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Polarized J/ ¢ production from B mesons at the Fermilab Tevatron
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In the framework of nonrelativistic quantum chromodynamics and the parton model, we estimate, in detail,
the production cross section for polarizétd/ from B meson decays. In order to contrast with data, we also
take into account additiondl/ ¢» production due to the decay of excited charmonium states. We calculate the
helicity parameter and, as an application, we study our results for the Fermilab Tevatron. This is in contrast
with the earlier studies which were performed for prordfs production frompa collisions. Our estimates
are, forJ/y from B decays,ay,= —0.04+0.06 and, forB decays to)’, «,=—0.03+0.07. These results
have been evaluated in tiéy transverse momentum interval 10 Ge¥;<30 GeV. In the limit of the color
singlet model,«w shows a direct dependence on the Peterson parameter, thereby reflecting the dynamics of the
b quark hadronization. With run Il of the Tevatron, it is expected that the fitsfarill improve by about a
factor of 50, leading to better limits on the matrix elements.
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[. INTRODUCTION naturally small scale of the theory. In addition, at leading
order inv, NRQCD has a strong correspondence toragl/
The production mechanism of bound states involving a&xpansion as in heavy quark effective theory.
heavy quark and antiquark system can be addressed within A large fraction of the existing literature on NRQCD em-
nonrelativistic quantum chromodynami@SRQCD) [1]. In ploying the factorization formalism broadly concentrates on

the earliest attempts, charmonium production was describe e of the following two issuesi) on prompt charmonium

X ~ " production in hadror{13,17-19, yp and ep [20] and in
by the color singlet model through processes sucB ae e"e” [21-24 collisions or(ii) on charmonium production

cays p—ccs) [2-4] and gluon-gluon fusiongg—ccg)  in hadronicB decays[25—27. Prompt production refers to
[5]. We refer to 6] for a review of these issues. However, the quarkonium(here charmoniuirthat is created in interactions
color singlet models had several problems, e.g., underestimaf the colliding particles or their constituents, while charmo-
tion of the hadroproduction of charmoniuf¥], the ¢’ nium production is also possible in weak decaysBofe-
anomaly[8,9] and infrared divergences iR wave charmo- sons, which will be the focus of the present work. At the
nium production, which later had a resolution based on facfunctional level, the calculations in cas¢) have been
torization result§10,11). These problems suggested the neegidopted to phenomenologically extract NRQCD matrix ele-

to advance beyond the color singlet model or similar varianté_.Pe.nt.'S from experimental data on charmonium production.
. . his is possible because these calculations incorporate bound
such as the color evaporation modép]. In a systematic

: : L . state effects of the initial hadronic states, usually in the
approach, by including the color octet contributions W'th'”framework of the QCD improved parton modéM). In

the NRQCD framework it was shown that these problemspe case of semi-inclusivé® decays with charmonium
could indeed be resolved to a good accurgty-15. final states, the Altarelli-Cabibbo-Corbo-Maiani-Martinelli
Within NRQCD, which is well designed for separating (ACCMM) model[28] and the PM[29] have been success-
relativistic from nonrelativistic scales, Bodwin, Braaten, andfully adopted for this description. A central feature of these
Lepage developed a factorization formalism to calculateesults has been to illustrate the importance of color octet
quarkonium decays and productipt0]. The formalism al-  elements to accommodate the observed momentum spectra
lows for a systematic calculation of the inclusive cross secof J/.
tions to any order in strong coupling,, and an expansionin  Quarkonium polarization provides an additional test of
v2. Here,v is the relative velocity of the quark and antiquark the color octet production mechanism of NRQCED]. The
and is inversely proportional to the heavy quark mass. As apolarized cross section has been calculated for progpt
illustration, following potential model calculations, for bot- production[17] as well as ford/y production inb quark
tonium statesv~0.1 while for charmonium states~0.3  decays31]. We remark that, in the case 6fy production
indicating a better convergence in the perturbative expansioftom b decays, the calculations do not take into account
for heavier quark statgd.6]. It is interesting to observe that bound state effects, although they have been estimated to be
the theory exhibits a scale hierarchy of the typg>mqgv  significant[32]. Hence, a comparison with data in this case
>mqu?~Aqcp, Wheremg is the heavy quark mass. There- may not be too meaningful, given the uncertainties, originat-
fore, it is appropriate to use NRQCD as an effective fielding from the negligence of the initial hadron, and the addi-
theory withv as the expansion parameter which is also aional errors due to the nonperturbative NRQCD matrix ele-
ments. As a salient prediction, within NRQCD, prompt
charmonium production is expected to be predominantly in
*Email address: krey@zylon.physik.uni-dortmund.de transverse polarization state for large transverse momenta
"Email address: balaji@zylon.physik.uni-dortmund.de (pp) [13,17,18,33 but this prediction is not in agreement
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with the Collider Detector at FermilafCDF) data[34]. We  process through freb quark decays. Using this formalism,
note that the polarization prediction arises from the dynamicsve study the semi-inclusive decay of a fiequark intoJ/ ¢.
of massless partons and for large, the role of gluon dy- The short-distance coefficients and the NRQCD matrix ele-
namics is important in prompt quarkonium production, espements are explicitly calculated and the decay width is pre-
cially through the dominance of gluon fragmentati®s].  sented fo—J/(\) +X. Here,\ denotes one of the three
Furthermore, a gluon couples easily to tﬁﬁl color octet helicity states ofd/. Towards the end of this section, we
state, which is expected to be a dominant spectral state in tHiso discuss an extension of our calculations to excited char-
promptJ/ production mechanism at the Fermilab Tevatron.monium states. The bound state effects of the inBiahe-
But correspondingly, the charmonium production at |arge$0n, whose influence hitherto has been neglected in the cal-
transverse momentavith pr=20 GeV) are not fully probed culation, are described in Sec. IV. In this analysis, we use the
by current experiments. Besides, there are large errors in tHéM approach to evaluate the bound state effects. Starting
polarization measurements. Therefore, these features aloMéth & short introduction to the PM, the restrictions of the
preclude any possible conclusions on the predictions bynodel applicability and estimates for the semi-inclusive de-
NRQCD for polarized charmonium production. cay rate for aB meson with a charmonium final state are
On the other hand, at moderate transverse mom@rita  Presented. This is followed by Sec. V, where we describe the
pr=<20 GeV), one can perform the polarization studies forapplication of the results derived so far to the Tevatron and
prompt charmonium production to make an estimate of théntrOduce suitable kinematic variables. In Sec. VA, we dis-
color octet elements and also compare with the unpolarize@Uss the production cross section for polarizégs at the
cross sections. This is of particular relevance to the Tevatrohevatron. In order to phenomenologically implement the pro-
where there are no complications due to higher twist effectéluction cross section fd mesons at the Tevatron, we intro-
[36]. We refer to[37] for an update on prompt production of duce a simple two-parameter fit procedure. In Sec. VI, we
polarized charmonium for the Tevatron. Simultaneously, onélescribe the relevant NRQCD matrix elements which we use
can also study the charmonium production which is noffor this analysis and also discuss the various sources of input
prompt and in particular estimate the cross sections for poerrors for our estimates. Following this, in Sec. VII, we give
larized production. our detailed numerical estimates for the polarized cross sec-
It is the goal of the present work to analyze the polarization and predictions for the helicity parameter, We also
tion predictions ford/¢ from B meson decays at the Teva- discuss the relevance/influence of the various theoretical in-
tron. Unlike in the case of prompt production, in this processput errors to our predictions. The differential cross section
we do not expect gluon fragmentation to be a dominanfor J/¢ and ¢’ production fromB decays and the corre-
source ford/ ¢ production, which led to predominantly trans- sponding polarization parameter are displayed and com-
verse polarized/ . Therefore, our calculation can serve aspared with current experimental datd4]. Since the data
an independent probe of NRQCD dynamics for polarizedncludes feed-down channels from excited charmonium
charmonium production, besides the existing knowledgetates, we account for this in our analysis to derive the po-
from prompt production. We employ the PM approach agarization cross sections. Finally in Sec. VIII, we conclude
discussed ifi29] to fold the quark level calculations to arrive With @ summary of the results and comment on further pos-
at aB hadron decay. We calculate the helicity parameter, sible improvements to the precision of our calculation. In the
from the production cross section of the three polarizatiorAPpendix of this paper, we have tabulated all the relevant
states of thel/y. We observe that a significant drawback of Matrix elements and their sources and give the values which
any such analysis is due to our present poor understanding ¥f€ Use in our analysis.
the relevant NRQCD matrix elements. As an outcome of our
approach, we note that in the color singlet mo@ethen the Il. BASIC FORMALISM
octet elements are set to zgrthe « prediction reduces to
the details of bound state effects of the PM. In other wordsScales of the ordemq- v, mg- 02, andA ocp can be factored

o depicts a strong dependence on the Peterson fragmentatl?nqo matrix elements that are accessible only via nonpertur-

function which describes the Fermi motion of hejuark in bative techniques or from experiments. On the other hand
the B meson. In some sense, this result is also to be antiCi'fhe short dis?ance contributioels that oécur on scales lar e,r
pated simply on grounds that the color singlet model predic; 9

tions depend on the shape and form of the initial state wavt%han the heavy quark mass, can be calculated within pertur-
function of the decaying system. With data from run Il of ative QCD. A matching prescription is required to identify

Tevatron, which is expected to increase the accuracy by tape perturbatively calculated short-distance part and the non-
factor of 50, our analysis may be useful to tighten the esti_perturbatlvg NRQCD matrix elements. In the following, we
mates for the matrix elements significantly and make Ourrecollec’[ this matching procedure for polarized quarkonium

polarization estimates more precigs]. In addition, in the production which we shall later use for our calculation. This

future, a complete global fit/analysis to quarkonium produc—'s followed by a basic description of the matrix elements and

tion will certainly make the predictions more robust. their scaling properties.
Our paper is organized as follows. In the next section, for
completeness, we review the basic ideas of NRQCD perti-
nent to our calculations. In Sec. Ill, we introduce the effec- Let us consider an inclusive production of a quarkonium
tive Hamiltonian which describes the quarkonium productionstateH with momentumk and helicity\ via a parton level

In [10], it was shown that effects of the lower momentum

A. The matching procedure
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decay process of the typé—H(k,\)+X. The semi- mesonic states in both the frameworks, i.e., in Eds.and

inclusive decay width is given as (2) be the same. In this analysis, we follow the relativistic
, normalization procedure as suggested3g]. The matching
1 d~k condition is given as
dI[1—H(k\)+X]= 5= ———— 2, (2m)*6™
S drl=Hk M +X)= 28 s e % (@)

X (p— k=PI T 1o +xI 1) 2 @m o p=k=p0 T g xTi-corx

whereE and p are energy and momentum of the decaying
particle, Ey is the energy of the quarkonium, and the sum
over X includes the phase space integration for the addition-
ally produced particles. On the other hand, from the NRQCDTo carry out the matching procedure explicitly, both the left-
factorization theorem, the decay width in Ed) can be fac- hand side and the right-hand side of E§) have to be ex-
torized into short-distance coefficients and long-distance mapanded as a Taylor series qnand q’. The short-distance
trix elements of local four-quark operators. Formally, coefficients can then be simply identified by an order by
order comparison in the coupling constant along with

