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Color-octet J/c production in the Y decay
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The direct production rate ofc in theY decay is shown to be dominated by the processY→ggg* followed
by g*→c via the color-octet mechanism proposed recently to explain the anomalous prompt charmonium
production at the Fermilab Tevatron. We show that this plausibly dominant process has a branching ratio
compatible with the experimental data. Further experimental study in this channel is important to test the
significance of the color-octet component of thecc̄ pair inside thec system.@S0556-2821~96!02113-3#
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I. INTRODUCTION

The most appealing explanation of the excessive prod
tion rates of promptc, c8, andxcJ observed at the Fermila
Tevatron@1,2# is given by the combination of the ideas
gluon fragmentation into quarkonium@3# and the color-octet
mechanism@4#, in which a gluon fragments into a color-oct
3S1 cc̄ pair which subsequently evolves nonperturbativ
into the physical charmonium states by QCD dynami
While the nonperturbative parameters associated with
color-octet mechanism must be extracted phenomenol
cally from the rates of prompt charmonium production, t
prediction of the shape of the transverse momentum s
trum agrees well with the data@4–7#. A comprehensive re-
view of these two theoretical developments and their im
cations at the Fermilab Tevatron and the CERNe1e2

collider ~LEP! can be found in Ref.@8#. If this mechanism is
correct, it may give rise to many testable predictions
charmonium production inZ0 decay@9#, low energye1e2

annihilation@10#, photoproduction at fixed target and expe
ments at the DESYep collider HERA @11#, hadroproduction
at fixed target experiments@12# and at the CERN Large Had
ron Collider ~LHC! @13#, andB-meson decays@14#. Double
prompt quarkonium production from the color-octet mech
nism has also been studied at the Fermilab Tevatron@15#. In
this paper, we show that the color-octet mechanism can
provide the dominant contribution toc production inY de-
cay.

The available experimental data on charmonium prod
tion in Y decay are listed as

B~Y→c1X!H 5~1.160.4!31023 CLEO @16#,

,1.731023 Crystal Ball@17#,

,0.6831023 ARGUS @18#,

~1!
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in which the CLEO and the Crystal Ball results show a slight
inconsistency. But it is interesting to note that these experi-
ments can reach the branching fraction forY→c1X at the
level of 1024–1023. Trottier @19# studied the indirectc pro-
duction inY decay via the production of intermediate physi-
cal xc states, which decay radiatively intoc. However, this
indirect production ofc contributes to a branching ratio less
than 1024 in Y decay. Since the experimental branching
fraction is already at the level of 1024–1023, we definitely
need a new production mechanism to explain the data. We
also hope that the slight discrepancy in the above experi-
ments can be resolved in the near future.

Conventional wisdom tells us that hadronicallyY decays
predominantly throughbb̄ annihilation into three gluons.
The rich gluon content in the final state makes it rather easy
for the gluon to split into acc̄ pair in the color-octet3S1
configuration. Ifc can be formed from this color-octet con-
figuration at a significant level as predicted by Braaten and
Fleming @4# at the Fermilab Tevatron@1,2#, charmonium
states should be abundantly produced inY decay. A previous
theoretical study@20# of the processY→c1X was based on
the color-evaporation model@21#, with which the color-octet
mechanism shares some common spirit, but the model fails
to be systematic. Another qualitative estimate for
Y→c1X can be found in Ref.@22#.

In Sec. II, we will briefly review the description of the
inclusive decay and production of quarkonium based on the
nonrelativistic QCD ~NRQCD! factorization formalism
given by Bodwin, Braaten, and Lepage@23#. In Sec. III, we
will discuss in detail several new color-octet processes rel-
evant toc production inY decay allowed by the general
factorization formula. In Sec. IV, we compare the production
rates of different processes and discuss the energy spectru
of c in Y decay.

