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Inclusive J/¢ and (2S) production from B decay inpp collisions
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Using information orB-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/ mesons originating from the inclusive decaysdfadrons produced ipacollisions 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 productioBfmeson decay.

Our predictions are found to agree well with recent CDF and DO i8@656-282(99)03511-0

PACS numbg(s): 13.60—r, 13.85.Ni, 13.87.Fh, 14.40.Lb

I. INTRODUCTION For the nominall/ and ¢’ predictions, it was assumed
__ thatthe nonperturbative part of the fragmentatiob gtiarks
Recently the production od/¢ and ¢'! mesons inpp  into b hadrons can be described by a Peterson FF with
collisions atys=1.8 TeV was studied with the Collider De- =0.006. This value foe was extracted more than ten years
tector at FermilaCDF) at the Fermilab Tevatrofil]. The  ago from a global analysis of data @production ine™ e~
J/y and ¢’ mesons were reconstructed from thgif u~ annihilation at the DESYete™ collider PETRA and the
decay modes. The inclusive production cross sections fog| AC e"e™ storage ring PER5], based on Monte Carlo
both charmonium states were measured as functions of th@1C) models which were in use at that time. Because of the
transverse momentunpy) in the central region, correspond- nonperturbative nature of the Peterson FF, the choice of
ing to the rapidity(y) range|y|<0.6. The CDF Collaboration st be backed up by other independent data, e.g. on
was able to extract individual cross sections J6¢ and ¢’ ete”—B+X, which must be analyzed within the very
mesons originating from weak decaystofiadrons and from  yheqry that is used for the interpretation of the CDF data, i.e.
prompt production. In this way, rather accurate data for the, . leading ordeNLO) QCD with massive quarksn,
inclusiveJ/ ¢ and ¢’ cross sections coming from the decaysio) and fixed order inv, (massive schemgs)). In e*e-
- s .
Of.B r;efsons or lotherbhadrons contzlnzlggéa{fs_l\_ﬁere ob- annihilation, this theory is only reliable just above threshold,
tained forpy values between 5 an . €V. TNese Cros]ynere almost no data exist, except from the ARGUS and
sections were compared with theoretical predictions based % EO experiments at tha(4S) resonance. In this case

nexttto-leading(l\_lLO) calt_:ulations in quantum chromody- however, theB mesons are only produced in pairs and not in
namics (QCD) with massiveb quarks[2] and subsequent the fragmentation mode. Therefore, the underlying descrip-

fragmentation of théd quarks intob hadrons. Theb-hadron tion of b— B fragmentation in the massive scheme, on which

decays ta)/y+ X andy’ + X were described by a parametri- the comparison with the CDF data is based, is to a large

zation of the momentum distribution measured by the CLEQ, h h Vsis of i g
Collaboration[3]. It was found that the data fal/ s (') extentad hocand not supported by the analysis of indepen

. hiaher than th - { dent data within the same NLO perturbative scheme. Reli-
production were higher than the QCD prediction by a factor, e jnformation on the FF fdy hadrons can only be gained
of 2—4 (3—-4) depending on th@; of the J/ (') meson.

| : from the high-statistics experiments at the CERNe™ col-
However, for largeipy values, i.epr=12 GeV, the experi- jiqer | EP 1. At LEP 1, the production d quarks is en-

mental cross sections could be reproduced by the theoretica nced as compared with the lowefe~ energies, so that
caIcuIanns_ if the scalg:, the b-quark Massmy, qnd the the produced hadrons can be identified more easily through
parametefe in the Petersof4] fragmentation functiofFF) i qir weak decays. The fragmentation ifBomesons was
were simultaneously reduced from=mr=\p7+m; 10 u  measured by the OPAL Collaboration at LEP7]. Based on
=my/4, fromm,=4.75 GeV tom,=4.5 GeV, and frome  these data, we recently constructed FF’sBamesons using
=0.006 tOE:0.004, respectively. Even with this choice of three different forms for the FF at the Starting Scﬁ@’
parameters, the measured cross sectionJfgr production including the one by Petersaet al. [4], which yielded the
was still a factor of 2 above the predictionmt<6 GeV.In  |owest y? values at leading ordet.O) and NLO[8].
the case ofy’ production, the cross section predicted with  |n Ref. [8], theb— B FF was obtained using the so-called
the modified parameters was still below the data, althouglﬁqasgess Schen[é]_ In this scheme, the parton-|eve| Ccross
the discrepancy was only about one standard deviation afections are calculated with,= 0, and the appearing collin-
large pr. ear final-state singularities are factorized into the FF's ac-

cording to the modified minimal-subtractioMg) scheme.

