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Momentum distribution in the decay B—J/ ¢+ X
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We combine the NRQCD formalism for the inclusive color singlet and octet production of charmonium
states with the parton and the ACCMM model, respectively, and calculate the momentum distribution in the
decayB— J/ ¢+ X. Neglecting the kinematics of soft gluon radiation, we find that the motion obthaark
in the bound state can account, to a large extent, for the observed spectrum. The parton model gives a
satisfactory presentation of the data, provided that the heavy quark momentum distribution is taken to be soft.
To be explicit, we obtair,~0.008—-0.012 for the parameter of the distribution function of Petegsah The
ACCMM model can account for the data more accurately. The preferred Fermi momppth57 GeV is
in good agreement with recent studies of the heavy quark’s kinetic erl&9$56-282(97)01321-Q

PACS numbds): 13.20.He, 13.25.Hw

I. INTRODUCTION ments in this field can be found in R¢1.7]. In our analysis,
we shall refer to previous studies of inclusiBemeson de-

The ARGUS and CLEO Collaborations reported resultscays toJ/ [14,18,19. These articles considered the decay
on inclusiveB meson decays td/ ¢, where they identified a of free b quarks, including also the leading color octet con-
sizable component of decays with three or more particles itributions to the branching rati(b— J/ ¢+ X). However,
the final statg1]. In a recent publicatiof2] CLEO presented the branching ratio is very sensitive to the numerical values
an analysis based on their sample of data which is an order @hosen for the Wilson coefficients and the NRQCD matrix
magnitude larger than those of previous studies, correspon@lements. In this situation it is desirable to study additional
ing to a reduction of errors by a factor of 2.4. As a result thepredictions of the theory. A second comparison deals with
group finds the direct branching rati®(B— J/¢+X) the J/4» momentum distribution. Adopting the NRQCD for-
=(0.80=0.08)%. malism to leading order in the nonrelativistic expansion, we

In the context of the color singlétvave function model  shall argue that the observed momentum distribution can be
this process is related to the decay obajuark in theB  attributed, to a large extent, to tH® meson bound state
meson, at short distances, into a color singletpair plus  corrections.
other quarks and gluons. Tleandc quarks generated by So far there is no detailed theoretical fit of the momentum
this method have almost equal momenta and reside in thgpectrum. Palmer and Stech have made a first attempt using
3S, angular momentum state. Several authors performed thex simple wave function formalisrfi20]. In this paper we
oretical studies of the branching rati®(b—J/4+X), to  investigate two different approaches and compare them with
leading order imvg, using the color singlet approagBl. The  the experimental results. As stated above, a sizable compo-
measurements indicate that this approach underestimates thent in the decay consists of nonresonant multiparticle final
data by roughly a factor of three. The inconsistency remainstates. Consequently, for a wide range of the phase space an
when the next-to-leading order perturbative corrections arénclusive description based on quark-hadron duality is appro-
included[4,5]. Thus it is interesting to consider generaliza- priate. This approach was applied extensively to the inclu-
tions of the color singlet model. sive semileptonic decays & mesons.

The nonrelativistic QCONRQCD) factorization formal- Over the last few years, considerable progress has been
ism developed by Bodwin, Braaten, and LepdB8L) [6] made in the calculation of nonperturbative corrections to the
makes possible a systematic treatment of soft gluon effects itlepton energy spectrum of the decBy-ev+ X using the
the inclusive heavy quarkonium production. It allows for theoperator product expansid®PE [21]. The latter approach
creation, at short distances, of a heavy quark and antiquaikvolves a series in powers of 1/{ly)m, with y being the
pair in a color octet configuration which subsequentlynormalized lepton energy and incorporates the formalism of
evolves into a physical bound state through the emission anithe heavy quark effective theoffHQET) [22]. However, an
absorption of soft gluons. analysis of the decaB—J/¢+ X using the HQET is of

Color octet contributions to inclusive charmonium pro- limited validity, since due to the smaller energy release the
duction have been recently investigated in hadronic reactionsonvergence of the OPE is slower than for the semileptonic
at collider and fixed target experimeriz-10Q], in e"e™ an-  decays. Therefore we shall resort to a formalism in which the
nihilations [11], y-nucleon reactions at fixed target and momentum distribution of the heavy quark in tBemeson,
DESY ep collider HERA energie$12-14, in Z° decays at the latter representing the dominant bound state effect, is
the CERNe*e™ collider LEP[15], and in lepton-nucleon modeled in terms of parameters obtained from experiment.
reactions[16]. A comprehensive review of recent develop- The motion of theb quark will be referred to as the smearing
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of its momentum or the Fermi motion within thi& meson.
Several effects may contribute to the momentum spec- b(x)

trum of the J/¢: the motion of theb quark in the bound
B )

state; the shifting of thec momentum due to perturbative
QCD corrections to thé&— ccs matrix element, carried out
beyond the leading logarithm approximati@irlL A ); and the
emission or absorption of soft gluons at the hadronization long distance short distance Jong distance
stage. In this work we focus on the dependence of the spec- accmM/ pm) (PQCD) (NRQCD)
trum on the smearing of thb quark momentum in th&
meson using the LLA for the short-distance matrix element. £ 1. separation of the various distances contributing to the
As far as soft gluon radiation is concerned, we account fog_. 3/ + X decaysQ), , are the four-quark operators which induce
the color flow using the NRQCD formalism, but neglect thehe effectiveb— ccg; transitions.

momentum flow carried by the soft gluons. This approxima-

tion corresponds to keeping the leading nonvanishing ordergoting by v the relative velocity of the two heavy constitu-

. 2 . .