1 d3k andq’.
dl[I=HK N +X]= o ———
; [ (kM)+X]=2g (2m)%2E, mEn

=m2n Conn PG T X Paoyx Knp). (5

B. Expansion and simplification of matrix elements

H(N) . . .
XCrn(P,K) X(Omp”)- (2 As mentioned above, an expansion of the matrix elements

. - is necessary for matching with the complete theory. In addi-
In Eq. (2), the short-distance coefficien@y, (m andn de- tion, by applying the symmetries of NRQCD the matrix ele-

hote some quantum num_b_ers of the various slalepend ments are simplified and expressed in terms of standard ma-
only on kinematical quantities such as momenta and mass?

fthe involved particles. Thev include effects of dist fix elements. The relative magnitudes of each of the matrix
orthe involved particles. They include enects of diStances Oy o mants can be estimated, using velocity-scaling rules
the order Ihg and smaller, whereng is the mass of the

. ; : . . which we list here.
quarks from which the quarkoniuid is built. The matrix In the case ofi/y, the independent matrix elements can
elements, (O(M), are expectation values of local g

' determined by simple tensor analysis, since it is a vector
four-quark operators, sandwiched between vacuum stateg,ason withJ=1. Therefore, the helicity label transforms
(0[- - -|0). These cannot be calculated perturbatively,

s : o It oulat but arGive a vector index in a spherical basis. This corresponds to
extracted from experiment or irom lattice calculations. choosing circular polarization vectors as the basis vectors for

As a passing remark, we note that if the decaying particlgne hojarization states o/. A unitary transformation,
is a hadron, then the parton level decay width in &ymust given by the matrix

be folded with a suitable distribution function for the parton

in the initial hadronic state. In this case, the factorization —1h\2 —ilJ2 0
approximation requires the final quarkonium state to carry a N 0 0 1
large relative transverse momentum compared Atgcp € = . (6)
[10,39. W2  —il2 0

The typical four-quark operators which are related to the
long-distance matrix elements have the general structure connects the two basis. Heiiesuns from 1 to 3, whereas
takes the values 1, 0, andl. In what follows, we list the
O =y I T xPraoyx Kn, (3)  matrix elements that appear in the calculationgoproduc-
tion in b quark decays. Rotational symmetry as well as heavy
where ¢y and y are the heavy quark and antiquark nonrela-quark spin symmetry allow them to be expressed in terms of
tivistic field operators, respectively, and, and IC’Tm are  standard matrix elementslO] with well defined spectral
products of spin and color matrices as well as covariant destates,?>"*L ;. Details on the expansion and reduction of
rivatives. Here, Py, is a projection operator that projects NRQCD matrix elements can be found[9]. For the sim-
onto the subspace of states that contains the quarkoniupiest matrix elements without any vector indices one finds
stateH(\) and in addition soft hadronic final states denoted

by Sy . These soft states are supposed to be light, due to the + ton f 1
NRQCD cutoff requirement, i.e., their total energy has to be (OXPargoox ) 3 M(O1"("So)), ™
less than the NRQCD ultraviolet cutoff to avoid double
counting. Hence including ther®y,, is written as 4
* (WX Pooox T = 3md 03 (), ®)

PH(A)Z% [H(k=0M)+S)(H(k=0M)+S. (4 for the color singlet and octet case, respectively. The factor

4m, originates from the different normalization of states in
The matching procedure between the complete theory and 0] and[39]. The remaining dimension six matrix elements
the NRQCD expression requires that the normalization of thean be reduced to
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TABLE I. Summary of velocity scaling rules for NRQCD ma- T T —T— )
trix elements. oal Crgi) ||
Matrix element v scaling 23 \
(07%Csy) v® i ]
<O‘£]5/l//(351)> U7 21 |
(037CPy)) v’ 3
(0g'(*s0)) v’ s L
(0Y(Py) o e
(01"‘”(130)) o1t ero
o2f
o1 | 7
. .4 = . . . . .
<¢TO'I)(PJ/¢()\))(TO'J by= §E?T6?mc<0’i/l’/](351)>, 9) %5 2 25 3 35 4 45 5

pin GeV

4 FIG. 1. Dependence of the Wilson coefficieig, () on the
(W T Pyyx o T = s € 'gm( 05 (°sy), (10)  scalep.

Ill. THE PROCESS b—J/+X
up to corrections of ordes?. In the case of the matrix ele- . ) he basic f i d
ments with four vector indices we have Having given the basic formalism, we now proceed to

described/ s production fromb decays. The decay of a
i quark is a weakly induced process and is described by the
_§Dn> gp,/,> exchange of aV boson, transforming thb into a c quark.

The W subsequently decays intoaqf pair, where they; is a
light state and can be eithersaor a d quark. At the scale

[P
< '/IT< - EDk> O.IXPCEC?XT

_ T NIV
=4eM e} "m(07(3Py)), (1D 4 ~m,, after integrating out th&/ boson, the effective QCD
corrected Hamiltonian
i - [P
< l/lT< _ EDk) O'ITaXPCC,CC/XT< _EDn O.pTalr/l> GF ) 1
Heﬁ:EVcchf §C[11(M)‘01+ Cigj(n)-Ogp (15
=4 e} 'm0 F(°Py)), (12)

induces thébo— cc+ g transition. The relevant operators are
which also receive corrections at ordet. Other useful re-

lations can be established on the basis of heavy quark spin OlzgyﬂLcEfy"Lb, (16)
symmetry. It relates the matrix elements with the same or- - -
bital angular momentunh. and different total angular mo- OSZCYMLTvaW#LTab, 17

mentumJ to each other. For instance, tiewave matrix
elements at order? are equal up to a multiplicity factor with L=1—ys. Here,Cjy;(n) andCig;(u) are the effective
Wilson couplings for the color singlet and the color octet
(0P ) =(23+ 1)(OVV(3Py)). (13)  operator, respectively. The Wilson coefficients should not be
related with the short-distance coefficients of NRQCD, de-
Furthermore, the color singlet matrix elements can be relateBoted byCr. To get a qualitative feeling for the relative
to the nonrelativistic quarkonium wave function, whose ra-Strengths and their dependence on the factorization gcale

dial part is denoted bR,,, evaluated at the origin. This can "© have shown the couplings in Fig. 1 fpr~mc- - -m;.
be achieved by means¢of the vacuum saturation approxim#?nri’scfs(MZ):0'119 has been takgn, Wh,'Ch corresponds to
tion (VSA). AQ(':D =93.14 MeV at LO. In particular, it has been noted
that the color singlet coefficie[;; exhibits a strong depen-
A _ 3 . dence onu and even vanishes near-m; at LO [40]. This
(W xPyyoox'd )= e e '=M IR, (14 behavior which hints towards large higher order corrections
. cannot be cured at NLQ41]. We will later allude to this

R problem when we discuss the various uncertainties pertain-
where due to the VSA an error of ord@(v*mc|R,|?) is  ing to our results.

induced.

As mentioned earlier, the nonperturbative matrix elements
relative importance is determined according to the velocity o
scaling rules. These velocity-scaling properties for dihg Applying the effective Hamiltonian15) to the b—cc
production matrix elements are summarized in Table I. +q¢ decay, we calculate the matrix eleméhat LO to be

A. The decay width
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Ge 1. — S
Tocora,= Evéb\/cflgc[l] ~c(p)y,Le(p)ar(pr)

X y#Lb(pp) + Cig; -c(p) ?’,LLTaC(E)Ef( Pr)

X y“LTab(pb)]. (18

The four-momenta of the outgoing andc guarks can be
expressed ap=ik+Lq and p=ik—Lqg, wherek is the

total four-momentum of the?—system andj is the relative
three-momentum in thec-rest frame.L¥ is the Lorentz

boost matrix that connects the two frames. Expanding
linear order ing, we get
_ F\ % 1 -
%Hcﬁqf: Evcbvcf §C[1]‘Qf(pf)7”|—b(l3b)
X[2LH(meéT o' priewétaho' n) — ke y]
+Cpa- Gr(Pr) YL Tb(pyp)[ 2L (Mg o' T2y

+ieEgha' T y) —kHETTay] . (19

The boost matriced,/, also have to be expanded gnand
to linear order are given to be

o=tk 20
i 2mc i ( )

j E, oo
L|:5IJ+ 2mc_l klk], (21)

where the hats denote unit vectors. At Ltf|2 factorizes
into a product of two rank two tensors:

1
|Toccrq,l?=5 GEIVEV W (TR+TE). (22

W, describes the transition of mquark toq; and has the
simple form
1
WMVIE'«FSFL me)y,L(pp+mp)y,L)
=4 p?pg(sa',u)\v_ [ Ec',u)\v)! (23)
with
S,Lurv)\:g,uu'gv)\_gp,vgo’)\—i_g,u)\gvu'! (24)
ande,,,, being the usual antisymmetric Levi-Civiym-

bol. Tg‘z refers toJ/¢ production in either a color singlet
(n=1) or color octet f=8) channel and is obtained as

PHYSICAL REVIEW D 67, 054011 (2003

T(l):§c[1][2|—i (m€'o'pt+ieé'qto n)—kH*E 7]

><[2Lj"(mC7]'T0'j§'+iejnpn’Tq'nO'pg')_kvﬂ'Tf'],
(25

1 o
Tls)= g danCla[2LI (Mt o T2 +i €€ 'ka' T2y)

—keE T 2L (my ToI o8

+ieinpn' o TOE ) K"y T, (26
In the context of the PM, the tens@,,, will be replaced by

a more general hadronic tensor structure which includes a
distribution function for the heavig quark. This will be dis-
cussed in Sec. IV. In the following, for clarity, we describe in
some detail our calculation for obtaining the polarized decay
spectrum. Contracting the two tensor structuﬂ'egg and
W, , one can identify six different nonrelativistic four-quark
operators which then will be matched to the corresponding
NRQCD operators that have been presented in Sec. Il. The
contraction can be divided into two steps, i.@),the con-
traction of the Minkowski indices an(i) the contraction of

the three-vector indices. In the first step only four quantities
have to be calculated, sincé/j‘,f consists of the structures
L, L), andk,k, (mixed structures like. k, vanish by sym-
metry argumenfsandW,,, consists of a symmetric part, pro-
portional toS,,,,, and an antisymmetric part, proportional
to €,,,,. The four quantities will be denoted ¥y with a
superscript(s) for symmetric and(a) for antisymmetric,
specifying which part oWV, , they come from. The symmet-

ric terms are

PI(JS) =4 p?p)l;SO',u,)\VLiMLjV

= 4[2pb,upbvl-fuLJV_ ( pbpf)g,uVLiuLJV]

=8PpuPo,L{ 'L+ 4(ppPr) Gij s (27)
PO =4.p7p}S, .\ kK K"=8(pik) (Ppk) — 4(PpPs) K2,
(29)
Similarly one gets for the antisymmetric part
IDi(ja): —4i- p?p}t;efrp,)\vl-iul-jy:“'i E(r,u)\vko-p)t\)l‘iul‘jy
= 4ipyVk?(— €ijmbam), (29
P@=—4i-p/ple, . kk’=0. (30)

