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The direct production rate af in the'Y decay is shown to be dominated by the procéssggg* followed
by g* — ¢ 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 the pair inside they system[S0556-282(96)02113-3

PACS numbegs): 13.25.Gv, 12.38.Bx, 14.40.Gx

[. INTRODUCTION in which the CLEO and the Crystal Ball results show a slight
) . ) inconsistency. But it is interesting to note that these experi-

~ The most appealing explanation of the excessive producments can reach the branching fraction ¥+ i+ X at the
tion rates of prompt), ¢, andy.; observed at the Fermilab |evel of 1074-~10"2. Trottier[19] studied the indirect pro-
Tevatron[1,2] is given by the combination of the ideas of gyction inY decay via the production of intermediate physi-
gluon fragmentation into quarkoniufB] and the color-octet ¢ga| y. states, which decay radiatively inta However, this
ranechysr@], in which a gluon fragments into a color-octet jngirect production of contributes to a branching ratio less
S, cc pair which subsequently evolves nonperturbativelythan 104 in Y decay. Since the experimental branching
into the physical charmonium states by QCD dynamicSfraction is already at the level of 16—103, we definitely
color-octet mechanism must be extracted phenomenologhiso hope that the slight discrepancy in the above experi-
cally from the rates of prompt charmonium production, thements can be resolved in the near future.

prediction of the shape of the transverse momentum Spec- conyentional wisdom tells us that hadronicalydecays

trum agrees well with the dafa—7]. A comprehensive re- predominantly throughbb annihilation into three gluons.

view of these two theoretical developments and their impli—_l_h ich al tent in the final stat kes it rath
cations at the Fermilab Tevatron and the CERNe~ € rich gluon content in the final state maxes it ralner easy

collider (LEP) can be found in Ref8]. If this mechanism is OF the gluon to split into &cc pair in the color-octet’s,
correct, it may give rise to many testable predictions forconfiguration. Ifs can be formed from this color-octet con-

charmonium production iZ° decay[9], low energye*e~ figura_ltion at a signiﬁcant_level as predicted by Braat_en and
annihilation[10], photoproduction at fixed target and experi- Fleming [4] at the Fermilab Tevatroii1,2], charmonium
ments at the DES¥p collider HERA[11], hadroproduction ~ states should be abundantly produced’idecay. A previous

at fixed target experimenf42] and at the CERN Large Had- theoretical study20] of the proces¥ — ¢+ X was based on
ron Collider (LHC) [13], andB-meson decayfl4]. Double  the color-evaporation modg21], with which the color-octet
prompt quarkonium production from the color-octet mecha-mechanism shares some common spirit, but the model fails
nism has also been studied at the Fermilab Tevditéh In  to be systematic. Another qualitative estimate for
this paper, we show that the color-octet mechanism can alst¥ — s+ X can be found in Ref.22].

provide the dominant contribution # production inY de- In Sec. I, we will briefly review the description of the

cay. inclusive decay and production of quarkonium based on the
The available experimental data on charmonium producnonrelativistic QCD (NRQCD) factorization formalism

tion in Y decay are listed as given by Bodwin, Braaten, and Lepaf23]. In Sec. Ill, we

_ 40 02 CLEO[16 will discuss in detail several new color-octet processes rel-
=(1.1x04x1 LEO[18], evant to production inY decay allowed by the general
B(Y—y+X){ <1.7X 10"3 Crystal Ball[17], (1) factorization formula. In Sec. IV, we compare the production
<0.68<10°% ARGUS[18], rates of different processes and discuss the energy spectrum
of ¢ in’Y decay.