II. NRQCD FACTORIZATION FORMALISM

The factorization formalism@23# for the inclusive decay
and production of heavy quarkonium allows us to probe the
929 © 1996 The American Physical Society
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930 54KINGMAN CHEUNG, WAI-YEE KEUNG, AND TZU CHIANG YUAN
complete quarkonium Fock space in a systematic and con
tent manner based upon NRQCD. It can be straightforwa
applied to the case of inclusive charmonium production fr
bottomonium decay@19#. For the case ofY→c1X, we
have the factorization formula

dG~Y→c1X!5(
m,n

dĜmn̂ YuOmuY&^On
c&, ~2!

wheredĜmn are the short-distance factors for abb̄ pair in the
statem to decay into acc̄ pair in the staten plus anything,
wherem,n denote collectively the color, total spin, and o
bital angular momentum of the heavy quark pairs.dĜmn can
be calculated in perturbation theory as a series expansio
as(mc) and/oras(mb). Contributions todĜmn that are sen-
sitive to the quarkonium scales (mbvb or mcvc or smaller,
where vb and vc are the relative velocities of the heav
quarks inside the bound states! and toLQCD can be absorbed
into the NRQCD matrix elementŝYuOmuY& and^On

c&. We
use the notation̂On

c& to denote the vacuum expectatio
value ^0uOn

cu0& of the operatorOn
c . The nonperturbative

factor ^YuOmuY& is proportional to the probability for the
bb̄ pair to be in the statem inside the physical bound stat
Y, while ^On

c& is proportional to the probability for a point
like cc̄ pair in the staten to form the bound statec. The
relative importances of the various terms in the above dou
factorization formula~2! can be determined by the order
vb or vc in the NRQCD matrix elements and the order
as in the short-distance factorsdĜmn .

In the color-singlet model@24#, the NRQCD matrix ele-
ments involved in the processY→c1X are
^YuO1(

3S1)uY& and ^O1
c(3S1)&. According to the velocity

scaling rules@23#, they are scaled asmb
3vb

3 andmc
3vc

3 , re-
spectively, and can be related to the quarkonium wave fu
tions as follows:

^YuO1~
3S1!uY&'

Nc

2p
uRY~0!u2, ~3!

^O1
c~3S1!&'3

Nc

2p
uRc~0!u2, ~4!

whereNc denotes the number of colors. Therefore, the
color-singlet matrix elements can be determined from
leptonic widths of theY and c. The short-distance facto
in the color-singlet model for this direct proce
includes bb̄(3S1 ,1)→cc̄(3S1 ,1)gg and bb̄(3S1 ,1)
→cc̄(3S1 ,1)gggg. The two possible color configurations o
the heavy quark pair are denoted by1 for singlet and8 for
octet. The leading order Feynman diagrams for these
cesses are of orderas

6 . Because of such a high order in th
strong coupling constant, it is unlikely that these colo
singlet processes can be the dominant production me
nism.

The first example of the double factorization formula su
as ~2! is the indirectc production in the decayY→xcJ1X
with xcJ→cg considered by Trottier@19#. The short-
distance factorĜ„bb̄(3S1 ,1)→cc̄(3PJ ,1)1ggg… is of order
as
5 , which is enhanced by a factor of 1/as compared with the
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direct color-singlet processes mentioned in the previous
paragraph. However, the infrared divergence in the leading
order calculation of the short-distance factor indicates that
the results are sensitive to the scalemcvc or smaller. There-
fore, in addition to the color-singlet matrix element
^O1

xcJ(3PJ)& ~scales such asmc
5vc

5), one also needs to include

the color-octet matrix element^O8
xcJ(3S1)& ~scales such as

mc
3vc

5) to absorb the infrared divergence. The short-distance
process associated with the color-octet matrix element is
bb̄(3S1 ,1)→cc̄(3S1 ,8)1gg, which is of orderas

4 . In this
case, the introduction of the color-octet matrix element is
required by perturbative consistency, since the infrared di-
vergence would otherwise spoil the one-term factorization
formula.

In the next section, we will consider the direct and indi-
rectc productions inY decay with short-distance factors of
order as

3 and as
4 . These are possible only if higher Fock

states of thec or Y are considered. We will also consider
processes with short-distance factors of orderaas

3 , a2as ,
and a2as

2 that are suppressed by electromagnetic coupling
but may or may not require higher Fock states of the quarko-
nia. In the following, we will first consider the produced
cc̄ pair in the color-octet1S0 ,

3S1 , or
3PJ configuration,

which subsequently evolves into physicalc described by the
matrix elementŝO8

c(1S0)&, ^O8
c(3S1)&, or ^O8

c(3PJ)&, re-
spectively. These color-octet matrix elements are suppressed
by vc

4 relative to the color-singlet matrix element
^O1

c(3S1)&. The matrix element̂ O8
c(3S1)& has been ex-

tracted from the Collider Detector at Fermilab~CDF! data
@4–6#, while two different combinations of the other color-
octet matrix elements have been extracted from the CDF data
@6# and from the photoproduction data by Amundsonet al.
@11#.