Following this, we choose a reference frame in which the
decayingb quark moves with arbitrary three-momentum,
Ipo|, and corresponding energi,= \m2+|p,|2. The J/y
three-momentum is denoted bjk| with energy, E,

= \/M2w+|k|2. The three-vectorq, andk, enclose an angle
9. For this choice of reference frame, the above projectors
(27)—(30) are evaluated to be
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Eplk|
2m,

Eplk| E 2
(s —gl | 2 __¥ e —
P} 8[( m. +(1 2rnC)|pb|cosi} kik; (

+

E “ -
1_2_”1) |pb|COSﬁ)(kipb1+ Poikj) + Pbipbj}
+4[mi—E,E ,+ | py|[k|cosd] & , (31)

PO=8(E,E,,—|pol[k|cos®)?— 4(mi+ELE,,

—|pol|k|cos®)(2m,)?, (32
EplK| E
(@ _ _ i —bil _ v
P =—4im:ejm ( m. +(1 2m0)|pb|cosﬂ)
X Ky — pbm} . (33

Collecting together Eq923)—(26) and (31)—(33) the color
singlet contribution is given to be

1 _ .
W“VTEL13=§C[21]{4(Pi(jS)+ P m2eTal ny'Talg’

+ € €inpd a’ "ET ey TaPE T+ POE ' TE ),
(39

and for the octet we obtain
uvT(8) 1 2 (s) (a) 21 ira APSE ¥
W TMVZEC[8]{4(Pij +PyOIM:E o' Ty n" T3¢

+ €k €jnpd a "N Ty TaPTAE ]

+POETayy T} (35)

In order to perform the matching procedure described earlier,

we need to insert the above results into E2R) to get the
squared matrix elemenmﬁcaqf. Following the results
of Sec. Il, we identify the short-distance coefficiefitg, by

making use of the matching conditidb). As stated before,

PHYSICAL REVIEW D 67, 054011 (2003

We begin with the color octet contributions whose short-
distance coefficients we identify for the spectral states

25+1) | of the cc pair. In the following, the three-vector in-
dices on the LHS have been suppressed:

2
Ce[*So] = 3~ GEIVenVer *Clyy oL (po—k)? = m(]

1
X1 (—EpE,+|ppl|k|cos®) + ﬁ

C

X (EpEy— |pyl[k|cos®)?—mj . (39)

2
Cel*S1]= 5~ GEVeoVer| *Clygy oL (po— k)~ mf]

X{2[R(|po|,|K|,cos®) ki — pp]

X[R(|po|, |k, cos®)k;— pp;]

+(M2—EuE,+ |pol|k|cos®) §;;

— 2mei[R(|py| | k|, co89) k= Pyl €ijm}-
(39)

2
Cel*Po]= 5~ GEIVenVerl “Clyy oL (Po— k)2 —m]

X{2[R(|pp|,|K|,costk; — pp;]
X[R(|py],[K| ,COSQ)RJ' — Povjl€iki€jnp
+(Mi— B+ |ppl | K| COS) (SknSip — Scpdin)

—2mi[R(|py|.|k],c089) K — Poml

X(5mleknp_ 5mkelnp)}ﬁv (40)

C

the integration over the phase space of the additionally prowhere the kinematic function

duced particlegswhich in our case is thg; quark has to be
included into the sum over the hadronic resbn the left-
hand sidg(LHS) of (5). Using the standard identity

dspf d4pf 2 2 0
= ) — ,
f (2m)%2E, f (2m)° (pf—mi) 6(py)

(36)

EplK|

E,
R(|py.|k|,cos®) = 2, +(1—2—mc)|pb|cosﬂ. (41)

The color singlet short-distance coefficieftg[25"1L,] are
most easily obtained from the corresponding octet coefficient
by replacing the color matricé€® by unit matrices as well as
changing the Wilson coefficient fro@g; to C(4; along with

and performing the four-dimensional phase space integrain overall factor of. This also serves as a useful bookkeep-

overd“p;, due to the presence of tt#")(p,—k—p;) func-
tion, ps gets replaced by,—k. Thus, the matching condi-
tion is obtained to be

qZ 278 (Py—K) 2= mF10[(Po— K)ol T}y o g Tocora
f

=2, Crur(Po KUK 0 Pty X Kot (37

ing device for our calculations.

From Table I, it is seen that the color singlet matrix ele-
ments with angular quantum numbet§, and 3P, scale
with v® relative to the baseline matrix element. Additionally,
the color singlet production is suppressed relative to the
color octet production. This follows from the comparison of
their Wilson coefficients, whose squared ratio turns out to be
Cfg)/Cf1;~25, which can be estimated from Fig. 1. There-
fore, the contributions of these color singlet matrix elements
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are highly suppressed and one only needs to take into ac-
count the3S, contribution for the singlet case. On the other E,Eb
hand, all three octet matrix elements should be included,
because they scale a$ relative to the dominant color sin-
glet 3S; matrix element and are enhanced due to the larger
Wilson coefficientCg; . Thus, we have the singlet contribu-
tion

1
C1[*S1]1=47GE|VepVer %G Chay oL (Po— k)2 —mi]

X{2[R(|pol,|K|,cos®) ki — py;]
X[R(|pb|v|k|aCOSﬁ)Rj — Poj]
+(Mi— EuE,,+ |ppl|k|cosd) &;;

y=b

_chi[R(|pb

k|,cos®) Rm_ Poml €ijm} -
(42

’

In order to calculate the decay rate, we choose a reference
frame where the/ ¢ moves along the positiveaxis. Theb
guark momentum vector is then most conveniently param-
etrized in spherical polar coordinates, whetrds the polar
and ¢ is the azimuthal angle. We have the unit vectors

ki=dis, (43

Pbi=COSp SiNY 51 +siNg SiN9 8, +c0s83.  (44)

Multiplying the short-distance coefficien,[ 25" 1L ;] from

Egs. (38)—(42) along with the appropriate matrix elements,

we get the differential decay rate as in Eg). After con-

tracting the short- with the long-distance part we are left withEyEb
a triple differential decay width for & quark, moving at
arbitrary momentunhp,| that decays into a/ ¢ with helicity

\. The individual matrix element contributions in this case
are

d°r[°sy]

TS

U4

1 1
= 5 2 GFIVaVed *g Clumedl (P —k)*—mi]

1
——(Eplk|—E cos9)?
2m§( bl K| ¢|pb|

s

—|ppl2(1—cog®) | + N[ — Ep|K| + E, | py|cOsD]

+1[mi+|pp|3(1—cog ) — EpE,+ |pb||k|cosﬁ]]
x(071"(°s), (45
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d°T'g[*So]

dk®

1
@Gélv:bvcflzc[%]mcatwb—k>2—m%]

ok

1
+ —(E,E,,— k|cosd)?
2m2( bEy— |Pol|K| )

C

—EpE,+ |yl [k|cos® —m}

] x(0(*sy)),

(46)

d*I'g[3S;]

dk®

1
ﬁeélv:bvcflzc[zg]mcmpb—k)z—m%]

X4 6

1 2
— (Eplk[—Ey|pp|cosd)

C

—|ppl*(1—cosY) |+ N[ — Ep|k| + E,|py|cosd]

+1[mZ+ |pp|3(1— co$ ) — ExE .+ | py| [k|coSD]

x(0(®sy)), (47)

d*T'g[*Py]

dk®

GE|VEVerl °Clggme L (pp— k)2 —mf]

2m?
1 2
X1 dro| 5 |Pbl*(1—cos'd)
- (Eplk| — Ey|pplcos®)?
- — cos
2m? b vIPh

+ N[ —Ep|k| +E | pplcosd]+ 1 [pp|*(1—cosd)

+2mi— 2E,E ,+ 2| pp||k|cosd

1
+F(Eb|k|_Ew|pb|COSﬁ)2

C

1
F<O§”’<3Po>>-

C

(48)

In the above, 1 denotes the corresponding terms that contrib-
ute to the spectrum but have no explikidependence. As a
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consistency check for our results derived so far, we chooselements are related to each other by heavy quark spin sym-
|pp|=0, which corresponds to the quark rest frame. Inte- metry. Usually, they are expressed in termsy@f matrix
grating overp, cosd, and|k|, we obtain for the color singlet elements:

and octet contributions to the polarized decay width

P Ao /(0 +X] (0F(38))=(23+1)(O}°(°sy)), (52)
1 —
1, (mi-amd?l (OX(°Py))=(23+1)(OX*(*Py)). (53
= @GF|Vcchf| T §C[1][((mb
bTe Explicitly, the contributions to the differential decay width

_4m§)5}\0+4m§(1_k))(oi/lﬂ(iisl))] (49  forb—xc+Xare

and d3r %P
EXEb—OlI[k3 o]
Tg[b—J/p(N)+X]
2 4 2\2 1 1
_ L Gy, 2 Mo Ao = 5 GEIVEVerl* 5 Clymeal (po—k)?— mf]
576 FlVecbVef 2 2
bmc
x| 810| 2 1pol2(1-c029) ~ —— (Eylk|—E|
X Clyy| (M3—4m2) 8,0+ 4ma(1- 1)) 03V (3Sy) no| 2 1Po ome " X
/

+mi(Og "(1Sp)) +3((M—4mg) S0+ M; X pp|COS®)? | + N[ — Ey|K|+E,|pp|cosd]+1

1
+AmZ(1-0)—(0F"(?Py)) |, (50)

me X| |ppl2(1—cod) +2mi— 2E,E , + 2| py|| K|

respectively. This agrees with the result of Flemieigal.
[31].