" . . II. NRQCD FACTORIZATION FORMALISM
Electronic addreséinterne}: cheung@utpapa.ph.utexas.edu

TElectronic addreséinterne}: keung@fnalv.fnal.gov The factorization formalisnh23] for the inclusive decay
*Electronic addreséinterne}: yuantc@ucdhep.ucdavis.edu and production of heavy quarkonium allows us to probe the
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complete quarkonium Fock space in a systematic and consighirect color-singlet processes mentioned in the previous
tent manner based upon NRQCD. It can be straightforwardlparagraph. However, the infrared divergence in the leading
applied to the case of inclusive charmonium production fromorder calculation of the short-distance factor indicates that
bottomonium decay19]. For the case off — ¢+ X, we the results are sensitive to the scelgy. or smaller. There-
have the factorization formula fore, in addition to the color-singlet matrix element

(OY(®P,)) (scales such asi3v?), one also needs to include

dT(Y = ¢+ X)= > dlmr( Y |0 Y Y(OY), (2)  the color-octet matrix elemeriO3**(®S;)) (scales such as

mn m3v?) to absorb the infrared divergence. The short-distance
process associated with the color-octet matrix element is
bb(3S;,1)—cc(®S;,8)+gg, which is of ordera?. 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
Wrmula.

In the next section, we will consider the direct and indi-
rect s productions inY decay with short-distance factors of
order o2 and a?. These are possible only if higher Fock
states of they or Y are considered. We will also consider
processes with short-distance factors of order?, o?as,
and o?a? that are suppressed by electromagnetic coupling

value (0|O}[0) of the operatorOy. The nonperturbative 1+ iy % may not require higher Fock states of the quarko-
factor (Y|Oy|Y) is proportional to the probability for the i3 11 the following, we will first consider the produced

Y, while (O)) is proportional to the probability for a point- \hich subsequently evolves into physigatiescribed by the
like cc pair in the staten to form the bound statg. The  matrix elementg0%('S,)), (O¥(3S,)), or (O4(3P,)), re-
relative importances of the various terms in the above doublgpectively. These color-octet matrix elements are suppressed

factorization formula2) can be determined by the order of by vﬁ relative to the color-singlet matrix element

vp Or v in the NRQCD matrix elements and the order °f<0f(381)>. The matrix elemen{O¥(3S;)) has been ex-
as in the short-distance factodd .. _ tracted from the Collider Detector at Fermil&BDF) data

In the color-singlet modefl24], the NRQCD matrix ele-  [4_g| while two different combinations of the other color-
ments involved in the processY—y¢+X are  getet matrix elements have been extracted from the CDF data
(Y]01(®sy)[Y) and (OY(®S,)). According to the velocity [g] and from the photoproduction data by Amundseiral.
scaling rules[23], they are scaled asijvy and miv3, re-  [11].
spectively, and can be related to the quarkonium wave func- Though of much smaller effects, we also consider the

wheredI',,, are the short-distance factors fobh pair in the
statem to decay into ac pair in the staten plus anything,
wherem,n denote collectively the color, total spin, and or-
bital angular momentum of the heavy quark paitE,,,, can
be calculated in perturbation theory as a series expansion
ag(m.) and/orag(my,). Contributions todI',,,, that are sen-
sitive to the quarkonium scalesnfv, or mcv. or smaller,
wherev, andv. are the relative velocities of the heavy
quarks inside the bound stal@sd toA ocp can be absorbed
into the NRQCD matrix elementsr'|O,,|Y) and(O¥). We
use the notation(OY) to denote the vacuum expectation

tions as follows: contributions by the higher Fock state of the color-ottbt
N pair inside theY associated with the matrix element
(Y]01(38))|Y) = == |Ry(0)|2, &) (Y]0g(3S))|Y), whose value has not yet been determined.
2w An order of magnitude of this matrix element can, in prin-