Though of much smaller effects, we also consider the
contributions by the higher Fock state of the color-octetbb̄
pair inside theY associated with the matrix element
^YuO8(

3S1)uY&, whose value has not yet been determined.
An order of magnitude of this matrix element can, in prin-
ciple, be estimated by considering the ratio

^YuO8~
3S1!uY&

^YuO1~
3S1!uY&

^O1
c~3S1!&

^O8
c~3S1!&

;S vb2vc2D
2

, ~5!

which implies that its value should be highly suppressed.
The ratio in Eq.~5! tells us that processes associated with a
color-octetcc̄ pair inside the producedc and a color-singlet
bb̄ pair inside the decayingY are much more important than
those with a color-octetbb̄ pair inside theY and a
color-singlet cc̄ pair inside the c. Using the
value ^O8

c(3S1)&'0.014 GeV3, @4–6# ^O1
c(3S1)&

'3^cuO1(
3S1)uc&'0.73 GeV3 from the leptonic width of

c, ^YuO1(
3S1)uY&'2.3 GeV3 from the leptonic width of

Y, and vc
2'0.3 and vb

2'0.08, we obtain
^YuO8(

3S1)uY&'331023 GeV3. However, such a large
value for this matrix element would substantially increase
the hadronic width ofY, which would diminish the leptonic
branching ratio to an unacceptable level. Obviously, this ma-
trix element enters into the hadronic width of theY via the
short-distance processbb̄(3S1 ,8)→g*→qq̄. In order not to
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spoil the experimental value for the leptonic branching ra
and the total hadronic width ofY, it is necessary to put a
bound on the value of the matrix element^YuO8(

3S1)uY&.
The hadronic width of theY has the factored form

G~Y→ light hadrons!

5S Ĝ„bb̄~3S1 ,1!→ggg…

1 (
q5u,d,s,c

Ĝ„bb̄~3S1 ,1!→qq̄…D ^YuO1~
3S1!uY&

1 (
q5u,d,s,c

Ĝ„bb̄~3S1 ,8!→qq̄…^YuO8~
3S1!uY&

1•••, ~6!

with the following short-distance factors calculated to lea
ing order ina andas :

Ĝ„bb̄~3S1 ,1!→ggg…5
20as

3

243mb
2 ~p229!, ~7!

Ĝ„bb̄~3S1 ,1!→ f f̄ …5
2pNcQb

2Qf
2a2

3mb
2 , ~8!

and

Ĝ„bb̄~3S1 ,8!→qq̄…5
pas

2

3mb
2 . ~9!

In Eq. ~8!, Nc is 1 and 3 forf equals charged leptonl and
light quarkq, respectively;Qf is the electric charge of the
fermion f in unit of the positron charge; and we have s
mq andml to zeros in Eqs.~8! and ~9! for simplicity. Using
the following expression for muonic branching ratio

B~Y→m1m2!

5
G~Y→m1m2!

G~Y→ light hadrons!1( l G~Y→l 1l 2!
,

~10!

together with the experimental value fo
B(Y→m1m2)50.024860.0007 @25#, we can obtain the
bound on^YuO8(

3S1)uY&

^YuO8~
3S1!uY&'S 1.915.1

24.6D 31024 GeV3, ~11!

where we have allowed a 2s variation onB(Y→m1m2).
Alternatively, we can obtain another bound by using the to
width of Y, but the result is not as good as the one given
Eq. ~11!. Therefore, in the rest of the paper we will use th
value ^YuO8(

3S1)uY&;531024 GeV3. With this value for
^YuO8(

3S1)uY&, we obtain the ratio
io
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Ĝ„bb̄~3S1 ,8!→g*→qq̄…^YuO8~
3S1!uY&

Ĝ„bb̄~3S1 ,1!→ggg…^YuO1~
3S1!uY&

;0.017,

which is now sufficiently small posing no threat to the ex-
perimental value of the leptonic width in theY decay. The
input parameters used in our later numerical calculations are
summarized in Table I for convenience. Since all our new
calculations are at tree level only, we, to be consistent, ex
tract the color-singlet matrix elements from the leptonic
widths ofc,c8, andY using tree-level formulas.

