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Polarized JÕc production from B mesons at the Fermilab Tevatron

V. Krey* and K. R. S. Balaji†

Institut für Theoretische Physik, Universita¨t Dortmund, Otto-Hahn-Strasse 4, D-44221 Dortmund, Germany
~Received 16 October 2002; published 20 March 2003!

In the framework of nonrelativistic quantum chromodynamics and the parton model, we estimate, in detail,
the production cross section for polarizedJ/c from B meson decays. In order to contrast with data, we also
take into account additionalJ/c production due to the decay of excited charmonium states. We calculate the
helicity parametera and, as an application, we study our results for the Fermilab Tevatron. This is in contrast

with the earlier studies which were performed for promptJ/c production frompp̄ collisions. Our estimates
are, forJ/c from B decays,aJ/c520.0460.06 and, forB decays toc8, ac8520.0360.07. These results
have been evaluated in theJ/c transverse momentum interval 10 GeV<kT<30 GeV. In the limit of the color
singlet model,a shows a direct dependence on the Peterson parameter, thereby reflecting the dynamics of the
b quark hadronization. With run II of the Tevatron, it is expected that the fits fora will improve by about a
factor of 50, leading to better limits on the matrix elements.
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I. INTRODUCTION

The production mechanism of bound states involving
heavy quark and antiquark system can be addressed w
nonrelativistic quantum chromodynamics~NRQCD! @1#. In
the earliest attempts, charmonium production was descr
by the color singlet model through processes such asB de-

cays (b→cc̄s) @2–4# and gluon-gluon fusion (gg→cc̄g)
@5#. We refer to@6# for a review of these issues. However, t
color singlet models had several problems, e.g., underest
tion of the hadroproduction of charmonium@7#, the c8
anomaly@8,9# and infrared divergences inP wave charmo-
nium production, which later had a resolution based on f
torization results@10,11#. These problems suggested the ne
to advance beyond the color singlet model or similar varia
such as the color evaporation model@12#. In a systematic
approach, by including the color octet contributions with
the NRQCD framework it was shown that these proble
could indeed be resolved to a good accuracy@13–15#.

Within NRQCD, which is well designed for separatin
relativistic from nonrelativistic scales, Bodwin, Braaten, a
Lepage developed a factorization formalism to calcul
quarkonium decays and production@10#. The formalism al-
lows for a systematic calculation of the inclusive cross s
tions to any order in strong couplingas , and an expansion in
v2. Here,v is the relative velocity of the quark and antiqua
and is inversely proportional to the heavy quark mass. As
illustration, following potential model calculations, for bo
tonium statesv;0.1 while for charmonium statesv;0.3
indicating a better convergence in the perturbative expan
for heavier quark states@16#. It is interesting to observe tha
the theory exhibits a scale hierarchy of the typemQ@mQv
@mQv2;LQCD, wheremQ is the heavy quark mass. Ther
fore, it is appropriate to use NRQCD as an effective fie
theory with v as the expansion parameter which is also
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naturally small scale of the theory. In addition, at leadi
order inv, NRQCD has a strong correspondence to a 1/mQ
expansion as in heavy quark effective theory.

A large fraction of the existing literature on NRQCD em
ploying the factorization formalism broadly concentrates
one of the following two issues:~i! on prompt charmonium
production in hadron@13,17–19#, gp and ep @20# and in
e1e2 @21–24# collisions or ~ii ! on charmonium production
in hadronicB decays@25–27#. Prompt production refers to
quarkonium~here charmonium! that is created in interaction
of the colliding particles or their constituents, while charm
nium production is also possible in weak decays ofB me-
sons, which will be the focus of the present work. At t
functional level, the calculations in case~i! have been
adopted to phenomenologically extract NRQCD matrix e
ments from experimental data on charmonium producti
This is possible because these calculations incorporate bo
state effects of the initial hadronic states, usually in t
framework of the QCD improved parton model~PM!. In
the case of semi-inclusiveB decays with charmonium
final states, the Altarelli-Cabibbo-Corbo-Maiani-Martine
~ACCMM! model @28# and the PM@29# have been success
fully adopted for this description. A central feature of the
results has been to illustrate the importance of color o
elements to accommodate the observed momentum sp
of J/c.

Quarkonium polarization provides an additional test
the color octet production mechanism of NRQCD@30#. The
polarized cross section has been calculated for prompc
production @17# as well as forJ/c production inb quark
decays@31#. We remark that, in the case ofJ/c production
from b decays, the calculations do not take into acco
bound state effects, although they have been estimated t
significant@32#. Hence, a comparison with data in this ca
may not be too meaningful, given the uncertainties, origin
ing from the negligence of the initial hadron, and the ad
tional errors due to the nonperturbative NRQCD matrix e
ments. As a salient prediction, within NRQCD, prom
charmonium production is expected to be predominantly
transverse polarization state for large transverse mom
(pT) @13,17,18,33#; but this prediction is not in agreemen
©2003 The American Physical Society11-1
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with the Collider Detector at Fermilab~CDF! data@34#. We
note that the polarization prediction arises from the dynam
of massless partons and for largepT , the role of gluon dy-
namics is important in prompt quarkonium production, es
cially through the dominance of gluon fragmentation@35#.
Furthermore, a gluon couples easily to the3S1 color octet
state, which is expected to be a dominant spectral state in
promptJ/c production mechanism at the Fermilab Tevatro
But correspondingly, the charmonium production at la
transverse momenta~with pT>20 GeV) are not fully probed
by current experiments. Besides, there are large errors in
polarization measurements. Therefore, these features a
preclude any possible conclusions on the predictions
NRQCD for polarized charmonium production.

On the other hand, at moderate transverse momenta~with
pT<20 GeV), one can perform the polarization studies
prompt charmonium production to make an estimate of
color octet elements and also compare with the unpolar
cross sections. This is of particular relevance to the Teva
where there are no complications due to higher twist effe
@36#. We refer to@37# for an update on prompt production o
polarized charmonium for the Tevatron. Simultaneously, o
can also study the charmonium production which is
prompt and in particular estimate the cross sections for
larized production.

It is the goal of the present work to analyze the polari
tion predictions forJ/c from B meson decays at the Teva
tron. Unlike in the case of prompt production, in this proce
we do not expect gluon fragmentation to be a domin
source forJ/c production, which led to predominantly tran
verse polarizedJ/c. Therefore, our calculation can serve
an independent probe of NRQCD dynamics for polariz
charmonium production, besides the existing knowled
from prompt production. We employ the PM approach
discussed in@29# to fold the quark level calculations to arriv
at aB hadron decay. We calculate the helicity parameter,a,
from the production cross section of the three polarizat
states of theJ/c. We observe that a significant drawback
any such analysis is due to our present poor understandin
the relevant NRQCD matrix elements. As an outcome of
approach, we note that in the color singlet model~when the
octet elements are set to zero!, the a prediction reduces to
the details of bound state effects of the PM. In other wor
a depicts a strong dependence on the Peterson fragment
function which describes the Fermi motion of theb quark in
the B meson. In some sense, this result is also to be an
pated simply on grounds that the color singlet model pred
tions depend on the shape and form of the initial state w
function of the decaying system. With data from run II
Tevatron, which is expected to increase the accuracy b
factor of 50, our analysis may be useful to tighten the e
mates for the matrix elements significantly and make
polarization estimates more precise@38#. In addition, in the
future, a complete global fit/analysis to quarkonium prod
tion will certainly make the predictions more robust.

Our paper is organized as follows. In the next section,
completeness, we review the basic ideas of NRQCD pe
nent to our calculations. In Sec. III, we introduce the effe
tive Hamiltonian which describes the quarkonium product
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process through freeb quark decays. Using this formalism
we study the semi-inclusive decay of a freeb quark intoJ/c.
The short-distance coefficients and the NRQCD matrix e
ments are explicitly calculated and the decay width is p
sented forb→J/c(l)1X. Here,l denotes one of the thre
helicity states ofJ/c. Towards the end of this section, w
also discuss an extension of our calculations to excited c
monium states. The bound state effects of the initialB me-
son, whose influence hitherto has been neglected in the
culation, are described in Sec. IV. In this analysis, we use
PM approach to evaluate the bound state effects. Star
with a short introduction to the PM, the restrictions of th
model applicability and estimates for the semi-inclusive d
cay rate for aB meson with a charmonium final state a
presented. This is followed by Sec. V, where we describe
application of the results derived so far to the Tevatron a
introduce suitable kinematic variables. In Sec. V A, we d
cuss the production cross section for polarizedJ/c at the
Tevatron. In order to phenomenologically implement the p
duction cross section forB mesons at the Tevatron, we intro
duce a simple two-parameter fit procedure. In Sec. VI,
describe the relevant NRQCD matrix elements which we
for this analysis and also discuss the various sources of in
errors for our estimates. Following this, in Sec. VII, we gi
our detailed numerical estimates for the polarized cross
tion and predictions for the helicity parameter,a. We also
discuss the relevance/influence of the various theoretica
put errors to our predictions. The differential cross sect
for J/c and c8 production fromB decays and the corre
sponding polarization parametera are displayed and com
pared with current experimental data@34#. Since the data
includes feed-down channels from excited charmoni
states, we account for this in our analysis to derive the
larization cross sections. Finally in Sec. VIII, we conclu
with a summary of the results and comment on further p
sible improvements to the precision of our calculation. In t
Appendix of this paper, we have tabulated all the relev
matrix elements and their sources and give the values w
we use in our analysis.

II. BASIC FORMALISM

In @10#, it was shown that effects of the lower momentu
scales of the order,mQ•v, mQ•v2, andLQCD can be factored
into matrix elements that are accessible only via nonper
bative techniques or from experiments. On the other ha
the short distance contributions that occur on scales la
than the heavy quark mass, can be calculated within pe
bative QCD. A matching prescription is required to identi
the perturbatively calculated short-distance part and the n
perturbative NRQCD matrix elements. In the following, w
recollect this matching procedure for polarized quarkoni
production which we shall later use for our calculation. Th
is followed by a basic description of the matrix elements a
their scaling properties.

A. The matching procedure

Let us consider an inclusive production of a quarkoniu
stateH with momentumk and helicityl via a parton level
1-2
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POLARIZED J/c PRODUCTION FROMB MESONS . . . PHYSICAL REVIEW D 67, 054011 ~2003!
decay process of the typeI→H(k,l)1X. The semi-
inclusive decay width is given as

(
X

dG@ I→H~k,l!1X#5
1

2E

d3k

~2p!32EH
(
X

~2p!4d (4)

3~p2k2pX!uTI→H(k,l)1Xu2, ~1!

whereE and p are energy and momentum of the decayi
particle, EH is the energy of the quarkonium, and the su
over X includes the phase space integration for the additi
ally produced particles. On the other hand, from the NRQ
factorization theorem, the decay width in Eq.~1! can be fac-
torized into short-distance coefficients and long-distance
trix elements of local four-quark operators. Formally,

(
X

dG@ I→H~k,l!1X#5
1

2E

d3k

~2p!32EH
(
m,n

3Cmn~p,k!3^O mn
H(l)&. ~2!