ciple, be estimated by considering the ratio

N
(OFC80) =3 IRUOII% @ (ocsmoles) (o

(Y[O.(°spIY) (0§(Psp) | vi
where N, denotes the number of colors. Therefore, these
color-singlet matrix elements can be determined from theyhich implies that its value should be highly suppressed.
leptonic widths of theY and . The short-distance factor The ratio in Eq.(5) tells us that processes associated with a
in the color-singlet model for this direct process color-octetcc pair inside the produced and a color-singlet
includes  bb(®S;,1)—cc(®S;,1)gg  and  bb(®Sy,1)  pb pair inside the decayiny are much more important than
—cc(®S;,1)gggg The two possible color configurations of those with a color-octetob pair inside theY and a
the heavy quark pair are denoted byfor singlet and8 for  color-singlet cc pair inside the . Using the
octet. The leading order Feynman diagrams for these prosalue (0§(3S,))~0.014 Ge\?, [4-6] (OY(3S,))
cesses are of orders . Because of such a high order in the ~3(y|0,(3S,)|#)~0.73 Ge\? from the leptonic width of
strong coupling constant, it is unlikely that these color-y, (Y]|0,(3S;)|Y)~2.3 Ge\? from the leptonic width of
singlet processes can be the dominant production mech&, and v2~0.3 and v2~0.08, we obtain
nism. (Y]0g(®S))|Y)~3x 102 GeV3. However, such a large
The first example of the double factorization formula suchyalue for this matrix element would substantially increase
as(2) is the indirectys production in the decayY — x¢;+X  the hadronic width ofY', which would diminish the leptonic
with xc;— ¢y _considered by Trottier[19]. The short-  branching ratio to an unacceptable level. Obviously, this ma-
distance factot'(bb(®S,,1)—cc(®P,,1)+ggg) is of order  trix element enters into the hadronic width of thevia the
ag, which is enhanced by a factor ofdycompared with the  short-distance proces®(®S;,8)—g* —qq. In order not to
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spoil the experimental value for the leptonic branching ratio

931

TABLE I. Input parameters used in our calculations.

and the total hadronic width of, it is necessary to put a
bound on the value of the matrix elemenf|Og(3S,)|Y).

The hadronic width of th& has the factored form

NRQCD matrix elements Value
(01(3s)))~3(#|01(3Sy) | ) 0.73 GeV?
(Of (®s0)=3(y'[0:(°SD)¥") 0.42 GeV?

i 2
F(Y—>I|ght hadron$ |R;C(O)|2~§<O)l(c0(spo)>

(Y|0,(3s))|Y)

(04(°S))

(0f' (°s))
(04(*S0))~(O¢(®Pg) )/ m3
(0f(3sy))
(Y|0g(®s)|Y)

=|T(bb(*s1,1)—~ggg)

+ X Tbb(°s;,1)—qa) |(Y[013SpY)

g=u,d,s,c

+ X T(bb(°S;,8)—qa)XY|0s(*Sy|Y)

0.075 Ge\? [27]

2.3 Ge\f [Eq. (18)]
0.014 Ge\? [4-6]
0.0042 GeV [4-6]
1072 Ge\f [6]
0.0076 GeV [5,8]
5x 104 GeV® [Eq. (11)]

a=u.dsc Other parameters Value
e ® 1.5 GeV
m 4.9 GeV
2 0.253
with the following short-distance factors calculated to Iead—aS( o)
) ; ag(2mp) 0.179
ing order ina and ayg:
e 2003 - __
I'(bb(°S;,1)—ggg)= 243m§(” -9), (7 F(bb(gsl,g)eg*—>qq)(Y|Og(381)|Y> 0017
222 lQ(bb(asl'1)—>9199)<Y|01(351)|Y> o
J— — 27N.Q:Qfa -
PobCS; 1) =)= —— 5 —, (®)
- b
which is now sufficiently small posing no threat to the ex-
and perimental value of the leptonic width in thé decay. The

input parameters used in our later numerical calculations are
Tal summarized in Table | 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 of ¢,¢', andY using tree-level formulas.

— _ na?
F(bb(*,,8)~a0)= 5 5. ©

In Eq. (8), N. is 1 and 3 forf equals charged leptdnand
light quark g, respectively;Q; is the electric charge of the
fermion f in unit of the positron charge; and we have set
my andm to zeros in Eqs(8) and(9) for simplicity. Using
the following expression for muonic branching ratio

Ill. COLOR-OCTET PROCESSES

B(Y—u'n)
3 F(Y—u"u)
~ T'(Y—light hadrong+3,T(Y—=/"/7)"
(10)

the decayingy .

together with the experimental value for
B(Y—u"u")=0.0248-0.0007 [25], we can obtain the _
bound on(Y|0g(3S,)|Y) _The leading order

We shall first consider two processes with a color-octet
cc pair inside the produced and a color-singlebb pair in