A nonvanishing value fomy, only appears in the initial con-

We denote they(2S) meson byy'. ditions for the FF’s. This scheme provides the appropriate
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approach for describing the fragmer_ntatiorbajuarks i_ntoB scale the latter by the fact@(b— B)/B(b—B~) and simi-
mesons at th&-boson resonance, since thequarks in the |41y for b— A, adopting the values for these branching ra-
reactione”e” —bb— B+ X typically have large momenta. tios from Ref.[13]. Furthermore, we approximate the mo-
A large-momentunb quark essentially behaves like a mass-mentum distributions of thé/« (') mesons from théB
less particle, radiating a large amount of its energy in theand Ay, decays by the one @&—J/¢+ X(B— ¢’ + X).
form of hard, collinear gluons. This leads to the well-known  This paper is organized as follows. In Sec. Il, we recall
logarithms of the formsm(,\/@/nﬁ) originating from collin-  the framgwork for calculating the cross sectiorBoproduc-
ear radiation in a scheme whena, is taken to be finite. tion in pp collisions closely following our earlier workg].
These terms appear in all orders of perturbation theory. Thén Sec. lll, the momentum distributions 6f, x.;, andy’
method for summing them is to introduce FF’s and to absortinesons fromB decay, which enter the predictions of char-
the m,-dependent logarithms into their evolution up to the Monium production fronb-hadron decay at the Tevatron, are
factorization scale of ordeM . If all terms of O(mZ/M%) ~ described in - the framework of nonrelativistic QCD
are neglected and th®!S subtraction scheme is adopted, (NRQCD) [14]. In Se‘?- IV, the relevant charmonium matrix
? . . elements are determined from CIDE| and CLEO[3] data
then this approach is equivalent to the massless schem

h tan. =0 f the bedinni In th | S prompt charmonium production. In Sec. V, we calculate
where one putsn, =0 Irom the beginning. In the massIess y,q pr spectra ofJ/¢ and ' mesons originating from

- : '"B.hadron decay at the Tevatron and compare them with
allows one to transfer the information on the fragmentation,,4ijaple CDM 1] and DO[15] data. Section VI summarizes
process in one reaction to other processes, gpg- B+ X. our conclusions.

This was done in Ref.8], where theb-quark FF's obtained
from fits to the OPAL data were used to predict the differ-

ential cross sectiodo/dpy of B production inpp scattering
at\s=1.8 TeV. These predictions were compared with data In Ref.[8], we presented LO and NLO predictions for the
from the CDF Collaboratiorf9] and found to agree with inclusive cross section d production inpp collisions with
them within errors. In this paper, we use these resultSfor \/s=1.8 TeV at the Tevatron. This analysis provides the
production to predict the distributiotho/d p; of 3/ and ¢’ basis for the theoretical description of the inclusive produc-
mesons originating fronkb-hadron decay. For this purpose, tion of J/ and ' mesons fromb hadrons at the Tevatron.
we need a realistic description of the inclusBelecays into  Having obtained the inclusivB cross sectioma/dpy, this
J/y and ' mesons. We adopt the parton-model descriptiorcross section is convoluted with the appropriately boosted
from Ref. [10], which allows one to nicely interpret the longitudinal-momentum distributions of tt and ¢’ me-
CLEO data[3]. sons fromB decay, which are considered in the next section.
While only B* and B® mesons and their antiparticles, In this way, we obtain the bulk of the cross section, more
which we collectively callB mesons in the following, are than 80% of it, from which the additional contributions origi-
produced at CLEO energies, the CDR/ and ¢4’ samples nating from the production oBg mesons and\, baryons
also contain contributions frorB; mesonsB. mesons,A,, may be estimated.
baryons, etc. We may safely ignoB: production, whose Before we come to these points, we shortly recapitulate
rate is expected to be about T0of the totalb-hadron pro- the input that was assumed in RE8)]. The formalism used
duction ratg[11]. The ¢ quark in the initial state should en- in Ref.[8] is very similar to Ref[16], where inclusive light-
hance the branching ratio to charmonium, Bytproduction  meson production ipp collisions was studied in the QCD-
is expected to account fax 1% of all events of charmonium  jmproved parton model. We work at NLO in théS scheme
production fromb-hadron decay at the Tevatrb2]. Unfor-  ith N;=5 massless flavors. In this respect, we differ from
tunately, there exist no measurements of the differentiahny of the massive calculatiofig], where onlyN;=4 active
cross sections oBs and Ay, production at LEP 1, which  fjayors are taken into account. For the proton and antiproton
could be used to extract FF's for these hadrons. Moreoveparton distribution functions(PDF’S we use the set
there f';lre no datg on the momentum distributions ofJthie CTEQ4M [17] with asymptotic scale parameteA%
and )" mesons inclusively produc_ed B and A, decays. =202 MeV or the more recent Martin-Roberts-Stirling-