III. COLOR-OCTET PROCESSES

We shall first consider two processes with a color-octet
cc̄ pair inside the producedc and a color-singletbb̄ pair in
the decayingY.

A. bb̄„3S1 ,1…˜g*˜cc̄„2S11LJ ,8…1g

The leading order diagrams for the process
bb̄(3S1 ,1)→cc̄(2S11LJ ,8)1g is of order a2as , one of
which is shown in Fig. 1~a!. This is similar to the process
Z→cc̄(2S11LJ ,8)1g, which is negligible because the
short-distance factor is suppressed by powers ofmc

2/MZ
2

from the quark propagator@9#. But in the present case it is
only suppressed by powers ofmc

2/mb
2 . We will restrict our-

selves to the case ofL50 and 1 only. Although the contri-
butions from higher values ofL can be included easily, they
are further suppressed by powers ofvc

2 . The inclusive pro-
duction rate from these processes can be written as

TABLE I. Input parameters used in our calculations.

NRQCD matrix elements Value

^O1
c(3S1)&'3^cuO1(

3S1)uc& 0.73 GeV3

^O1
c8(3S1)&'3^c8uO1(

3S1)uc8& 0.42 GeV3

uRxc
8 (0)u2'

2p

9 ^O1
xc0(3P0)&

0.075 GeV5 @27#

^YuO1(
3S1)uY& 2.3 GeV3 @Eq. ~18!#

^O8
c(3S1)& 0.014 GeV3 @4–6#

^O8
c8(3S1)& 0.0042 GeV3 @4–6#

^O8
c(1S0)&'^O8

c(3P0)&/mc
2 1022 GeV3 @6#

^O8
xc0(3S1)& 0.0076 GeV3 @5,8#

^YuO8(
3S1)uY& 531024 GeV3 @Eq. ~11!#

Other parameters Value

mc 1.5 GeV
mb 4.9 GeV
as(2mc) 0.253
as(2mb) 0.179
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G1a~Y→c1X!5^YuO1~
3S1!uY&F^O8

c~1S0!&Ĝ„bb̄~3S1 ,1!→cc̄~1S0 ,8!1g…

1 (
J50,1,2

^O8
c~3PJ!&Ĝ„bb̄~3S1 ,1!→cc̄~3PJ ,8!1g…G . ~12!

The short-distance factors are calculated to leading order and are given by

Ĝ„bb̄~3S1 ,1!→cc̄~1S0 ,8!1g…5
4p2Qc

2Qb
2a2as

3

1

mb
4mc

~12j!, ~13!

Ĝ„bb̄~3S1 ,1!→cc̄~3P0 ,8!1g…5
4p2Qc

2Qb
2a2as

9

1

mb
4mc

3

~123j!2

12j
, ~14!

Ĝ„bb̄~3S1 ,1!→cc̄~3P1 ,8!1g…5
8p2Qc

2Qb
2a2as

9

1

mb
4mc

3

11j

12j
, ~15!

Ĝ„bb̄~3S1 ,1!→cc̄~3P2 ,8!1g…5
8p2Qc

2Qb
2a2as

45

1

mb
4mc

3

113j16j2

12j
, ~16!

where j5Mc
2/MY

2'mc
2/mb

2 . We have also used the nonrelativistic approximation for the mass of the quarkoniu
MY'2mb andMc'2mc . We note thatbb̄(3S1 ,1)→g*→cc̄(3S1 ,8)1g vanishes. Using the heavy quark spin symmetry
relation ^O8

c(3PJ)&'(2J11)^O8
c(3P0)& @23#, the total width from these processes can be simplified as

FIG. 1. Some of the contributing Feynman diagrams for the short-distance processes:~a! bb̄(3S1 ,1)→g*→cc̄(2S11LJ ,8)g; ~b!
bb̄(3S1 ,1)→g* gg→cc̄(3S1 ,8)gg; ~c! bb̄(3S1 ,8) →g*→cc̄(3PJ ,1)g; and ~d! bb̄(3S1 ,8)→g*→cc̄(3S1 ,1)gg.
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G1a~Y→c1X!5
4p2Qc

2Qb
2a2as

3

^YuO1~
3S1!uY&

mb
4mc

H ^O8
c~1S0!&~12j!