A. bb(3S;,1)— y* —cc(2S*1L, ,8) +g

diagrams for the process

bb(3S;,1)—cc(®*>*1L,;,8)+g is of order a’ag, one of
which is shown in Fig. (8). This is similar to the process
Z—cc(®S*1L;,8)+g, which is negligible because the
short-distance Tfactor is suppressed by powersm3fM3
where we have allowed ad2variation onB(Y —u*x~).  from the quark propagatd®]. But in the present case it is
Alternatively, we can obtain another bound by using the totapnly suppressed by powers oft/m . We will restrict our-
width of Y, but the result is not as good as the one given byselves to the case @af=0 and 1 only. Although the contri-
Eqg. (11). Therefore, in the rest of the paper we will use thebutions from higher values df can be included easily, they
value(Y|0g(3S;)| Y)~5x10"* GeV3. With this value for  are further suppressed by powersudf. The inclusive pro-
(Y|0g(3S))|Y), we obtain the ratio duction rate from these processes can be written as

X104 Ge\?, (11

v . Y~( +5.1
(Y|og(*sylv)=| 18,
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— . 25+1
CC( LJ’Q)

bb (°S4,1)

bb (°S,,1) T g

bb (*S4,8)

b ¢ \cé ®sy,1)
b M
bb (°S,,8) :
’b\o%

&

(d)

_FIG. 1. Some of the contributing Feynman diagrams for the short-distance procéssei(®S;,1)— y* —cc(S*1L;,8)g; (b)
bb(®S;,1)—g*gg—cc(®s;,8)gg; (c) bb(®S;,8) —g* —cc(°P,,1)g; and(d) bb(*S;,8)—g* —cc(>S;,1)gg. N

Fia(Y =yt X>=<Y|ol<3sl>|Y>{<O§<1so>>f(bb_<3sl,g)ec?(lso@+g>

+ 2 (O§(*Py))T(bb(*s;,1)—cc(*P,.8) +9)|. (12)
J=0,1,2 — —
The short-distance factors are calculated to leading order and are given by

47°Q%Q%c%as 1

(k3 wval _
I'(bb( Sp,1)—cc( So,§)+g)— 3 mam,

(1-9), (13)

4m°Q2Qha%as 1 (1-3¢)2

['(bb(3S;,1)—Cc(3Pg,8)+0)=

9 mpm:  1-¢& (14
N 87m°Q%Q% 0%y 1 1+¢
3 =3 _ c<b™ s
L(bb(*S,,1)—cc(*Py,8)+9) 5 Ry (15)
R 8m2Q%Q%a%as 1 1+3&+6¢2
3 — +0)= ¢
['(bb(°S;,1) cc(3P2,§) 9) 5 T 1-¢ (16)

where £=M7/M{~mZ/m;. We have also used the nonrelativistic approximation for the mass of the quarkonium:
My~2m, and M ,~2m.. We note thabb(®S;,1)— y* —cc(®*S;,8)+g vanishes. Using the heavy quark spin symmetry
relation(O§(3P;))~(2J+ 1){04(3Py)) [23], the total width from these processes can be simplified as
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4m%Q2QRa%as (Y]04(3S))|Y)
Fia(Y = b X) = —— g 1 (O4(*S)) (1~ )
myMe
o4(cP 1-3&€)2% 6(1+ 2(1+3¢+6¢2
{0 20>>[( 62,601+  201+3¢+68)]| an
3mg 1-¢ 1-¢ 1-¢
|
which can be normalized by the leptonic widthbf the gluons converting into thec(®S,,8) pair. This process

is of ordera? and its calculation is very much similar to the

2 2 3
2mQpa” (Y[01(°Sy)[Y) (18  processY —ggy* —ggll [26]. Introducing the scaling vari-