Only the branching fractions df—Bs andb— Ay, (hereAy,  Thorne (MRST) set[18] of the Durham-Oxford-Rutherford

stands for a collection db baryonsg are known, which are : G)_ : y (4)
approximately 10% eacH.3]. Thus, the dominant channels group with Aye=211 MeV, which corresponds tdxq
— =300 MeV and &-quark mass ofm,=4.3 GeV[18]. The

: - 0
for b-quark f_ragmentatlon afe—~B" andb—B - Dueto the  4uthors of Ref[18] presented new fits to the relevant deep-
lack of detailed knowledge of the fragmentation iBome- o aqtic-scattering data incorporating a more realistic de-

sons and\, baryons and their inclusivé/y and ¢’ decay  gerintion of the heavy-quark PDF's, with an improved ex-
properties, we must estimate tfig and A, contributions  5501ation from scales near threshold to higher scales. For
using information orb—B fragmentation and on the mo- he g FF's, we adopt set NLO [8], which uses the Peterson
mentum distributions of the inclusivB—J/y+X and B form [4] for theb— B FF at the initial scale and yielded the
— '+ X decays. For simplicity, we assume that the:B;  best fits to the OPAL dat/]. The two alternative sets S and
andb— A, FF’s are proportional to those bf~B~ [8], and B, which are provided in Ref.8], lead to almost identical

Il. B-MESON PRODUCTION IN pp COLLISIONS
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predictions for inclusiveB hadroproduction. The evolution cedure can easily be implemented into an event generator to

of the FF’s is performed withA B =227 MeVv [8]. The be used for the analysis of the experimental ddfa Our

strong coupling constamg’)(,u) is evaluated from the two- procedgre of incorporating the CLE'O' information is some-
what different. Instead of parametrizing the measudég

; (5)

loop formula adopt.mg thAMS value f.rom. the selected Set.Of momentum distribution by a phenomenological ansatz as
proton PDF’s. We identify the factorization scales assomategvaS done in Ref.1], we adopt a consistent theoretical frame-
with the proton, antiproton, anB meson and collectively 1y hased on the parton model in connection with NRQCD,
denote them byM. We choose the renormalization and \ynich e also apply to prompt charmonium hadroproduc-
factorization scales to be=M=2¢my, wheregis anum-  qn \we first calculate, within NRQCIPL4], the momentum
ber of order unity andny= \p7+mj, is the transverse mass gjstribution ofJ/y mesons promptly produced froBidecay
of the produced charmonium state, which we generically dei the B rest system. From this we derive the longitudinal-
note by. Unless otherwise stated, we pit1. We recall  momentum distribution of thé/y mesons forB mesons in
that, in the case of inclusivB production discussed in Ref. flight by performing an appropriate boost and integrating
[8], we instead tookny to be theB transverse momentum. In- gyer the transverse momentum components. To adjust the
the present case, we consider it more appropriate to nelate jnput parameters, the momentum distribution in Bi@est
to the final-statey state. The rationale is that we combine thesystem is boosted to the CLEO laboratory frame and com-
b— B fragmentation an@— ¢+ X decay processes into one pared with the CLEO data. This already accounts for 71% of
single process. This scale convention also considerably simhe J/¢ mesons coming fronB decay. The same procedure
plifies the computations, since the evolution of BIEF's are  can be applied to thB8— i’ + X decay mode. As we shall
performed numerically inx space[19]. Later on, we study gee in Sec. IV, in the case 8 x.;+ X, the NRQCD pre-
the scale dependence of our results in order to get soniction falls short of the CLEO datg8], so that its normal-
handle on the theoretical uncertainty related to this arbitrariization must be adjusted by hand. For simplicity, the feed-
ness in convention. We adopt all kinematic conditions fromgown from ¢’ and y., mesons tal/ mesons is accounted
Ref.[1]. . for by including the respective branching fractions and as-

When we present LO results, they are consistently comsyming that thel/# mesons receive the full momentum of
puted using set CTEQ4I[17] (MRSTLO [18]) of proton  ihe primary charmonium states.