in the v ?xpagspn fﬁr thel c_olor slmg_let a;n(:] OCte;itateSents inside the @Q) bound state, the NRQCD approach
respecfuve y(v being the re atweéve ocity 0 L € an €). introduces the complete structure of the quarkonium Fock
One might note, however, that th€ expansion fails to con- g6 15 a given order 7 and thus allows for a consistent

verge near the boundaries of the phase space. In this regi ctorization of long- and short-distance effects. Conse-

which is sensitive to the mass difference between the parg,ently, the charmonium production rate is represented by a
tonic cc and the hadronid/y final state, the momenta of

; ; sum of products, each of which consists of a short-distance
soft gluons become important and influence the spectru,eficient, associated with the creation of a heavy quark and
[23]. ) , antiquark pair in a specific angular and color configuration,
By analyzing the dependence of thgay momentum dis- a nonperturbative NRQCD matrix element
tribution on the initial bound state corrections, we explore<O|OH(2s+1LJ) |0) which parametrizes the subsequent evo-
one of the two relevant nonperturbative effects numerically ution of the in?ermediate:c_(zs*lLJ)a state into a physical

keeping in mind that the soft gluons, which are radiate harmonium bound statel (plus light hadrons The latter

within the fragmentation process, must be included in thestep is generated through the emission and absorption of soft
future. To be explicit, we investigate to what extent the gluons

guark motion in theB meson can account for the observed The separation of the distance scalese Fig. 1 and its

Spﬁ'ﬂ;ur;ag‘;_i)s\]é lfgj;;(izizczisfollows i Sec. Il we outling?SS0ition to the small value of the consiituents’ relative
M : ' velocity (v§~0.23—0.30 for charmonium makes possible
fche bagc ideas of .the NRQCD. approach as they apply to thﬁe calculation of the heavy quarkonium production rate in
inclusive charmonium production imdecays. We adopt t_he terms of a double series in powersudfand a [numerically
NRQCD to the decay of B—J/y+X, where we emphasize ag(mZ)~v?2]. This way the production through an interme-
that theb quark is considered to be free but the pairs from diate color octet state, although down by powers bin the

both color singlet and octet states convert into the hadromf:OCk state hierarchy, can be numerically relevant in view of

J/ final state. The latter step is treated in the leading non- : .
vaﬁishing orders of the? expaﬁsion for the singlet and (g)ctet possible short-distance enhancements. The authors of Refs.

states, respectively. In order to account for the measiirg¢d [14,18,19 pointed out that, for inclusive decays td-wave

. . ; ... charmonia, the color octet production mechanism is indeed
momentum spectrum, we shall combine this formalism with.

) . . important, even though it is of order* with respect to the
the B meson bound state corrections, i.e., we consider the ™. . . -
. . X asic color singlet one, because the Wilson coefficient of the
smearing of théb quark momentum in the meson. This we

- color octet term is strongly enhanced in comparison to that
do in two models. In Sec. lll we present the parton model gy P

which gives a satisfactory presentation of the data. Then ng the color singlet transition. Since we shall use formulas
calculate in Sec. IV thel/y momentum spectrum in the or the decay ratd’(b—J/y+X) in our analysis of the

framework of the ACCMM mode[24], which is in better Qgghc/:l:\)ﬂ ;Bg?;;cxve briefly outline the basic ideas of the

ﬁ]gorﬁsrr]ne;rtavr\]{:gl thevei?r:?ﬁ :r?et?:ncgncfgi(;}nvgz ftﬁjkn(: :Egof:tr_m' At the b mass scale, the Hamiltonian which induces the
. Pe EPr s 9 . effectiveb—ccq; (f=s,d) transitions reads

ical studies of theb quark’s kinetic energy. Our analysis

confirms that, by including the leading color octet contribu-

tions to the charmonium production, one can account for the Ge

Q;
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w
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measured branching ratio. In addition, we find that the He ‘/QVCchf[s(ZC+ C_)cy,LecaryLb
guark motion gives a good representation of the spectrum. o o
The summary and the discussion of our results can be found +(Cy+C)cy,LTqry L T], oy
in Sec. V.

L=1- vy, where operators arising from penguin and box

diagrams have been neglected. The renormalizgtdgitson)

coefficientsC..(u) have been computed up to the next-to-
The nonrelativistic-QCHNRQCD) formalism, developed leading order corrections in R4R25].

by BBL [6], represents a comprehensive theoretical frame- In the leading logarithm approximatigiLA ), the decay

work for the study of inclusive charmonium production. De- amplitude refers to the tree level matrix element of the ef-

II. b—=J/¢+X IN THE NRQCD FORMALISM
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fective Hamiltonian. Consequently, the renormalization scal& d,e,f being color indicesg and 7 the individual spins of
dependence contained in the Wilson coefficient functionsithe charm quarks? is the total four-momentum of theand
C.(u), cannot be cancelled by this matrix element. While'cin the laboratory frameA” is the Lorentz boost matrix
this work was being completed, a study of higher order perthat takes a three-vector from tie rest frame to the labo-
turbative corrections to the matrix element bf>J/¢+X  ratory frame.

decays appeare{®], in which a double series expansion in  The decay rate to ac pair, calculated in full perturbative
as and the small ratio of theLL) color singlet to octet Wil-  QcD, is obtained from

son coefficients was performed. Using the color singlet ap-

proximation for charmonium production, the authors ob-

tained a result which carries only weak dependence on the o

renormalization scale. The predicted branching ratio, I'(b—cc+qy)

B(B—J/+X)=0.9"33x 1073 lies well below the experi-

3 3 3
mental value of (0.860.08)% reported by the CLEO Col- = i f d q3 d 3P d gf (2m)*
laboration. This confirms the supposition that a nonperturba- 2E, J (2m)° (2m)°2P¢ (27)°2E;
tive effect in theB—J/¢+ X transition is required, which 54 —pf—P)|JT|2mC_1+~-- , 3)

goes beyond the color singlet approximation, namely the
color octet(NRQCD) mechanism for charmonium produc-
tion. In future studies the leading order result for the color
singlet contribution can be replaced by the expression give
in Ref. [5]. In this article we keep the leading logarithm
approximation, assuming that the modification of the/
momentum distribution will be small.

