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Inclusive J/c and c„2S… production from B decay in pp̄ collisions
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Using information onB-meson fragmentation functions from CERN LEP 1 and adopting the nonrelativistic
QCD factorization formalism proposed by Bodwin, Braaten, and Lepage, we predict the transverse-momentum

distribution ofJ/c mesons originating from the inclusive decays ofb hadrons produced inpp̄ collisions at the
Fermilab Tevatron. We determine the relevant color-octet charmonium matrix elements from fits to CDF data
on prompt charmonium hadroproduction and to CLEO data on charmonium production fromB-meson decay.
Our predictions are found to agree well with recent CDF and D0 data.@S0556-2821~99!03511-0#

PACS number~s!: 13.60.2r, 13.85.Ni, 13.87.Fh, 14.40.Lb
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I. INTRODUCTION

Recently the production ofJ/c and c81 mesons inpp̄
collisions atAs51.8 TeV was studied with the Collider De
tector at Fermilab~CDF! at the Fermilab Tevatron@1#. The
J/c and c8 mesons were reconstructed from theirm1m2

decay modes. The inclusive production cross sections
both charmonium states were measured as functions o
transverse momentum (pT) in the central region, correspond
ing to the rapidity~y! rangeuyu,0.6. The CDF Collaboration
was able to extract individual cross sections forJ/c andc8
mesons originating from weak decays ofb hadrons and from
prompt production. In this way, rather accurate data for
inclusiveJ/c andc8 cross sections coming from the deca
of B mesons or other hadrons containingb quarks were ob-
tained for pT values between 5 and 20 GeV. These cro
sections were compared with theoretical predictions base
next-to-leading~NLO! calculations in quantum chromody
namics ~QCD! with massiveb quarks @2# and subsequen
fragmentation of theb quarks intob hadrons. Theb-hadron
decays toJ/c1X andc81X were described by a parametr
zation of the momentum distribution measured by the CL
Collaboration@3#. It was found that the data forJ/c (c8)
production were higher than the QCD prediction by a fac
of 2–4 ~3–4! depending on thepT of the J/c (c8) meson.
However, for largerpT values, i.e.pT*12 GeV, the experi-
mental cross sections could be reproduced by the theore
calculations if the scalem, the b-quark massmb , and the
parametere in the Peterson@4# fragmentation function~FF!
were simultaneously reduced fromm5mT5ApT

21mb
2 to m

5mT/4, from mb54.75 GeV tomb54.5 GeV, and frome
50.006 toe50.004, respectively. Even with this choice
parameters, the measured cross section forJ/c production
was still a factor of 2 above the prediction atpT&6 GeV. In
the case ofc8 production, the cross section predicted w
the modified parameters was still below the data, altho
the discrepancy was only about one standard deviatio
largepT .

1We denote thec(2S) meson byc8.
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For the nominalJ/c andc8 predictions, it was assume
that the nonperturbative part of the fragmentation ofb quarks
into b hadrons can be described by a Peterson FF wite
50.006. This value fore was extracted more than ten yea
ago from a global analysis of data onB production ine1e2

annihilation at the DESYe1e2 collider PETRA and the
SLAC e1e2 storage ring PEP@5#, based on Monte Carlo
~MC! models which were in use at that time. Because of
nonperturbative nature of the Peterson FF, the choice oe
must be backed up by other independent data, e.g.
e1e2→B1X, which must be analyzed within the ver
theory that is used for the interpretation of the CDF data,
next leading order~NLO! QCD with massive quarks (mb
Þ0) and fixed order inas ~massive scheme@6#!. In e1e2

annihilation, this theory is only reliable just above thresho
where almost no data exist, except from the ARGUS a
CLEO experiments at theY(4S) resonance. In this case
however, theB mesons are only produced in pairs and not
the fragmentation mode. Therefore, the underlying desc
tion of b→B fragmentation in the massive scheme, on wh
the comparison with the CDF data is based, is to a la
extentad hocand not supported by the analysis of indepe
dent data within the same NLO perturbative scheme. R
able information on the FF forb hadrons can only be gaine
from the high-statistics experiments at the CERNe1e2 col-
lider LEP 1. At LEP 1, the production ofb quarks is en-
hanced as compared with the lowere1e2 energies, so tha
the producedb hadrons can be identified more easily throu
their weak decays. The fragmentation intoB mesons was
measured by the OPAL Collaboration at LEP 1@7#. Based on
these data, we recently constructed FF’s forB mesons using
three different forms for the FF at the starting scalem0,
including the one by Petersonet al. @4#, which yielded the
lowestx2 values at leading order~LO! and NLO @8#.

In Ref. @8#, theb→B FF was obtained using the so-calle
massless scheme@6#. In this scheme, the parton-level cro
sections are calculated withmb50, and the appearing collin
ear final-state singularities are factorized into the FF’s
cording to the modified minimal-subtraction (MS) scheme.
A nonvanishing value formb only appears in the initial con
ditions for the FF’s. This scheme provides the appropri
©1999 The American Physical Society06-1
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BERND A. KNIEHL AND GUSTAV KRAMER PHYSICAL REVIEW D 60 014006
approach for describing the fragmentation ofb quarks intoB
mesons at theZ-boson resonance, since theb quarks in the

reactione1e2→bb̄→B1X typically have large momenta
A large-momentumb quark essentially behaves like a mas
less particle, radiating a large amount of its energy in
form of hard, collinear gluons. This leads to the well-know
logarithms of the formasln(MZ