(Y—e'te )=

3 m; ' ables
Using m.=15 GeV, m,=4.9 GeV, a4 2m,)=0.179,
(04(1S))=(04(3Py))/m?~10"2  GeV® [6], and B, By By 19
B(Y —e*e)~0.0252[25], the contribution from the above T M Tmy 2 Tmy (19

color-octet processes to the inclusive branching ratio
B(Y — ¢+ X) is only 1.6x 10" °, which is almost two orders

of magnitude below the CLEO dafa). such thatx, + x; +x,= 2, whereE; stands for the energy of
_ o the patrticlei. In the rest frame ok, the differential decay
B. bb(*S;,1)—ggg* —cc(®S,,8) +9g width is given by

Figure Xb) shows one of the six Feynman diagrams for
thebb(3S,,1) pair annihilating into three gluons with one of

dI';p
dx,dx,

Y=o+ X)=

S dx [PPCSL 1) —ce(S; 8) +ggl(Y[01(3Sy) Y} 0§(Sy), (20
v AL - -

with

(3 . ce3
dXUde_(bb( Slvl) CC( Slv§)+gg)

4
S5mayg

1
— 44 23(6— + _ 2
486’n§mﬁ (Xv_zg)in(z_xv_Xl)2{2§ 2§ (6 4Xu 2Xl XyX1 Xl)

+ 27 11— 16x, + 6X2— (8— 2%, — XO)Xq + (4+ %, )X3] + €[ 4(1— X, ) (4— 5X, + 2X?)

— (32— 44, + 14x2) X, + (20— 18, + X2) X2 — 2(2— X, ) X3+ X7 ]+ 2[ 2— 6%, + TX2— 4x3+ x*

—(6—13%,+ 9x2— 2x3)x1 + (7— 9%, + 3xH)x5— 2(2—x,) x> + X711}, (21)
where the ranges of integration fgy andx,; are

2\JE<x,<1+¢, (22)
L(2-x,— C—a&)=x;=<}(2-x,+ C—4¢&). (23
One can integrate ovex; to obtain the energy distribution af:

dl
dx,

(bb(3s;,1)—cc(3S,,8) +9g)

577“2 1
~ 286mnE (2-%,)%(x, — 26)2
—§X2—§2X2)(1+ E—x )|n<LX5_4§
v v v 2.+ \/ﬁ

— 12¢2x,+ 14x2+ 13¢x2— 4x3)

A(8+8&— 1462 —2£3— 12, — 4éx, + 106%x, + 5x?

+(2—X,) VX2 — AE(16+ 28¢ + 2082+ 4£3— 24x, — 36EX,

. (24)
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Numerically integratingc, , we obtain the partial width

4

Smag 3 3
Pan(Y—4+X) = Zaaas (Y]01°Sy| Y)(03(°S1)) x (0.57D. (25
|
We note that the color-octet piece for the processy factors of &/(15a)~0.02 and
Y — xc;+ X considered by Trottief19] can be obtained 32a%(0Y(3S,;))/[45a¢2(0%(3S,))]~0.08, respectively,

from the above Eq(25) by simply replacing the matrix ele- compared with the width of Eq25). Thus, they contribute a
ment (O§(3S;)) with (OF=(3s,)). However, the expres- branching fraction about 210°° in the inclusive decay
sions for the energy distribution®1) and (24) were not Y —#+ X. The indirect contribution from the¢’ from these
given explicitly in Ref.[19]. The prediction of the partial two processes is about610-°.

width is sensitive to the values of the two NRQCD matrix o

elements, the running coupling constarnt, and the heavy C. bb(®S,,8)—g* —cc(®P;,1) +g

guark masses. For convenience, we can normalize this partial - -
width to the three-gluon width (Y —ggg) given by £q.(7) in a color-octet®S; state. The first process we consider is the

5 H 3 .
times the matrix elemer(fY|O,(°S,)|Y): production ofy.; from Y decay. The leading order Feynman
Fypy(Y—=¢+X) 7ag (08‘”(381» 0.571 diagram is depicted in Fig.(&@). The factorization formula

I'(Y—ggg 8 m  m-9 (26)  for the decay rate can be written as

We now turn to the case where thb_pair inside theY is

It is insightful to take the scaling limit ofn,—o with (Y = xept X)=[(bb(3S;,8)—~cc(®P,,1) +9)
x,=E,/my held fixed in Eq.(24). In this scaling limit, one (Y 104038 Y ) OX(3p
Y3
Fp(Y—y+X)  mas (05(*Sy) (277  We note that up to coupling constants, color factors, and
I'‘'Y—ggo) 8 mg ' NRQCD matrix elements, these processes are similar to the