In order to obtain the nonrelativistic interaction from the
effective Hamiltonian of Eq(1), one expresses the Dirac
bilinears of thec andc in terms of (two-component Pauli
spinors¢ and », the constituents’ relative three-momentum
g, and the Pauli matrices;. This allows one to consider

Where the dots denote higher order terms in #Reexpan-

sion. The integrations represent the three-body phase space
of the final state. Using perturbative NRQCD, the corre-
sponding decay rate to @ pair of a specific angular and
color quantum number staf@],=(>"1L;), reads

; . — q (0]0g°[n][0)
separately states with specific angular momentum and colof (b—cc[n],+qs) = 5 7S5 N] > +
(for details see Ref.9]). To linear order inv =|q|/m,, the (2m) me
short-distance amplitudel (using a notation in which the )

spinors do not carry color indicesan be rewritten agl9]

A(o,7;c,d,e,f;q) Replacing the heavy quark field operators, which appear in
the cc matrix elements, in terms of the Pauli spingrand 7
permits a matching of the two perturbative results in Egp.
and (4). This determines the short-distance coefficients
S,[n], which equally apply to the inclusive decays to char-
+(CL+C)TYTY ISy Lbe! monium boundstates(for more details see Reff3,9)).

_ Consequently, the rate of the transition> J/ s+ X in the
X[2mALo' —PH+2i Afe™gmoi]m,, (2)  NRQCD factorization formalism reads

= %vcbvgs[g(zc;c,)acdéef
V2

(0|0¥’In]|0)

L(b—J/y+X)=2 SN ]—2— (5)
[nla
1 P dp | A](b—ccnlat ay)
=— 2m)* 6™ (pp—ps—P)m, ! 2 0/02[n]|0).
(6)
|
Note that the integration over the relative momentum in Eq. G2 g 2
(4) properly relates the short-distance-B particle transi- I'(b—Jd/y+X)= 144qT|Vcb|2mcmb< 1=—7 )
tion to the long-distance effective-12 particle one. b
Evaluating the color octet intermediate states in Byup mg
to orderv* relative to the color singlet “baseline,” one ob- +b|, (7)
b

tains, in the rest frame of thb meson(with m;=0 and
[Ved?+[Ved?=1) [14,18,19, where we defined the NRQCD coefficients
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(0]0Y%(3s,)|0) . B—J/¢+X IN THE PARTON MODEL (PM)
a=(2C,.—C_)? —2— +(C,+C_)? . . . . .
3m A. Calculation of the differential branching ratio

0loY*(3s)|0 0loY*(3p.)|0 As we mentioned above_, in the cont_ext of the N_RQCD

{0105 ™ 5 dl >+ (010 (4 0|0 , (8) approach the nonperturbative charmonium production pro-
2mg me cesscc— J/ i+ X is assumed to be independent of the g;

Yot transition. Thus, within the leading logarithm approximation
b (C. 4+ C ,3(0|05"(*$9)|0) g  for the short-distance matrix element, tBe-J/y+X am-
=(C.+C-) 2m§ ' ©) plitude can be evaluated using(generalized factorization

approach; i.e., the amplitude is related to a product of matrix
We shall apply Eqs(7)—(9) in Sec. IV in the context of the elements of current operatdra6],
ACCMM model in order to determine th& ¢y momentum

distribution fromB meson decays. M(B= I/t Xy)

In the case of the parton model, which we shall introduce Ge
in Sec. lll, we have to relate the short- and long-distance = VepVE [3(2C.— C—)<Xfl|a7MLb|B><¢
matrix elements squared rather than the decay rates. To this V2

end, let us define the matrix elemeM of the effective — g—
interactionb— J/ 4+ X, in which theb— q; transition is as- +Xey Le|0)+(Cy +C)(X{[dry, L T*|B)
sumed to be independent of the inclusive charmonium pro- X (+ X8[cy#LTec|0)], (14)
duction process, through
, , with X}+X*=X;, X8+ X8=X; . Note that, contrary to the
f d°k, d°py (2m) color singlet wave function model, Eq14) includes the
(2m)32E,, (2m)32E; 7 color octet transitions.
The standard NRQCD approach outlined in Sec. Il con-
X 89(py—pr—ky)| M| (100 siders charmonium production fronfrae bquark decay. As
) ) . it becomes obvious from Ed6), the corresponding transi-
If we identify the total four-momenturR of thec andc with 45y b—J/y+X refers to a 1-2 particle phase space, be-
the momentum of the/ in the final statek,=P, then 5,56 we neglect the soft gluon momenta. In this approxima-