PDF's, set LO P ofB FF's [8], the one-loop formula for  The momentum spectrum of the prompt, inclusiBe
al(u) with A®)=181 MeV[17] (A®®=132 MeV[18)  _ j/y4+X decay has been investigated just recently by
and the LO hard-scattering cross sections. Palmer, Paschos, and Soldgi0] in the NRQCD approach
[14]. In this approach, the decdy— J/ ¢+ X is represented
lll. CHARMONIUM PRODUCTION FROM B-MESON by a sum of products, each of which consists of a short-
DECAY distance coefficient for the creation ota pair in a specific

angular-momentum 1L ;) and color 6=1,8) configura-

: tion and a nonperturbative NRQCD matrix element
prompt production ofl/¢s mesons and the two feed-down . .
modesB— g’ + X followed by ¢’ —J/y+X and B— x, (O a,251L,]), which parametrizes the subsequent evo-
+X, with J=0,1,2, followed byy.;— J/+ v. In the recent lution of the intermediatec] a, 25+1 ;] state into the physi-
CLEO measurementfs], these three sources were disen-Cal J/¢ state(plus light hadronsvia the emission of soft
tangled and found to have the branching fractions (0.8@®luons. In their work, the transitioB—b is described by
+0.08)%, (0.19:0.03)%, and (0.130.02)%, respec- WO alternative models, the parton model and the model
tively. The total inclusivel/y branching fraction was mea- Pased on Fermi momentum smearjag]. These models dif-
sured to beB(B— J/ ¢+ X)=(1.12+0.07)%[3]. The inclu- fer in the description of the long-distance transit®s-b. In
sively producedy’ mesons are all believed to be promptly the parton model approach, the transitiBr-b is param-
produced. The CLEO Collaboration also measured the moetrized by a distribution function similar to the one used in
mentum distribution of thé— J/+ X decay including all deep-inelastic scattering. In the Fermi motion approach, the
three sources and the one of tBes ¢’ + X decay. Further- bound-state corrections to the frbejuark decay are incor-
more, they presented the momentum distribution of thePorated by giving the spectator quark a Fermi motion inside
promptB— J/ ¢+ X decay, i.e. with the contributions due to theé B meson. Since both models rely on unknown param-

In order to predict the inclusive cross sectionJéfy me- + X prompt, inclusive decay, we expect that the fine details

sons fromB decay inpﬁcollisions, we need the total ¢ of describing theB— b transition are irrelevant for our pur-

momentum distribution, i.e. the sum of the prompt and theﬁoﬁesf' lﬂ p‘?/rtlcrL:qlar, ?]S v;:/)e shtaltljsteet,htheTm\;)r;e?]tllmtl)d;s';rllr::u—
two feed-down contributions. So, the easiest way to incorpo-O of the J/yy mesons boosted to the Tevatron laboratory

rate the CLEO information would be to boost back theframe only depends on the bulk properties of the momentum

CLEO data, measured in the CLEO laboratory frame, intodistribution in theB rest _sy_stem. In the following, we adopt
he parton-model description &—b.

the B rest frame. In this system, the distribution is assumed . ,

to be isotropic. This distribution must then be boosted from N the perturbative NRQCD Zl‘gilrlnework, one first calcu-
the B rest frame along the momentum direction of the pro-lates the decay raté(b—cc[ a,“>" "L ;]+q) of a b quark
ducedB meson to the Tevatron laboratory frame. This pro-going to acc pair in statef a, 25+11 1] plus a light quarkg,