In Eq. ~2!, the short-distance coefficientsCmn (m andn de-
note some quantum numbers of the various states! depend
only on kinematical quantities such as momenta and ma
of the involved particles. They include effects of distances
the order 1/mQ and smaller, wheremQ is the mass of the
quarks from which the quarkoniumH is built. The matrix
elements, ^O mn

H(l)&, are expectation values of loca
four-quark operators, sandwiched between vacuum sta
^0u•••u0&. These cannot be calculated perturbatively, but
extracted from experiment or from lattice calculations.

As a passing remark, we note that if the decaying part
is a hadron, then the parton level decay width in Eq.~2! must
be folded with a suitable distribution function for the part
in the initial hadronic state. In this case, the factorizat
approximation requires the final quarkonium state to carr
large relative transverse momentum compared toLQCD
@10,39#.

The typical four-quark operators which are related to
long-distance matrix elements have the general structure

O mn
H(l)5c†K8m

† xPH(l)x
†Knc, ~3!

wherec and x are the heavy quark and antiquark nonre
tivistic field operators, respectively, andKn and K8m

† are
products of spin and color matrices as well as covariant
rivatives. Here,PH(l) is a projection operator that projec
onto the subspace of states that contains the quarkon
stateH(l) and in addition soft hadronic final states denot
by SX . These soft states are supposed to be light, due to
NRQCD cutoff requirement, i.e., their total energy has to
less than the NRQCD ultraviolet cutoffL to avoid double
counting. Hence including them,PH(l) is written as

PH(l)5(
SX

uH~k50,l!1SX&^H~k50,l!1SXu. ~4!

The matching procedure between the complete theory
the NRQCD expression requires that the normalization of
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mesonic states in both the frameworks, i.e., in Eqs.~1! and
~2! be the same. In this analysis, we follow the relativis
normalization procedure as suggested in@39#. The matching
condition is given as

(
X

~2p!4d (4)~p2k2pX!TI→cc̄81X
* TI→cc̄1X

5(
m,n

Cmn~p,k!^c†K8m
† xPH(l)x

†Knc&. ~5!

To carry out the matching procedure explicitly, both the le
hand side and the right-hand side of Eq.~5! have to be ex-
panded as a Taylor series inq and q8. The short-distance
coefficients can then be simply identified by an order
order comparison in the coupling constant along withq
andq8.

B. Expansion and simplification of matrix elements

As mentioned above, an expansion of the matrix eleme
is necessary for matching with the complete theory. In ad
tion, by applying the symmetries of NRQCD the matrix el
ments are simplified and expressed in terms of standard
trix elements. The relative magnitudes of each of the ma
elements can be estimated, using velocity-scaling ru
which we list here.

In the case ofJ/c, the independent matrix elements ca
be determined by simple tensor analysis, since it is a ve
meson withJ51. Therefore, the helicity labell transforms
like a vector index in a spherical basis. This corresponds
choosing circular polarization vectors as the basis vectors
the polarization states ofJ/c. A unitary transformation,
given by the matrix

e i
l5S 21/A2 2 i /A2 0

0 0 1

1/A2 2 i /A2 0
D , ~6!

connects the two basis. Here,i runs from 1 to 3, whereasl
takes the values 1, 0, and21. In what follows, we list the
matrix elements that appear in the calculation ofc produc-
tion in b quark decays. Rotational symmetry as well as hea
quark spin symmetry allow them to be expressed in terms
standard matrix elements@10# with well defined spectral
states,2S11LJ . Details on the expansion and reduction
NRQCD matrix elements can be found in@39#. For the sim-
plest matrix elements without any vector indices one find

^c†xPJ/c(l)x
†c&5

4

3
mc^O 1

J/c~1S0!&, ~7!

^c†TaxPJ/c(l)x
†Tac&5

4

3
mc^O 8

J/c~1S0!&, ~8!

for the color singlet and octet case, respectively. The fac
4mc originates from the different normalization of states
@10# and@39#. The remaining dimension six matrix elemen
can be reduced to
1-3
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^c†s ixPJ/c(l)x
†s jc&5

4

3
e i

l†e j
lmc^O 1

J/c~3S1!&, ~9!

^c†s iTaxPJ/c(l)x
†s jTac&5

4

3
e i

l†e j
lmc^O 8

J/c~3S1!&, ~10!

up to corrections of orderv2. In the case of the matrix ele
ments with four vector indices we have

K c†S 2
i

2
DJ kDs lxPcc̄,cc̄8x

†S 2
i

2
DJ nDspc L

54e i
l†e j

ldknmc^O 1
J/c~3P0!&, ~11!

K c†S 2
i

2
DJ kDs lTaxPcc̄,cc̄8x

†S 2
i

2
DJ nDspTac L

54e i
l†e j

ldknmc^O 8
J/c~3P0!&, ~12!

which also receive corrections at orderv2. Other useful re-
lations can be established on the basis of heavy quark
symmetry. It relates the matrix elements with the same
bital angular momentumL and different total angular mo
mentumJ to each other. For instance, theP wave matrix
elements at orderv2 are equal up to a multiplicity factor

^O n
J/c~3PJ!&'~2J11!^O n

J/c~3P0!&. ~13!

Furthermore, the color singlet matrix elements can be rela
to the nonrelativistic quarkonium wave function, whose
dial part is denoted byR̄c , evaluated at the origin. This ca
be achieved by means of the vacuum saturation approx
tion ~VSA!.

^c†s ixPJ/c(l)x
†s jc&5e i

le j
l†3

p
McuR̄cu2, ~14!

where due to the VSA an error of orderO(v4mcuR̄cu2) is
induced.

As mentioned earlier, the nonperturbative matrix eleme
relative importance is determined according to the veloc
scaling rules. These velocity-scaling properties for theJ/c
production matrix elements are summarized in Table I.

TABLE I. Summary of velocity scaling rules for NRQCD ma
trix elements.

Matrix element v scaling

^O 1
J/c(3S1)& v3

^O 8
J/c(3S1)& v7

^O 8
J/c(3PJ)& v7

^O 8
J/c(1S0)& v7

^O 1
J/c(3PJ)& v11

^O 1
J/c(1S0)& v11
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III. THE PROCESS b\JÕc¿X

Having given the basic formalism, we now proceed
describeJ/c production fromb decays. The decay of ab
quark is a weakly induced process and is described by
exchange of aW boson, transforming theb into a c quark.
TheW subsequently decays into ac̄qf pair, where theqf is a
light state and can be either as or a d quark. At the scale
m;mb , after integrating out theW boson, the effective QCD
corrected Hamiltonian

Heff5
GF

A2
Vcb* Vc fH 1

3
C[1]~m!•O11C[8]~m!•O8J ~15!

induces theb→cc̄1qf transition. The relevant operators a

O15 c̄gmLcq̄fg
mLb, ~16!

O85 c̄gmLTacq̄fg
mLTab, ~17!

with L512g5. Here,C[1] (m) andC[8] (m) are the effective
Wilson couplings for the color singlet and the color oc
operator, respectively. The Wilson coefficients should not
related with the short-distance coefficients of NRQCD, d
noted byCmn . To get a qualitative feeling for the relativ
strengths and their dependence on the factorization scalm,
we have shown the couplings in Fig. 1 form;mc•••mb .
Here,as(MZ)50.119 has been taken, which corresponds
LQCD

(nf55)
593.14 MeV at LO. In particular, it has been note

that the color singlet coefficientC[1] exhibits a strong depen
dence onm and even vanishes nearm;mc at LO @40#. This
behavior which hints towards large higher order correctio
cannot be cured at NLO@41#. We will later allude to this
problem when we discuss the various uncertainties pert
ing to our results.

A. The decay width

Applying the effective Hamiltonian~15! to the b→cc̄
1qf decay, we calculate the matrix elementT at LO to be

FIG. 1. Dependence of the Wilson coefficientsC[n] (m) on the
scalem.
1-4
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Tb→cc̄1qf
5

GF

A2
Vcb* Vc fH 1

3
C[1]• c̄~p!gmLc~ p̄!q̄f~pf !

3gmLb~pb!1C[8]• c̄~p!gmLTac~ p̄!q̄f~pf !

3gmLTab~pb!J . ~18!

The four-momenta of the outgoingc and c̄ quarks can be
expressed asp5 1

2 k1Lq and p̄5 1
2 k2Lq, where k is the

total four-momentum of thecc̄-system andq is the relative
three-momentum in thecc̄-rest frame.Li

m is the Lorentz
boost matrix that connects the two frames. ExpandingT to
linear order inq, we get

Tb→cc̄1qf
5

GF

A2
Vcb* Vc fH 1

3
C[1]•q̄f~pf !g

mLb~pb!

3@2Li
m~mcj

†s ih1 i e iklj
†qks lh!2kmj†h#

1C[8]•q̄f~pf !g
mLTab~pb!@2Li

m~mcj
†s iTah

1 i e iklj
†qks lTah!2kmj†Tah#J . ~19!

The boost matrices,Li
m , also have to be expanded inq and

to linear order are given to be

Li
05

1

2mc
ki , ~20!

Li
j5d i j 1S Ec

2mc
21D k̂i k̂ j , ~21!

where the hats denote unit vectors. At LO,uT̄ u2 factorizes
into a product of two rank two tensors:

uTb→cc̄1qf
u25

1

2
GF

2 uVcb* Vc fu2Wmn~Tmn
(1)1Tmn

(8)!. ~22!

Wmn describes the transition of ab quark toqf and has the
simple form

Wmn5
1

2
•^~p” f1mf !gmL~p” b1mb!gnL&

54•pf
spb

l~Ssmln2 i esmln!, ~23!

with

Smsnl5gmsgnl2gmngsl1gmlgns , ~24!

and emsnl being the usual antisymmetric Levi-Civita` sym-
bol. Tmn

(n) refers toJ/c production in either a color single
(n51) or color octet (n58) channel and is obtained as
05401
T(1)
mn5

1

9
C[1]

2 @2Li
m~mcj

†s ih1 i e iklj
†qks lh!2kmj†h#

3@2L j
n~mch8†s jj81 i e jnph8†q8nspj8!2knh8†j8#,

~25!

T(8)
mn5

1

6
dabC[8]

2 @2Li
m~mcj

†s iTah1 i e iklj
†qks lTah!

2kmj†Tah#@2L j
n~mch8†s jTbj8

1 i e jnph8†q8nspTbj8!2knh8†Tbj8#. ~26!

In the context of the PM, the tensorWmn will be replaced by
a more general hadronic tensor structure which include
distribution function for the heavyb quark. This will be dis-
cussed in Sec. IV. In the following, for clarity, we describe
some detail our calculation for obtaining the polarized dec
spectrum. Contracting the two tensor structuresTmn

(n) and
Wmn , one can identify six different nonrelativistic four-quar
operators which then will be matched to the correspond
NRQCD operators that have been presented in Sec. II.
contraction can be divided into two steps, i.e.,~i! the con-
traction of the Minkowski indices and~ii ! the contraction of
the three-vector indices. In the first step only four quantit
have to be calculated, sinceTmn

(n) consists of the structure
Lm

i Ln
j andkmkn ~mixed structures likeLm

i kn vanish by sym-
metry arguments! andWmn consists of a symmetric part, pro
portional toSsmln , and an antisymmetric part, proportion
to esmln . The four quantities will be denoted byP with a
superscript~s! for symmetric and~a! for antisymmetric,
specifying which part ofWmn they come from. The symmet
ric terms are

Pi j
(s)54•pf

spb
lSsmlnLi

mL j
n

54@2pbmpbnLi
mL j

n2~pbpf !gmnLi
mL j

n#

58pbmpbnLi
mL j

n14~pbpf !d i j , ~27!