)

In the previous section, we applied the NRQCD factoriza- xi((’)’l(w@po)), (54)
tion formalism toJ/ ¢ production inb quark decays, but with 3
relatively small modifications we can equally well apply our

1
X cos® + — (Ey|k| — E,|py|cos®)?
2mg
B. Excited quarkonium states

calculation to other quarkonium states wills=1; as, for d3T4[3S,]
example,y” and y.;, which are 5 and 1P states of char- E E, 3
monium, respectively. dk

For ' production fromb quark decays, only thd/y 1
matrix elements havg to be replaqeq Yy matrix elements, — 2G§|V§chf|ZC[Zs] Medl(py—K)2— mf]
whereas the short-distance coefficients are not affected by 127
this;

1
<O;]1/1//(25+1L‘])>_><Ori/{’(25+1|_‘])>. (51) Xl&)\o R(Eb“q_EX|pb|COSI9)2_|pb|2
C
Besides, the inclusive decay width ., requires minor
modifications, and the formalism is similar to the calculation X(1=coS9) |+ N[ —Ey|k|+E,|py/cosd]
developed fod/ . x.1, being a®P; state of charmonium, to
lowest order receives contributions from th€}*(*Py)) +1[mg+ |pp|3(1—cog9) —E,E,
and (O§°1(381)> matrix elements, other contributions are
down by at least®. The fact that to lowest order, a color +|pol|k|cos®] | x(OX0(3S))) (55)
. L . b 8 1)/

octet matrix element significantly contributes to the spectrum

also explains the difficulties to descriBewave quarkonium
production in the framework of quark potential models. C. Feed-down channelsH — 3/
However, in the framework of NRQCD these problems are :

not completely resolved, even at NLO, since one faces the Apart from directJ/y production which accounts for
task of describing the production of all thrge; states with  roughly 70% of thel/ from B decays, there are contribu-
one set of matrix elements. This is so, because the matrittons from feed-down channels. Following a few simplifying
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assumptions as described[ib8,26], it is possible to incor-  duction the momentum transfaf is fixed if one neglects the

porate thel/ ¢ production from these feed-down channels. kinematics of soft gluon emission of the final charmonium
The first step towards this is to calculate the momentunstate. Due to the on-shell condition for the charmonium, we

spectra for the excited charmonium states. In the cag€ of have g?=k?= Mfﬁ 10 GeV? which justifies the light-cone

because it is a® state the procedure is the same asliap, dominance assumption.

and for thex.; production rate, the necessary modifications At the computational level, th&/,,, tensor is modified in

are very modest as stated in Sec. IlIB. Next, we need tawo ways; (i) the quark momentunp,, is replaced by the

evaluate the production rate &fy from ¢’ andy.; decays. fraction of theB meson momentummpg, and(ii) the entire

It is assumed that in the excited charmonium decays, thgartonic structure is folded with the PLCfEx) for the heavy

three-momentum is transfered completely todh, i.e., the b quark. Thus, we obtaif29]

¢' and y., differential production cross sections are simply

multiplied by their experimental branching fraction déy 1

final states. The different helicity states are taken care of by W,uv:4(s,u(rv)\_i6,u(rv)\)f dx f(x)pg(xpg—k)”

additionally weighting the helicity dependent production 0

rates for; and .1 with probabilities P(Hy— J/4, 1) X [ (xpg—K)o] 8] (xpg—k)2—m?], (57)

whereH = ', x.1, which describe the transition of &' or

Xc1 in helicity stateX to aJ/¢ in helicity state\’, respec-  jith the sign function

tively.

' dominantly decays hadronically infid¢;, and since no +1. x=0
spin flips are observed the polarization is unchanged by this e(x)= ’ ’ (58
procesq 18]. Thus we haveP (i —J/ ¢y )= Sy, . For the -1 x<0.

Xc1 State, the situation is somewhat different because it de-

cays radiatively inta)/¢. The transition probabilities have This modification leaves tha ;) tensors unchanged, they
been determined to be[42]: P(xci0y—J/%o)=0, remain as in Eq(25) gnd (26). 'I_'he dISFrIbUtI_On function
P(Xcl(rl)*“]/lﬁo):%i P(Xc10y—d/¥h+1) =1, and dependenc_e on the smgl_e scaling vanabde;s a conse-
P(Xc1(0y— 1) = 1 Generically, theJ/y production guence of light-cone dominance. In this framework, the dis-

through feed-down channels can be summarized as fo”owé”buuon function is obtained as the Fourier transform of the
reduced bilocal matrix element at light-like separations,

dl'(B—H,—J/ ) hence
=dI'(B—H,)-Br(H=J/¢)-P(H\,—J/ 1), 1
(56) f(x)= zf d(y- pg)e™Pe)(B|b(0)pg
47TMB
where the inclusive part& have not been noted in the tran- X (1— 75)b(y)|B)|yz:o, (59)

sitions. Apart from the above mentioned feed-down chan-

nel§, there can also be radlatlve'transmon.s frogm and xco as shown irf44].

which have been observed. Their production rates or branch- e o .
In an infinite momentum frame, the distribution function

ing fractions tod/¢ are small compared o the anes Hf is exactly the fragmentation function for a high enelgy

and )., and hence have been neglected in our analysis. guark to fragment into 8 meson[45]. Hence, the Peterson
functional form[46] can be adopted as a distribution func-
IV. THE HADRONIC DECAY B—J/¢+X tion for the heavyb quark inside thé8 meson, with

The results derived in Sec. Il describ&p, or more gen- )
erally, charmonium production from a fréequark decay. In FHO=N X(1—x)
the b rest frame J/ ¢ is produced with fixed momentum be- “[(1—x)2+epx]?
cause the kinematic implications of soft gluon emission in

the J/ ¢ production process are neglected. Therefore, at 'eaq:|ere,f(x) is a one parameter function with a free parameter,

ing order inas, the momentum distribution of the charmo- '\ hile N, is a normalization factor defined such that
nium state results only from the Fermi motion of thguark

in the B meson. To incorporate these bound state effects of 1

the B meson we adopt the PM as introduced 29,43,44. J dxf(x)=1, (61)
An application to semileptoni8 decays was first proposed 0

in [45].

In all our calculations so far, thb quark occurs exclu- i.e., with unit probability there is & quark in theB meson.
sively in theb—q; transition, described by the tenséf,, In the parameter range that is usually choser
in Eq. (23). Introducing light-cone dominance as[i#3,44, ~103...10 2, f(x) peaks at large values &f a behavior
it is possible to relate the hadroni— X; transition to the that has been determined elsewhpt&,48. For complete-
heavy quark parton distribution functigRDP f(x). In con-  ness, in Fig. 2, thex dependence of(x) is shown for four
trast to semileptonic decays, in inclusive charmonium prodifferent values ofkp .

(60)
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[ r— 00 T T T TABLE II. Effective b quark massn, and expectation valug)
€p = 0.008 of f(x) for variousep andMg=5.279 GeV.
s mone AN
ep (x) m, in GeV
5L
0.004 0.85 4.48

af 0.008 0.81 4.29
g 0.012 0.78 4.16

3t 0.018 0.76 4.02

k)2 M2—m?
. (Pek) My~ mi

xpg—k)2—m?=M3| z 65
(Xpg—k) f B Mé Mé (65
0
0 02
; with
FIG. 2. Peterson function foep=0.004, 0.008, 0.012, and
0.018. K
Ps
Z(X)=X— —. 66
As a useful consequence of the PM, thquark massn, (x) Mé (66)
is replaced by thd8 meson mas#g removing the uncer-
tainty in the quark mass. On the other hand, the paramgter . . .
now carries quite a large uncertainty, and in some form, wérh's translates E¢64) into an integral ovez and
have traded one uncertainty for another. For comparison with
other calculations, it can be useful to define an effechve 2(1) 1
quark mas$49] |=f dzGQ(z+24) 0[(z+20) Pa(o)y— Kol 5 (d[z— 2]
Z(O) 2MB 1
mb:<X>MB, (62) +5[Z+Zl]), (67)
where with
1
()= fo dxxf(x). (63 Zo=pgk/M3, (68)
To illustrate the dependence @f) andm, on ep, we give 7= \/(ka)Z_ Mé(mi/_ m?)/Mé. (69)

their values for different choices afp in Table Il setting

Mg=5.279 GeV. . " o
As expected, the results of Eq@i5)—(48) get modified Here, we have used the standard identities fordlastribu-

tion. The second function in Eq.(67) does not contribute

gration over the scaling vanabhe is straightforward and due to the# function which restricts contributions of the

therefore can be performed immediately. The generic integrd[€9ra! to the argument of the firgt function. Therefore,
| under consideration is of the form Eq. (64) can finally be rewritten as

due to the new hadronic tens/,, in Eqg. (57). The inte-

1 1
I=JOde(X)H[(XpB—k)o]é[(XpB—k)z—m?], (64) |:me(x+)a(x+)a(1—x+), (70)

whereG(x) is an arbitrary function of the integration vari-
able x. Note the presence of the function which ensures
that the final stateg; quark has positive enerdyThis is

where we have defined

required, because in the inclusive approaghhas to had- 1 . S
ronize, finally giving a hadronic stabé which of course has Xy =2Zpt lew(kaJr V(pgk)?=M§(M5—mg)).
to have positive energy. B

To solve the integral, we introduce a new integration vari- (71)

able according to
The two 6 functions express the fact that the scaling variable
X4, since it can be interpreted as thequark’s momentum
The ¢ function thus effectively replaces the function in  fraction within theB meson, is only allowed to vary between
Eq. (57). 0 and 1.
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Inserting the above expressions into E(5)—(48) and 43T 3P,]
together with the tenso(57), we obtain the following ex- EEg——5—
pressions for the decay width, sorted by their production dk
mechanism:

1 m;, 1
= ——G2|VX Vil 2Ch — —f(x,) 6(X
, ; 24772 F| cb cf| [B]Mézl ( +) ( +)
d°T'4[°S;]
TR dk

1 1 m,
= _G|2:|V§chf|2—C[21]_c
1272 9 M3

1
Z_lf(x+)‘9(x+)

1
R(E5|k|—E¢|pB|COSﬁ)2

C

X 9(1_X+)[ On0X+

—|pgl?(1—cog9)

+\[—Eg|k|+E|pg|cosd]

+1[x: M3+x.|pg|3(1—cog9) — EgE,,

+|pglk|cosd] p x(07"(3sy)), (72)
d31‘* 1
E,Es sl “Sol
dkd
1 2\ 7% 22 me 1
= 727TZGF|Vcchf| C[S]M_sz_lf(X+)0(X+)9(1_X+)
5 1
X141 —EBE¢+|pB||k|cosﬁ—xMB+—2x+
2mg
X (EgE,—|pg||k|cosd)? ]X<O§W’(150)>, (73
d*Ig[3S,]
B

=LGZ|V*V |2cA ﬂif(x )O(X.)
72772 FlVebVef [8]|\/|sz1 + +

1
X 0(1_X+)[ OnoX+ _2(E8|k| —-E,| pglcos®)?
2mg

—|pgl?(1—co$9) | + N[ — Eg|k|+E | pg|cosd]

+1[Xx: M§+x,|pg|?(1—cos®) —EgE,,

+|pgl|k|cos®]} x(OFV(3sy)), (74)

1 1
—|pgl?(1—cog9) — —=x
2|pB|( ) 2m2 +

c

X 6(1_X+)| 5)\0

X (Eg|k| —E,|pg|cos®)? |+ N[ —Eglk| +E,

X |pg|cosd]+ 1| x. |pg|?(1—cog®) +2x, M3

1
m

C

X |pg|cosd)?

1
] XF<O§’¢(3PO)). (75

The distribution functionf(x), being defined in an infinite
momentum frame, as well as the incoherence assumption
restrict the PM application t® mesons with large, if not
infinite, three-momenta. To circumvent this problem, in the
case of unpolarized decay, a Lorentz invariant quantity,
E-dI', is usually constructed and subsequently evaluated in
an arbitrary reference frame. This strategy was adopted in the
calculation of semileptoni8 decays(e.g.,[45,43) and also

in [29] where the PM was first applied to inclusive hadronic

B decays. This enabled the authors to employ their calcula-
tions toB decays at the CLEO experiment whd&enesons

are produced almost at rest. However, this is not possible in
the case of polarized production cross sections, since they are
frame dependent. Therefore one has to go to a large momen-
tum frame to fulfill the requirements of the PM. This brings
us to the description and application of our results to the
Tevatron.

