(4), 0.016 for Ysi3~,
and 0.0064 for Y8(, ).
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for DD and EK with an invariant mass greater than 6.5
GeV. The charm-meson final states are relatively
enhanced if the bb octet state has total spin 1 and the
photon final state is enhanced if the state has spin 0.
More experimental information on these issues will clear-
ly elucidate the dynamics of these possible admixtures.

Note added. Since the paper was submitted for publi-
cation, CLEO has analyzed more data. The new CLEO
results indicate that their original signal reported in Ref.
[1] needs significant correction due to the contribution
from the continuum. See, e.g., Y. Kubota et a/. , Psi Pro-
duction in e+e Annihilation in the Y(4S) Energy Region
submitted to Lepton-Photon Conference, Geneva (1991).
(We are particularly indebted to Ed Thorndike and Shel-
don Stone for communications. ) From the perspective of
the current theoretical study, this development, if
confirmed, would not be a complete surprise as this study
suggests that the original signal was too large to explain
in the model(s) under discussion in this paper. We hope
that the tests and the analysis discussed in this work

would still be implemented as more data become avail-
able to improve our understanding of the mixing under
drscussron.
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