2/mb
2) originating from collin-

ear radiation in a scheme wheremb is taken to be finite.
These terms appear in all orders of perturbation theory.
method for summing them is to introduce FF’s and to abs
the mb-dependent logarithms into their evolution up to t
factorization scale of orderMZ . If all terms ofO(mb

2/MZ
2)

are neglected and theMS subtraction scheme is adopte
then this approach is equivalent to the massless sche
where one putsmb50 from the beginning. In the massles
scheme, a nonperturbative FF is easily incorporated. T
allows one to transfer the information on the fragmentat

process in one reaction to other processes, e.g.pp̄→B1X.
This was done in Ref.@8#, where theb-quark FF’s obtained
from fits to the OPAL data were used to predict the diffe

ential cross sectionds/dpT of B production inpp̄ scattering
atAs51.8 TeV. These predictions were compared with d
from the CDF Collaboration@9# and found to agree with
them within errors. In this paper, we use these results foB
production to predict the distributionds/dpT of J/c andc8
mesons originating fromb-hadron decay. For this purpos
we need a realistic description of the inclusiveB decays into
J/c andc8 mesons. We adopt the parton-model descript
from Ref. @10#, which allows one to nicely interpret th
CLEO data@3#.

While only B1 and B0 mesons and their antiparticle
which we collectively callB mesons in the following, are
produced at CLEO energies, the CDFJ/c and c8 samples
also contain contributions fromBs mesons,Bc mesons,Lb
baryons, etc. We may safely ignoreBc production, whose
rate is expected to be about 1023 of the totalb-hadron pro-
duction rate@11#. The c quark in the initial state should en
hance the branching ratio to charmonium, butBc production
is expected to account for&1% of all events of charmonium
production fromb-hadron decay at the Tevatron@12#. Unfor-
tunately, there exist no measurements of the differen
cross sections ofBs and Lb production at LEP 1, which
could be used to extract FF’s for these hadrons. Moreo
there are no data on the momentum distributions of theJ/c
and c8 mesons inclusively produced inBs and Lb decays.

Only the branching fractions ofb→B̄s andb→Lb ~hereLb
stands for a collection ofb baryons! are known, which are
approximately 10% each@13#. Thus, the dominant channe

for b-quark fragmentation areb→B2 andb→B̄0. Due to the
lack of detailed knowledge of the fragmentation intoBs me-
sons andLb baryons and their inclusiveJ/c and c8 decay
properties, we must estimate theBs and Lb contributions
using information onb→B fragmentation and on the mo
mentum distributions of the inclusiveB→J/c1X and B

→c81X decays. For simplicity, we assume that theb→B̄s
andb→Lb FF’s are proportional to those ofb→B2 @8#, and
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scale the latter by the factorB(b→B̄s)/B(b→B2) and simi-
larly for b→Lb adopting the values for these branching r
tios from Ref. @13#. Furthermore, we approximate the m
mentum distributions of theJ/c (c8) mesons from theBs
andLb decays by the one ofB→J/c1X(B→c81X).

This paper is organized as follows. In Sec. II, we rec
the framework for calculating the cross section ofB produc-
tion in pp̄ collisions closely following our earlier work@8#.
In Sec. III, the momentum distributions ofJ/c, xcJ , andc8
mesons fromB decay, which enter the predictions of cha
monium production fromb-hadron decay at the Tevatron, a
described in the framework of nonrelativistic QC
~NRQCD! @14#. In Sec. IV, the relevant charmonium matr
elements are determined from CDF@1# and CLEO@3# data
on prompt charmonium production. In Sec. V, we calcula
the pT spectra ofJ/c and c8 mesons originating from
b-hadron decay at the Tevatron and compare them w
available CDF@1# and D0@15# data. Section VI summarize
our conclusions.

II. B-MESON PRODUCTION IN pp̄ COLLISIONS

In Ref. @8#, we presented LO and NLO predictions for th
inclusive cross section ofB production inpp̄ collisions with
As51.8 TeV at the Tevatron. This analysis provides t
basis for the theoretical description of the inclusive prod
tion of J/c andc8 mesons fromb hadrons at the Tevatron
Having obtained the inclusiveB cross sectionds/dpT , this
cross section is convoluted with the appropriately boos
longitudinal-momentum distributions of theJ/c andc8 me-
sons fromB decay, which are considered in the next secti
In this way, we obtain the bulk of the cross section, mo
than 80% of it, from which the additional contributions orig
nating from the production ofBs mesons andLb baryons
may be estimated.

Before we come to these points, we shortly recapitul
the input that was assumed in Ref.@8#. The formalism used
in Ref. @8# is very similar to Ref.@16#, where inclusive light-
meson production inpp̄ collisions was studied in the QCD
improved parton model. We work at NLO in theMS scheme
with Nf55 massless flavors. In this respect, we differ fro
any of the massive calculations@2#, where onlyNf54 active
flavors are taken into account. For the proton and antipro
parton distribution functions~PDF’s! we use the set
CTEQ4M @17# with asymptotic scale parameterL

MS

(5)

5202 MeV or the more recent Martin-Roberts-Stirlin
Thorne~MRST! set @18# of the Durham-Oxford-Rutherford
group with L

MS

(5)
5211 MeV, which corresponds toLMS̄

(4)