The inclusive decayB—J/#+ X has three sources: the
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whereq=d,s. Then, one obtains from this the—J/4+ X d&B*r’ G2ZMm3
decay rate by exploiting the NRQCD factorization theorem. EBE{,,T= %|Vcb|2
In the b-quark rest frame, the final formula read<] d°k, 288w
M2
G2 am2\? _ B 2
__F 2 34" X4{|a—b+(a+b) (XL +Xx2)
I'(b—Jd/y+X)= 14471_|Vcb| mcmb(l mﬁ 5 5} +
2 5
«|al 1+ 2c +bl, (3.1) ><[f(x+)+f(x,)]+(a+b)W(x++x,)
m; v
where G is Fermi's constantV., is an element of the x(x+—x)[f(x+)—f(x)]], (3.9
Cabibbo-Kobayashi-Maskawa matrix, aral and b are

NRQCD coefficients given by

whereEg= P2+ M2, Ey= \/k2¢+ M f,,, and

(0V1,%8])

a=(2C,—C_)>——=——+(C,+C_)? Pg-k)* \(Pg-k))?—~M3M?
3m: L= vE : (3.9
(OM825)) (0V18,Py]) ’
X Zr;z + m_“ ' Here, a prime is introduced to discriminate quantities refer-
¢ ¢ ring to the system with finitd®z from their counterparts in
the B rest frame. A similar formula applies to the inclusive
,3(0718,'50]) B— ¢’ +X decay.
b=(C,+C-) om? : (3.2 Equation(3.4) is used in two ways. First, it is applied in
¢ the CLEO laboratory frame, wheréPg|=+M2/4—M3
Here, it is assumed than,=0 and |V J?+|Veq?=1. C. =0.341 GeV, after integration over the direction Iq; to

are the short-distance coefficients appearing in the effectiveonstrain the theoretical input enteriagandb by compari-
weak-interaction Hamiltonian that describes thesccq ~ SON With the CLEO dat43]. For the promptB—J/¢+X

transition. We observe that the—J/4+ X decay rate essen- 4€cay, this was already done in REI0]. A convenient al-

tially depends on two parameteesandb, which are given in ternative to do_ing the angular 'integration in the CLEO labo-
terms of the charm-quark mags,, the short-distance coef- ratory system is to carry it out in tHgrest frame and then to

ficients C., and the NRQCD color-singlet and color-octet PErform a boost to the CLEO laboratory system. Infest
matrix elements. In our numerical analysis, we Be Tame, the decay width differential ik, = |k,| is easily ob-
—1.16639¢10 5 GeV 2, V ,=0.0395, m;=M /2, where tained ag10]
M,=3.09688 GeV[13] is the J/¢s mass,C,=0.868, and 3

2 2 2
C_=1.329[10]. The NRQCD matrix elements are specified d_F_ GeMy, v b|2ﬁ[
Cc
E

a—b+(a+b)&(x +x_)2
om2 T

in Sec. IV. dk, 727Mg 2
The inclusive decay of thB meson is described by intro-

ducing the structure functiof(x) for the transitiorB—b. It X[f(x+)+f(x-)]+(a+b)
characterizes the distribution of thequark momentum in- M2

. . ; 2
side theB meson and is usually parametrized by the Peterson X—2 (X, X)X O~ F(x)1}, (3.6
form [4], M7,

x(1—x)? wherex.. is now given by
f(X)=Ne———F——, 3.3
[(1-%)%+ex] E,*k,
X+ ZM—. (37)
wheree is a free parameter and, is determined so thdi(x) B
is no_rmallzed to 1. It is well kn_own that the FF f_or_the Here,k,, varies in the interval 6K, <k, may Where
transitionb— B peaks at large. Since we expect a similar '
behavior for the inverse transitid— b, the Peterson ansatz M2—M?
should be well suited. Specifically, we adopt the vakie kw,maﬁT‘/’. (3.8
=0.0126, which was determined in the LO analysis of Ref. B
[8].
Using the formalism of Ref.10], we obtain the following In the CLEO laboratory frame, we then have

f_orrr_1u|a for the |ncIu3|veB—>J/z//+,X Qecay w@th, differen- dr Mka/, edk, dT
tial in the J/¢ three-momentunk,,, in an arbitrary frame, —= —,f _— (3.9
where theB meson has three-momentuPg : dk), 2PgE}Jk Ky dky
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where

1~ MB ’ 2=Mmin MB Ny, max| -

(3.10

Here,k,, varies in the interval mak(,0)<k; <k, , where

, _PB(MZB+ M%) = Eg(M3—M?)
- 2M3

(3.11

Notice thatdI" on the left-hand side of E¢3.9) refers to the
B rest frame, so that integrating E@.9) overk{,, yields the
properB— J/ s+ X decay width.