V. B—=J/ ¢+ X AT THE TEVATRON

At the Tevatron,B mesons are not produced with fixed
momentum as i’ decays(e.g., at CLEQ, but in fragmen-
tation mode. Therefore, one has to deal with a momentum
distribution of theB mesons, expressed by the andyg(B
rapidity) dependent double differentid production cross

section. The double differentiaB cross sectiond?s(pp
—B+X)/(dpydyg) has to be folded with the normalized
semi-inclusive differential decay spectrum,I'3/d°I'(B
—J/y+X")/dk3, to obtain the desired differential produc-
tion cross section fod/ .
The CDF Collaboration at Tevatron has already measured

J/y and ¢’ production fromB decays[50,51] as well as
their polarizatior{ 34]. For the latter we are not aware of any
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theoretical predictions that take into account bound state ethe dilepton decays ad/. The angular differential decay
fects. Our results presented héndth some kinematic modi- spectrum has the following form:
ficationg are directly applicable to the Tevatron experimental
setup. We proceed to discuss the required kinematics to suit dl' (¢—17"17)
the Tevatron and make a comparison of our predictions with d cosé
the available data.

So far the absolute values of the three-momépgd, |k|  where the angl® is defined in they rest frame in which the
and the polar anglé betweerpg andk have formed the set z axis is aligned with the direction of motion of thk in
of kinematic variables in our calculations. For these, we willthe B rest frame.
trade with a different set: the transverse momenrtandky, Theoretically,« is expressed as the ratio of linear combi-
the rapiditiesyg andy and the azimuthal anglé. pr andyg nations of the helicity production rates fdrfy. Given the
belong to theB meson, whereakr, y, and ¢ describe the decay of a longitudinally polarized vector partidleelicity
kinematics ofl/ . Following this, the relations between the A=0) and for a transversely polarized stdteelicity A =

1+ a cosh, (80)

old and new variables are given to be *+), using Eq.(80) one immediately obtains
|k|:(k'2|'+S|nhzy(k$+Mz(//))l/z! O'++O',_20'0 (81)

= .
. o,to_+20
|pg|=(p7+sinifyg(pT+Mg) ™2 (76) * 0

1 The helicity production cross sections, are the ones ob-
cosd= Kiod (sinhy /_Z_ZkT+M¢~sinhme tained from Eq.(79), which makesx a function ofky.

—kypy COSh). B. Present status

o . With respect to the Tevatron, there are two ways of em-
Here, the rapidities are defined to be ploying the differentialB production cross section in our
1 [E+k 1 calculat_ion; either theoretically or experimentally. One ap-
y==1In I and yg==In (77 proach is to calculate the cross section by means of the QCD
2 \E—K 2 improved PM. In this case, the partoricquark production
cross sections have to be calculated in perturbative QCD and

with kj and p being the momentum components parallel tog,psequently have to be folded with the nonperturbative
the beam line. The Jacobian determinant for the coordinatBprs of the incoming hadrons ard) the fragmentation

Estp
Es—pj

transformation of the)s variables is function, describing the hadronization process oftilygiark.
ak, Ky ko) In the second approach, one can directly use the measured
Oy R 2 2 B production cross section at the Tevatron c.m.s. ener
— 22 = K2+ M2 coshy. 78 P 9y
‘ ks y, by | KTVkr My costy (78 Js=1.8 TeV.
It has been known for quite a number of years that the
A. Cross section and thea parameter theoretical description of the production process fails to

reproduce the experimental dd&ee, e.g.[52]). The shape

: In order to make a comparison with data, we_have to tak%f the spectrum comes out as desired, but the normalization
into account the relevant experimental constraints and CUt?JsuaIIy falls short by a factor of 2 or mofe.g.,[52—54)

In t.r(ﬁ c_aste Oﬂt/ z,/:jand dzthprodu_ctmrl (t)hg g;ozg ;ectllzon 'S An agreement with the data can be achieved if the involved
rapidity integrated over the regidy|<0.6 [34,50,53. For parameters like the factorization scalg, A gcp, andm,, are

direct J/ 4 production the cross section is expressed as driven to rather extreme values. Recently, there has been a

do(J1) d20(B) suggestion that the fragmentation function ansatz which has
—zf def dyg=———| d¢ been used most frequently might not be appropr{&a.
dkr prdys However, in a next-to-leading order calculation®ineson
I(Ky Ky ky)| 1 dir production inpp collisions, it was shown that it is possible
Xj dy|——F | v ——=(P7.YB.KT.,Y,9). to accommodate the data within experimental error bars
dkr,y,¢) [ I's dkd

without fine tuning of the relevant parameté¢&d]. In this
(79 case, theb fragmentation function has been fitted to CERN
ete” collider (LEP) data and the differences in the scales
As already discussed in Sec. Il C, apart from the direct probetween LEP and CDF data is accounted for by the usual
duction also the feed-down channels contributeddtg pro-  evolution equations.
duction. These can be incorporated under the assumptions At this stage, it is not clear if the corrections due to kthe
made in Sec. Il C and hence the decay rate¥ thjust have fragmentation are responsible for the disagreements between
to be summed for the direct and the feed-down channels ttheoretical predictions and experimental data. It may also be
obtain the final result. Using Eq79), we can evaluate the that the theory for thé production mechanism is incom-
usual polarization parameter, which is experimentally ac- plete. There has been an attempt to account for the discrep-
cessible with the help of a fit to the angular distribution inancy involving physics beyond the standard md&a].
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TABLE lll. Fit results of the modeA- p} to the differentialB* This is done to make the functional form for the fit to cor-
production cross sectiodio/dpy for central, upper, and lower ex- rectly reproduce the cross section for both low and figh

perimental values. The reason being, at high, the absolute value of the cross
section becomes rather small because of the power law be-
Central Upper Lower havior.
A 2 4635¢ 10P 2 8084 10 2.1363¢ 10° Tq estimate the_uncertainty due to 'the experimeRtato-
N —4.0049 _3.9984 40187 duction cross section, we apply the fit proceQure n_ot_only to
o 0.166/2 0437/ 0.125/2 the central values, but also to the cross sectiostatistical

errors, i.e., we fit the “upper/lower ends of the error bars.” In
Table lIl, the results of the three fits including thgf values

In the present analysis, we adopt the second strategy, e given, and. these are also d_isplayed in Fig. 3.
to use an experimental fit. We are motivated to this choice, OWever, given the kinematics relevant to the Tevatron,

because the main concern of this work is not the dynamicaf’€ note that the fit for the experimental cross section as an
. = . Input distribution is only available in rapidity integrated
mechanism oB meson production ipp collisions, but their

b td it koni tates. A st form. On the other hand, one needs to convolute the double
subsequent decay Into quarkonium states. A strong argumeaﬁ‘ferential B production cross section with the normalized
for this being, the available data have been extracted usin

. 4 v . iff ial f + X with
exclusiveB=—J/ ¢+ K= decays with the CDF detector at Hiferentia decay spectrum fd8—J/y with respect (o

transversal moment , as well as rapidit see Eq.
the Tevatror{58,59. The same group has also measured th v urpr W pidityye [ d

31y andy’ production cross sectidis1] and their polariza- ?79)]. In the following, we assume the double differential

. - . ) ross section to be only weakly dependenygrin the domi-
tion [34]. Th(_arefc_)re systematic errors in .the analysis Shomcﬁamly contributingy rgnge Lgter I\jve see%ﬁat this assump-
be of less significance and the comparison between theo B :

I . g . .
and experiment will be more meaningful. The problems Oluet¥on gets justified for our setup. The error in the numerical

: . result of the differentiall/ 4 production cross section due to
to the lack of experimental data for the double differerBal ;4o 71ment can be estimated by including a purely phe-
production cross section will be discussed later in this SeC- Jmenolo icays dependence of the production cross sec-
tion. To this end, we first derive a useful algebraic fit to the 9 B dep P

roduction cross section in the following section tion, based on theoretical calculations. We have tried to re-
P 9 ' produce the rapidity dependence of the double differential

cross sectiord?a(pp— B+ X)/(dprdyg) given in[56] for
small values ofyg and have chosen the normalization such
It has been shown that the differential production crosshat the central experimental valuesdaf/dpy in [59] were
section with respect to thB transverse momenturpy, €X-  recovered when integrating ovgg in the range—1 to 1. In
hibits a simple power law behavigé0] with a power in the 3 wide p; range(10—20 GeV, we note that?c/(dp;dyg)
range of —3 and —5. We therefore choose a power law reduces by roughly 15% betweéys| =0 and|yg|=1 and

C. A two parameter fit

ansatz of the type so the factorization assumption made here seems to be rea-
d sonable. A particularly simple form for the double differen-
29 _Apn tial cross section can be taken to be of the form
d pT A pT ’ (82)

. . . . d’o
with A and n being the two fit parameters. Here, we mini- =(B—Cypy)-p}. (83
mize the relative rather than the absolute deviation square. dprdys
10* — - y y - = No';e tha'g the funption in Ec(53) has to be.even iyg. TO
—— central satisfy this, the simplest choice ms=2, which, for not too

large values of/g, reproduces the shape of the curvg56]
sufficiently well. For this choice, we have a few constraints
which are to be satisfiedd and C have to be chosen such
that the 15% reduction betwegys| =0 and 1 as mentioned
here is accounted for. Furthermore, the paraméteas to be
recovered when integrating over tlyg interval [ —1,+1].
These conditions together fix the parameters unambiguously
to be

do /dpy in nb/GeV

B—1+1 1
12 x_y m+1

—1<1 1)A
E-‘rx—y E, (84)

L L s . L L L
6 8 10 12 14 16 18 20

FIG. 3. Experimental dats9] and fit results for differentiaB * C= 1 + 1 1
production cross sectiotio/dpy .
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TABLE IV. Experimental results ob fragmentation fractions at octet matrix elements from various phenomenological data

the Tevatror{63] and the combined scaling factby; . which we shall use.

Fragmentation fraction CDF notation CDF value A. Color singlet matrix elements

Br(b—B™") fu 0.375-0.015 Leading color singlet matrix elements can be obtained in

Br(b—B°) fq 0.375-0.015 various ways. A popular approach is to calculate the quarko-

Br(b—BY) o 0.160+0.025 nium wave function within a quark potential model, adopting
S - .. .