5300 MeV and ab-quark mass ofmb54.3 GeV@18#. The
authors of Ref.@18# presented new fits to the relevant dee
inelastic-scattering data incorporating a more realistic
scription of the heavy-quark PDF’s, with an improved e
trapolation from scales near threshold to higher scales.
theB FF’s, we adopt set NLO P@8#, which uses the Peterso
form @4# for the b→B FF at the initial scale and yielded th
best fits to the OPAL data@7#. The two alternative sets S an
B, which are provided in Ref.@8#, lead to almost identica
6-2
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INCLUSIVE J/c AND c(2S) PRODUCTION FROMB . . . PHYSICAL REVIEW D 60 014006
predictions for inclusiveB hadroproduction. The evolution
of the FF’s is performed withL

MS

(5)
5227 MeV @8#. The

strong coupling constantas
(5)(m) is evaluated from the two

loop formula adopting theL
MS

(5)
value from the selected set o

proton PDF’s. We identify the factorization scales associa
with the proton, antiproton, andB meson and collectively
denote them byM f . We choose the renormalization an
factorization scales to bem5M f52jmT , wherej is a num-
ber of order unity andmT5ApT

21mc
2 is the transverse mas

of the produced charmonium state, which we generically
note byc. Unless otherwise stated, we putj51. We recall
that, in the case of inclusiveB production discussed in Re
@8#, we instead tookmT to be theB transverse momentum. I
the present case, we consider it more appropriate to relatemT
to the final-statec state. The rationale is that we combine t
b→B fragmentation andB→c1X decay processes into on
single process. This scale convention also considerably
plifies the computations, since the evolution of theB FF’s are
performed numerically inx space@19#. Later on, we study
the scale dependence of our results in order to get s
handle on the theoretical uncertainty related to this arbitr
ness in convention. We adopt all kinematic conditions fro
Ref. @1#.

When we present LO results, they are consistently co
puted using set CTEQ4L@17# ~MRSTLO @18#! of proton
PDF’s, set LO P ofB FF’s @8#, the one-loop formula for
as

(5)(m) with L (5)5181 MeV @17# (L (5)5132 MeV @18#!
and the LO hard-scattering cross sections.

III. CHARMONIUM PRODUCTION FROM B-MESON
DECAY

The inclusive decayB→J/c1X has three sources: th
prompt production ofJ/c mesons and the two feed-dow
modesB→c81X followed by c8→J/c1X and B→xcJ
1X, with J50,1,2, followed byxcJ→J/c1g. In the recent
CLEO measurements@3#, these three sources were dise
tangled and found to have the branching fractions (0
60.08)%, (0.1960.03)%, and (0.1360.02)%, respec-
tively. The total inclusiveJ/c branching fraction was mea
sured to beB(B→J/c1X)5(1.1260.07)% @3#. The inclu-
sively producedc8 mesons are all believed to be prompt
produced. The CLEO Collaboration also measured the
mentum distribution of theB→J/c1X decay including all
three sources and the one of theB→c81X decay. Further-
more, they presented the momentum distribution of
promptB→J/c1X decay, i.e. with the contributions due t
the two feed-down channels subtracted.

In order to predict the inclusive cross section ofJ/c me-
sons fromB decay inpp̄ collisions, we need the totalJ/c
momentum distribution, i.e. the sum of the prompt and
two feed-down contributions. So, the easiest way to incor
rate the CLEO information would be to boost back t
CLEO data, measured in the CLEO laboratory frame, i
the B rest frame. In this system, the distribution is assum
to be isotropic. This distribution must then be boosted fr
the B rest frame along the momentum direction of the p
ducedB meson to the Tevatron laboratory frame. This p
01400
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cedure can easily be implemented into an event generato
be used for the analysis of the experimental data@1#. Our
procedure of incorporating the CLEO information is som
what different. Instead of parametrizing the measuredJ/c
momentum distribution by a phenomenological ansatz
was done in Ref.@1#, we adopt a consistent theoretical fram
work based on the parton model in connection with NRQC
which we also apply to prompt charmonium hadroprodu
tion. We first calculate, within NRQCD@14#, the momentum
distribution ofJ/c mesons promptly produced fromB decay
in the B rest system. From this we derive the longitudina
momentum distribution of theJ/c mesons forB mesons in
flight by performing an appropriate boost and integrati
over the transverse momentum components. To adjust
input parameters, the momentum distribution in theB rest
system is boosted to the CLEO laboratory frame and co
pared with the CLEO data. This already accounts for 71%
the J/c mesons coming fromB decay. The same procedur
can be applied to theB→c81X decay mode. As we shal
see in Sec. IV, in the case ofB→xcJ1X, the NRQCD pre-
diction falls short of the CLEO data@3#, so that its normal-
ization must be adjusted by hand. For simplicity, the fee
down fromc8 andxcJ mesons toJ/c mesons is accounte
for by including the respective branching fractions and
suming that theJ/c mesons receive the full momentum o
the primary charmonium states.

The momentum spectrum of the prompt, inclusiveB
→J/c1X decay has been investigated just recently
Palmer, Paschos, and Soldan@10# in the NRQCD approach
@14#. In this approach, the decayb→J/c1X is represented
by a sum of products, each of which consists of a sho
distance coefficient for the creation of acc̄ pair in a specific
angular-momentum (2S11LJ) and color (a51,8) configura-
tion and a nonperturbative NRQCD matrix eleme
^O J/c@ a, 2S11LJ#&, which parametrizes the subsequent ev
lution of the intermediatecc̄@ a, 2S11LJ# state into the physi-
cal J/c state ~plus light hadrons! via the emission of soft
gluons. In their work, the transitionB→b is described by
two alternative models, the parton model and the mo
based on Fermi momentum smearing@20#. These models dif-
fer in the description of the long-distance transitionB→b. In
the parton model approach, the transitionB→b is param-
etrized by a distribution function similar to the one used
deep-inelastic scattering. In the Fermi motion approach,
bound-state corrections to the free-b-quark decay are incor
porated by giving the spectator quark a Fermi motion ins
the B meson. Since both models rely on unknown para
eters, which are fixed by the CLEO data on theB→J/c
1X prompt, inclusive decay, we expect that the fine deta
of describing theB→b transition are irrelevant for our pur
poses. In particular, as we shall see, the momentum distr
tion of the J/c mesons boosted to the Tevatron laborato
frame only depends on the bulk properties of the momen
distribution in theB rest system. In the following, we adop
the parton-model description ofB→b.