3 * ~(3 H i
The right-hand side of Eq27) can be recognized to be three 2N€S PP(*S1.1)—y"—cc(*P;,8)+g considered in Sec.

times the gluon fragmentation probabiliy, ., in the color- IITA. The sho?t-distance f.actors_can be extracted easily from
octet mechanism obtained by Braaten and FlerfijgThus, "€ Previous calculations:

the above scaling limit corresponds to the fragmentation ap- m2a 1 (1-3¢)2
proximation. Comparing the above lim@27) with the exact I'(bb(3S;,8)—cc(®Py,1)+g)= S —3 ,
result(26), we see that fragmentation is not a good approxi- - - 81 mym; 1-¢

mation. However, this limit suggests that the scale to evalu- (30)
ate thea, in Eq. (26) should be 2n. instead of Zn,. With o 2m2a® 1 1+¢
ag(2m.)=0.253, (04(3S,))=0.014 GeV [4,6], and as- I'(bb(3S;,8)—cc(®P;,1)+g)= a1 : —— ¢
suming B(Y—ggg)~ B(Y —light hadrons)=0.92 [25], - - mpMe 1-¢

we obtain (31)

T(Y =g+ X)  Tip(Y— i+ X) T (bb(®s,,8)—cc(*P,,1)+)
FodY) ~ T(Yoggg BY—999 - -
tota 999 C2n%ad 1 1+3£+682 -
~2.5x10 4, (29) 415 mimd 1-¢ (32

This prediction is smallgr than t.he CLEO data by merely 8The matrix eIemen¢O)l(‘”(3PJ)> is related to the wave func-
factor of 4, and is consistent with the bounds from Crystaltion according tq 23]
Ball and ARGUS.

The color-octet process studied in this subsection applies o (O’l‘CJ(3PJ))
to the case ofy’ as well, simply by replacing the matrix IR)’(C(O)|2~?W
element(OZ(3S,)) with (Of'(3S,)), whose value has also _
been extracted from the CDF data to be 0.0042 &pA~7].  USing the value74 of . the  matrix  element
With B(i' — i+ X) ~57%[25], we obtain a branching ratio {Y|0s(*S1)|Y)~5x10"* GeV* estimated in the last sec-
of 4.3x 1075 for the inclusivey production in theY decay tion as(2my)=0.179,|R; (0)|?=0.075 GeV? from the po-
that comes indirectly fromy’. tential model calculation27], and the branching ratios

One can also consider the proces¥es ygg* followed  B(xc.1— ¢+ y)=0.273 andB(xco— ¢+ ¥)=0.135 (.o has
by g*—¢(y') via the color-octet mechanism, and a negligible branching ratio intg) [25], we obtain the width
Y —ggy* followed by y*—y(¢') in the color-singlet T';.(Y—¢+X)~0.05 eV and thus a branching ratio of
model. Up to overall normalization, the energy spectra of thedx 10~ 7. Therefore, these indirect contributions are negli-
¢ for these two processes are predicted to be the sanmible when compared with the indirect mechanism consid-
as in Eq.(24). However, their partial widths are suppressedered earlier by Trottief19].

(33
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D. bb(®S,,8) —»g* —cc(3S;,1) +gg

One of the six leading Feynman diagrams for the short-distance prbb_(-:% ,8)—g* —cc(®S;,1)+ggis shown in Fig.
1(d). The corresponding differential width can be written as the factored form -

dl'yq ar —
T Y90 = Gy 0P S1.8)— S, 1)ggl(¥|0(*Sy Y N Of(°Sy) (34
with the short-distance factor given by
_dr bb(3S;,8)—cc(3S;,1
dXUXm( ( 11_)HCC( 11_)gg)
S5mal 1