Br(bA,) Foayon 0.090+ 0.028 the QCD inspired Buchniler-Tye potential[65]. Alterna-

tively, experimental decay rates of quarkonium states can be
used to obtain numerical values for the color singlet matrix
elements. ForS states, the partial decay widtH, (¢

wherex,~15%. We use this result to estimate the error in—e"e"), is expressible in terms of the color singlet matrix

our fits for the production cross section when we assygie elements up to hig?ei corre(jjtigns in thé. expansio_r[lO];
independence. and hencel'(y—e e )=(O{(°S,)). Using experimental

data from[61], we find forJ/ the values

3Fs 2.67+0.11

D. Cumulative cross sections from allb hadrons (02/‘/'(351»(0): (0.77+0.06 Ge\?

The B cross section that we applied in the last section
refers only toB™ production, whereas 8— ¢+ X decay and
could involve anyB meson type and evenh, baryons.
Analysis of b quark fragmentation fractions are available (07Y(3S))1)=(1.37£0.10 Ge\?, (86)
from LEP datg 61] and from the CDF CollaboratiofTeva-
tron) [62,63 and we use them to include contributions from where the results are displayed withgatibscript(0)] and
B°, BY, andA, baryons. As a passing remark, we note thatwith QCD correctiongsubscript(1)], respectively. The error
the number of produceB, mesons is too small to give a corresponds only to uncertainties in data. Here, we have cho-
sizeable contributiofs4]. We make the simplifying assump- Sen as(2m¢)=0.26 andM,,,=3.097 GeV. Evaluating the
tion that the shape of the production cross section is the sanf@me formula for the)’, we obtain
for all b flavored hadrons and hence we multiply tBé )
differential cross section by a factét; to include the con- (0Y (381)>(0)=(0.44t 0.04) Ge\®
tributions from the otheb hadron types. This is certainly a
good approximation foB®, but ignores the mass differences and

for BY(Ay~100 MeV) and Ap(Ay~340 MeV). Finally,

the net production rate has to be multiplied by 2, because at (0 (3S1))(1y=(0.78£0.07) Ge\?, (87

the quark level botlb as well as the charge conjugated de-

cays can give rise to charmonium states. whereM,,=3.686 GeV has been adopted. Rdr, =2m.
Apart from the BY fragmentation fractiorBr(bﬁgg), =3 GeV, these values reduce by roughly one third.

which at the Tevatron is measured to be above the LEP For P wave charmonium states, fche electr(_)magnetic Qecay
result, the extracted values are compatible within ope 1 Xco— ¥ for J=0 andJ=2 are suitable to fix the leading
We choose to use the Tevatron dg8a] as central values for color singlet matrix elementg)1°(°P;)), which are related
our analysis, due to the possible differenced dfagmenta- to each other through E¢53). For they, decay, the preci-
tion in e*e~ and pp collisions. The experimental data as Sion of the available data is lower than for the, decay
well as the combined scaling factdfy, that we finally use [61]. Therefore, the latter one is adopted more often to fix the
to incorporate the otheds hadron contributions are summa- corresponding ©1*°(*Py)) matrix element. Including QCD

rized in Table IV. corrections to lowest order, the decay width can then be ex-
pressed in terms of the leading color singlet matrix element
VI. NRQCD MATRIX ELEMENTS [10]. In this case, we havé;(xco— vy) =(O{°(®Py)). Nu-

- . . ._merically, we find
The most crucial input parameters in the entire calculation y

are the NRQCD matrix elements because their values influ-
ence the theoretical predictions significantly. Numerical val-
ues of these matrix elements faky, ' andy.; production

that have been published in the literature are summarized iﬂnd
the Appendix (see Sec. 1 They have been determined
mostly in unpolarized prompf production at hadron collid-

ers, but also aep colliders and in fixed target experiments. ) .
Apart from the °P, element, all the other matrix elements fpr the tree level and the QCD improved calculation, respec-
considered here have to be positi&l]. In the following, tively. Here M, ~=3.556 GeV was chosenM, =2m

we quickly recapitulate the extraction of the color singlet and=3 GeV results in a 50% reduction of these values.

(O°(3Pg))(0)=(3.9£ 1.4 x 10" % Ge\P

(O1°CPo)@)=(7.0:25x1072 GeV  (89)
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Alternatively, the decays ofco andyxc; into light hadrons  the (0 ¥(°P,)) matrix elements more severely is the calcu-
have been used to fix the above matrix elemétd with |ation of the polarization parameter The primary reason is
results that are compatible with the ones obtained above. , peing a ratio of cross sections is less susceptible to theo-

A third possibility which also is adopted quite often is to retical uncertainties from other sources, and we shall discuss
calculate the matrix elements on the lattjé€]. In principle  this in Sec. VII. Concerning the matrix elements, we will
all three methods give a matrix element of comparable sizgncorporate the theoretical uncertainties, which have their
in particular, if one chooses the mean value of the leadingyigin in higher order corrections and the fit procedure. This
order and the QCD improved result in the experimentalye do by letting the matrix elements vary in ranges which

analysis. cover almost all values given in the literature. These ranges
are summarized in Appendix at the end of each table. On the
B. Color octet elements other hand, to avoid the predictions becoming too loose, we

In the case ofl/y and ' prompt production data from \évﬂérrngose three conditions on the values of the matrix el-

fixed target as well as collider experiments have been used (1) All observables are restricted to physical values, i.e
for extracting the color octet elgments. Because. of t.he dlf.“fe_r]-cor instance, the momentum spectai/d|k|, have to be
entk; dependence of the matrix elements contributions, itis__ ..
possible to fit their values to the unpolarized differential pO?Izt)IV_le_hfgrnallmvearl_lézls Oal:lk |és 0U(1S,)) and(OY(Py)
prompt ¢ production cross sectiomo/dky. At large kt, ) du ¢ v¢uh 0¢| 8 S°h> h <d8 0.> d
due to gluon fragmentation dominance, as described in th@'€ required to giveM; that lies within the determine
beginning, the3S; matrix elements become the dominant "&"9¢: A " hing fracti

source fory production. On the other hand, the gluon fusion. (3 The re;u t!nhg branching IractlonsBr(B'—h{(//JrX),
process gives rise to contributions that are proportional to th82Ve 10 match with experimental dgté1,70) within error
15, and the3P,, color octet matrix elements. Since these two P&rs: Hence, the variation o_f the matrix elements within their
contributions exhibit a very similak; dependence, the ma- (rather Iargaa Errors 1S not md(lapende.nt' anymore. Furth_er—
trix elements cannot be fixed individually in the fit proce- MOr€: p, i constrained by this restriction, since its varia-

dure. Instead, it was suggested to fix a linear combination ofon influénces the branching ratio. _
both[67,68, which is conventionally denoted by The above conditions do allow us to constrain the theo-

retical uncertainties to a reasonable measure.
r In order to have a quantitative feeling for the influence of
M;ﬂ=<og(lso)>+—2<og(3po)>, (899  theB cross section on th& ¢ production cross sectioffrig.
me 4) and the contributions of the individual NRQCD matrix
elements to thd/ production cross sectioffrig. 5), we fix
wherer is empirically determined and lies in the range 3—-3.5a set of input matrix elements. Here, for these two figures,
for hadroproduction. we have used the following numerical matrix element values
The fitting procedure for the NRQCD cross section foras input for calculating thé/ production cross section and
hadroproduction, as well as for electro- and photoproductionill refer to them as thestandardset:
involves PDFs as theoretical input of the calculation. Hence,
a theoretical uncertainty is introduced because for different (077(3s)))=1.1 GeV,
PDF sets the values of the matrix elements differ quite se-
verely (see, e.g.[69]).
There have also been efforts to individually fix th&, (Oé"/’(381)):0.0075 GeV, (90)
and 3P, color octet matrix elements fog production by
fitting their values to theyy momentum spectrum fronB
decays[29,26 for the spectra as measured by the CLEO 1 _
Collaboration[70]. However, at the high momentum end of (05"(°))=0.055 GeV,
the spectrum, as was noted[i26], one encounters difficul-
ties because of effects of resonant two- and three-particle
decay channels in the spectrum. In the context of the Teva-
tron, since only the absolute normalization of the spectrum is
of primary importance, it is best to fit for the branching frac-
tion. This procedure was first used j86] and the matrix ~along with £p=0.012. These values correspond M’
elements were fixed to the inclusive branching fractions,=0.046 GeV. We remind that our choice in Eq90) is
Br(B— -+ X) for the CLEO data. In our analysis, we adopt different from that made 126,29, since we are using a
this procedure as mentioned in the following section. generic representative value taken from the allowed range as
shown in appendix . The values are required to reproduce the
experimental branching ratio,Br(B—J/¢+X)=(0.80
+0.08)% taken from 70]. We reiterate and clarify that our
All the difficulties mentioned above make precise theoretterminology “standard” is to be understood only in the con-
ical predictions involving the matrix elements to be verytext of the values in Eq(90) which are used to reproduce
hard. A possibility to constrain especially th@s‘”(lso)) and  Figs. 4 and 5.

(OF(3Py))=—0.006 GeV,

C. Prescription for analysis
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D. Other input parameters 10' g T T y _HH TR i
1. Quark masses ot Tet 506
The b quark mass, which is not very accurately known, o I ]
does not appear in our calculations. This is because, by virtug g
of having adopted the PM, the quark mass is replaced by theE HH%
corresponding hadron masses which are known to high ac,E e
curacy[61]. Nevertheless, an effectivequark mass{my), 1oy i 3
can be defined in the framework of the PM as has been don& N
in Sec. IV. Hence, a variation @fp is in some sense equiva- £
lent to that ofm,. 3 e} ]
The value of thec quark mass is strongly correlated with —F—
the values of the matrix elements. We have chosgn
=1.5 GeV and do not vary it independently from the matrix ool , , . . ,

elements because a variationrof by =100 MeV is mostly 8 L O = x
taken into account in the uncertainties of the matrix ele-

ments. So, the influence of the uncertainties is not analyzed FIG. 4. Uncertainties imla/dk; for J/¢ production due to the
separately. This value is also used in most standard public&xperimentaB cross section.

tions that have performed fits of the matrix elements. The
alternative choicem.=M,/2, is of course also appropriate
in the case ofl/¢, since it is only slightly heavier than 3 ~ As already known for many years nol0], the color
GeV. But this choice is unsuitable for the excited states likeSinglet Wilson coefficienCy is not only small compared to
¢ and x.,. For the latter charmonium states, it would se-the color octet coefficienC(g , but also strongly dependent
verely reduce the branching fractidr(B— g+ X) if one  ©On the factorization scalgs. For a particular choice g& in
does not perform a new extraction of the matrix elementdhe rangemc<u<my, the singlet coefficient even vanishes,
with m.~1.8 GeV. Another argument for the use bf. thereby compIeFer swnchmg off the color smglet contrll_)u—
=1.5 GeV is that it is a short-distance parameter in the calion to charmonium production iB decays. This problem is
culation whereas bound state effects which are responsibfedt fixed even at next-to-leading order, and more so, it even
for the mass differences of the various charmonium states a@iVes rise to a negative, i.e., unphysical decay fa&41].

long-distance effects and thus have to be included in theolutions o this problem have been proposed, e.g., an alter-
matrix elements. native combined expansion i, andCyy;/Cg; which seems

The light quark massn; is in general set to zero in the !0 stabilize the evolution, but this proposal lacks a solid the-

numerical calculations. To estimate its influence on the finaPretical basig41]. We estimate the uncertainties due to the
results we let it vary in the range;=0-150 MeV. This has factorization scale dependence of the Wilson coefficients by

3. Wilson coefficients

no significant impact on our results. letting u vary between itstandard valueof 4.7 [31,29,26
and 3 GeV, and study the influence on the differential cross
2. Peterson parameter section and the polarization parameter,

Along with the matrix elements, the distribution function
parameterep is varied such that the theoretical branching . ) ,
fraction Br(B— ¢+ X) coincides with the measured value ~ Other numerical parameters that occur in our calculation
within 1, hence, this couples to the values of the matrix @€ the Fermi coupling constar@g, and the Cabibbo-

4., Sundries

elements. The standard value fgs has been determined in 10 g . . . e
fragmentation processes of high enelgguarks(usingro ¢ | sy
QCD calculationsandep=0.006+0.002[71]. On the other

hand, a more recent LO extraction has found a somewha 0

larger value ofsp=0.0126[56]. In the case of semileptonic Ye= 1TV, <00

B decays, relatively small values @, are preferred43],
whereas an application to hadror decays show better
results for larger values;p=0.008—0.01229].