In the perturbative NRQCD framework, one first calc
lates the decay rateG(b→cc̄@ a, 2S11LJ#1q) of a b quark
going to acc̄ pair in state@ a, 2S11LJ# plus a light quarkq,
6-3
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BERND A. KNIEHL AND GUSTAV KRAMER PHYSICAL REVIEW D 60 014006
whereq5d,s. Then, one obtains from this theb→J/c1X
decay rate by exploiting the NRQCD factorization theore
In the b-quark rest frame, the final formula reads@10#

G~b→J/c1X!5
GF

2

144p
uVcbu2mcmb

3S 12
4mc

2

mb
2 D 2

3FaS 11
8mc

2

mb
2 D 1bG , ~3.1!

where GF is Fermi’s constant,Vcb is an element of the
Cabibbo-Kobayashi-Maskawa matrix, anda and b are
NRQCD coefficients given by

a5~2C12C2!2
^O J/c@ 1,3S1#&

3mc
2

1~C11C2!2

3F ^O J/c@ 8,3S1#&

2mc
2

1
^O J/c@ 8,3P1#&

mc
4 G ,

b5~C11C2!2
3^O J/c@ 8,1S0#&

2mc
2

. ~3.2!

Here, it is assumed thatmq50 and uVcsu21uVcdu251. C6

are the short-distance coefficients appearing in the effec
weak-interaction Hamiltonian that describes theb→cc̄q
transition. We observe that theb→J/c1X decay rate essen
tially depends on two parameters,a andb, which are given in
terms of the charm-quark massmc , the short-distance coef
ficients C6 , and the NRQCD color-singlet and color-oct
matrix elements. In our numerical analysis, we useGF
51.1663931025 GeV22, Vcb50.0395,mc5Mc/2, where
Mc53.09688 GeV@13# is the J/c mass,C150.868, and
C251.329@10#. The NRQCD matrix elements are specifie
in Sec. IV.

The inclusive decay of theB meson is described by intro
ducing the structure functionf (x) for the transitionB→b. It
characterizes the distribution of theb-quark momentum in-
side theB meson and is usually parametrized by the Peter
form @4#,

f ~x!5Ne

x~12x!2

@~12x!21ex#2
, ~3.3!

wheree is a free parameter andNe is determined so thatf (x)
is normalized to 1. It is well known that the FF for th
transitionb→B peaks at largex. Since we expect a simila
behavior for the inverse transitionB→b, the Peterson ansat
should be well suited. Specifically, we adopt the valuee
50.0126, which was determined in the LO analysis of R
@8#.

Using the formalism of Ref.@10#, we obtain the following
formula for the inclusiveB→J/c1X decay width, differen-
tial in the J/c three-momentumkc

8 , in an arbitrary frame,
where theB meson has three-momentumPB :
01400
.

ve

n

f.

EBEc8
d3G8

d3kc8
5

GF
2Mc

3

288p2
uVcbu2

3H Fa2b1~a1b!
MB

2

2Mc
2 ~x11x2!2G

3@ f ~x1!1 f ~x2!#1~a1b!
MB

2

2Mc
2 ~x11x2!

3~x12x2!@ f ~x1!2 f ~x2!#J , ~3.4!

whereEB5APB
21MB

2, Ec5Akc
2 1Mc

2, and

x65
PB•kc86A~PB•kc8 !22MB

2Mc
2

MB
2

. ~3.5!

Here, a prime is introduced to discriminate quantities ref
ring to the system with finitePB from their counterparts in
the B rest frame. A similar formula applies to the inclusiv
B→c81X decay.

Equation~3.4! is used in two ways. First, it is applied i
the CLEO laboratory frame, whereuPBu5AMY

2 /42MB
2

50.341 GeV, after integration over the direction ofkc
8 , to

constrain the theoretical input enteringa andb by compari-
son with the CLEO data@3#. For the promptB→J/c1X
decay, this was already done in Ref.@10#. A convenient al-
ternative to doing the angular integration in the CLEO lab
ratory system is to carry it out in theB rest frame and then to
perform a boost to the CLEO laboratory system. In theB rest
frame, the decay width differential inkc5ukcu is easily ob-
tained as@10#

dG

dkc
5

GF
2Mc

3

72pMB
uVcbu2

kc
2

Ec
H Fa2b1~a1b!

MB
2

2Mc
2 ~x11x2!2G

3@ f ~x1!1 f ~x2!#1~a1b!

3
MB

2

2Mc
2 ~x11x2!~x12x2!@ f ~x1!2 f ~x2!#J , ~3.6!

wherex6 is now given by

x65
Ec6kc

MB
. ~3.7!

Here,kc varies in the interval 0<kc<kc,max, where

kc,max5
MB

22Mc
2

2MB
. ~3.8!