P(s)54•pf
spb

lSsmlnkmkn58~pfk!~pbk!24~pbpf !k
2.
~28!

Similarly one gets for the antisymmetric part

Pi j
(a)524i •pf

spb
lesmlnLi

mL j
n54i esmlnkspb

lLi
mL j

n

54ipb
lAk2~2e i jmLlm!, ~29!

P(a)524i •pf
spb

lesmlnkmkn50. ~30!

Following this, we choose a reference frame in which t
decaying b quark moves with arbitrary three-momentum
upbu, and corresponding energy,Eb5Amb

21upbu2. The J/c
three-momentum is denoted byuku with energy, Ec

5AMc
21uku2. The three-vectors,pb andk, enclose an angle

q. For this choice of reference frame, the above project
~27!–~30! are evaluated to be
1-5
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Pi j
(s)58F S Ebuku

2mc
1S 12

Ec

2mc
D upbucosq D 2

k̂i k̂ j2S Ebuku
2mc

1S 12
Ec

2mc
D upbucosq D ~ k̂i pb j1pbik̂ j !1pbipb jG

14@mb
22EbEc1upbuukucosq#d i j , ~31!

P(s)58~EbEc2upbuukucosq!224~mb
21EbEc

2upbuukucosq!~2mc!
2, ~32!

Pi j
(a)524imce i jmF S Ebuku

2mc
1S 12

Ec

2mc
D upbucosq D

3 k̂m2pbmG . ~33!

Collecting together Eqs.~23!–~26! and ~31!–~33! the color
singlet contribution is given to be

WmnTmn
(1)5

1

9
C[1]

2 $4~Pi j
(s)1Pi j

(a)!@mc
2j†s ihh8†s jj8

1e ikle jnpqkq8nj†s lhh8†spj8#1P(s)j†hh8†j8%,

~34!

and for the octet we obtain

WmnTmn
(8)5

1

6
C[8]

2 $4~Pi j
(s)1Pi j

(a)!@mc
2j†s iTahh8†s jTaj8

1e ikle jnpqkq8nj†s lTahh8†spTaj8#

1P(s)j†Tahh8†Taj8%. ~35!

In order to perform the matching procedure described ear
we need to insert the above results into Eq.~22! to get the
squared matrix element,uTb→cc̄1qf

u2. Following the results

of Sec. II, we identify the short-distance coefficientsCmn by
making use of the matching condition~5!. As stated before
the integration over the phase space of the additionally p
duced particles~which in our case is theqf quark! has to be
included into the sum over the hadronic restX on the left-
hand side~LHS! of ~5!. Using the standard identity

E d3pf

~2p!32Ef

5E d4pf

~2p!3
d~pf

22mf
2!u~pf

0!, ~36!

and performing the four-dimensional phase space inte
overd4pf , due to the presence of thed (4)(pb2k2pf) func-
tion, pf gets replaced bypb2k. Thus, the matching condi
tion is obtained to be

(
qf

2pd@~pb2k!22mf
2#u@~pb2k!0#T b→cc̄81qf

* Tb→cc̄1qf

5(
m,n

Cmn~pb ,k!^c†K8m
† xPJ/c(l)x

†Knc&. ~37!
05401
r,

o-
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We begin with the color octet contributions whose sho
distance coefficients we identify for the spectral sta
2S11LJ of the cc̄ pair. In the following, the three-vector in
dices on the LHS have been suppressed:

C8@1S0#5
2p

3
GF

2 uVcb* Vc fu2C[8]
2 d@~pb2k!22mf

2#

3H ~2EbEc1upbuukucosq!1
1

2mc
2

3~EbEc2upbuukucosq!22mb
2J . ~38!

C8@3S1#5
2p

3
GF

2 uVcb* Vc fu2C[8]
2 d@~pb2k!22mf

2#

3$2@R~ upbu,uku,cosq!k̂i2pbi#

3@R~ upbu,uku,cosq!k̂ j2pb j#

1~mb
22EbEc1upbuukucosq!d i j

22mci @R~ upbu,uku,cosq!k̂m2pbm#e i jm%.

~39!

C8@3P0#5
2p

3
GF

2 uVcb* Vc fu2C[8]
2 d@~pb2k!22mf

2#

3$2@R~ upbu,uku,cosq!k̂i2pbi#

3@R~ upbu,uku,cosq!k̂ j2pb j#e ikle jnp

1~mb
22EbEc1upbuukucosq!~dknd lp2dkpd ln!

22mci @R~ upbu,uku,cosq!k̂m2pbm#

3~dmleknp2dmke lnp!%
1

mc
2

, ~40!

where the kinematic function

R~ upbu,uku,cosq!5
Ebuku
2mc

1S 12
Ec

2mc
D upbucosq. ~41!

The color singlet short-distance coefficientsC1@2S11LJ# are
most easily obtained from the corresponding octet coeffic
by replacing the color matricesTa by unit matrices as well as
changing the Wilson coefficient fromC[8] to C[1] along with
an overall factor of23 . This also serves as a useful bookkee
ing device for our calculations.

From Table I, it is seen that the color singlet matrix e
ments with angular quantum numbers1S0 and 3P0 scale
with v8 relative to the baseline matrix element. Additional
the color singlet production is suppressed relative to
color octet production. This follows from the comparison
their Wilson coefficients, whose squared ratio turns out to
C[8]

2 /C[1]
2 ;25, which can be estimated from Fig. 1. Ther

fore, the contributions of these color singlet matrix eleme
1-6
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are highly suppressed and one only needs to take into
count the3S1 contribution for the singlet case. On the oth
hand, all three octet matrix elements should be includ
because they scale asv4 relative to the dominant color sin
glet 3S1 matrix element and are enhanced due to the lar
Wilson coefficientC[8] . Thus, we have the singlet contribu
tion

C1@3S1#54pGF
2 uVcb* Vc fu2

1

9
C[1]

2 d@~pb2k!22mf
2#

3$2@R~ upbu,uku,cosq!k̂i2pbi#

3@R~ upbu,uku,cosq!k̂ j2pb j#

1~mb
22EbEc1upbuukucosq!d i j

22mci @R~ upbu,uku,cosq!k̂m2pbm#e i jm%.

~42!

In order to calculate the decay rate, we choose a refere
frame where theJ/c moves along the positivez axis. Theb
quark momentum vector is then most conveniently para
etrized in spherical polar coordinates, whereq is the polar
andw is the azimuthal angle. We have the unit vectors

k̂i5d i3 , ~43!

p̂bi5cosw sinqd i11sinw sinqd i21cosqd i3 . ~44!

Multiplying the short-distance coefficientsCn@2S11LJ# from
Eqs. ~38!–~42! along with the appropriate matrix element
we get the differential decay rate as in Eq.~2!. After con-
tracting the short- with the long-distance part we are left w
a triple differential decay width for ab quark, moving at
arbitrary momentumupbu that decays into aJ/c with helicity
l. The individual matrix element contributions in this ca
are

EcEb

d3G1@3S1#

dk3

5
1

6p2
GF

2 uVcb* Vc fu2
1

9
C[1]

2 mcd@~pb2k!22mf
2#

3H dl0F 1

2mc
2 ~Ebuku2Ecupbucosq!2

2upbu2~12cos2q!G1l@2Ebuku1Ecupbucosq#

11@mb
21upbu2~12cos2q!2EbEc1upbuukucosq#J

3^O 1
J/c~3S1!&, ~45!
05401
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EcEb

d3G8@1S0#

dk3

5
1

36p2
GF

2 uVcb* Vc fu2C[8]
2 mcd@~pb2k!22mf

2#

3H 1F2EbEc1upbuukucosq2mb
2

1
1

2mc
2 ~EbEc2upbuukucosq!2G J 3^O 8

J/c~1S0!&,

~46!

EcEb

d3G8@3S1#

dk3

5
1

36p2
GF

2 uVcb* Vc fu2C[8]
2 mcd@~pb2k!22mf

2#

3H dl0F 1

2mc
2 ~Ebuku2Ecupbucosq!2

2upbu2~12cos2q!G1l@2Ebuku1Ecupbucosq#

11@mb
21upbu2~12cos2q!2EbEc1upbuukucosq#J

3^O 8
J/c~3S1!&, ~47!

EcEb

d3G8@3P0#

dk3

5
1

12p2
GF

2 uVcb* Vc fu2C[8]
2 mcd@~pb2k!22mf

2#

3H dl0F1

2
upbu2~12cos2q!

2
1

2mc
2 ~Ebuku2Ecupbucosq!2G

1l@2Ebuku1Ecupbucosq#11F upbu2~12cos2q!

12mb
222EbEc12upbuukucosq

1
1

2mc
2 ~Ebuku2Ecupbucosq!2G J 1

mc
2 ^O 8

J/c~3P0!&.

~48!

In the above, 1 denotes the corresponding terms that con
ute to the spectrum but have no explicitl dependence. As a
1-7
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consistency check for our results derived so far, we cho
upbu50, which corresponds to theb quark rest frame. Inte-
grating overw, cosq, anduku, we obtain for the color single
and octet contributions to the polarized decay width

G1@b→J/c~l!1X#

5
1

96p
GF

2 uVcb* Vc fu2
~mb

224mc
2!2

mb
2mc

1

9
C[1]

2 @„~mb
2

24mc
2!dl014mc

2~12l!…^O 1
J/c~3S1!&# ~49!

and

G8@b→J/c~l!1X#

5
1

576p
GF

2 uVcb* Vc fu2
~mb

224mc
2!2

mb
2mc

3C[8]
2 F „~mb

224mc
2!dl014mc

2~12l!…^O 8
J/c~3S1!&

1mb
2^O 8

J/c~1S0!&13„~mb
224mc

2!dl01mb
2

14mc
2~12l!…

1

mc
2 ^O 8

J/c~3P0!&G , ~50!

respectively. This agrees with the result of Fleminget al.
@31#.

B. Excited quarkonium states

In the previous section, we applied the NRQCD factoriz
tion formalism toJ/c production inb quark decays, but with
relatively small modifications we can equally well apply o
calculation to other quarkonium states withJ51; as, for
example,c8 and xc1, which are 2S and 1P states of char-
monium, respectively.

For c8 production fromb quark decays, only theJ/c
matrix elements have to be replaced byc8 matrix elements,
whereas the short-distance coefficients are not affected
this;

^O n
J/c~2s11LJ!&→^O n

c8~2s11LJ!&. ~51!

Besides, the inclusive decay width toxc1 requires minor
modifications, and the formalism is similar to the calculati
developed forJ/c. xc1, being a3P1 state of charmonium, to
lowest order receives contributions from the^O 1

xc1(3P1)&
and ^O 8

xc1(3S1)& matrix elements, other contributions a
down by at leastv2. The fact that to lowest order, a colo
octet matrix element significantly contributes to the spectr
also explains the difficulties to describeP wave quarkonium
production in the framework of quark potential mode
However, in the framework of NRQCD these problems a
not completely resolved, even at NLO, since one faces
task of describing the production of all threexcJ states with
one set of matrix elements. This is so, because the ma
05401
se

-

by

.
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elements are related to each other by heavy quark spin s
metry. Usually, they are expressed in terms ofxc0 matrix
elements:

^O n
xcJ~3S1!&5~2J11!^O n

xc0~3S1!&, ~52!