For our analysis, we letp vary between 0.004 and 0.018,
which covers the whole spectrum of its allowed numerical
value. We note that the relation between the fragmentatior
and the distribution function is exact only in an infinite mo- 10°
mentum frame for th&® meson45]. Further, the wide range
of values forep also reflects the fact that we deal with a , , ) ) )
spectrum ofB momenta which certainly is not infinite. Ad- 5 10 ey 2 2 %0
ditionally, the range ofpreferred values forep could be due !
to the different momentum transfer involved in semileptonic  FIG. 5. Contributions of the different NRQCD matrix elements
and hadroni® decays. to the directl/ ¢ production cross sectiotio/dky .

10"

BR(y — p* w) in nb/GeV

10-2 L

.

do /dky
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Kobayashi-MaskawaCKM) matrix glements|vcf|2. We  rangek;=7-12 GeV and is within the statistical errors. For
have taken the standard val€d] which are the rest of thek; values, it clearly overestimates the data.
_ 5 2 Here, it is not a theoretical failure, but rather an artifact of
Gp=1.1664<10"" GeV '~ the fit procedure for thdd cross section. To evaluate our
V| =0.0402+ 0.0019. (91) formula in '[hekT range 4—-25 GeV, we need to extrapol_ate
the B cross section tp values as low as 3 GeV and as high
If the light quark massn; is neglected, one can simply sum as 75 GeV. Presently, data exist only fof=5-20 GeV. At
over the flavorg;=d, s and apply unitarity to obtain the the lower endpr~5 GeV, mass effects of the quark start

approximate relation to play an important role, causing the cross section to stop
rising as steeply as in the higher region. Also for very
[Vedl?+[Ved 2~ 1. (92 large py, our fit seems to overestimate the data quite se-

N verely. In the intermediate interval, where orBy mesons
For theB mass we adopWg=5.279 GeV because the~ it transverse momentum from the measured range contrib-
andB®, B° dominate in theb hadron admixture that is en- ute, we have a good agreement.
countered at the Tevatron. We take the average lifetime to be However, as we focus oma which is a ratio of cross
75=(1.564+0.014)x 10" **s. Branching fractionsBr(B  sections, it is almost unchanged by the variation of the input
—+X), that are required to constrain the set of matrixmomentum distribution fob hadrons and we can extrapolate
elements are taken frof1]: to very small/largepr. This makes the prediction far in-
. _ sensitive to the errors due to the fitting procedure. Numeri-
Br[B—J/y(direct +X]=(8.0+0.8 310", cally, « varies at the level of 10°, hence the errors can be
safely neglected. The uncertainties of parameters that influ-
ence the differential cross section normalization have also
(93) been included in Fig. 4. Among these are the scale factor
Fg, whose error is specified in Table IV, the branching frac-

The branching ratios for the feed-down channels are taken tdon Br(¢—u"u”), and the CKM matrix elemen¥y,

Br(B— ' +X)=(3.5-0.5x 103,

Br[B— x;(direct + X]=(3.7+0.7) X 10 3.

be which are given in Sec. VID 4.
The numerical impact of neglecting the rapidity depen-
Br(y'—J/+X)=(55%£5)%, dence of theB production cross section is noticeable at the
level of less than 3% in the calculation of ttdéys cross
Br(xci—Jd/¢+y)=(27.321.6)%. (94 section and less than 1% in the results forThe reason for

- lize th . di d he ch this rather weak influence is that the experimental cut on the
0 normalize the cross $€Ct|0|’]§ according to data the c a[]—/(p rapidity (y|=<0.6) also imposes an upper limit gg . A
monium branching fractions to™ .~ are required and we

ke th b simple kinematic calculation shows that the difference be-
take them to be tweeny andyyg is limited by the following expression:
Br(J/¢p—u" pu )=(5.88-0.10%, 1
=(M3+M?2—m?) —kspy cOSh
Br(¢/'—u* u)=(1.03+0.35%. (95) 278 Ty T

yg—y|=<cosh
Ve TR
VII. NUMERICAL ANALYSIS AND DISCUSSION (96)

In this section we will present the numerical results of our_ — 1 andv= —06 find bsolut
calculations and compare them with available experimentaﬁlOr cos$=—1 andy =Yma=0.6, we find an absolute upper

data; the unpolarized quarkonium production cross sectionémit onys as afuhnctiqn OKy aﬁde- I]cr;,oijrélcglcg/latiog this
from B decayg50,51 and thea parametef34]. This analy- SXPression reaches its maximum feg=4 GeV and pr

sis also illustrates the dependence of our numerical results oﬁ6 GeV, giving a numerical value fg|=<0.95. As stated

the various input parameters and the associated errors th%?r“er’ theldependence Of the .dOUbI.e differerBiafoss sec-
are involved tion onyyg is rather weak in this region and hence does not
' lead to significant deviations if it is neglected. This justifies
. . our procedure in all posterity.
A. B production cross section

The uncertainties of th& cross sectiondo/dpy, have
quite a large impact on th&/ s cross section and is of the
order of 15%—-20%. In Fig. 4, we show these uncertainties Both the differential cross section ardare strongly in-
for unpolarizedl/ ¢ production cross sections whelia/dp;  fluenced by the variation of the matrix elements. korit is
is varied between its lower and upper limit, as specified inthe main source of uncertainty, while all other errors are
Table Ill. The matrix elements and Peterson parameter wereanceled to a good accuracy, sineds a ratio of cross sec-
adjusted to the standard values which are given in Sec. VI Qions. We also remind that the variation ef goes along
For J/4 production, one clearly observes that the predictedvith the variation of the matrix elements because of the con-
cross section agrees quite well with the CDF d&tH for the  ditions that we imposed in Sec. VIC.

B. Dependence on matrix elements
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TABLE V. Coefficients of the matrix elements that describe theleading to the upper limit value ofBr(B—J/¢+X)

short distance effects ia for ep=0.012. =0.88%, whereas the minimum value corresponds to
the lower limit Br(B—J/¢+X)=0.72% (see Secs. VIC

ky . , . . . and VI D).

inGev. & 8, a,° b b0 b In Fig. 5, we show the individual contributions of each

5 —0178 —7.78 +12.8 +43.7 +103.8 +67.9 Mmatrix element to the unpolarized diredfys production

10 ~0151 -658 +11.3 4437 +1050 -+681  Ccross sectiondo/dks, for a standard set of matrix elements

15 ~0145 -633 +11.1 +437 +1055 -+683 andep as given in Sec. VIC. It has to be noted that for

20 ~0.142 -622 +11.0 +43.7 +1056 +68.3 <Og/¢(3po)>, we show the absolute value of the contribu-

25 ~0142 —-6.20 +109 +43.7 +105.6 -+68.4 tion, since it is negativésee Sec. Jl As can be seen, the

transverse momentum dependence to the different contribu-
tions is approximately the same. Thus this feature does not

The directd/ production cross section shows a variation /l0W US to concentrate on any one matrix element contribu-
of +£10% on the matrix elements. It should be noted thafion in a particular kinematic region. This has to be con-
do/dk; is not sensitive to the individual values of the matrix trasted to prompt production, where the contributions of the
elements, but only to the value of the resulting decay raténatrix elements have differekt: dependence.

I'(B—J/y+X) or, equivalently, to the branching fraction  To quantitatively illustratex’s dependence on the various
Br(B—J/y+X). The maximum value of the cross section matrix elements, we give the helicity parameter for direct
corresponds to a combination of matrix elements apd  J/¢ production, which we find to be

3 3
a(07Y(3s))+a, K0Sy +a, A OF ' (*Py))

(97)

A direct™

(OFY(3S)) +bS(OVUES) +b T OYY(3Pg)) +b,2(0FY(1Sy)

To avoid the strondk; dependence of the cross section, we A notable feature which was observed in our numerical
have normalized the color singlet coefficient in the denomi-analysis is the dependence @fon e, which is very pro-
nator to unity. Note that the numerator in E§7) is inde-  nounced]a| decreases with increasieg . This corresponds
pendent of O3 /(*Sy)) because its contribution to the decay to a similar behavior ofr with the b quark mass as observed
rate is helicity independent and thus cancels out in the nuin [31]; the smallerm, (or largerep) becomes, the smaller
merator. The coefficienta?ﬂLJ and biSHLJ are given in  |a| gets to be. However, at the Tevatron, since the shape of
Table V as functions ok; for ep=0.012. Clearlya is sen-  the distribution function itself is not too important, this be-
sitive to the numerical values of the matrix elements and alsfavior is mainly related to determining the effectivejuark
depends on the short-distance coefficients. Apart from th&ass, as introduced in E(2).

normalization, due to identical short-distance coefficients, a As stated earlier, in our analysis, the various matrix ele-
variation of both the singlet and octé8, matrix elements ments ancp are not completely independent, but their val-
have a similar effect om, i.e., with an increase of the matrix ues are correlated because of the conditions imposed in Sec.
elements,« decreasedits absolute value increagesFor  VIC. Hence, the extreme values far are acompromiseof
(09(*sy)), the situation is extremely simple, since it only the tendencies described above. The maximuna aforre-
contributes in the denominator, hence an increase of its nisponds to values df© 3 %(3S;)) and<0§’¢(381)> which are
merical value leads to a larger value @f(reduction of the close to their lower limits as specified in Appendix 1.
absolute valug A particularly strong dependence is exhib- (O 3¥(1Sy)) is also rather small @3 *(°P,)) is large and

ited in the case o(Oé""(g’Po)), as it can even change the positive, ancep is at its allowed maximum. The minimum of
sign. In fact, for central values of the other matrix elementsa is reached fo0*(3S;)) and(O¥¥(3S,)) being close to

it is possible to find a reasonable value (cﬂ)g’“’(3Po)> their upper Iimits,(Og"”(lso)) at an intermediate value and
which leads to a diverging polarization parameter. The rea<0g/¢(3po)> being close to zero, but negativep is at its

son being the short-distance coefficient in the denominator ifower bound, thus illustrating the strong dependence oh

Eq. (97) is so large that a small negative value of the matrixthis parameter.

element can result in a vanishing denominator. Obviously
such a value 0(0§’¢(3P0)> violates the constraints of Sec.