In the CLEO laboratory frame, we then have

dG

dkc8
5

MBkc8

2PBEc8
E

k1

k2dkc

kc

dG

dkc
, ~3.9!
6-4
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where

k15
uEBkc82PBEc8 u

MB
, k25minS EBkc81PBEc8

MB
,kc,maxD .

~3.10!

Here,kc8 varies in the interval max(k28 ,0)<kc8<k18 , where

k68 5
PB~MB

21Mc
2 !6EB~MB

22Mc
2 !

2MB
2

. ~3.11!

Notice thatdG on the left-hand side of Eq.~3.9! refers to the
B rest frame, so that integrating Eq.~3.9! over kc8 yields the
properB→J/c1X decay width.

The second application of Eq.~3.4! concerns the calcula
tion of theB→J/c1X decay distribution in the componen
kL8 of theJ/c three-momentum that is parallel toPB . For this
purpose, we must integrate Eq.~3.4! over the orthogona
momentum componentkT8 . This can be directly done leadin
to

dG

dkL8
5

GF
2Mc

3

288pMB
uVcbu2E

0

kT,max82 dkT8
2

Ec8

3H Fa2b1~a1b!
MB

2

2Mc
2 ~x11x2!2G

3@ f ~x1!1 f ~x2!#1~a1b!

3
MB

2

2Mc
2 ~x11x2!~x12x2!@ f ~x1!2 f ~x2!#J ,

~3.12!

where

kT,max82 5S MB
21Mc

212PBkL8

2EB
D 2

2Mc
22kL8

2 ~3.13!

and k28 <kL8<k18 . For most of our applications,PB5uPBu
@MB is satisfied. In this limit, an asymptotic formula fo
dG/dx, where x5kL8 /PB , can be derived. Definingr
5Mc

2/MB
2 and t5kT8

2/MB
2 , we have

dG

dx
~x,PB!5

GF
2MB

3Mc

288px
uVcbu2E

0

(x2r )(12x)

dt

3H F r ~a2b!1
a1b

2
~x11x2!2G

3@ f ~x1!1 f ~x2!#1
a1b

2
~x11x2!~x12x2!

3@ f ~x1!2 f ~x2!#J , ~3.14!

where
01400
x65
1

2 S x1
r 1t

x
6AS x1

r 1t

x D 2

24r D , ~3.15!

andr<x<1. An alternative way of calculating the distribu
tion in Eq. ~3.12! is to transform thekT8 integration into an
integration overkc in the B rest frame, in a way similar to
Eq. ~3.9!. This leads to

dG

dkL8
5

MB

2EB
E

kc,min

kc,maxdkc

kc

dG

dkc
, ~3.16!

wheredG/dkc andkc,max are given in Eqs.~3.6! and ~3.8!,
respectively, and

kc,min5
uEBkL82PBmL8 u

MB
, ~3.17!

with mL85AkL8
21Mc

2.
As already mentioned in Sec. II, we incorporate theB

→c1X decay in our calculation of inclusiveB hadropro-
duction by defining effective FF’s for the transition of th
partonsi that come out of the hard scattering to thec mesons
as

Di→c~x,M f
2!5E

x

1 dz

z
Di→BS x

z
,M f

2D 1

GB

dG

dz
~z,PB!,

~3.18!

whereDi→B(x,M f
2) are the nonperturbative FF’s determine

in Ref. @8#, GB51/tB is the total B decay width, and
dG(x,PB)/dx is obtained from Eqs.~3.12! or ~3.16!. For
given c transverse momentumpT and rapidityy, PB in Eq.
~3.18! is given byPB5ApT

21mT
2sinh2y/z, wheremT is thec

transverse mass. For reasons explained above, we choos
factorization scale to beM f52jmT . In our numerical analy-
sis, we use theB1/B0 average valuesMB55.2791 GeV and
tB51.61 ps@13# for the B mass and lifetime, respectively

In the remainder of this section, we discuss the dec
B→xcJ1X, with J50,1,2, within the NRQCD framework
They were not considered in Ref.@10#. They contribute via
radiative feed-down to the yield ofJ/c mesons from
b-hadron decay measured at the Tevatron and must, th
fore, be included in our analysis. We find that Eq.~3.1! and
the subsequent equations derived from it carry over to th
cases if we substitute everywherec by xcJ , insert

a5~C11C2!2
^O xc0@ 8,3S1#&

2mc
2

,

a5~2C12C2!2
2^O xc0@ 1,3P0#&

mc
4

1~C11C2!2
3^O xc0@ 8,3S1#&

2mc
2

,

6-5
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TABLE I. Values of theJ/c andc8 matrix elements resulting from minimum-x2 fits to the CDF data@1#.
Mr

c is defined in Eq.~4.1!.

c J/c c8

^O c@ 1,3S1#& (7.6360.54)31021 GeV3 (4.4060.43)31021 GeV3

^O c@ 8,3S1#& (3.9460.63)31023 GeV3 (6.2060.95)31023 GeV3

Mr
c (6.5260.67)31022 GeV3 (1.7960.51)31022 GeV3

r 3.47 2.56
xDF

2 fus. 5.97/10 1.00/4
xDF

2 fra. 1.53/2 0.03/2
xDF

2 tot. 7.49/12 1.03/6
or
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a5~C11C2!2
5^O xc0@ 8,3S1#&

2mc
2

, ~3.19!

for J50,1,2, respectively, and putb50 in all three cases.