^O n
xcJ~3PJ!&5~2J11!^O n

xc0~3P0!&. ~53!

Explicitly, the contributions to the differential decay widt
for b→xc11X are

ExEb

d3G1@3P0#

dk3

5
1

2p2
GF

2 uVcb* Vc fu2
1

9
C[1]

2 mcd@~pb2k!22mf
2#

3H dl0F1

2
upbu2~12cos2q!2

1

2mc
2 ~Ebuku2Exu

3pbucosq!2G1l@2Ebuku1Exupbucosq#11

3F upbu2~12cos2q!12mb
222EbEx12upbuuku

3cosq1
1

2mc
2 ~Ebuku2Exupbucosq!2G J

3
1

mc
2 ^O 1

xc0~3P0!&, ~54!

ExEb

d3G8@3S1#

dk3

5
1

12p2
GF

2 uVcb* Vc fu2C[8]
2 mcd@~pb2k!22mf

2#

3H dl0F 1

2mc
2 ~Ebuku2Exupbucosq!22upbu2

3~12cos2q!G1l@2Ebuku1Exupbucosq#

11@mb
21upbu2~12cos2q!2EbEx

1upbuukucosq#J 3^O 8
xc0~3S1!&. ~55!

C. Feed-down channels:H\JÕc

Apart from direct J/c production which accounts fo
roughly 70% of theJ/c from B decays, there are contribu
tions from feed-down channels. Following a few simplifyin
1-8
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assumptions as described in@18,26#, it is possible to incor-
porate theJ/c production from these feed-down channels

The first step towards this is to calculate the moment
spectra for the excited charmonium states. In the case ofc8,
because it is anSstate the procedure is the same as forJ/c,
and for thexc1 production rate, the necessary modificatio
are very modest as stated in Sec. III B. Next, we need
evaluate the production rate ofJ/c from c8 andxc1 decays.
It is assumed that in the excited charmonium decays,
three-momentum is transfered completely to theJ/c, i.e., the
c8 andxc1 differential production cross sections are simp
multiplied by their experimental branching fraction toJ/c
final states. The different helicity states are taken care o
additionally weighting the helicity dependent producti
rates for cl8 and xc1(l) with probabilities P(Hl→J/cl8)
whereH5c8,xc1, which describe the transition of ac8 or
xc1 in helicity statel to a J/c in helicity statel8, respec-
tively.

c8 dominantly decays hadronically intoJ/c, and since no
spin flips are observed the polarization is unchanged by
process@18#. Thus we haveP(cl8→J/cl8)5dll8 . For the
xc1 state, the situation is somewhat different because it
cays radiatively intoJ/c. The transition probabilities hav
been determined to be@42#: P(xc1(0)→J/c0)50,
P(xc1(61)→J/c0)5 1

2 , P(xc1(0)→J/c61)51, and
P(xc1(0)→J/c61)5 1

2 . Generically, the J/c production
through feed-down channels can be summarized as follo

dG~B→Hl→J/cl8!

5dG~B→Hl!•Br~H→J/c!•P~Hl→J/cl8!,

~56!

where the inclusive partsX have not been noted in the tran
sitions. Apart from the above mentioned feed-down ch
nels, there can also be radiative transitions fromxc0 andxc2
which have been observed. Their production rates or bran
ing fractions toJ/c are small compared to the ones ofc8
andxc1 and hence have been neglected in our analysis.

IV. THE HADRONIC DECAY B\JÕc¿X

The results derived in Sec. III describeJ/c, or more gen-
erally, charmonium production from a freeb quark decay. In
the b rest frame,J/c is produced with fixed momentum be
cause the kinematic implications of soft gluon emission
theJ/c production process are neglected. Therefore, at le
ing order inas , the momentum distribution of the charmo
nium state results only from the Fermi motion of theb quark
in the B meson. To incorporate these bound state effect
the B meson we adopt the PM as introduced in@29,43,44#.
An application to semileptonicB decays was first propose
in @45#.

In all our calculations so far, theb quark occurs exclu-
sively in theb→qf transition, described by the tensorWmn

in Eq. ~23!. Introducing light-cone dominance as in@43,44#,
it is possible to relate the hadronicB→Xf transition to the
heavy quark parton distribution function~PDF! f (x). In con-
trast to semileptonic decays, in inclusive charmonium p
05401
s
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duction the momentum transferq2 is fixed if one neglects the
kinematics of soft gluon emission of the final charmoniu
state. Due to the on-shell condition for the charmonium,
have q25k25Mc

2'10 GeV2 which justifies the light-cone
dominance assumption.

At the computational level, theWmn tensor is modified in
two ways; ~i! the quark momentumpb is replaced by the
fraction of theB meson momentumxpB , and~ii ! the entire
partonic structure is folded with the PDFf (x) for the heavy
b quark. Thus, we obtain@29#

Wmn54~Smsnl2 i emsnl!E
0

1

dx f~x!pB
l~xpB2k!s

3«@~xpB2k!0#d@~xpB2k!22mf
2#, ~57!

with the sign function

«~x!5H 11, x>0,

21, x,0.
~58!

This modification leaves theTmn
(n) tensors unchanged, the

remain as in Eq.~25! and ~26!. The distribution function
dependence on the single scaling variable,x, is a conse-
quence of light-cone dominance. In this framework, the d
tribution function is obtained as the Fourier transform of t
reduced bilocal matrix element at light-like separation
hence

f ~x!5
1

4pMB
2E d~y•pB!eix(y•pB)^Bub̄~0!p” B

3~12g5!b~y!uB&uy250 , ~59!

as shown in@44#.
In an infinite momentum frame, the distribution functio

is exactly the fragmentation function for a high energyb
quark to fragment into aB meson@45#. Hence, the Peterso
functional form @46# can be adopted as a distribution fun
tion for the heavyb quark inside theB meson, with

f ~x!5N«

x~12x!2

@~12x!21«Px#2
. ~60!

Here,f (x) is a one parameter function with a free parame
«P , while N« is a normalization factor defined such that

E
0

1

dx f~x!51, ~61!

i.e., with unit probability there is ab quark in theB meson.
In the parameter range that is usually chosen,«P
;1023

•••1022, f (x) peaks at large values ofx; a behavior
that has been determined elsewhere@47,48#. For complete-
ness, in Fig. 2, thex dependence off (x) is shown for four
different values of«P .
1-9
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As a useful consequence of the PM, theb quark massmb
is replaced by theB meson massMB removing the uncer-
tainty in the quark mass. On the other hand, the paramete«P
now carries quite a large uncertainty, and in some form,
have traded one uncertainty for another. For comparison w
other calculations, it can be useful to define an effectivb
quark mass@49#

mb5^x&MB , ~62!

where

^x&5E
0

1

dxx f~x!. ~63!

To illustrate the dependence of^x& andmb on «P , we give
their values for different choices of«P in Table II setting
MB55.279 GeV.

As expected, the results of Eqs.~45!–~48! get modified
due to the new hadronic tensorWmn in Eq. ~57!. The inte-
gration over the scaling variablex is straightforward and
therefore can be performed immediately. The generic inte
I under consideration is of the form

I 5E
0

1

dxG~x!u@~xpB2k!0#d@~xpB2k!22mf
2#, ~64!

whereG(x) is an arbitrary function of the integration var
able x. Note the presence of theu function which ensures
that the final stateqf quark has positive energy.1 This is
required, because in the inclusive approachqf has to had-
ronize, finally giving a hadronic stateXf which of course has
to have positive energy.

To solve the integral, we introduce a new integration va
able according to

1The u function thus effectively replaces the« function in
Eq. ~57!.

FIG. 2. Peterson function for«P50.004, 0.008, 0.012, and
0.018.
05401
e
th
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~xpB2k!22mf
25MB

2F z22
~pBk!2

MB
4

1
Mc

22mf
2

MB
2 G ~65!

with

z~x!5x2
pBk

MB
2

. ~66!

This translates Eq.~64! into an integral overz and

I 5E
z(0)

z(1)

dzG~z1z0!u@~z1z0!pB(0)2k0#
1

2MB
2z1

~d@z2z1#

1d@z1z1# !, ~67!

with

z05pBk/MB
2 , ~68!

z15A~pBk!22MB
2~Mc

22mf
2!/MB

2 . ~69!

Here, we have used the standard identities for thed distribu-
tion. The secondd function in Eq.~67! does not contribute
due to theu function which restricts contributions of th
integral to the argument of the firstd function. Therefore,
Eq. ~64! can finally be rewritten as

I 5
1

2MB
2z1

G~x1!u~x1!u~12x1!, ~70!

where we have defined

x15z01z15
1

MB
2 ~pBk1A~pBk!22MB

2~Mc
22mf

2!!.

~71!

The twou functions express the fact that the scaling varia
x1 , since it can be interpreted as theb quark’s momentum
fraction within theB meson, is only allowed to vary betwee
0 and 1.

TABLE II. Effective b quark massmb and expectation valuêx&
of f (x) for various«P andMB55.279 GeV.

«P ^x& mb in GeV

0.004 0.85 4.48
0.008 0.81 4.29
0.012 0.78 4.16
0.018 0.76 4.02
1-10
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Inserting the above expressions into Eqs.~45!–~48! and
together with the tensor~57!, we obtain the following ex-
pressions for the decay width, sorted by their product
mechanism:

EcEB

d3G1@3S1#

d3k

5
1

12p2
GF

2 uVcb* Vc fu2
1

9
C[1]

2 mc

MB
2

1

z1
f ~x1!u~x1!

3u~12x1!H dl0x1F 1

2mc
2 ~EBuku2EcupBucosq!2

2upBu2~12cos2q!G1l@2EBuku1EcupBucosq#

11@x1MB
21x1upBu2~12cos2q!2EBEc

1upBuukucosq#J 3^O 1
J/c~3S1!&, ~72!

EcEB

d3G8@1S0#

dk3

5
1

72p2
GF

2 uVcb* Vc fu2C[8]
2 mc

MB
2

1

z1
f ~x1!u~x1!u~12x1!

3H 1F2EBEc1upBuukucosq2xMB
21

1

2mc
2

x1

3~EBEc2upBuukucosq!2G J 3^O 8
J/c~1S0!&, ~73!

EcEB

d3G8@3S1#

dk3

5
1

72p2
GF

2 uVcb* Vc fu2C[8]
2 mc

MB
2

1

z1
f ~x1!u~x1!

3u~12x1!H dl0x1F 1

2mc
2 ~EBuku2EcupBucosq!2

2upBu2~12cos2q!G1l@2EBuku1EcupBucosq#

11@x1MB
21x1upBu2~12cos2q!2EBEc

1upBuukucosq#J 3^O 8
J/c~3S1!&, ~74!
05401
n
EcEB

d3G8@3P0#

dk3

5
1

24p2
GF

2 uVcb* Vc fu2C[8]
2 mc

MB
2

1

z1
f ~x1!u~x1!

3u~12x1!H dl0F1

2
upBu2~12cos2q!2

1

2mc
2

x1

3~EBuku2EcupBucosq!2G1l@2EBuku1Ec

3upBucosq#11F x1upBu2~12cos2q!12x1MB
2

22EBEc12upBuukucosq1
1

2mc
2

x1~EBuku2Ec

3upBucosq!2G J 3
1

mc
2 ^O 8

J/c~3P0!&. ~75!