= 4 3q_ 2
486mg‘mc(2—xv)2(1—g_xl)z(1+§_xv_xl)z{§ +23(8—5x,+X2— 2X; + X, X,

+x9) + £2[ 28— 46x,, + 21x% — 4x3— (28— 26x,, + 6x2) Xy + (14— 6, ) X2 ]+ 2¢[ 6 — 17x, + 16x2— 6x°
+x3— (12— 22x, + 12x2— 2x3) X, + (10— 12x, + 3x2) X5 — 2(2— X, ) X3 + X
= (L=x) (1=, = X1) (1= X, + 2% =X, X1 = X5)}, (35)

where the allowable ranges »f andx, are given in Eqs(22) and(23). Integrating ovex,, we obtain the energy distribution
for ¢

dar —
ax (bb(®s,,8)—cc(®S;,1)+gQ)
_Smas 1 ! 4+ 20¢+28¢%+ 1663 — 12x,— 3 24£2x,13¢?
- 486 mgmc (2_Xv)2(xv_2§)3 ( + O§+ 8‘5 + 6§ - v ngu_ 4§ Xy v
26— X, +\Xo—4¢
+14¢x2— 4x3) (x,— 2€) X2 — 4¢—4In J - (26+ 1662+ 6£3— 1664 —8£5— 12¢x,
26X, \X;—4¢
— 2062, + 24£3x, + X2+ 2063, + 126x2 — 822 — 1732 — x3— ex3+ 5§2x§)] : (36)
|
The partial width is obtained numerically: This process is of orde#?«?, which is similar to a poten-
4 5 3 tially dominant color-octet process in the promjfptproduc-
To(Y +X)_57Tas (Y|0g(®sy)|Y) (O1(°Sy)) tion in Z° decay[9]. We can easily translate the formula
(Y = ¢ 486 mg me from Ref.[9] to the present case. The partial width is given
by
% (1.230. (37) —
F1o(Y—y*—dag) _ ag(2me) (O5(°Sy) 5(1— &)
With the previous inputs, ay(2m,)=0.179, and I'(Y—y*—qq) 36 m3

(0Y(®s,))~0.73 Ge\? obtained from the leptonic width of

¢, we obtain a width of 0.02 eV only, which gives a branch- —2&Iné+| 2 Ly i)
ing ratio of 3x 10 . 1+¢
E. Other color-octet processes -2 Liz( ¢~ 2In(1+§)In¢
WhenY annihilates into ajq pair via thes-channel pho-
ton v*, a bremsstrahlung virtual gluon emitted from the light 2 2
quark line can become an oct(°S;,8), which then turns +3Ing+n"g (1467 (39

into ¢. The factored form of the rate for this process is
o Here, Liy(x)=—[5(dt/t)In(1—t) is the Spence function
I'o(Y—= g+ X)=T(bb(3S;,1)—cc(3S;,8)+qq) andé=(m./my)2. T'(Y —qq) is given by Eq.(8) times the
- - matrix element(Y|0,(3S,)|Y). Using m,=4.9 GeV and
X(Y[0:(®Sp|Y)(0g(®S)).  (88)  m.=1.5 GeV, ¢~0.0937 and the curly bracket if89) is
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—— the ¢ energy increases and eventually cut off by the kine-
- = - Toggg'.g*-y (frag. app.) - matic limit. In the fragmentation approximatiormf— oo
T-ggg*.g*»y (‘exact’) 1 with E,,/my, held fixed, the energy distribution of for this
subprocess is the same as that of the fragmenting gluon, up
to an overall constant. The result using the fragmentation
approximation is shown as the dashed curve in Fig. 2 for
comparison. The fragmentation approximation has overesti-
mated the exact result for all energies of theOn the other
hand, CLEQ[16] obtained a relatively flat momentum spec-
trum. However, the rising spectrum shown by the solid curve
in Fig. 2 can be softened by various mechanisms such as
final state interactions of the soft gluof®3] and by relativ-

istic corrections of the bound staft29], just to name a few
possibilities. This situation is very similar to the photon
spectrum in the decay — ygg [28—30. The dashed-dotted

40

--- T-g">ggy (x 300)

dr/dx, (ev)