The second application of E¢3.4) concerns the calcula-
tion of theB—J/ ¢+ X decay distribution in the component
k| of theJ/ three-momentum that is parallel By . For this
purpose, we must integrate E¢3.4) over the orthogonal
momentum componeikt; . This can be directly done leading
to

2713 , 12

£: GFML/’ |V b|2jkT,2ma>< T
dk| 2887Mg " Jo =
X a—b+(a+b)£(x +x_)2

am2 T

X[f(x;)+F(x_)]+(a+b)

2

M3
gz 0 F X010 = 1)]

(3.12

where

ME+M3+2Pgk|

12
k 2E;

T.max_

2
) -Mj—k* (3.13

and k” <k <k, . For most of our applicationsPg=|Pg|
>Myj is satisfied. In this limit, an asymptotic formula for
dT'/dx, where x=k/Pg, can be derived. Defining
=M?/M§ andt=k;* /M3, we have

dr GéMngv , (x—r)(l—x)dt
288mx [Veo

&(X, PB) =

X

a+b
r(a—b)+ T(X++X_)2

at+b
X[Fx)+f(x-) ]+ T(X++X—)(X+_X—)

><[f(X+)—f(X—)]}. (3.14

where

PHYSICAL REVIEW D 60 014006

_1
Xi—z

r+t\?
X+ T) —4r ), (315)

X+ —=*
X

andr=<x=<1. An alternative way of calculating the distribu-
tion in Eq. (3.12 is to transform thek; integration into an
integration overk,, in the B rest frame, in a way similar to
Eqg. (3.9). This leads to

dF MB kz/;,maxdk¢, dr

—= -— , 3.1
dk, 2Eg k, dky, (3.16

kx//,min

wheredI'/dk, andk,, m.« are given in Eqs(3.6) and(3.8),
respectively, and

|Egk{ —Pgm|

Mo , (3.1

y,min—

with m/ = Jk[2+M 2¢.

As already mentioned in Sec. Il, we incorporate e
— i+ X decay in our calculation of inclusivB hadropro-
duction by defining effective FF’s for the transition of the
partons that come out of the hard scattering to thenesons
as

Z i—B '

1dz X 5
2" Tg dz

DM = |

X

WhereDHB(x,Mf) are the nonperturbative FF’'s determined
in Ref. [8], 'g=1/7g is the total B decay width, and
dI'(x,Pg)/dx is obtained from Eqgs(3.12 or (3.16. For
given i transverse momentuim; and rapidityy, Pg in EqQ.
(3.18 is given byPg= \/pT2+ mTzsinhzy/z, wherem; is the ¢
transverse mass. For reasons explained above, we choose the
factorization scale to b®l;=2£&my . In our numerical analy-

sis, we use th8*/B° average valueMz=5.2791 GeV and
75=1.61 ps[13] for the B mass and lifetime, respectively.

In the remainder of this section, we discuss the decays
B— x5t X, with J=0,1,2, within the NRQCD framework.
They were not considered in RgfL0]. They contribute via
radiative feed-down to the vyield of/¢ mesons from
b-hadron decay measured at the Tevatron and must, there-
fore, be included in our analysis. We find that E8.1) and
the subsequent equations derived from it carry over to these
cases if we substitute everywhegeby x.;, insert

(OXe[ 8,°S,])

2 ’
Cc

a=(C,+C_)?
2m

2(0%o[ 1,°Py])

4
c

3(0X9[ 8,°S,])

2 )
C

a=(2C,—-C_)?
m

+(C,+C_)2
2m
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TABLE I. Values of thel/ andy’ matrix elements resulting from minimu? fits to the CDF dat#1].
M/ is defined in Eq(4.2).