The distribution functionf (x), being defined in an infinite
momentum frame, as well as the incoherence assump
restrict the PM application toB mesons with large, if not
infinite, three-momenta. To circumvent this problem, in t
case of unpolarized decay, a Lorentz invariant quant
E•dG, is usually constructed and subsequently evaluate
an arbitrary reference frame. This strategy was adopted in
calculation of semileptonicB decays~e.g.,@45,43#! and also
in @29# where the PM was first applied to inclusive hadron
B decays. This enabled the authors to employ their calc
tions toB decays at the CLEO experiment whereB mesons
are produced almost at rest. However, this is not possibl
the case of polarized production cross sections, since they
frame dependent. Therefore one has to go to a large mom
tum frame to fulfill the requirements of the PM. This bring
us to the description and application of our results to
Tevatron.

V. B\JÕc¿X AT THE TEVATRON

At the Tevatron,B mesons are not produced with fixe
momentum as inY decays~e.g., at CLEO!, but in fragmen-
tation mode. Therefore, one has to deal with a momen
distribution of theB mesons, expressed by thepT andyB(B
rapidity! dependent double differentialB production cross
section. The double differentialB cross sectiond2s(pp̄
→B1X)/(dpTdyB) has to be folded with the normalize
semi-inclusive differential decay spectrum, 1/GB•d3G(B
→J/c1X8)/dk3, to obtain the desired differential produc
tion cross section forJ/c.

The CDF Collaboration at Tevatron has already measu
J/c and c8 production fromB decays@50,51# as well as
their polarization@34#. For the latter we are not aware of an
1-11
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V. KREY AND K. R. S. BALAJI PHYSICAL REVIEW D 67, 054011 ~2003!
theoretical predictions that take into account bound state
fects. Our results presented here~with some kinematic modi-
fications! are directly applicable to the Tevatron experimen
setup. We proceed to discuss the required kinematics to
the Tevatron and make a comparison of our predictions w
the available data.

So far the absolute values of the three-momentaupBu, uku
and the polar angleq betweenpB andk have formed the se
of kinematic variables in our calculations. For these, we w
trade with a different set: the transverse momentapT andkT ,
the rapiditiesyB andy and the azimuthal anglef. pT andyB
belong to theB meson, whereaskT , y, andf describe the
kinematics ofJ/c. Following this, the relations between th
old and new variables are given to be

uku5„kT
21sinh2y~kT

21Mc
2 !…1/2,

upBu5~pT
21sinh2yB~pT

21MB
2 !!1/2, ~76!

cosq5
1

ukuupBu ~sinhyAkT
21Mc

2
•sinhyBApT

21MB
2

2kTpT cosf!.

Here, the rapidities are defined to be

y5
1

2
lnS E1ki

E2ki
D and yB5

1

2
lnS EB1pi

EB2pi
D , ~77!

with ki andpi being the momentum components parallel
the beam line. The Jacobian determinant for the coordin
transformation of thec variables is

U]~kx ,ky ,kz!

]~kT ,y,f!
U5kTAkT

21Mc
2 coshy. ~78!

A. Cross section and thea parameter

In order to make a comparison with data, we have to t
into account the relevant experimental constraints and c
In the case ofJ/c and c8 production, the cross section
rapidity integrated over the regionuyu<0.6 @34,50,51#. For
direct J/c production the cross section is expressed as

ds~J/c!

dkT
5E dpTE dyB

d2s~B!

dpTdyB
E df

3E dyU]~kx ,ky ,kz!

]~kT ,y,f!
U 1

GB

d3G

dk3
~pT ,yB ,kT ,y,f!.

~79!

As already discussed in Sec. III C, apart from the direct p
duction also the feed-down channels contribute toJ/c pro-
duction. These can be incorporated under the assump
made in Sec. III C and hence the decay rates toJ/c just have
to be summed for the direct and the feed-down channel
obtain the final result. Using Eq.~79!, we can evaluate the
usual polarization parameter,a, which is experimentally ac-
cessible with the help of a fit to the angular distribution
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the dilepton decays ofJ/c. The angular differential decay
spectrum has the following form:

dG~c→ l 1l 2!

d cosu
}11a cos2u, ~80!

where the angleu is defined in thec rest frame in which the
z axis is aligned with the direction of motion of theJ/c in
the B rest frame.

Theoretically,a is expressed as the ratio of linear comb
nations of the helicity production rates forJ/c. Given the
decay of a longitudinally polarized vector particle~helicity
l50) and for a transversely polarized state~helicity l5
6), using Eq.~80! one immediately obtains

a5
s11s222s0

s11s212s0
. ~81!

The helicity production cross sectionssl are the ones ob-
tained from Eq.~79!, which makesa a function ofkT .

B. Present status

With respect to the Tevatron, there are two ways of e
ploying the differentialB production cross section in ou
calculation; either theoretically or experimentally. One a
proach is to calculate the cross section by means of the Q
improved PM. In this case, the partonicb quark production
cross sections have to be calculated in perturbative QCD
subsequently have to be folded with~i! the nonperturbative
PDFs of the incoming hadrons and~ii ! the fragmentation
function, describing the hadronization process of theb quark.
In the second approach, one can directly use the meas
B production cross section at the Tevatron c.m.s. ene
As51.8 TeV.

It has been known for quite a number of years that
theoretical description of theb production process fails to
reproduce the experimental data~see, e.g.,@52#!. The shape
of the spectrum comes out as desired, but the normaliza
usually falls short by a factor of 2 or more~e.g., @52–54#!.
An agreement with the data can be achieved if the involv
parameters like the factorization scale,m, LQCD, andmb are
driven to rather extreme values. Recently, there has be
suggestion that the fragmentation function ansatz which
been used most frequently might not be appropriate@55#.
However, in a next-to-leading order calculation ofB meson
production inpp̄ collisions, it was shown that it is possibl
to accommodate the data within experimental error b
without fine tuning of the relevant parameters@56#. In this
case, theb fragmentation function has been fitted to CER
e1e2 collider ~LEP! data and the differences in the scal
between LEP and CDF data is accounted for by the us
evolution equations.

At this stage, it is not clear if the corrections due to theb
fragmentation are responsible for the disagreements betw
theoretical predictions and experimental data. It may also
that the theory for theb production mechanism is incom
plete. There has been an attempt to account for the disc
ancy involving physics beyond the standard model@57#.
1-12
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In the present analysis, we adopt the second strategy,
to use an experimental fit. We are motivated to this cho
because the main concern of this work is not the dynam
mechanism ofB meson production inpp̄ collisions, but their
subsequent decay into quarkonium states. A strong argum
for this being, the available data have been extracted u
exclusiveB6→J/c1K6 decays with the CDF detector a
the Tevatron@58,59#. The same group has also measured
J/c andc8 production cross section@51# and their polariza-
tion @34#. Therefore systematic errors in the analysis sho
be of less significance and the comparison between th
and experiment will be more meaningful. The problems d
to the lack of experimental data for the double differentiaB
production cross section will be discussed later in this s
tion. To this end, we first derive a useful algebraic fit to t
production cross section in the following section.

C. A two parameter fit

It has been shown that the differential production cro
section with respect to theB transverse momentum,pT , ex-
hibits a simple power law behavior@60# with a power in the
range of 23 and 25. We therefore choose a power la
ansatz of the type

ds

dpT
5A•pT

n , ~82!

with A and n being the two fit parameters. Here, we min
mize the relative rather than the absolute deviation squ

TABLE III. Fit results of the modelA•pT
n to the differentialB1

production cross sectionds/dpT for central, upper, and lower ex
perimental values.

Central Upper Lower

A 2.46353106 2.80843106 2.13633106

n 24.0049 23.9984 24.0187
xdof

2 0.166/2 0.437/2 0.125/2

FIG. 3. Experimental data@59# and fit results for differentialB1

production cross sectionds/dpT .
05401
e.,
,

al

nt
ng

e

d
ry
e

c-

s

e.

This is done to make the functional form for the fit to co
rectly reproduce the cross section for both low and highpT .
The reason being, at highpT , the absolute value of the cros
section becomes rather small because of the power law
havior.

To estimate the uncertainty due to the experimentalB pro-
duction cross section, we apply the fit procedure not only
the central values, but also to the cross section6 statistical
errors, i.e., we fit the ‘‘upper/lower ends of the error bars.’’
Table III, the results of the three fits including theirx2 values
are given, and these are also displayed in Fig. 3.

However, given the kinematics relevant to the Tevatr
we note that the fit for the experimental cross section as
input distribution is only available in rapidity integrate
form. On the other hand, one needs to convolute the dou
differential B production cross section with the normalize
differential decay spectrum forB→J/c1X with respect to
transversal momentumpT , as well as rapidityyB @see Eq.
~79!#. In the following, we assume the double differenti
cross section to be only weakly dependent onyB in the domi-
nantly contributingyB range. Later we see that this assum
tion gets justified for our setup. The error in the numeric
result of the differentialJ/c production cross section due t
this treatment can be estimated by including a purely p
nomenologicalyB dependence of theB production cross sec
tion, based on theoretical calculations. We have tried to
produce the rapidity dependence of the double differen
cross sectiond2s(pp̄→B1X)/(dpTdyB) given in @56# for
small values ofyB and have chosen the normalization su
that the central experimental values ofds/dpT in @59# were
recovered when integrating overyB in the range21 to 1. In
a widepT range~10–20 GeV!, we note thatd2s/(dpTdyB)
reduces by roughly 15% betweenuyBu50 and uyBu51 and
so the factorization assumption made here seems to be
sonable. A particularly simple form for the double differe
tial cross section can be taken to be of the form

d2s

dpTdyB
5~B2CyB

m!•pT
n . ~83!

Note that the function in Eq.~83! has to be even inyB . To
satisfy this, the simplest choice ism52, which, for not too
large values ofyB , reproduces the shape of the curve in@56#
sufficiently well. For this choice, we have a few constrain
which are to be satisfied;B and C have to be chosen suc
that the 15% reduction betweenuyBu50 and 1 as mentioned
here is accounted for. Furthermore, the parameterA has to be
recovered when integrating over theyB interval @21,11#.
These conditions together fix the parameters unambiguo
to be

B5S 1

2
1

1

xy
2

1

m11D 21S 1

2
1

1

xy
DA

2
, ~84!

C5S 1

2
1

1

xy
2

1

m11D 21 A

2
, ~85!
1-13
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wherexy'15%. We use this result to estimate the error
our fits for the production cross section when we assumeyB
independence.

D. Cumulative cross sections from allb hadrons

The B cross section that we applied in the last sect
refers only toB1 production, whereas aB→c1X decay
could involve anyB meson type and evenLb baryons.
Analysis of b quark fragmentation fractions are availab
from LEP data@61# and from the CDF Collaboration~Teva-
tron! @62,63# and we use them to include contributions fro
B0, Bs

0 , andLb baryons. As a passing remark, we note th
the number of producedBc mesons is too small to give
sizeable contribution@64#. We make the simplifying assump
tion that the shape of the production cross section is the s
for all b flavored hadrons and hence we multiply theB1

differential cross section by a factorFB to include the con-
tributions from the otherb hadron types. This is certainly
good approximation forB0, but ignores the mass difference
for Bs

0(DM;100 MeV) and L̄b(DM;340 MeV). Finally,
the net production rate has to be multiplied by 2, becaus
the quark level bothb as well as the charge conjugated d
cays can give rise to charmonium states.