IV. NONPERTURBATIVE CHARMONIUM MATRIX
ELEMENTS

In this section, we determine the leading NRQCD col
octet matrix elements of theJ/c, c8, andxcJ mesons from
fits to the CDF data of their prompt hadroproduction@1#,
imposing the requirement that the branching fractions of
inclusiveB decays into these charmonium states, calcula
as described in Sec. III, agree with the CLEO results@3#
whenever this is possible. This complements our previ
analysis@21#, where we determined theJ/c and xcJ color-
octet matrix elements from the CDF data@1# alone.

We start by repeating theJ/c analysis of Ref.@21# for the
c8 mesons. We extract̂O c8@ 1,3S1#& from the measured
c8→m1m2 decay width@13# using the QCD-improved for-
mula ~3! of Ref. @21#. We then determine the leading colo
octet matrix elements from the CDF data sample of prom
c8 hadroproduction@1#, which contains 5 data points. Sim
larly to the J/c analysis reported in Ref.@21#, we obtain

^O c8@ 8,3S1#& from the upper part of thepT spectrum~last 2
data points! working in the fragmentation picture, where th
cc̄ bound state is created from a single high-energy glu
charm quark or antiquark which is close to its mass shell
a second step, we extract the linear combination

Mr
c85^O c8@ 8,1S0#&1

r

mc
2 ^O c8@ 8,3P0#&, ~4.1!

from the lower part of thepT spectrum~first 4 data points!
adopting the fusion picture, where thecc̄ bound state is
formed within the primary hard-scattering process. Here,r is
chosen in such a way that the superposition of these
channels is insensitive to precisely how they are weigh
relative to each other. The results obtained with set CTEQ
@17# of proton PDF’s are listed in Table I together with o

previous LO results forJ/c mesons@21#. Our result forMr
c8

agrees very well with the valueM3
c85(1.860.6)

31022 GeV3 found by Cho and Leibovich@22# from a fit to
01400
-

e
d

s

t

n,
n

o
d
L

earlier CDF data, while our result for̂O c8@ 8,3S1#& is
somewhat larger than their valuêO c8@ 8,3S1#&5(4.6
61.0)31023 GeV3. Figure 1 illustrates, for the fusion pic
ture, how the theoretical cross section of promptc8 hadro-
production compares with the corresponding CDF data@1#
and how it is decomposed into its color-singlet and col
octet components. The total cross section in the fragme
tion picture, which is complementary to the fusion picture,
not shown in Fig. 1 because it would be hardly distinguis
able from the solid line. It is almost entirely due to th
@ 8,3S1# channel, while the@ 1,3S1# contribution is approxi-
mately down by a factor of 60. The goodness of the fits
the fusion and fragmentation pictures is measured in term
the x2 per degree of freedom,xDF

2 . These values and thei
combinations are also given in Table I.

As is well known @22#, prompt hadroproduction ofJ/c
andc8 mesons is rather insensitive to the individual valu
of ^O c@ 8,1S0#& and ^O c@ 8,3P0#& as long asMr

c is kept
fixed. This is very different for their production fromB de-
cay. This circumstance may be exploited in order to se

FIG. 1. Fit to the CDF data on the inclusive hadroproduction
prompt c8 mesons@1#, which come in the form ofds/dpT inte-
grated overuyu,0.6 as a function ofpT . Only the fusion results are
shown.
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TABLE II. Decompositions ofMr
c (c5J/c,c8) from Table I

into ^O c@ 8,1S0#& and^O c@ 8,3P0#& obtained by requiring that the
NRQCD values ofB(B→c1X) for promptc production through
B decay agree with the CLEO data@3#. The resulting values ofxDF

2

are also given.

c J/c c8

^O c@ 8,1S0#& 1.4531021 GeV3 29.6631023 GeV3

^O c@ 8,3P0#& 25.5131022 GeV5 2.5831022 GeV5

B(B→c1X)
~prompt!

0.800% 0.340%

xDF
2 103/20 16.5/8
the

01400
rately fix ^O c@ 8,1S0#& and ^O c@ 8,3P0#& using the CLEO
data @3#. We choose to do this by adjusting the NRQC
results for theB→c1X branching fractions so that the
agree with the measured values. The outcome and thexDF

2

values achieved are summarized in Table II. The fact that
CLEO data favor negative values of^O J/c@ 8,3P0#& was al-
ready observed in Ref.@10#. Thec8 case was not considere
there. The resultingB→c1X differential branching frac-
tions (1/GB)dG/dkc8 for c5J/c,c8 are compared with the
CLEO data in Figs. 2~a! and 2~b!, respectively.

An alternative criterion for determininĝO c@ 8,1S0#& and
^O c@ 8,3P0#& is to minimize thex2 values of the theoretica
decay spectrum with the experimental data. This leads to
results shown in Table III. We observe that theB→J/c
FIG. 2. Fit to the CLEO data on the production throughB decay of~a! promptJ/c mesons,~b! c8 mesons, and~c! J/c mesons including
those from the feed-down ofxc1 , xc2, andc8 mesons@3#.
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1X andB→c81X branching fractions are reduced by 15
and 17% relative to Table II, while the quality of the fits
only marginally improved. From the sign flip o

^O c8@ 8,1S0#& we conclude that this matrix element is n
very well constrained from the CLEO data. On the oth
hand, its value in Table III is very small.