T(b—Jd/ g+ X)=

comparing Eqgs(6) and(10) we obtain tion, the J/¢» momentum distribution fronB meson decays
— _ arises from the initial bound state correctiof@amd the mo-
| M[2(b— gt X)=m; 1S | AI*(b—cc[n]a+ay) mentum smearing from the Lorentz boost to the laboratory
¢ (M. (0]05°[n]|0) frame). We incorporate the corrections, attributed to the in-
teraction between heavy and light quark in the initial meson,
><(0|O;"”[n]|0>. (11) in the parton model along the lines developed for semilep-
tonic B decayd27].
An explicit calculation yields If we use Eq.(14), which is valid at the level of tree
. calculations, in the rest frame of tH® we can write the
| M|2=GEIV bl T, (Br + M) ¥“L (P + M) ¥'L), decay rate as
(12 GEVerl* A%k,
where thel/y tensor structurd ,, reads dU'(B—J/y+X¢) = (2m)2My T W 2_E¢/ (15)
, 51 with T, defined in Eq.(13). Introducing the light-cone
=|Veil Meg agw+(a+b) 2 (k¢) (Ky)w|, dominance, as in Ref27], allows us to relate the transition
(13) B— X; to the distribution functiorf(x) of the heavy quark
momentum,

with a and b defined in Egs(8) and (9). The momentum
identification, described above, is in accordance with the _ o p
BBL formalism for quarkonium production. To leading order Wi = HSupn ~1 ”“’”’”)f dxf(x)PB(xPa—k,)
in the v? expansion, the soft gluons, radiated in the nonper- 5 2
turbative transitiorcc— J/ ¢+ X (and materializing into light X €l (xPg—ky)o] o[ (xPg—ky)*—mi], (16)
hadrong, are assigned no energy or momentum; i.e., the en- ith
ergy dependence of the long-distance interaction is ne”
glected, and thus the NRQCD matrix elements appear as
universal constants.

In Sec. Il we shall apply Eq(13) in the context of the +1, x>0,
parton model. For comparison with data we identifyn2 e(x)= —1.  x<0. (17)
W|th the massM , of theJ/l/I because to leading order in the ’
v expansmnP2 4m (however, one might keep in mind The dependence of the distribution function on the single
that the expansion falls to converge near the end point of thecaling variablex is a consequence of the light-cone domi-
spectrum. nance, since in this framework the structure functi¢x) is

,u,pV}\ gp,pgv)\ g/.LVgp)\_l_g[J,}\ng and
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obtained as the Fourier transform of the reduced bilocal ma- We note that the dependence of the decay spectrum on the

trix element between the hadronic staf2§]:

. 1
100= [ dlyPore o™~y
Tl g

X (B|b(0)PEy5b(y)|B)y2—0- (18)

The Lorentz invariant width of the decay reads

Eg-dl'= > &fdxf(x)e[(xPB—kw)o]

f=s,d T

X 8M[ (xPg—k,)2—m?]

(a—Db)Pg(xPg—ky)

2 ) d’k,,
+M_‘2p(PBk¢)(XPBk¢_M¢)(a+b) Z_Ew’ (19

where
2

Gk
Cr=2—Verl Ver "My (20

Evaluating Eq.(19) in the rest frame of th& meson, we
arrive at the formula for thé/« momentum spectrum:

r
(B—J/+X)

Tg dlk,]
G¢ [kyl?
:TBWWMZM‘;E—%& [f(x)+F(x-)]
2E7,
X (a—b)+(a+b)W +[f(xy)—f(x2)]
7
2E,|k
X(a+b) ‘”'2 *’"}, (21)
MY
within the kinematical range
MZ+MZ—m¢
M<E,s———— 22
v=<Ey M, (22
Here we defined
1
xtzM—B(E¢t\/|k¢|2+mf) (23

and adoptedn;=0 and|V 42+ |V¢q/?=1. The kinematical

structure function appears in a factorized form. Thus the
shape of the spectrum in ER1) is governed by the func-
tional form of the heavy quark momentum distribution. This
is different for the semileptonic decay, in which an integral
over the structure function is involved. In the following sec-
tion we compare the predictions of E&1) with the existing
experimental data.

B. Analysis and numerical evaluation

In order to compute the theoretical momentum distribu-
tion we must fix the parameters appearing in &1). In the
numerical analysis we useGr=1.1664x10 ° GeV 2,
Mg=5.279 GeV, M ,=3.097 GeV, andC,(m,)=0.868,
C_(m,)=1.329. The(leading log values of the Wilson co-
efficients correspond to the central value of the pole mass,
m,=4.7 GeV[29]. Moreover we adoptg=1.61 ps for the
B meson lifetime[30] and |V.,|=0.040. The latter value
stems from a CLEO Il analysig31] of the inclusive semi-
leptonic B decay$ and is in accordance with the world av-
erage from inclusive and exclusive measurements,
|Vep|=0.0381+0.0021[33].

As we mentioned above, the numerical values of the non-
perturbative NRQCD matrix elements
(0|OY¥(25+1L;)|0)=(0Y¥(?S"*L,)) must be determined
phenomenologically. For the rest of this article, we use

(077(35)))=1.1 GeV?,

I3 _
(03"(3S,))=0.0066 GeV, 24

(0YV(155))=0.04 GeV,
(OY¥(3Pgy))/m2=—0.003 GeV.

In addition we have to impose th@pproximate heavy
quark spin symmetry to relate the matrix element
(OY"(®Py)) to that arising from the¥P;) intermediate state
relevant forB decays:
(03(3P3))=(23+1)(03¥(°Py)). (25)
The color singlet matrix elemedO3'¥(3S;)) has been de-
termined from the leptonic width of th& s [34], the corre-
sponding color octet matrix eIeme«fth"”(Ssl)) stems from

the analysis ofl/ s hadroproduction at the Collider Detector
at Fermilab (CDF) [8]. The remaining parameters

range forx_ belongs to a final state quark with negative (O3 “(*So)) and(Og’¢(3Po)_) have been extracted from a fit
energy. Therefore the corresponding terms can be associatdg,data onJ/ ¢ leptoproductiorf 16] (the latter involving only
formally, with quark pair creation in thB meson whereas @ small dependence on the value chosemigr.

the dominant terms proportional fdx,) reflect the direct

decay.