Apart from the Bs
0 fragmentation fractionBr(b→B̄s

0),
which at the Tevatron is measured to be 2s above the LEP
result, the extracted values are compatible within one 1s.
We choose to use the Tevatron data@63# as central values fo
our analysis, due to the possible differences ofb fragmenta-
tion in e1e2 and pp̄ collisions. The experimental data a
well as the combined scaling factor,FB , that we finally use
to incorporate the otherb hadron contributions are summa
rized in Table IV.

VI. NRQCD MATRIX ELEMENTS

The most crucial input parameters in the entire calculat
are the NRQCD matrix elements because their values in
ence the theoretical predictions significantly. Numerical v
ues of these matrix elements forJ/c, c8 andxcJ production
that have been published in the literature are summarize
the Appendix ~see Sec. 1!. They have been determine
mostly in unpolarized promptc production at hadron collid-
ers, but also atep colliders and in fixed target experiment
Apart from the 3PJ element, all the other matrix elemen
considered here have to be positive@31#. In the following,
we quickly recapitulate the extraction of the color singlet a

TABLE IV. Experimental results onb fragmentation fractions a
the Tevatron@63# and the combined scaling factorFB .

Fragmentation fraction CDF notation CDF value

Br(b̄→B1) f u 0.37560.015

Br(b̄→B0) f d 0.37560.015

Br(b̄→Bs
0) f s 0.16060.025

Br(b̄→L̄b) f baryon 0.09060.028
1
2 FB 2.6760.11
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octet matrix elements from various phenomenological d
which we shall use.

A. Color singlet matrix elements

Leading color singlet matrix elements can be obtained
various ways. A popular approach is to calculate the quar
nium wave function within a quark potential model, adopti
the QCD inspired Buchmu¨ller-Tye potential@65#. Alterna-
tively, experimental decay rates of quarkonium states can
used to obtain numerical values for the color singlet ma
elements. ForS states, the partial decay width,G(c
→e1e2), is expressible in terms of the color singlet matr
elements up to higher corrections in thev2 expansion@10#;
and hence,G(c→e1e2)}^O 1

c(3S1)&. Using experimental
data from@61#, we find forJ/c the values

^O 1
J/c~3S1!& (0)5~0.7760.06! GeV3

and

^O 1
J/c~3S1!& (1)5~1.3760.10! GeV3, ~86!

where the results are displayed without@subscript(0)] and
with QCD corrections@subscript(1)], respectively. The error
corresponds only to uncertainties in data. Here, we have c
sen as(2mc)50.26 andMJ/c53.097 GeV. Evaluating the
same formula for thec8, we obtain

^O 1
c8~3S1!& (0)5~0.4460.04! GeV3

and

^O 1
c8~3S1!& (1)5~0.7860.07! GeV3, ~87!

where Mc853.686 GeV has been adopted. ForMc852mc
53 GeV, these values reduce by roughly one third.

For P wave charmonium states, the electromagnetic de
xcJ→gg for J50 andJ52 are suitable to fix the leading
color singlet matrix elementŝO 1

xcJ(3PJ)&, which are related
to each other through Eq.~53!. For thexc0 decay, the preci-
sion of the available data is lower than for thexc2 decay
@61#. Therefore, the latter one is adopted more often to fix
correspondinĝO 1

xc0(3P0)& matrix element. Including QCD
corrections to lowest order, the decay width can then be
pressed in terms of the leading color singlet matrix elem
@10#. In this case, we have,G(xc2→gg)}^O 1

xc0(3P0)&. Nu-
merically, we find

^O 1
xc0~3P0!& (0)5~3.961.4!31022 GeV5

and

^O 1
xc0~3P0!& (1)5~7.062.5!31022 GeV5 ~88!

for the tree level and the QCD improved calculation, resp
tively. Here Mxc2

53.556 GeV was chosen,Mxc2
52mc

53 GeV results in a 50% reduction of these values.
1-14
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Alternatively, the decays ofxc0 andxc2 into light hadrons
have been used to fix the above matrix elements@11# with
results that are compatible with the ones obtained above

A third possibility which also is adopted quite often is
calculate the matrix elements on the lattice@66#. In principle
all three methods give a matrix element of comparable s
in particular, if one chooses the mean value of the lead
order and the QCD improved result in the experimen
analysis.

B. Color octet elements

In the case ofJ/c and c8 prompt production data from
fixed target as well as collider experiments have been u
for extracting the color octet elements. Because of the dif
entkT dependence of the matrix elements contributions, i
possible to fit their values to the unpolarized different
prompt c production cross section,ds/dkT . At large kT ,
due to gluon fragmentation dominance, as described in
beginning, the3S1 matrix elements become the domina
source forc production. On the other hand, the gluon fusi
process gives rise to contributions that are proportional to
1S0 and the3P0 color octet matrix elements. Since these tw
contributions exhibit a very similarkT dependence, the ma
trix elements cannot be fixed individually in the fit proc
dure. Instead, it was suggested to fix a linear combination
both @67,68#, which is conventionally denoted by

Mr
c5^O 8

c~1S0!&1
r

mc
2 ^O 8

c~3P0!&, ~89!

wherer is empirically determined and lies in the range 3–3
for hadroproduction.

The fitting procedure for the NRQCD cross section
hadroproduction, as well as for electro- and photoproduc
involves PDFs as theoretical input of the calculation. Hen
a theoretical uncertainty is introduced because for differ
PDF sets the values of the matrix elements differ quite
verely ~see, e.g.,@69#!.

There have also been efforts to individually fix the1S0
and 3P0 color octet matrix elements forc production by
fitting their values to thec momentum spectrum fromB
decays@29,26# for the spectra as measured by the CLE
Collaboration@70#. However, at the high momentum end
the spectrum, as was noted in@26#, one encounters difficul-
ties because of effects of resonant two- and three-par
decay channels in the spectrum. In the context of the Te
tron, since only the absolute normalization of the spectrum
of primary importance, it is best to fit for the branching fra
tion. This procedure was first used in@26# and the matrix
elements were fixed to the inclusive branching fractio
Br(B→c1X) for the CLEO data. In our analysis, we ado
this procedure as mentioned in the following section.

C. Prescription for analysis

All the difficulties mentioned above make precise theor
ical predictions involving the matrix elements to be ve
hard. A possibility to constrain especially the^O 8

c(1S0)& and
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the ^O 8
c(3P0)& matrix elements more severely is the calc

lation of the polarization parametera. The primary reason is
a, being a ratio of cross sections is less susceptible to th
retical uncertainties from other sources, and we shall disc
this in Sec. VII. Concerning the matrix elements, we w
incorporate the theoretical uncertainties, which have th
origin in higher order corrections and the fit procedure. T
we do by letting the matrix elements vary in ranges wh
cover almost all values given in the literature. These ran
are summarized in Appendix at the end of each table. On
other hand, to avoid the predictions becoming too loose,
will impose three conditions on the values of the matrix
ements.

~1! All observables are restricted to physical values, i
for instance, the momentum spectra,dG/duku, have to be
positive for all values ofuku.

~2! The numerical values of̂O 8
c(1S0)& and ^O 8

c(3P0)&
are required to giveMr

c that lies within the determined
range.

~3! The resulting branching fractions,Br(B→c1X),
have to match with experimental data@61,70# within error
bars. Hence, the variation of the matrix elements within th
~rather large! errors is not independent anymore. Furth
more,«P , is constrained by this restriction, since its vari
tion influences the branching ratio.

The above conditions do allow us to constrain the th
retical uncertainties to a reasonable measure.

In order to have a quantitative feeling for the influence
theB cross section on theJ/c production cross section~Fig.
4! and the contributions of the individual NRQCD matr
elements to theJ/c production cross section~Fig. 5!, we fix
a set of input matrix elements. Here, for these two figur
we have used the following numerical matrix element valu
as input for calculating theJ/c production cross section an
will refer to them as thestandardset:

^O 1
J/c~3S1!&51.1 GeV3,

^O 8
J/c~3S1!&50.0075 GeV3, ~90!

^O 8
J/c~1S0!&50.055 GeV3,

^O 8
J/c~3P0!&520.006 GeV5,

along with «P50.012. These values correspond toMr
J/c

50.046 GeV3. We remind that our choice in Eq.~90! is
different from that made in@26,29#, since we are using a
generic representative value taken from the allowed rang
shown in appendix . The values are required to reproduce
experimental branching ratio,Br(B→J/c1X)5(0.80
60.08)% taken from@70#. We reiterate and clarify that ou
terminology ‘‘standard’’ is to be understood only in the co
text of the values in Eq.~90! which are used to reproduc
Figs. 4 and 5.
1-15
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D. Other input parameters

1. Quark masses

The b quark mass, which is not very accurately know
does not appear in our calculations. This is because, by v
of having adopted the PM, the quark mass is replaced by
corresponding hadron masses which are known to high
curacy@61#. Nevertheless, an effectiveb quark mass,̂mb&,
can be defined in the framework of the PM as has been d
in Sec. IV. Hence, a variation of«P is in some sense equiva
lent to that ofmb .

The value of thec quark mass is strongly correlated wi
the values of the matrix elements. We have chosenmc
51.5 GeV and do not vary it independently from the mat
elements because a variation ofmc by 6100 MeV is mostly
taken into account in the uncertainties of the matrix e
ments. So, the influence of the uncertainties is not analy
separately. This value is also used in most standard pub
tions that have performed fits of the matrix elements. T
alternative choice,mc5Mc/2, is of course also appropriat
in the case ofJ/c, since it is only slightly heavier than 3
GeV. But this choice is unsuitable for the excited states l
c8 and xcJ . For the latter charmonium states, it would s
verely reduce the branching fractionBr(B→c1X) if one
does not perform a new extraction of the matrix eleme
with mc;1.8 GeV. Another argument for the use ofmc
51.5 GeV is that it is a short-distance parameter in the c
culation whereas bound state effects which are respons
for the mass differences of the various charmonium states
long-distance effects and thus have to be included in
matrix elements.

The light quark massmf is in general set to zero in th
numerical calculations. To estimate its influence on the fi
results we let it vary in the rangemf50 –150 MeV. This has
no significant impact on our results.

2. Peterson parameter

Along with the matrix elements, the distribution functio
parameter«P is varied such that the theoretical branchi
fraction Br(B→c1X) coincides with the measured valu
within 1s, hence, this couples«P to the values of the matrix
elements. The standard value for«P has been determined i
fragmentation processes of high energyb quarks~using LO
QCD calculations! and«P50.00660.002@71#. On the other
hand, a more recent LO extraction has found a somew
larger value of«P50.0126@56#. In the case of semileptoni
B decays, relatively small values of«P are preferred@43#,
whereas an application to hadronicB decays show bette
results for larger values,«P50.008–0.012@29#.