1
^O8

c~3P0!&

3mc
2 F ~123j!2

12j
1
6~11j!

12j
1
2~113j16j2!

12j G J , ~17!
t

o
f

which can be normalized by the leptonic width ofY:

G~Y→e1e2!5
2pQb

2a2

3

^YuO1~
3S1!uY&
mb
2 . ~18!

Using mc51.5 GeV, mb54.9 GeV, as(2mb)50.179,
^O8

c(1S0)&'^O8
c(3P0)&/mc

2'1022 GeV3 @6#, and
B(Y→e1e2)'0.0252@25#, the contribution from the above
color-octet processes to the inclusive branching ra
B(Y→c1X) is only 1.631025, which is almost two orders
of magnitude below the CLEO data~1!.

B. bb̄„3S1 ,1…˜ggg*˜cc̄„3S1 ,8…1gg

Figure 1~b! shows one of the six Feynman diagrams f
thebb̄(3S1 ,1) pair annihilating into three gluons with one o
io

r

the gluons converting into thecc̄(3S1 ,8) pair. This process
is of orderas

4 and its calculation is very much similar to the
processY→ggg*→ggl l̄ @26#. Introducing the scaling vari-
ables

xv5
Ec

mb
, x15

Eg1

mb
, x25

Eg2

mb
, ~19!

such thatxv1x11x252, whereEi stands for the energy of
the particlei . In the rest frame ofY, the differential decay
width is given by
dG1b

dxvdx1
~Y→c1X!5

dĜ

dxvdx1
@bb̄~3S1 ,1!→cc̄~3S1 ,8!1gg#^YuO1~

3S1!uY&^O8
c~3S1!&, ~20!

with

dĜ

dxvdx1
„bb̄~3S1 ,1!→cc̄~3S1 ,8!1gg…

5
5pas

4

486mc
3mb

2

1

~xv22j!2x1
2~22xv2x1!

2 $2j412j3~624xv12x12xvx12x1
2!

12j2@11216xv16xv
22~822xv2xv

2!x11~41xv!x1
2#1j@4~12xv!~425xv12xv

2!

2~32244xv114xv
2!x11~20218xv1xv

2!x1
222~22xv!x1

31x1
4#12@226xv17xv

224xv
31xv

4

2~6213xv19xv
222xv

3!x11~729xv13xv
2!x1

222~22xv!x1
31x1

4#%, ~21!

where the ranges of integration forxv andx1 are

2Aj<xv<11j, ~22!

1
2 ~22xv2Axv224j!<x1<

1
2 ~22xv1Axv224j!. ~23!

One can integrate overx1 to obtain the energy distribution ofc:

dĜ

dxv
„bb̄~3S1 ,1!→cc̄~3S1 ,8!1gg…

5
5pas

4

486mc
3mb

2

1

~22xv!
3~xv22j!2 F4~818j214j222j3212xv24jxv110j2xv15xv

2

2jxv
22j2xv

2!~11j2xv!lnS 22xv2Axv224j

22xv1Axv224j
D 1~22xv!Axv224j~16128j120j214j3224xv236jxv

212j2xv114xv
2113jxv

224xv
3!G . ~24!
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Numerically integratingxv , we obtain the partial width

G1b~Y→c1X!5
5pas

4

486mc
3mb

2 ^YuO1~
3S1!uY&^O8

c~3S1!&3~0.571!. ~25!
-

a

t
a
e

We note that the color-octet piece for the proce
Y→xcJ1X considered by Trottier@19# can be obtained
from the above Eq.~25! by simply replacing the matrix ele
ment ^O8

c(3S1)& with ^O8
xcJ(3S1)&. However, the expres-

sions for the energy distributions~21! and ~24! were not
given explicitly in Ref. @19#. The prediction of the partial
width is sensitive to the values of the two NRQCD matr
elements, the running coupling constantas , and the heavy
quark masses. For convenience, we can normalize this pa
width to the three-gluon widthG(Y→ggg) given by Eq.~7!
times the matrix element̂YuO1(

3S1)uY&:

G1b~Y→c1X!

G~Y→ggg!
5

pas

8

^O8
c~3S1!&

mc
3

0.571

p229
. ~26!