To compare our result with data from CLEO a Lorentz iyhe analysis was based on a modified version of the ISGW
boost has in addition to be performed from the rest frame ofodel[32] and on ACCMM[24], respectively, usingg=0.3 GeV

the B meson to a movind produced at thé/'(4S) reso-

for the Fermi momentum parameter. The corresponding uncer-

nance (pg|=0.34 GeV). The explicit form of the boost in- tainty, among other things due to the ambiguity in the choige:qf
tegral is presented in Sec. IV A in the context of thewe postpone to the discussion of the overall uncertainty associated

ACCMM model[see Eq(37)].

with the normalization of th®—J/+ X decay spectrum.



56 MOMENTUM DISTRIBUTION IN THE DECAY B—J/ ¢+ X 5799

Note that the renormalized matrix eIemeéﬁIé”’(?’Po)) is 8 , , : : : : : i
not restricted to positive values, a characteristic due to the
subtraction of large power divergences from ftip®sitive == i::8:882 A
definite) bare matrix elemenffor details see Ref.16]). ol |72 i::g:gﬁg 1

The numerical values ofO3*(*Sy)) and (OY(3Py)) .
quoted in Eq(24) are consistent with results from photopro- 5 FM 1
duction[13], pion-nucleon reactiongl0] and, roughly, with £ ‘\
calculations ofl/ ¢ production in hadronic collisions8]. Yet ®o4ar / A
one has to note that the various investigations of charmo ™~ | i/ l\ 1
nium production processes within the NRQCD approach in- // il
volve leading order theoretical expressions. The corresponc ol P \_".l'l,
ing uncertainties in the determination of the matrix elements Ly W
set up a sizable range in the parameter spfarea detailed L /:__/,}‘7 l\
discussion see Ref19]). However, as we discuss next, an T i

important feature of our analysis is that the momentum de .0 01 02 03 04 05 06 07 08 09 1.0
pendence is largely free of these uncertainties.
In both models, the parton and the ACCMM model, the

(a) relative momentum fraction x

shapes of the spectra originating from variaug?S*1L ;) 18 ————r
intermediate states are essentially identical. This statement

obvious in case of the3(,) vector states, which involve W6 | e eey

identical Lorentz structures, and thus the relevant NRQCL 14} [ P=0.57 GeV .

matrix elements appear in a single cons{aete Eq.(8)]; in
case of the {S,) scalar state the equivalence follows from
the explicit calculation. Consequently, the shape of the entirc _ 10
J/y momentum distribution ifB meson decays is practically i;,
independent of the exact values of the nonperturbative me
trix elements. The same statement holds for the numerice 6
values of the parameters occurring in the short-distance cc
efficients [in particular errors have to be attributed to the
Wilson coefficients, due to scale uncertainties, and to the 20
value chosen for the Cabibbo-Kobayashi-Maska@&M) . ‘ , . ‘ . __‘1,,/»':/ .
elementVy,]. 00 0.1 02 03 04 05 06 07 08 0.9 1.0
The set of parameters mentioned above solely determine

the normalization of thel/#/ momentum spectrum. Within ~ (®)

our approach the shape is attributed to the momentum distri-

bution of theb quark in the initialB meson. Further inves- FIG. 2. Momentum distribution functiori(x) in the PM for
tigation of soft gluon effects is clearly needed. The first steprarious values ok,. (b) Mass distribution functiorw(x) in the
we take here is to ask: can a successful reproduction of th@CCMM model for various values gb .

data at hand be achieved without them.

In the parton model, in the absence of direct measureNote that the variable_ only occurs with values at which
ments of the distribution function we use a one-parametef(x_) is small. Therefore the corresponding contribution to
Ansatz and fix the distribution parameter by comparing outhe differential branching ratio is small.
results with data. Referring to theoretical studies which We use Eq(26) to fit the measured momentum spectrum
pointed out that the distribution and fragmentation functionof the J/ ¢ which was presented by the CLEO groi#j. As
of heavy quarks peak at large valuexdBB5], we assume, as pointed out above, the shape of the theoretical spectrum is
a working hypothesis, that the functional form of both is determined by the distribution function, i.e., by the param-
similar. The latter is known from experiment and we shalletere,, .
use the Peterson functional forr@6] A general feature of the analysis is the difficulty for re-

) producing the data over the entire range of phase space. Con-
X(1—x) (26) fronted with this problem, we lay greater emphasis on the
“[(1—x)%+ spx]z’ appropriate description of thdow momentum range
. . . (|k¢|sl.4 GeV). Within this region thé/¢ spectrum ob-
with &, being the free parameter amvl the corresponding  (ains a sizable contribution from decay channels containing
normalization constant. This function has already been apmree or more particles in the final state, whereas the high
plied in the semileptonic decays of temeson[27]. momentum range is mainly determined by the exclusive two-