For our analysis, we let«P vary between 0.004 and 0.018
which covers the whole spectrum of its allowed numeri
value. We note that the relation between the fragmenta
and the distribution function is exact only in an infinite m
mentum frame for theB meson@45#. Further, the wide range
of values for«P also reflects the fact that we deal with
spectrum ofB momenta which certainly is not infinite. Ad
ditionally, the range of~preferred! values for«P could be due
to the different momentum transfer involved in semilepto
and hadronicB decays.
05401
,
ue
he
c-

ne

-
d
a-
e

e
-

s

l-
le
re
e

l

at

l
n

3. Wilson coefficients

As already known for many years now@40#, the color
singlet Wilson coefficientC[1] is not only small compared to
the color octet coefficientC[8] , but also strongly dependen
on the factorization scale,m. For a particular choice ofm in
the rangemc,m,mb , the singlet coefficient even vanishe
thereby completely switching off the color singlet contrib
tion to charmonium production inB decays. This problem is
not fixed even at next-to-leading order, and more so, it e
gives rise to a negative, i.e., unphysical decay rate@40,41#.
Solutions to this problem have been proposed, e.g., an a
native combined expansion inas andC[1] /C[8] which seems
to stabilize the evolution, but this proposal lacks a solid th
oretical basis@41#. We estimate the uncertainties due to t
factorization scale dependence of the Wilson coefficients
letting m vary between itsstandard valueof 4.7 @31,29,26#
and 3 GeV, and study the influence on the differential cr
section and the polarization parameter,a.

4. Sundries

Other numerical parameters that occur in our calculat
are the Fermi coupling constantGF , and the Cabibbo-

FIG. 4. Uncertainties inds/dkT for J/c production due to the
experimentalB cross section.

FIG. 5. Contributions of the different NRQCD matrix elemen
to the directJ/c production cross sectionds/dkT .
1-16
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Kobayashi-Maskawa~CKM! matrix elementsuVc fu2. We
have taken the standard values@61# which are

GF51.166431025 GeV22.

uVcbu50.040260.0019. ~91!

If the light quark massmf is neglected, one can simply su
over the flavorqf5d, s and apply unitarity to obtain the
approximate relation

uVcdu21uVcsu2'1. ~92!

For theB mass we adoptMB55.279 GeV because theB6

andB0, B̄0 dominate in theb hadron admixture that is en
countered at the Tevatron. We take the average lifetime to
tB5(1.56460.014)310212 s. Branching fractions,Br(B
→c1X), that are required to constrain the set of mat
elements are taken from@61#:

Br@B→J/c~direct!1X#5~8.060.8!31023,

Br~B→c81X!5~3.560.5!31023,

Br@B→xc1~direct!1X#5~3.760.7!31023. ~93!

The branching ratios for the feed-down channels are take
be

Br~c8→J/c1X!5~5565!%,

Br~xc1→J/c1g!5~27.361.6!%. ~94!

To normalize the cross sections according to data the c
monium branching fractions tom1m2 are required and we
take them to be

Br~J/c→m1m2!5~5.8860.10!%,

Br~c8→m1m2!5~1.0360.35!%. ~95!

VII. NUMERICAL ANALYSIS AND DISCUSSION

In this section we will present the numerical results of o
calculations and compare them with available experime
data; the unpolarized quarkonium production cross sect
from B decays@50,51# and thea parameter@34#. This analy-
sis also illustrates the dependence of our numerical result
the various input parameters and the associated errors
are involved.

A. B production cross section

The uncertainties of theB cross section,ds/dpT , have
quite a large impact on theJ/c cross section and is of th
order of 15%–20%. In Fig. 4, we show these uncertain
for unpolarizedJ/c production cross sections whends/dpT
is varied between its lower and upper limit, as specified
Table III. The matrix elements and Peterson parameter w
adjusted to the standard values which are given in Sec. V
For J/c production, one clearly observes that the predic
cross section agrees quite well with the CDF data@51# for the
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range,kT57 –12 GeV and is within the statistical errors. F
the rest of thekT values, it clearly overestimates the da
Here, it is not a theoretical failure, but rather an artifact
the fit procedure for theB cross section. To evaluate ou
formula in thekT range 4–25 GeV, we need to extrapola
theB cross section topT values as low as 3 GeV and as hig
as 75 GeV. Presently, data exist only forpT55 –20 GeV. At
the lower endpT'5 GeV, mass effects of theb quark start
to play an important role, causing the cross section to s
rising as steeply as in the higherpT region. Also for very
large pT , our fit seems to overestimate the data quite
verely. In the intermediate interval, where onlyB mesons
with transverse momentum from the measured range con
ute, we have a good agreement.

However, as we focus ona which is a ratio of cross
sections, it is almost unchanged by the variation of the in
momentum distribution forb hadrons and we can extrapola
to very small/largepT . This makes the prediction fora in-
sensitive to the errors due to the fitting procedure. Num
cally, a varies at the level of 1023, hence the errors can b
safely neglected. The uncertainties of parameters that in
ence the differential cross section normalization have a
been included in Fig. 4. Among these are the scale fa
FB , whose error is specified in Table IV, the branching fra
tion Br(c→m1m2), and the CKM matrix elementVcb
which are given in Sec. VI D 4.

The numerical impact of neglecting the rapidity depe
dence of theB production cross section is noticeable at t
level of less than 3% in the calculation of theJ/c cross
section and less than 1% in the results fora. The reason for
this rather weak influence is that the experimental cut on
J/c rapidity (uyu<0.6) also imposes an upper limit onyB . A
simple kinematic calculation shows that the difference
tweeny andyB is limited by the following expression:

uyB2yu<cosh21S 1

2
~MB

21Mc
22mf

2!2kTpT cosf

AkT
21Mc

2ApT
21MB

2
D .

~96!

For cosf521 andy5ymax50.6, we find an absolute uppe
limit on yB as a function ofkT andpT . In our calculation this
expression reaches its maximum forkT54 GeV and pT
'6 GeV, giving a numerical value ofuyBu&0.95. As stated
earlier, the dependence of the double differentialB cross sec-
tion on yB is rather weak in this region and hence does
lead to significant deviations if it is neglected. This justifi
our procedure in all posterity.

B. Dependence on matrix elements

Both the differential cross section anda are strongly in-
fluenced by the variation of the matrix elements. Fora, it is
the main source of uncertainty, while all other errors a
canceled to a good accuracy, sincea is a ratio of cross sec
tions. We also remind that the variation of«P goes along
with the variation of the matrix elements because of the c
ditions that we imposed in Sec. VI C.
1-17
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The directJ/c production cross section shows a variati
of 610% on the matrix elements. It should be noted t
ds/dkT is not sensitive to the individual values of the matr
elements, but only to the value of the resulting decay r
G(B→J/c1X) or, equivalently, to the branching fractio
Br(B→J/c1X). The maximum value of the cross sectio
corresponds to a combination of matrix elements and«P ,

TABLE V. Coefficients of the matrix elements that describe t
short distance effects ina for «P50.012.

kT

in GeV a1 a
3S1
8

a
3P0
8

b
3S1
8

b
3P0
8

b
1S0
8

5 20.178 27.78 112.8 143.7 1103.8 167.9
10 20.151 26.58 111.3 143.7 1105.0 168.1
15 20.145 26.33 111.1 143.7 1105.5 168.3
20 20.142 26.22 111.0 143.7 1105.6 168.3
25 20.142 26.20 110.9 143.7 1105.6 168.4
e
m

y
n
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,

x
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n

b-
e
ts

ea
r
rix
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.

ro
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leading to the upper limit value ofBr(B→J/c1X)
50.88%, whereas the minimum value corresponds
the lower limit Br(B→J/c1X)50.72% ~see Secs. VI C
and VI D!.

In Fig. 5, we show the individual contributions of eac
matrix element to the unpolarized directJ/c production
cross section,ds/dkT , for a standard set of matrix elemen
and «P as given in Sec. VI C. It has to be noted that f
^O 8

J/c(3P0)&, we show the absolute value of the contrib
tion, since it is negative~see Sec. VI!. As can be seen, the
transverse momentum dependence to the different contr
tions is approximately the same. Thus this feature does
allow us to concentrate on any one matrix element contri
tion in a particular kinematic region. This has to be co
trasted to prompt production, where the contributions of
matrix elements have differentkT dependence.

To quantitatively illustratea ’s dependence on the variou
matrix elements, we give the helicity parameter for dire
J/c production, which we find to be
adirect5
a1^O 1

J/c~3S1!&1a
3S1
8 ^O 8

J/c~3S1!&1a
3P0
8 ^O 8

J/c~3P0!&

^O 1
J/c~3S1!&1b

3S1
8 ^O 8

J/c~3S1!&1b
3P0
8 ^O 8

J/c~3P0!&1b
1S0
8 ^O 8

J/c~1S0!&

. ~97!
cal

d
r
e of
e-

le-
l-
Sec.

1.

f

d

To avoid the strongkT dependence of the cross section, w
have normalized the color singlet coefficient in the deno
nator to unity. Note that the numerator in Eq.~97! is inde-
pendent of̂ O 8

J/c(1S0)& because its contribution to the deca
rate is helicity independent and thus cancels out in the

merator. The coefficientsa
2s11LJ
n

and b
2s11LJ
n

are given in
Table V as functions ofkT for «P50.012. Clearly,a is sen-
sitive to the numerical values of the matrix elements and a
depends on the short-distance coefficients. Apart from
normalization, due to identical short-distance coefficients
variation of both the singlet and octet3S1 matrix elements
have a similar effect ona, i.e., with an increase of the matri
elements,a decreases~its absolute value increases!. For
^O 8

J/c(1S0)&, the situation is extremely simple, since it on
contributes in the denominator, hence an increase of its
merical value leads to a larger value ofa ~reduction of the
absolute value!. A particularly strong dependence is exhi
ited in the case of̂O 8

J/c(3P0)&, as it can even change th
sign. In fact, for central values of the other matrix elemen
it is possible to find a reasonable value of^O 8

J/c(3P0)&
which leads to a diverging polarization parameter. The r
son being the short-distance coefficient in the denominato
Eq. ~97! is so large that a small negative value of the mat
element can result in a vanishing denominator. Obviou
such a value of̂O 8

J/c(3P0)& violates the constraints of Sec
VI C because it corresponds to a negative value of the c
section. Large positive values of the3P0 matrix element are
capable of creating a positivea.
i-

u-

o
e
a

u-

,

-
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ly

ss

A notable feature which was observed in our numeri
analysis is the dependence ofa on «P , which is very pro-
nounced;uau decreases with increasing«P . This corresponds
to a similar behavior ofa with theb quark mass as observe
in @31#; the smallermb ~or larger«P) becomes, the smalle
uau gets to be. However, at the Tevatron, since the shap
the distribution function itself is not too important, this b
havior is mainly related to determining the effectiveb quark
mass, as introduced in Eq.~62!.

As stated earlier, in our analysis, the various matrix e
ments and«P are not completely independent, but their va
ues are correlated because of the conditions imposed in
VI C. Hence, the extreme values fora are acompromiseof
the tendencies described above. The maximum ofa corre-
sponds to values of̂O 1

J/c(3S1)& and^O 8
J/c(3S1)& which are

close to their lower limits as specified in Appendix
^O 8

J/c(1S0)& is also rather small,̂O 8
J/c(3P0)& is large and

positive, and«P is at its allowed maximum. The minimum o
a is reached forO 1

J/c(3S1)& and^O 8
J/c(3S1)& being close to

their upper limits,̂ O 8
J/c(1S0)& at an intermediate value an

^O 8
J/c(3P0)& being close to zero, but negative.«P is at its

lower bound, thus illustrating the strong dependence ofa on
this parameter.