VI C because it corresponds to a negative value of the cross
section. Large positive values of tH€®, matrix element are The variation of the factorization scalg, between its
capable of creating a positive. standard valuen,=4.7 GeV and I,=3 GeV changes the

C. Other theoretical uncertainties
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FIG. 6. Unpolarized cross sectiato/dk; for J/¢ production FIG. 8. Unpolarized cross sectiato/dk; for ¢’ production
with contributions from all different channels and the combinedwith the combined error.

error.
D. Final results

results significantly. The obvious reason for this behavior is The final results fod/ ¢ as well as the experimental data
that loweringu from 4.7 GeV to 3 GeV is equivalent to are presented in Figs. 6 and 7. The corresponding quantities
reducing the color singlet matrix elements $/68% and at for ', to which no feed-down channels contribute, are
the same time increasing all octet matrix elements+4§2%  shown in Figs. 8 and 9. _
as can be estimated from Fig. 1. The net effect is a 10% The unpolarized)/¢ cross section shows a good agree-
reduction of the unpolarized cross sectid;/dk;, and an  Ment with the experimental da{®1] within error bars at
increase of 20%—25% in. intermediate transverse momerda. On the other hand it
Increasing the light quark mass., q;=d, s, from 0 to overestimates the data quite strongly for small and l&sge
150 MeV causes a reduction of the unpolarized cross sectioﬁ feature which is a resu!t of extrapolating feross section
of approximately 1.5% if all other parameters are left un- see Sec. V_III_Afor details o . .
S . Our prediction for the polarization parametelis consis-
changed. Agairnx is less strongly affected and increases by .
A - ..-“tent with 0, but the central value prefers to be small and
less than 1%. The uncertainties of the remaining quantitiex

. . egative. For the higher transverse momentum rakge
exclusively affect the cross section because they have only 10-30 GeV, we haver=—0.04+0.06. We find a good

an influence on its normalization and thus do not affect theo\greement with experimental dd4], although one has to
predictions fora. To this category belong the CKM matrix ,qmit that the statistical experimental uncertainties are enor-
element V|, the averag lifetime 75, and the branching - moys and for somk; bins cover as much as one-third of the
fraction Br(y—u"u ) which is used to normalize the iheoretically allowed parameter spaceaf The prediction
spectrum. In thg combined error @& /dky, these uncertain- ¢, , is almost independent dé; and only shows a slight
ties have been included. decrease towards the lowest transverse momentum values
displayed in Fig. 7. Also the central values of the experimen-

T
+—+— CDF data
i 15
Jhy (incl. feeddown) T T T T T T
-~~~ direct J/y —— dcl?e;dm:a
' — J/y feeddown v
X1 — Jy feeddown r Vs =1.8TeV, y| <0.67
05 - Vs=18TeV,|y| <0.6
05 -

a (ky)
S
?
L:
[
I

o (ky)
5

-1

I ! I L L L
5 10 15 20 25 30

e GV P . . . : ; ; i
6 8 10 12 14 16 18 20
kr in GeV
FIG. 7. « for J/¢ from B decays with contributions from all
different channels and the combined error. FIG. 9. « for ¢’ from B decays with the combined error.
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tal data exhibit such a tendency, but the decrease akjow  extraction of this parameter, it is pertinent for more precise
much more significant. Even here the predictions lie withinnumerical values of the matrix elements, especially, the
1o deviation of the experimental data. poorly determined O §(*Sy)) and(O ¥(°Py)).

Obviously on the basis of the current data it is not pos- To perform such an improved fit of these nonperturbative
sible to constrain the values of the poorly determined coloimatrix elements, the precision of the data has to be increased
octet 'S, and P, matrix elements any further. Nevertheless, significantly which is also expected in run Il of the Tevatron.
there are good prospects that the situation on the experimefrurthermore, it would also be desirable to experimentally
tal side will improve in the near future. Run Il of the Teva- separate direcl/ production from the feed-down channels.
tron has been in progress for one and a half years already ardis restricts the uncertainties, simply because the number of
the B physics group of the CDF collaboration expects torelevant matrix elements get reduced. Theoretically, an inclu-
increase statistics effectively by a factor of [88]. This will ~ sion of higher order corrections would be preferable to re-
reduce the statistical error at least in the low and mediuntluce the errors due to factorization scale dependence, in par-
transverse momentum range significantly and also data ificular that of the color singlet Wilson coefficient. Since it is
higher k; bins will become available. Hence it is expected known that this cannot be achieved at next-to-leading order,
that after run Il only systematical errors will dominate the @ next-to-next-to-leading order calculation might be neces-
uncertainties of ther measuremerit38]. Even if those will ~ sary[41]. Also, a better knowledge afp would improve the
not be improvedg will have an error of the order of 0.02, precision ofa. For ¢’ this could be accomplished with a fit

enough to exclude a good part of the numerical ranges of th® the unpolarized momentum spectrumydfin B decays to
matrix elements. more accurate CLEQ72] and BaBar[73] data that have

Since our calculation can be equally appliedi#tb pro- ~ become available very recently. The feed-down channels and
duction without significant modifications, we have extended’€sonant two body final stated/¢/+ K andJ/+K*) com-
the analysis to this charmonium state. For intermediate anglicate such a fit folB—J/+ X. Additionally, it might be
large values ofk; the unpolarized cross section in Fig. 8 worth trying a different parametrization for the heavy quark
agrees with the CDF data within error bars. The reason foflistribution function, because ib fragmentation, which
the excess at lowk; is the same as in the case bfiy dis-  Serves as a motivation for the distribution function, the Peter-
cussed earlier. Withv= —0.03+0.07 for k;=10-30 GeVv, son form might not be appropriat85].
the polarization parameter fgr' does not differ significantly A significant reduction of the matrix element errors is
from the one ford/y, but here a comparison with data is Mostly likely to be achieved with the help of a global fit.
almost impossible as can be seen from Fig. 9. The situatioAmMong the processes that could contribute to this:fiftom
is worse than fold/, because the error bars are huge and® decays might play an important role, being one of the few
one of the data points even lies outside the allowed regioﬁuantities that is sensitive to the individual values of the
for «, which is restricted to the intervé-1,+ 1] for theo-  (O§(*Sp)) and(O§(*Py)) matrix elements.
retical reasons. On the other hand, once more precise data
will be available, to derive tighter constraints on tfie ma-
trix elements will be more straightforward than faty be-
cause allyy’ are directly produced fronB decays, since no
feed-down channels are known to contribute. This work has been supported by the Bundesministerium
flir Bildung, Wissenschaft, Forschung und Technologie,
Bonn under contract no. 05SHT1PEA9. We wish to thank E.
VIIl. SUMMARY AND CONCLUSIONS A. Paschos for suggesting this problem and for many useful

In this paper, using the NRQCD formalism and the PMm, discussions.
we have calculated the semi-inclusive decay rdi¢B
—J/ i+ X) with polarizedJd/ s as final states. Subsequently
these results were generalized to the case of oikel
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. . . APPENDIX
guarkonium states, i.eys’ andy.;. The results were applied .
to the Fermilab Tevatron setup. In this case, we calculated NRQCD matrix elements
the differential cross sections for unpolarizéfy and ¢’ Here, we present numerical values of the matrix elements

production inB decays and the polarization parametefor  from the literature that are required in our analysis. The
Jl4 and ¢', originating fromB decays. TheB meson pro-  taples below are structured as follows. Apart from the nu-
duction cross section ipp collisions at the Tevatron was merical value, including statistical as well as systematical
implemented by a phenomenological fit to the CDF dataerrors(wherever givehwe refer to the method/process that
[34]. We considered the feed-down fromi and ., for /¢4  has been used to extract them and the corresponding refer-
production. To obtain a meaningful comparison of our pre-ences to the original publications. This list only provides an
dictions with experimental data, we carried out a detailedbverview of the numerical values that we have considered in
analysis of the various theoretical uncertainties involved. Irour analysis and is by no means meant to be exhaustive. In
particular, it was shown that is almost not influenced by the last line of each table we give a range for the correspond-
most input parameters, except for the matrix elements anthg matrix element that we have used in our calculation as
the distribution function parametes,,. Therefore, for an described in Sec. VIC.
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a. J/ ¢ matrix elements
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(0F(33)))in GeV® Method/process Reference
0.994+0.002, 5333 lattice calculation [66]

1.16 Buchmiler—Tye potential [74]
1.1+0.1 Jp—ete [61]
0.763+0.054 Jly—ee” (without QCD [75]
1.3+0.1 Jiy—ete (incl. LO QCD) [18,75
1.1+0.1

(0F(33)))in 107° Ge\? Method/process Reference
6.6+2.1 hadroproductiofiCDF data (67,68
3.94+0.63 hadroproductiofCDF data [75]
10.6+1.4.55 hadroproductio(CDF data [36]
9.6*+1.5 hadroproductiofCDF data [76]
4.4+0.7 hadroproductiofCDF data [18]
6.0+3.0

M?’in 1072 Ge\® r Method/process Reference
6.6+1.5 3 hadroproductiofCDF data [67,68
6.52+0.67 3.47 hadroproductiofCDF data [75]

3.0 7 hadroproductioifixed target [14]
8.7+0.9 3.4 hadroproductiofCDF data [18]

2.0 7 photoproduction [20]
4.38+1.15.9'15 3.5 hadroproductioiCDF data [36]

1.5 3.1 Br(B—J/y+X) (CLEO data [41]
1.32+0.21 3 hadroproductiofCDF data [76]
5.0+4.0 35

(0F(1sy))in 1072 GeV® Method/process Reference
4.0 leptoproduction [20]

14.5 Br(B—J/y+X) (CLEO data [26]
6.5+5.5

(OF(3Pg))in 1072 GeW Method/process Reference
—-0.3-m? leptoproduction [20]

~5.51 BB — Jiy + X) (CLEO data [26]
—4.0£6.0
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b. ' matrix elements

(0Y'(3s,))in GeV3 Method/process Reference
0.440+0.043 ' —e*e” (incl. LO QCD) [26]
0.65+0.6 ' —ete” (incl. NLO QCD) [18]
0.76 Buchmuler—Tye potential [74]
0.11 leptonic decay rate [77]
0.6=0.2
(04 (3S)))in 10—-3 Ge\® Method/process Reference
6.20+0.95 hadroproductiofCDF data [26]
4.2 hadroproductiofCDF data [77]
4.6+x1.0 hadroproductiofCDF data (67,68
4.4+0.87%% hadroproductiofCDF data [36]
4.2+1.0 hadroproductiofCDF data [18]
5.56+2.5
M”in 102 Ge\® r Method/process Reference
1.8+0.6 3 hadroproductioCDF data (67,68
1.79+0.51 2.56 hadroproductioCDF data [26]
1.8+0.56°353 3.5 hadroproduction [36]
0.52 7 hadroproductior{fixed target [14]
1.3+0.5 3.5 hadroproductio(CDF data [18]
0.6 3.1 Br(B— ¢’ +X) (CLEO data [41]
1.75+1.25 3.0
(04 (*Sp))in 1072 GeV Method/process Reference
~-0.96 Br(B—J/¢+X) (CLEO data [26]
2.5+2.5
(04 (3Pgy))in 1072 GeW® Method/process Reference
2.58 Br(B—J/4+X) (CLEO data [26]
0.0+10.0

C. X3 Matrix elements
(OXP(3Py))in 1072 Ge\P Method/process Reference
4.8-m? Buchmiler—Tye potential [74]
4.4-m2 Buchmilller—Tye potential (74,14
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22.9+2 5 hadroproductiofCDF data [75]
8.8+2.13 hadronicycJ decays [25]
8.9+1.3 XC2—yy [18]
6.0=4.0

(O§°(3s)))in 1072 GeV® Method/process Reference
45-6.5 B— xc2+X [41]
0.681+0.175 hadroproductiorfCDF data [75]
3.2x1.4 I'(B— xea+ X)/T (B—eve+X) [77]
1.39+0.17 hadroproductiofCDF data [26]
2.3+%0.3 hadroproductioiCDF data [18]
3.5+3.0
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