I.n Fig. 2@ we show the-dlstnb.unon functiofi(x) for body decays— J/K*). Therefore incoherence, as a nec-
various values ofep. The kinematical range for the two egsary ingredient of the PM, is fulfilled in the former region.
argumentsc.. appearing in Eq(21) reads In addition, thev? expansion fails to converge in the end

ol ACCMM model

'S
T

relative mass fraction x

f(x)=N

M M2 M point domain of the spectrum.
—VYex. <1 Yy <% 2 As a result we find that if we apply small values for the
+ 1 2 ( 7)
M M M
B B B parameter ,<0.004-0.006 we cannot account for any part
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0.016 . ' < comparison, and in order to point out the importance of the
,,,,,,,,, £120.004 color octet charmonium production mechanism, we also
— wz0008 show in Fig. 4 the spectrum arising from the color singlet
© o012} CLEC data (wave function model (O3 *(?5*1L;))=0). The latter un-
> oM derestimates the data by roughly a factor of three.
&)
= As a general result we conclude that a doftjuark mo-
é" 0.008 k- i mentum distribution can, to a good extent, account for the
= observed spectrum iB—J/+ X decays. We shall see in
T_f; Section IV B than an analogous statement holds for the
> Fermi momentum distribution in the ACCMM model.
T 0.004r | Finally, the errors in the data, although substantially im-
proved, are still significant and a better test will be possible,
ot . _ when the error bars will be further reduced. With better data
0.000 " 05 o 5 50 one should also include higher order nonperturbative correc-

tions to the quarkonium production, and study the influence

tum kil (GeV o o :
momentum [kv| (GeV/c) of soft gluon radiation within the fragmentation process.

FIG. 3. Theoretical momentum spectrum in the PM for direct
inclusive J/ ¢ production fromB decays at thé/'(4S) resonance,
shown for various values ef, and compared with the CLEO data;
the parameters are given in Sec. Il B.

IV. B—J/¢+ X IN THE ACCMM MODEL
A. Calculation of the differential branching ratio

A second approach which allows us to analyze the mo-
of the low momentum region which is underestimated,mentum distribution of)/¢ in the inclusive decay of th&
whereas the high momentum range is overestimated. Thaeson is given by the ACCMM mod¢R4]. In this model
situation improves if we apply larger values fa#, the bound state corrections to the freequark decay are
~0.008-0.012, corresponding to a sbftjuark distribution  incorporated by attributing to the spectator quark a Fermi
(see Fig. 3 Fore,=0.008 we obtain a first satisfactory fit motion within the meson. The momentum spectrum of the
for the present data. Yet there is still a moderate systematid/ ¢ is then obtained by folding the Fermi motion with the
underestimate. A further increase of the distribution paramspectrum from thé quark decay. In Refl37] the shape of
eter (with the remaining parameters kept unchangddes the J/¢ momentum distribution resulting from Fermi mo-
not imply significant modifications within the low momen- mentum smearing has been given in the context of the color
tum range. For comparison, one might note that in the studsinglet wave function modeland without consideration of
ies of semileptonid decayss, was taken between 0.003 the light spectator quark massVe shall extend the analysis
and 0.00927]. by including the leading color octet contribution to the char-

Considering the uncertainties associated with the determimonium production in the framework of the NRQCD factor-
nation of the NRQCD matrix elements and, consequentlyjzation formalism and by comparing our results with experi-
with the normalization of the spectrum, in Fig. 4 we showmental data.
the J/4 momentum distribution foe,=0.012 and a modi- The spectator quark is handled as an on-shell particle with
fied value(OY "(®Pg))/m2=—0.001 GeV. The fit is some- definite massny, and momentunip| =p. Consequently, the
what better. However, the color octet intermediate stated) quark is considered to be off-shell with a virtual mag's
with reasonable values of the matrix elements, improve th@given in the rest frame of thB meson by energy-momentum
fit of the calculated curves to the observed spectrum. Fogonservation as

momentum kil (GeV/c)

T T T T Wz(p):MéJ,_ mgp_ZMB m§p+ p2. (28)
e e 0003 GV Altarelli et al. introduced in the model a Gaussian probabil-
e 0-0121 B ity distribution ¢(p) for the spectatofand thus for the heavy
% P quark momentum,
&} PM FANES
K / q + 4
% 0.008} /

S -H’ + d(p)= ——=Zzexp— p%/pf). (29
12 \/;p,:
% 0.004 + + ‘l’+ + 1 normalized according to

+ ++ ' f . dpp’¢(p)=1. (30

0.000 LTt ‘ . b
0.0 0.5 1.0 1.5 2.0

The Gaussian widtlpg is treated as a free parameter which
has to be determined by experiment.

One main difference between the parton model and
ACCMM is that in the latter one must considebajuark in
flight. We therefore start from the momentum spectrum of

FIG. 4. Same as in Fig. 3, now fer,=0.012 and a modified
value of the £P;) matrix element(dashed ling The dotted line
shows the contribution from color singlets;) intermediate states.
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the J/ ¢ resulting from the decap— J/ i+ X; (f=s,d) of a In Eq. (31 k(ib) give the limits of the momentum range
b quark of massV and momentunp which is given by which results from the Lorentz boost from the rest frame of
r theb quark to a frame where the has a nonvanishing mo-
b _ -1 0 ) mentump,
Kyl p)= (| k k-
d|kl/,|(| ¢| P)= "7y k(+b)(p)_|k(_b)(p)|[ ( ¢| [k (p)]) .
b)) —
=0k | =K (P)]- (31) k®'(p)= i (Enko* PEo). (34)
Here we have defined with
1, x>0, 1
= T (W2 M2 _
0(x) {O, «<0. (32 Ko 2W(W M3,  Eo \/k02+M3,, (35

I'y is the width of the analogous decay in the rest frame ofand ygl being the corresponding Lorentz factor,
the heavy quark as obtained from the NRQCD factorization

formalism. According to Eqs.7)—(9) it reads(again adopt- W _
. =—, Ep=VW2+pZ
ing mi=0 and|Ved ?+| Ve ?=1) Y TE; b P (36)
2 . 2\ 2 2 To calculate the momentum spectrum of they from the
L'o= 144 | Vel "MW 1— w2 |2 1+ W2 +b|, inclusive decay of thé8 meson one has to fold the heavy