C. Other theoretical uncertainties

The variation of the factorization scale,m, between its
standard valuemb54.7 GeV and 2mc53 GeV changes the
1-18
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results significantly. The obvious reason for this behavio
that loweringm from 4.7 GeV to 3 GeV is equivalent to
reducing the color singlet matrix elements by;58% and at
the same time increasing all octet matrix elements by;6%
as can be estimated from Fig. 1. The net effect is a 1
reduction of the unpolarized cross section,ds/dkT , and an
increase of 20%–25% ina.

Increasing the light quark massmf , qf5d, s, from 0 to
150 MeV causes a reduction of the unpolarized cross sec
of approximately 1.5% if all other parameters are left u
changed. Againa is less strongly affected and increases
less than 1%. The uncertainties of the remaining quanti
exclusively affect the cross section because they have
an influence on its normalization and thus do not affect
predictions fora. To this category belong the CKM matri
elementuVcbu, the averageB lifetime tB , and the branching
fraction Br(c→m1m2) which is used to normalize th
spectrum. In the combined error ofds/dkT , these uncertain-
ties have been included.

FIG. 6. Unpolarized cross sectionds/dkT for J/c production
with contributions from all different channels and the combin
error.

FIG. 7. a for J/c from B decays with contributions from al
different channels and the combined error.
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D. Final results

The final results forJ/c as well as the experimental da
are presented in Figs. 6 and 7. The corresponding quant
for c8, to which no feed-down channels contribute, a
shown in Figs. 8 and 9.

The unpolarizedJ/c cross section shows a good agre
ment with the experimental data@51# within error bars at
intermediate transverse momentakT . On the other hand it
overestimates the data quite strongly for small and largekT ,
a feature which is a result of extrapolating theB cross section
~see Sec. VIII A for details!.

Our prediction for the polarization parametera is consis-
tent with 0, but the central value prefers to be small a
negative. For the higher transverse momentum rangekT
510–30 GeV, we havea520.0460.06. We find a good
agreement with experimental data@34#, although one has to
admit that the statistical experimental uncertainties are e
mous and for somekT bins cover as much as one-third of th
theoretically allowed parameter space ofa. The prediction
for a is almost independent ofkT and only shows a sligh
decrease towards the lowest transverse momentum va
displayed in Fig. 7. Also the central values of the experim

FIG. 8. Unpolarized cross sectionds/dkT for c8 production
with the combined error.

FIG. 9. a for c8 from B decays with the combined error.
1-19
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V. KREY AND K. R. S. BALAJI PHYSICAL REVIEW D 67, 054011 ~2003!
tal data exhibit such a tendency, but the decrease at lowkT is
much more significant. Even here the predictions lie with
1s deviation of the experimental data.

Obviously on the basis of the current data it is not p
sible to constrain the values of the poorly determined co
octet 1S0 and 3P0 matrix elements any further. Nevertheles
there are good prospects that the situation on the experim
tal side will improve in the near future. Run II of the Tev
tron has been in progress for one and a half years already
the B physics group of the CDF collaboration expects
increase statistics effectively by a factor of 50@38#. This will
reduce the statistical error at least in the low and med
transverse momentum range significantly and also dat
higher kT bins will become available. Hence it is expect
that after run II only systematical errors will dominate t
uncertainties of thea measurement@38#. Even if those will
not be improved,a will have an error of the order of;0.02,
enough to exclude a good part of the numerical ranges of
matrix elements.

Since our calculation can be equally applied toc8 pro-
duction without significant modifications, we have extend
the analysis to this charmonium state. For intermediate
large values ofkT the unpolarized cross section in Fig.
agrees with the CDF data within error bars. The reason
the excess at lowkT is the same as in the case ofJ/c dis-
cussed earlier. Witha520.0360.07 for kT510–30 GeV,
the polarization parameter forc8 does not differ significantly
from the one forJ/c, but here a comparison with data
almost impossible as can be seen from Fig. 9. The situa
is worse than forJ/c, because the error bars are huge a
one of the data points even lies outside the allowed reg
for a, which is restricted to the interval@21,11# for theo-
retical reasons. On the other hand, once more precise
will be available, to derive tighter constraints on thec8 ma-
trix elements will be more straightforward than forJ/c be-
cause allc8 are directly produced fromB decays, since no
feed-down channels are known to contribute.

VIII. SUMMARY AND CONCLUSIONS

In this paper, using the NRQCD formalism and the P
we have calculated the semi-inclusive decay rate,G(B
→J/c1X) with polarizedJ/c as final states. Subsequent
these results were generalized to the case of otherJ51
quarkonium states, i.e.,c8 andxc1. The results were applied
to the Fermilab Tevatron setup. In this case, we calcula
the differential cross sections for unpolarizedJ/c and c8
production inB decays and the polarization parametera for
J/c and c8, originating fromB decays. TheB meson pro-
duction cross section inpp̄ collisions at the Tevatron wa
implemented by a phenomenological fit to the CDF d
@34#. We considered the feed-down fromc8 andxc1 for J/c
production. To obtain a meaningful comparison of our p
dictions with experimental data, we carried out a detai
analysis of the various theoretical uncertainties involved
particular, it was shown thata is almost not influenced by
most input parameters, except for the matrix elements
the distribution function parameter,«P . Therefore, for an
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extraction of this parameter, it is pertinent for more prec
numerical values of the matrix elements, especially,
poorly determined̂O 8

c(1S0)& and ^O 8
c(3P0)&.

To perform such an improved fit of these nonperturbat
matrix elements, the precision of the data has to be increa
significantly which is also expected in run II of the Tevatro
Furthermore, it would also be desirable to experimenta
separate directJ/c production from the feed-down channel
This restricts the uncertainties, simply because the numbe
relevant matrix elements get reduced. Theoretically, an in
sion of higher order corrections would be preferable to
duce the errors due to factorization scale dependence, in
ticular that of the color singlet Wilson coefficient. Since it
known that this cannot be achieved at next-to-leading or
a next-to-next-to-leading order calculation might be nec
sary@41#. Also, a better knowledge of«P would improve the
precision ofa. For c8 this could be accomplished with a fi
to the unpolarized momentum spectrum ofc8 in B decays to
more accurate CLEO@72# and BaBar@73# data that have
become available very recently. The feed-down channels
resonant two body final states (J/c1K andJ/c1K!) com-
plicate such a fit forB→J/c1X. Additionally, it might be
worth trying a different parametrization for the heavy qua
distribution function, because inb fragmentation, which
serves as a motivation for the distribution function, the Pe
son form might not be appropriate@55#.

A significant reduction of the matrix element errors
mostly likely to be achieved with the help of a global fi
Among the processes that could contribute to this fit,a from
B decays might play an important role, being one of the f
quantities that is sensitive to the individual values of t
^O 8

c(1S0)& and ^O 8
c(3P0)& matrix elements.
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APPENDIX

NRQCD matrix elements

Here, we present numerical values of the matrix eleme
from the literature that are required in our analysis. T
tables below are structured as follows. Apart from the n
merical value, including statistical as well as systemati
errors~wherever given! we refer to the method/process th
has been used to extract them and the corresponding r
ences to the original publications. This list only provides
overview of the numerical values that we have considere
our analysis and is by no means meant to be exhaustive
the last line of each table we give a range for the correspo
ing matrix element that we have used in our calculation
described in Sec. VI C.
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a. JÕc matrix elements

^O 1
J/c( 3S1)& in GeV3 Method/process Referenc

0.99460.00210.204
20.145 lattice calculation @66#

1.16 Buchmu¨ller2Tye potential @74#
1.160.1 J/c→e1e2 @61#
0.76360.054 J/c→e1e2 ~without QCD! @75#
1.360.1 J/c→e1e2 ~incl. LO QCD! @18,75#
1.160.1

^O 8
J/c( 3S1)& in 1023 GeV3 Method/process Referenc

6.662.1 hadroproduction~CDF data! @67,68#
3.9460.63 hadroproduction~CDF data! @75#
10.661.4110.5

25.9 hadroproduction~CDF data! @36#
9.661.5 hadroproduction~CDF data! @76#
4.460.7 hadroproduction~CDF data! @18#
6.063.0

Mr
J/cin 1022 GeV3 r Method/process Referenc

6.661.5 3 hadroproduction~CDF data! @67,68#
6.5260.67 3.47 hadroproduction~CDF data! @75#
3.0 7 hadroproduction~fixed target! @14#
8.760.9 3.4 hadroproduction~CDF data! @18#
2.0 7 photoproduction @20#
4.3861.1511.52

20.74 3.5 hadroproduction~CDF data! @36#
1.5 3.1 Br(B→J/c1X) ~CLEO data! @41#
1.3260.21 3 hadroproduction~CDF data! @76#
5.064.0 3.5

^O 8
J/c( 1S0)& in 1022 GeV3 Method/process Referenc

4.0 leptoproduction @20#
14.5 Br(B→J/c1X) ~CLEO data! @26#
6.565.5

^O 8
J/c( 3P0)& in 1022 GeV5 Method/process Referenc

20.3•mc
2 leptoproduction @20#

25.51 Br~B → J/c 1 X! ~CLEO data! @26#

24.066.0
054011-21
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b. c8 matrix elements

^O 1
c8( 3S1)& in GeV3 Method/process Referenc

0.44060.043 c8→e1e2 ~incl. LO QCD! @26#

0.6560.6 c8→e1e2 ~incl. NLO QCD! @18#

0.76 Buchmüller2Tye potential @74#

0.11 leptonic decay rate @77#

0.660.2

^O 8
c8( 3S1)& in 1023 GeV3 Method/process Referenc

6.2060.95 hadroproduction~CDF data! @26#
4.2 hadroproduction~CDF data! @77#
4.661.0 hadroproduction~CDF data! @67,68#
4.460.814.3

22.4 hadroproduction~CDF data! @36#
4.261.0 hadroproduction~CDF data! @18#
5.562.5

Mr
c8in 1022 GeV3 r Method/process Referenc

1.860.6 3 hadroproduction~CDF data! @67,68#
1.7960.51 2.56 hadroproduction~CDF data! @26#
1.860.5620.30

10.62 3.5 hadroproduction @36#
0.52 7 hadroproduction~fixed target! @14#
1.360.5 3.5 hadroproduction~CDF data! @18#
0.6 3.1 Br(B→c81X) ~CLEO data! @41#
1.7561.25 3.0

^O 8
c8( 1S0)& in 1022 GeV3 Method/process Referenc

20.96 Br(B→J/c1X) ~CLEO data! @26#
2.562.5

^O 8
c8~ 3P0!& in 1022 GeV5 Method/process Referenc

2.58 Br(B→J/c1X) ~CLEO data! @26#
0.0610.0

c. xcJ matrix elements

^O 1
xc0( 3P0)& in 1022 GeV5 Method/process Referenc

4.8•mc
2 Buchmüller2Tye potential @74#

4.4•mc
2 Buchmüller2Tye potential @74,14#
054011-22
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22.962.5 hadroproduction~CDF data! @75#

8.862.13 hadronicxcJ decays @25#
8.961.3 xc2→gg @18#
6.064.0

^O 8
xc0( 3S1)& in 1023 GeV3 Method/process Referenc

4.526.5 B→xc21X @41#
0.68160.175 hadroproduction~CDF data! @75#
3.261.4 G(B→xc21X)/G(B→ene1X) @77#
1.3960.17 hadroproduction~CDF data! @26#
2.360.3 hadroproduction~CDF data! @18#
3.563.0
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