It is insightful to take the scaling limit ofmb→` with
xv5Ec /mb held fixed in Eq.~24!. In this scaling limit, one
can deduce

G1b~Y→c1X!

G~Y→ggg!
'

pas

8

^O8
c~3S1!&

mc
3 . ~27!

The right-hand side of Eq.~27! can be recognized to be thre
times the gluon fragmentation probabilityPg→c in the color-
octet mechanism obtained by Braaten and Fleming@4#. Thus,
the above scaling limit corresponds to the fragmentation
proximation. Comparing the above limit~27! with the exact
result~26!, we see that fragmentation is not a good appro
mation. However, this limit suggests that the scale to eva
ate theas in Eq. ~26! should be 2mc instead of 2mb . With
as(2mc)50.253, ^O8

c(3S1)&50.014 GeV3 @4,6#, and as-
suming B(Y→ggg)' B(Y→ light hadrons)50.92 @25#,
we obtain

G1b~Y→c1X!

G total~Y!
5

G1b~Y→c1X!

G~Y→ggg!
3B~Y→ggg!

'2.531024. ~28!

This prediction is smaller than the CLEO data by merely
factor of 4, and is consistent with the bounds from Crys
Ball and ARGUS.

The color-octet process studied in this subsection app
to the case ofc8 as well, simply by replacing the matrix

element^O8
c(3S1)& with ^O8

c8(3S1)&, whose value has also
been extracted from the CDF data to be 0.0042 GeV3 @4–7#.
With B(c8→c1X)'57% @25#, we obtain a branching ratio
of 4.331025 for the inclusivec production in theY decay
that comes indirectly fromc8.

One can also consider the processesY→ggg* followed
by g*→c(c8) via the color-octet mechanism, an
Y→ggg* followed by g*→c(c8) in the color-singlet
model. Up to overall normalization, the energy spectra of
c for these two processes are predicted to be the s
as in Eq.~24!. However, their partial widths are suppress
ss
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rtial

e

p-

xi-
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d
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by factors of 8a/(15as);0.02 and
32a2^O1

c(3S1)&/@45as
2^O8

c(3S1)&#;0.06, respectively,
compared with the width of Eq.~25!. Thus, they contribute a
branching fraction about 231025 in the inclusive decay
Y→c1X. The indirect contribution from thec8 from these
two processes is about 631026.

C. bb̄„3S1 ,8…˜g*˜cc̄„3PJ ,1…1g

We now turn to the case where thebb̄ pair inside theY is
in a color-octet3S1 state. The first process we consider is the
production ofxcJ fromY decay. The leading order Feynman
diagram is depicted in Fig. 1~c!. The factorization formula
for the decay rate can be written as

G1c~Y→xcJ1X!5Ĝ„bb̄~3S1 ,8!→cc̄~3PJ ,1!1g…

3^YuO8~
3S1!uY&^O1

xcJ~3PJ!&.
~29!

We note that up to coupling constants, color factors, and
NRQCD matrix elements, these processes are similar to the
ones bb̄(3S1 ,1)→g*→cc̄(3PJ ,8)1g considered in Sec.
III A. The short-distance factors can be extracted easily from
the previous calculations:

Ĝ„bb̄~3S1 ,8!→cc̄~3P0 ,1!1g…5
p2as

3

81

1

mb
4mc

3

~123j!2

12j
,

~30!

Ĝ„bb̄~3S1 ,8!→cc̄~3P1 ,1!1g…5
2p2as

3

81

1

mb
4mc

3

11j

12j
,

~31!

Ĝ„bb̄~3S1 ,8!→cc̄~3P2 ,1!1g…

5
2p2as

3

415

1

mb
4mc

3

113j16j2

12j
. ~32!

The matrix element̂O1
xcJ(3PJ)& is related to the wave func-

tion according to@23#

uRxc
8 ~0!u2'

2p

9

^O1
xcJ~3PJ!&

2J11
. ~33!