(33) quark momentum probability distribution with the spectrum

of Eq. (31) resulting from theb quark subprocess. Perform-

wherea and b contain the nonperturbative effects in the ing this, we finally arrive at the expression for the differential
charmonium production process. branching ratio for 8 meson in flight,

k-v-(|k¢;|) dlkl//
k_(lkghl Ko (Tkyl) = k- (Tky))

1 dr

Here pnay is the maximum kinematically allowed value of B. Analysis and numerical evaluation
the quark momenturp, i.e., that which make®V in Eq. (28)
equal toW=M, (for comparison with data we identifyra,
with the massM , of the J/ ),

Both models, the parton model as well as ACCMM incor-
porate the bound state structure of Bieneson by postulat-
ing a momentum and, consequently, a mass distribution for
1 the heavy quark. In Sec. lll B we pointed out that in the PM
pmaxzm[(Mg_F mgp_ MZ(//)2 4m M ]1/2 (38)  the dependence of th¥¢ momentum spectrum on the exact

value of the Peterson parametsy (within the low momen-
tum rangelk,|<1.4 GeV) is only moderate. We shall see
that, contrary to this, in the ACCMM model the dependence
of the spectrum on the Fermi paramepegris strong, which
allows us to perform a detailed analysis.
1 Introducing in the latter model anothgrvariable as the
ke ([kyl)= M—(EB|k¢,| *|pslEy), ratio x=W/Mg, we may calculate the appropriate distribu-
B tion functionw(x) of the b quark in the rest frame of thB
meson as a function of the relative massIn Fig. 2b) we
K ([ky) =mink ; ([Ky|), Kmax (39 plot the functionw(x) for mg,=0.15 GeV and various val-
ues ofpg, this value for the spectator mass being frequently
Kmax being the maximum value of th#y momentum from  ysed in studies of the semileptonic decays. Note that the
the decayB—J/+ X in the rest frame of th&, mass distribution shows sizable modifications due to the
variation ofpg . Both models have the advantage of avoiding
the mass of the heavy quark as an independent parameter. As
a consequence, the phase space is treated correctly because
(40)  they use the mesonic degrees of freedom.
Within the approximations discussed in Sec. I, the shape
(Note that in the PMS,;;,=0 for vanishing masses of the of the momentum spectrum in the deddy-J/#+ X is de-
final state quarlgs .) termined by the value opg. As argued in Ref[38], the

In the following section we make use of E&7) to com-  Fermi momentum parameter is not a truly free parameter, but

pare the model predictions with experimental data. it is directly related to the average kinetic energy of the

The first integration in Eq(37) results from the transforma-
tion from the spectrum for 8 meson at rest to the spectrum
for a B meson in flight, where

1
Kmax= 5y (M M3 = Spin)~ AMEMETY, - Spi=
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T T T T 0.024 T T T T
—— p=0.57 GeV | | — pe=0.57 Gev HES
------ pi=0.57 GeV, only singlet e pe=0. PN 4
~ o012} CLEG data - _0.020 | B P
E 3} ! \
. : |
S ACCMM model 3 0.016 1 scCMM model i
£ 0.008 | 1 R ; )
< + < o012} | ]
= - / ;
12 1%
= = 0.008} ]
z )
= 0.004 1 P
= + =)
+ 0.004 | 1
0.000 et ' ' e ‘
0.0 0.5 1.0 L.5 2.0 0'0000.0 0.L5 1.0 1.5 2.0
momentum |ks| (GeV/c) momentum kil (GeV/c)

FIG. 5. Theoretical momentum spectrum in the ACCMM model  FIG. 6. Same as in Fig. 5, now the theoretical momentum spec-
for inclusive B decays tal/ ¢ with p-=0.57 GeV, compared with  trum in the ACCMM model for various values @ as shown.
the CLEO data; the parameters are given in Sec. lll B. The dashed
line shows the contribution from color singletg;) intermediate  theoretical spectrum with the data is good provided we
states. choose the valug~0.57 GeV. Again we point out the

dominance of the color octet charmonium production mecha-
nism by plotting also the spectrum which arises from the

heavy quark(p®)=3p¢ through the Gaussian form of the ¢ojor singlet model, the latter underestimating the data by
distribution function of Eq(29). Thus the value opg can  roughly a factor of three.
also be deduced theoretically from a study of thquark’s To demonstrate the high sensitivity of the spectrum to the
average kinetic energy. Hwargg al. [38] calculated the lat- Fermi motion parameter, we present in Fig. 6 the spectrum
ter in the relativistic quark model, from which they obtained for p=0.3 GeV (with the remaining parameters kept un-
pe~0.5-0.6 GeV, this value being in good agreement withchangeg, the latter value being commonly used by experi-
the one deduced from the QCD sum rule analysis of Refmentalists in the analysis of the semileptonic decays. Note
[39], pr=0.58+0.06 GeV. Both results respect the limit the large discrepancy between theoretical prediction and
pe=0.49 GeV which follows from an inequality between the data. Thus it is obvious that the shape of the measiif¢d
expectation value of the quark’s kinetic energy and that of momentum distribution cannot be reproduced in the model,
the chromomagnetic operator derived by Bigjial. using the  within the approximations we made, when using values sig-
methods of the Heavy Quark Effective Thed®0]. The nificantly smaller tharp=0.5 GeV. Especially the sizable
lower bound from the latter inequality, however, could becontribution in the low momentum range requires a soft
considerably weakened by higher order perturbative corregsrobability distribution of the heavy quark momentum. Fur-
tions[41]. ther we want to emphasize thaising p.=0.57 Ge\j not