We remark that our fits to the CLEO data have badxDF
2

values. From Figs. 2~a! and 2~b!, we observe that the dat
both at small and largeJ/c momenta are not fitted well. A
largeJ/c momentum, the spectrum is influenced by con
butions from theK, K* , and higherK* resonances, which
can only be included in an average way by our approach.
think that the exact shape of theJ/c spectrum is not relevan
after the boost to the Tevatron laboratory frame. Of imp
tance, however, is the absolute normalization of the sp
trum, since the final result is directly proportional to
Therefore, the fit procedure leading to Table II, which
faithful in the experimental normalization, should be pr
ferred, and we use the results of Table II in the remainde
this paper. In summary, the measuredB→J/c1X decay dis-
tribution may be reasonably well described adopting the p
ton model for theB→b transition and NRQCD for theb
→J/c1X decay. In this way, ^O c@ 8,1S0#& and
^O c@ 8,3P0#& may be determined separately, while t
Tevatron data only allow us to fix their linear combinatio
Mr

c .
We now turn to theB→xcJ1X decays. The relevant ma

trix elements for their description in the NRQCD framewo
are^O xc0@ 1,3P0#& and^O xc0@ 8,3S1#&. For our analysis, we
adopt the value ^O xc0@ 1,3P0#&5(8.8062.13)
31022 GeV5 from Ref.@23#, where it was determined from
the measured hadronic decay widths of thexcJ mesons. Us-
ing the central value of this result, we then fin
^O xc0@ 8,3S1#&5(1.3960.17)31023 GeV3 from a LO fit
to the CDF data on promptxcJ hadroproduction@1#. Using
the NRQCD formalism described in Sec. III with this inpu
we evaluate theB→xcJ1X branching fractions forJ
50,1,2 to be 8.7331025, 5.3831024, and 3.9031024, re-
spectively. These values are incompatible with the CL
results, B(B→xc11X)5(4.060.660.4)31023 and B(B
→xc21X)5(2.561.060.3)31023 @3#, where the first er-
ror is statistical and the second systematic.B→xc01X de-
cays were not observed by CLEO. Obviously, the CDF d
on pp̄→xcJ1X and the CLEO data onB→xcJ1X cannot
be simultaneously interpreted to LO in the NRQCD fram
work. The inclusion of the NLO corrections to theB→xcJ
1X decay width does not remove this discrepancy@24#. In
want of a theoretically satisfactory solution to this proble

TABLE III. Same as in Table II, but from minimum-x2 fits to
the CLEO data@3#.

c J/c c8

^O c@ 8,1S0#& 2.2331021 GeV3 1.2631023 GeV3

^O c@ 8,3P0#& 21.0931021 GeV5 1.5631022 GeV5

B(B→c1X) ~prompt! 0.684% 0.282%
xDF

2 93.5/20 13.4/8
01400
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we choose a purely phenomenological description. We
culate the momentum spectrum of theJ/c mesons fromB
decay via thexcJ states to LO in NRQCD, using the abov
matrix elements, an averagexcJ-meson mass of 3.495 GeV
and the values ofB(xcJ→J/c1g) from Ref. @13#, and ad-
just its normalization in accordance with the CLEO result,
be (1.360.2)31023 @3#. Without this normalization factor
we would have (J50

2 B(B→xcJ1X)B(xcJ→J/c1g)
52.0531024. The CLEO Collaboration did not specify ex
perimental data on the momentum spectrum of theJ/c me-
sons originating from thexcJ states. However, they pub
lished the measured decay spectrum for the combinedJ/c
sample, including prompt production and feed-down fro
xc1 , xc2, andc8 states. In Fig. 2~c!, these data are compare
with the superposition of our NRQCD results. Notice th
both experimental and theoretical results have the same
malization.

V. CHARMONIUM PRODUCTION FROM b-HADRON
DECAY IN pp̄ COLLISIONS

In this section, we present our predictions for the inc
sive production ofJ/c and c8 mesons originating from
b-hadron decay inpp̄ collisions at the Tevatron and compa
them with available CDF@1# and D0@15# data. As described
in Sec. III, the cross section of this process emerges from
one of inclusiveb-hadron production by convolution with
the longitudinal-momentum distribution of theJ/c and c8
mesons fromb-hadron decay appropriately boosted along
b-hadron flight direction. In Fig. 3, we investigate how th
B→J/c1X branching fraction (1/GB)dG(x,PB)/dx differ-
ential in x5kL8 /PB , as given by Eqs.~3.12! or ~3.16!, is
distorted by a boost to the frame where theB meson has

FIG. 3. B→J/c1X ~prompt! branching fraction differential in
the J/c longitudinal momentum fraction relative to theB momen-
tum PB for various values ofPB . The result forPB5` is evaluated
from Eq. ~3.14!.
6-8
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nonvanishing three-momentumPB . Specifically, we con-
sider the casesPB55, 10, and 20 GeV. For comparison, al
the asymptotic line shape according to Eq.~3.14!, which re-
fers to the infinite-momentum frame, is shown. We obse
that the finite-PB results rapidly converge towards th
asymptotic form. In order to obtain the effectivei→J/c
FF’s via B decay, we need to convolute theB→J/c1X
decay distribution shown in Fig. 3 with ouri→B FF’s @8#
according to Eq.~3.18!.