Using the value of the matrix element
^YuO8(

3S1)uY&'531024 GeV3 estimated in the last sec-
tion as(2mb)50.179, uRxc

8 (0)u250.075 GeV5 from the po-

tential model calculation@27#, and the branching ratios
B(xc1→c1g)50.273 andB(xc2→c1g)50.135 (xc0 has
a negligible branching ratio intoc) @25#, we obtain the width
G1c(Y→c1X)'0.05 eV and thus a branching ratio of
931027. Therefore, these indirect contributions are negli-
gible when compared with the indirect mechanism consid-
ered earlier by Trottier@19#.
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D. bb̄„3S1 ,8…˜g*˜cc̄„3S1 ,1…1gg

One of the six leading Feynman diagrams for the short-distance processbb̄(3S1 ,8)→g*→cc̄(3S1 ,1)1gg is shown in Fig.
1~d!. The corresponding differential width can be written as the factored form

dG1d

dxvdx1
~Y→c1X!5

dĜ

dxvdx1
@bb̄~3S1 ,8!→cc̄~3S1 ,1!gg#^YuO8~

3S1!uY&^O1
c~3S1!& ~34!

with the short-distance factor given by

dĜ

dxvdx1
„bb̄~3S1 ,8!→cc̄~3S1 ,1!gg…

5
5pas

4

486mb
4mc

1

~22xv!
2~12j2x1!

2~11j2xv2x1!
2 $j412j3~825xv1xv

222x11xvx1

1x1
2!1j2@28246xv121xv

224xv
32~28226xv16xv

2!x11~1426xv!x1
2#12j@6217xv116xv

226xv
3

1xv
42~12222xv112xv

222xv
3!x11~10212xv13xv

2!x1
222~22xv!x1

31x1
4#

2~12x1!~12xv2x1!~12xv12x12xvx12x1
2!%, ~35!

where the allowable ranges ofxv andx1 are given in Eqs.~22! and~23!. Integrating overx1 , we obtain the energy distribution
for c:

dĜ

dxv
„bb̄~3S1 ,8!→cc̄~3S1 ,1!1gg…

5
5pas

4

486

1

mb
4mc

1

~22xv!
2~xv22j!3 H ~4120j128j2116j3212xv236jxv224j2xv13xv

2

114jxv
224xv

3!~xv22j!Axv224j24lnS 2j2xv1Axv224j

2j2xv2Axv224j
D ~2j116j216j3216j428j5212jxv

220j2xv124j3xv1xv
2120j4xv112jxv

228j2xv
2217j3xv

22xv
32jxv

315j2xv
3!J . ~36!
The partial width is obtained numerically:

G1d~Y→c1X!5
5pas

4

486

^YuO8~
3S1!uY&
mb
4

^O1
c~3S1!&
mc

3~1.230!. ~37!

With the previous inputs, as(2mb)50.179, and
^O1

c(3S1)&'0.73 GeV3 obtained from the leptonic width of
c, we obtain a width of 0.02 eV only, which gives a branch
ing ratio of 331027.

E. Other color-octet processes

WhenY annihilates into aqq̄ pair via thes-channel pho-
tong* , a bremsstrahlung virtual gluon emitted from the ligh
quark line can become an octetcc̄(3S1 ,8), which then turns
into c. The factored form of the rate for this process is

G1e~Y→c1X!5Ĝ„bb̄~3S1 ,1!→cc̄~3S1 ,8!1qq̄…

3^YuO1~
3S1!uY&^O8

c~3S1!&. ~38!
-

t

This process is of ordera2as
2 , which is similar to a poten-

tially dominant color-octet process in the promptc produc-
tion in Z0 decay @9#. We can easily translate the formula
from Ref. @9# to the present case. The partial width is given
by

G1e~Y→g*→qq̄c!

G~Y→g*→qq̄!
5

as
2~2mc!

36

^O8
c~3S1!&

mc
3 H 5~12j2!

22j lnj1F2 Li2S j

11j D
22 Li2S 1

11j D22ln~11j!lnj

13lnj1 ln2jG~11j!2J . ~39!

Here, Li2(x)52*0
x(dt/t)ln(12t) is the Spence function

andj5(mc /mb)
2. G(Y→qq̄) is given by Eq.~8! times the

matrix element^YuO1(
3S1)uY&. Using mb54.9 GeV and

mc51.5 GeV, j'0.0937 and the curly bracket in~39! is
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about 1.1, as compared to the much larger value of 27.9
the corresponding case inZ0 decay @9# where
j5mc

2/MZ
2'1.131023. Therefore, the double logarithmi

terms in Eq.~39! do not provide sufficient enhancement
our present case. Numerically, the ratio in Eq.~39! is only
8.331026, and so this process can be safely ignored.