The numerical range of the Fermi motion parameter deenly the shape but, due to the inclusion of color octet inter-
duced from the heavy quark’s kinetic energy is in goodmediate states in the charmonium production, also the nor-
agreement with a recent study of the semileptdhidecays: malization of the theoretical spectrum is in good agreement
Using dilepton data, the CLEO Collaboration has performedwith the data. This way our analysis supports the numerical
a model independent analysis of the lepton spectrum overalues of the NRQCD matrix elements given in E&4).

essentially the full momentum ran§@1]. By comparing the Note that the authors of Ref14] could not account for
results with the theoretical prediction of the ACCMM model, the measured value of the branching rafitB— J/ ¢+ X),
Hwanget al. [38] obtainedpr=0.54"31¢ GeV. because they restricted the NRQCD analysis to positive val-

Allowing the Fermi momentum to float within the range ues of the matrix elememog"”(gPO», and becausédopt-
pe~0.5-0.6 GeV, we investigate to what extentthguark  ing m,=5.3 Ge\j they did not take into account corrections
motion in theB meson can account for the observed specdue to the bound state structure of Beneson.
trum in B—J/ ¢+ X decays. One might note that, in contrast We conclude that, using the ACCMM model, the Fermi
to the energy spectrum in the semileptonic decays, the shapeotion of theb quark can account for the observed momen-
of the J/y/ momentum spectrum is sensitive to the Fermitum distribution in theB— J/¢+ X decay accurately. The
motion parameter over a wide range of the phase space. required value of the Fermi momentupe~0.57 GeV

Employing the spectator distribution function of E89),  comes out to agree with the range deduced from the studies
we calculated the momentum spectrum for the decaf of of the heavy quark’s kinetic energy, as well as, with the
mesons produced at tRé(4S) resonance. Figures 5 and 6 range recently obtained from the semileptoBiclecays.
show the comparison with the CLEO data for the set of pa- We close this section with a comment on the distinct sec-
rameters given in Sec. Il B and fong,=0.15 GeV. In Fig.  ondary bump which appears in the low momentum region of
5 one can see thdtonsidering the fact that the ACCMM the measured/ spectrum. While this article was being
model does not include hadronization effects and, consearitten, Brodsky and Navarrpd2] suggested an interpreta-
quently, yields an averaged spectiuthe agreement of the tion of the latter in terms of the three-body decay
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B—J/Ap, in which they assumed that the underlying dy- for the decay spectra are given in E¢®1) and (37). They
namics of theexclusivemode is reflected in the measured depend on the momentum distribution function of the
shape of the inclusive momentum distribution. The authorgjuark f(x) and the Fermi motiong(p) of the spectator
argued that the three-body final state accounts for a distingjuark, respectively.

enhancement in the inclusive spectrum, in which the position Numerical calculations in the parton model give a satis-
of the maximum [k,|=0.5 GeV) coincides with the mea- factory presentation of the data, provided that the heavy
sured bump. Thus our inclusive approach todh¢ momen-  quark momentum distribution is taken to be soft. To be ex-
tum distribution, when combined with the analysis of thepiicit, we find £,~0.008—0.012 for the parameter of the
exclusive three-body mod& A p [42], yields a spectrum Petersonet al. distribution function. The ACCMM model
which is in good agreement with the measurement over thean account for the observed momentum spectrum more ac-

whole range of phase space. curately. The preferred Fermi momentyp~0.57 GeV is
in good agreement with the rangg-~0.5-0.6 GeV de-
V. SUMMARY duced from theoretical studies of the heavy quark’s kinetic
energy.

The analysis of the deca&— J/¢+ X requires the color
singlet and octet contributions to the intermediatestates.
The octet configurations were found to be necessary for im

proving the predictions for the branching rafit]. In this /o1y recently, it was shown how the resummation of higher

article we include the octet configurations in the aljalysis Obrder nonperturbative corrections to the quarkonium produc-
the J/¢y momentum spectrum. We adopt the leading ordeki,, |eads to the introduction of universal distribution func-

expansion of NRQCD, where the kinematics of soft gluong,ng 23] |t will be a challenge for future studies to inves-
radiation associated with the nonperturbative tran5|t|on§igate the importance of these shape functions for the

cc—J/y+X is neglected. Thus we address the question, omentum distribution in the decaB—J/y+X and to
whether and to what extent the motion of thejuark in the compare the theory with more accurate data.

bound state can account for the observed momentum spec-
trum. To this end, we review in Eq$7)—(9) and (13) the
changes introduced to th# ¢ tensor through the leading
color octet configurations. The structure constants of the ten-
sor depend on the NRQCD matrix eIemer{l@j"”[n]), We wish to thank Eric Braaten for helpful comments. One
which parameterize the conversion ofca pair in angular  of us (P.H.S) wishes to thank the Deutsche Forschungsge-
momentuni n] and colora to theJ/ . Values for the matrix meinschaft for financial support through the Graduate Pro-
elements are taken from other experiments. With these regram for Elementary Particle Physics at the University of
sults we develop a formalism for the inclusive decay withinDortmund. This work was supported in part by the
the parton and the ACCMM model, respectively. The shape8undesministerium fu Bildung, Wissenschaft, Forschung
of the spectra originating from varioes(>>"1L,), configu-  und TechnologigBMBF), 057D093F7), Bonn, FRG, and
rations are very similar to each other. They are sensitive tby the U.S. Department of Energy under Contract No. DOE/
the motion of theb quark in theB meson. Explicit formulas ER/01545.

Our results are obtained in the approximation of neglect-
ing the gluon momenta at the hadronization stage, i.e., we
include only the leading terms in the NRQCD expansion.
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