Having fixed all relevant input from fits to the OPAL da

on e1e2→B1X @7#, the CDF data onpp̄→c1X via
prompt production@1#, and the CLEO data onB→c1X @3#,
we are now in a position to make absolute predictions

charmonium production viab-hadron decay inpp̄ collisions.
In Figs. 4~a! and 4~b!, we considerJ/c production, summing
over the prompt channel and the feed-down channels via
xcJ and c8 states. In Fig. 4~a!, the pT distribution ds/dpT
measured by CDF@1# in the central region of the detecto
for uyu,0.6, is compared with our LO and NLO prediction
based on the CTEQ4@17# and MRST@18# PDF’s and scale
choicej51. In Fig. 4~b!, thej dependence of these predi
tions is analyzed for three representative values ofpT . As a
rule, the theoretical uncertainty may be estimated from th
criteria: ~i! the difference between the LO and NLO pred
tions; ~ii ! the shift due to scale variations; and~iii ! the varia-
tion between different PDF sets. All these points may
studied with the help of Figs. 4~a! and 4~b!. We find good
agreement with the experimental data, especially in the up
pT range, where the theoretical uncertainty is smallest.
expected, the NLO results are there more stable under s
variations than the LO ones. At the lower end of thepT
spectrum, the NLO results undershoot the data, but exh
sizeable normalization uncertainties. The CTEQ and MR
PDF’s lead to very similar results, except at very lowpT . In
Fig. 5, theJ/c analysis of Fig. 4~a! is repeated forc8 me-
sons. Here, the agreement between experimental data
NLO predictions is also good at lowpT , where the theoret-
ical uncertainty is largest.

The CDF@1# and D0@15# Collaborations also publishe
their full data samples onJ/c production without discrimi-
nating between prompt production, feed-down from charm
nium states with higher masses, andb-hadron decay. Thes
cross sections are both differential inpT , but are comple-
mentary in the sense that the CDF data are integrated
the central region, withuyu,0.6, while the D0 data are
sampled in the forward and backward directions, with
,uyu,3.7. In Figs. 6~a! and 6~b!, we compare these dat
with our predictions obtained from the formalism explain
here and in Ref.@21# with the nonperturbative charmonium
matrix elements determined in Sec. IV. We work at LO u
ing the CTEQ4L PDF’s@17#. Apart from the total contribu-
tions, also the partial contributions due to prompt producti
feed-down fromxcJ mesons, feed-down fromc8 mesons,
and b-hadron decay~summing over the prompt and feed
down channels! are shown. In the case of CDF, there is go
agreement over the fullpT range considered. This is no
surprising because the contributing matrix elements were
tually determined from the promptJ/c, xcJ , and c8 data
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samples taken in the same experiment. Furthermore, we
ready know from Fig. 4~a! that the predictedb-hadron decay
contribution agrees well with the CDF data. So far, the
Collaboration did not present separate cross sections for
individual channels ofJ/c production. The agreement be
tween their combined cross section and the theoretical
diction, which is essentially tuned to fit the CDF data,
remarkably good, except at the upper end of thepT spectrum.
In a way, Fig. 6~b! represents an indirect comparison b
tween the CDF and D0 data onJ/c production, which refer
to different kinematic regimes. We notice that, at largepT ,
the cross sections of the prompt andb-hadron channels are o
the same order for the CDF central production@see Fig.
6~a!#, whereas, in the case of D0 forward~backward! pro-

FIG. 4. The CDF data on the inclusive hadroproduction ob
hadrons decaying toJ/c mesons@1# are compared with LO and
NLO predictions evaluated with CTEQ4@17# and MRST@18# pro-
ton PDF’s. ~a! pT dependence for scale choicej51 and ~b! j
dependence for selected values ofpT .
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duction, the prompt channel plays the dominant role@see Fig.
6~b!#. This means that the cross sections of these two ch
nels have different rapidity dependences. This could
checked experimentally if these cross sections were m
sured separately also in the forward~backward! direction.

VI. CONCLUSIONS

We considered the hadroproduction inpp̄ collisions ofb
hadrons which subsequently decay to charmonia and
sented theoretical predictions for thepT distribution of the
latter. The formation of theb hadrons was described in th
QCD-improved parton model with FF’s fitted toe1e2 data
on B-meson production@8#. In want of detailed experimenta
information of the FF’s ofBs mesons andLb baryons, we
approximately accounted for their contributions by approp
ately adjusting the normalization of ourB FF’s @8#. The B
decays to the various charmonium states were treate
NRQCD @10# with nonperturbative matrix elements dete
mined from the CDF@1# and CLEO @3# data on prompt-
charmonium production inpp̄ collisions andB decay, re-
spectively. In the case of theB→xcJ1X decays, the
NRQCD results for their branching fractions came out co
siderably smaller than the CLEO results@3#, so that we had
to include a phenomenological magnification factor. Furth
more, we assumed that the decays ofBs mesons andLb
baryons to charmonia, for which no data exist so far, can
described on the same footing as theB decays. We compare
the CDF data onJ/c andc8 production fromb-hadron de-
cay @1# with our theoretical predictions and found goo
agreement. We estimated the theoretical uncertainty by c
paring LO and NLO predictions, by scale variation, and

FIG. 5. The CDF data on the inclusive hadroproduction ob
hadrons decaying toc8 mesons@1# are compared with LO and
NLO predictions evaluated with CTEQ4@17# and MRST@18# pro-
ton PDF’s.
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varying the PDF’s and found that it was of order625% for
pT*13 GeV. We also compared the full CDF@1# and D0
@15# data samples onJ/c production without distinguishing
between prompt, feed-down, andb-hadron decay channel
with our predictions. Again, we found good agreeme
Since the CDF and D0 data refer to different ranges of
pidity, this may also be regarded as an indirect compari
between them.
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FIG. 6. The~a! CDF @1# and ~b! D0 @15# data on the inclusive
hadroproduction ofJ/c mesons from all channels are compar
with LO predictions evaluated with CTEQ4L@17# proton PDF’s.
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