%_8- - -o|7' - 'ola' - 'olg' - '1|o' . curve in Fig. 2 is the energy distribution for the suppressed
' ' xy=2E, My ‘ t channelbb(®S,,8)—g* —cc(®S;,1)gg and it has a much

FIG. 2. The inclusive energy speci&’/dx, of ¢ in the decay flatter shape.
Y—y¢+X with the following color-octet processes: Among the several processes that we have considered in
bb(®*S;,1)—g*gg—cc(®S;,8)gg (solid) as predicted by Eq24)  this paper, those two with the color-octeb pair inside the
compared with the fragmentation approximati¢dashegf and  decayingY are more than two orders of magnitude below
bb(*S;,8)—g* —cc(®S;,1)gg as predicted by Eq36) multiplied  the CLEO data and therefore negligible, while the other with
by 300 (dashed-dotted the color-octetcc pair inside the producegs are relatively
more important. The largest contribution is being the process
about 1.1, as compared to the much larger value of 27.9 iBhown in Fig. 1b), which has a branching ratio of about
the corresponding case inZ° decay [9] where 2.5x1074 The next largest contribution is the indirect pro-
£=m7/M2~1.1x10 3. Therefore, the double logarithmic cess considered by Trottigt9]. From Eq.(21) of Ref.[19]
terms in Eq.(39) do not provide sufficient enhancement in and using the heavy quark spin symmetry relation
our present case. Numerically, the ratio in E89) is only <O§cJ(3sl)>~(2J+1)<O§c0(381)> [23] and the value of the

8.3<10 ", and so this process can be safely ignored. matrix element OX*°(3S,))=0.0076 Ge\? obtained by fit-
In addition to the above processes, one can also consider 8

a color-octet®S; bb pair annihilating into a light quark pair ting the Fermilab Tevatron data[5,§]5, we obtain
via an s-channel gluon, followed by an off-shell photon 2 3Brrotied Y = Xyt Xi xey— 7)~5.7X10 °.  Processes

bremsstrahlung off either the quark line or the light quark '::hiat ?(r:) (;\?rr]?cpharr]a;sleat%:;]riﬁiﬂe ?:%éhce)f F;;gg?? s(f;;)vtvhnem
line and eventually turns into the. This process also in- g % * X de % X ia th
volves the matrix elementY|Og(3S,)|Y) and, therefore processes —ggy” — ¢+ X andY —ygg” —y+ X viathe

. 8\ =115/ T ' color-octet mechanism which have a combined branching
will be suppressed. One can also consider bothbthend 5ii of about 2¢107°, and finally, (3) the indirect contri-
cc pairs inside the quarkonia in the color-octet conflguratlon.bution from ¢’ having a branching ratio of about&L0~
Processes associated with such configuration are further SURRerefore adding up the contributions from all these. pro-

pres_sed_by powers @ifﬁ an(_jvﬁ compare_d to _those we have cesses, we obtain a branching ratio
studied in this paper. We ignore them in this work. B(Y — ¢+ X)~4x 104, which is within 20 of the CLEO
data. Given these theoretical results, it would be very inter-
IV. DISCUSSIONS AND CONCLUSIONS esting to have more precise measurements of the inclusive

T . . rates and energy spectra of charmonium fromYhdecay.
The energy distribution of charmonium in thé decay s \would provide a crucial test of the NRQCD factoriza-

can provide an interesting test for the NRQCD factorizationtiOn formalism applied simultaneously to both the bottomo-
formalism discussed in Sec. Il. The energy distributions for,

the processes of Figs(d) and Xc) are just a delta function nium and charmonium systems.
with the peak at one half of th¥ mass, while the energy
distributions for the processes of Figstbl and Xd) are
given by Eqgs.(24) and (36), respectively, and are shown in  This work was supported in part by the United States
Fig. 2. The solid curve in Fig. 2 is the energy spectrum ofpepartment of Energy under Grant Nos. DE-FGO02-
o for the dominant process bb(®S;,1) 84ER40173, DE-FG03-93ER40757, and DE-FGO03-
—g*gg—cc(®S;,8)gg; it is monotonically increasing as 91ER40674.
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