In addition to the above processes, one can also cons
a color-octet3S1 bb̄ pair annihilating into a light quark pair
via an s-channel gluon, followed by an off-shell photo
bremsstrahlung off either theb quark line or the light quark
line and eventually turns into thec. This process also in-
volves the matrix element̂YuO8(

3S1)uY& and, therefore,
will be suppressed. One can also consider both thebb̄ and
cc̄ pairs inside the quarkonia in the color-octet configuratio
Processes associated with such configuration are further
pressed by powers ofvc

2 andvb
2 compared to those we hav

studied in this paper. We ignore them in this work.

IV. DISCUSSIONS AND CONCLUSIONS

The energy distribution of charmonium in theY decay
can provide an interesting test for the NRQCD factorizati
formalism discussed in Sec. II. The energy distributions
the processes of Figs. 1~a! and 1~c! are just a delta function
with the peak at one half of theY mass, while the energy
distributions for the processes of Figs. 1~b! and 1~d! are
given by Eqs.~24! and ~36!, respectively, and are shown i
Fig. 2. The solid curve in Fig. 2 is the energy spectrum
c for the dominant process bb̄(3S1 ,1)
→g* gg→cc̄(3S1 ,8)gg; it is monotonically increasing as

FIG. 2. The inclusive energy spectradG/dxv of c in the decay
Y→c1X with the following color-octet processes
bb̄(3S1 ,1)→g* gg→cc̄(3S1 ,8)gg ~solid! as predicted by Eq.~24!
compared with the fragmentation approximation~dashed!, and
bb̄(3S1 ,8)→g*→cc̄(3S1 ,1)gg as predicted by Eq.~36! multiplied
by 300 ~dashed-dotted!.
in

der

n.
up-

n
or

f

the c energy increases and eventually cut off by the kine
matic limit. In the fragmentation approximation (mb→`
with Ec /mb held fixed!, the energy distribution ofc for this
subprocess is the same as that of the fragmenting gluon,
to an overall constant. The result using the fragmentatio
approximation is shown as the dashed curve in Fig. 2 fo
comparison. The fragmentation approximation has overes
mated the exact result for all energies of thec. On the other
hand, CLEO@16# obtained a relatively flat momentum spec-
trum. However, the rising spectrum shown by the solid curv
in Fig. 2 can be softened by various mechanisms such
final state interactions of the soft gluons@28# and by relativ-
istic corrections of the bound state@29#, just to name a few
possibilities. This situation is very similar to the photon
spectrum in the decayY→ggg @28–30#. The dashed-dotted
curve in Fig. 2 is the energy distribution for the suppresse
channelbb̄(3S1 ,8)→g*→cc̄(3S1 ,1)gg and it has a much
flatter shape.

Among the several processes that we have considered
this paper, those two with the color-octetbb̄ pair inside the
decayingY are more than two orders of magnitude below
the CLEO data and therefore negligible, while the other with
the color-octetcc̄ pair inside the producedc are relatively
more important. The largest contribution is being the proces
shown in Fig. 1~b!, which has a branching ratio of about
2.531024. The next largest contribution is the indirect pro-
cess considered by Trottier@19#. From Eq.~21! of Ref. @19#
and using the heavy quark spin symmetry relation
^O8

xcJ(3S1)&'(2J11)^O8
xc0(3S1)& @23# and the value of the

matrix element̂ O8
xc0(3S1)&50.0076 GeV3 obtained by fit-

ting the Fermilab Tevatron data@5,8#, we obtain
(JBTrottier(Y→xcJ1X;xcJ→cg)'5.731025. Processes
that are comparable to this one are~1! the process shown in
Fig. 1~a! which has a branching ratio of 1.631025, ~2! the
processesY→ggg*→c1X andY→ggg*→c1X via the
color-octet mechanism which have a combined branchin
ratio of about 231025, and finally, ~3! the indirect contri-
bution fromc8 having a branching ratio of about 531025.
Therefore, adding up the contributions from all these pro
cesses, we obtain a branching ratio
B(Y→c1X)'431024, which is within 2s of the CLEO
data. Given these theoretical results, it would be very inte
esting to have more precise measurements of the inclusi
rates and energy spectra of charmonium from theY decay.
This would provide a crucial test of the NRQCD factoriza-
tion formalism applied simultaneously to both the bottomo
nium and charmonium systems.
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