¥ Iy v
(0 1.%s,]) (7.63+0.54)x 107! Ge\® (4.40£0.43)x 107 Ge\®
(0'8,%s]) (3.94+0.63)x10°° Ge\® (6.20+0.95)x 1073 Ge\®
MY (6.52-0.67)x 102 Ge\® (1.79:0.51)x 1072 Ge\®
r 3.47 2.56
X3k fus. 5.97/10 1.00/4
X3¢ fra. 1.53/2 0.03/2
X5 tot. 7.49/12 1.03/6
,5(0Xe 8.%s,]) earlier CDF data, while our result fofO0"'[ 8,°S;]) is
a=(C.+C.) 2m? ' (3.19 somewhat Iarger than their valu¢O?'[8 381]) (4.6

+1.0)x10 % Ge\A. Figure 1 illustrates, for the fusion pic-

for J=0,1,2, respectively, and pbt=0 in all three cases.  ture, how the theoretical cross section of promjpthadro-
production compares with the corresponding CDF dafa
and how it is decomposed into its color-singlet and color-
octet components. The total cross section in the fragmenta-
tion picture, which is complementary to the fusion picture, is

In this section, we determine the leading NRQCD color-not shown in Fig. 1 because it would be hardly distinguish-
octet matrix elements of thd& ¢, ¢', and x.; mesons from able from the solid line. It is almost entirely due to the
fits to the CDF data of their prompt hadroproductiidi, [ 8,%S;] channel, while th¢ 1,%S;] contribution is approxi-
imposing the requirement that the branching fractions of thenately down by a factor of 60. The goodness of the fits in
inclusive B decays into these charmonium states, calculatethe fusion and fragmentation plctures is measured in terms of

IV. NONPERTURBATIVE CHARMONIUM MATRIX
ELEMENTS

as described in Sec. Ill, agree with the CLEO res{iB  the x? per degree of freedon%DF These values and their
whenever this is possible. This complements our previousombinations are also given in Table I.

analysis[21], where we determined th# ¢ and y.; color- As is well known[22], prompt hadroproduction o/
octet matrix elements from the CDF ddtf alone. and ' mesons is rather insensitive to the individual values

We start by repeating th# ¢ analysis of Ref[21] for the  of (OY[ 8,'S,]) and (O Y[ 8,3P,]) as long asM? is kept
o' mesons We extrao(t(’)‘” [1 331]> from the measured fixed. This is very different for their production fro de-
' — 't~ decay width[13] using the QCD-improved for- cay. This circumstance may be exploited in order to sepa-
mula (3) of Ref.[21]. We then determine the leading color-

0o
octet matrix elements from the CDF data sample of prompt 10 E T T
' hadroproductiori1], which contains 5 data points. Simi- = S (0¥[L%s,]) 1
larly to the J/¢ analysis reported in Ref21], we obtain 3 R - -~ (0*[8.%s,]) ]
! i 21 7
(0] 8,3S,]) from the upper part of thp; spectrum(ast 2 E b v
data points working in the fragmentation picture, where the = 0 T My E
= , F 3
cc bound state is created from a single high-energy gluon, A C total ]
charm quark or antiquark which is close to its mass shell. In } [ 4+ CDF 1
a second step, we extract the linear combination > .
& 1072 "\ —
’ ’ 1 r ’ 3 -6: § ) §
MY =(0"[8,'S])+ (0" [8°Pol), (4.1 g I ]
- mg - > i ]
+
3 ; > 108 |-
from the lower part of thep; spectrum(first 4 data points * E 3
. . . — . o o N ]
adopting the fusion picture, where tlee bound state is % s . N ]
formed within the primary hard-scattering process. Heis, ° [ o - 1
chosen in such a way that the superposition of these two o Ll L] | | \"‘l
channels is insensitive to precisely how they are weighted TR
relative to each other. The results obtained with set CTEQ4L pr [GeV]

[17] of proton PDF’s are listed in Table | together with our G 10 the CDF d he inclusive had duction of
. W' FIG. 1. Fit to the CDF data on the inclusive hadroproduction o
previous LO results fod/ ¢y mesongd21]. Our result forM/ prompt ' mesons[1], which come in the form oflo/dpy inte-

agrees very well with the valueM$ =(1.8+0.6) grated ovety|<0.6 as a function op;. Only the fusion results are
X102 Ge\? found by Cho and Leibovicf22] from afitto  shown.
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~ TABLE Il. Decompositions oM}’ (y=J/4,y") from Table I rately fix (O] 8,1Sy]) and(O Y[ 8,3P,]) using the CLEO
into (O '[ 8,'S,]) and(O [ 8,°P,]) obtained by requiring that the ~ g4ta[3]. We choose to do this by adjusting the NRQCD
NRQCD values oB(B— i+ X) for prompty production through  eq1t5” for theB— y+ X branching fractions so that they

. : 2
Erge;‘zz Z?J:r?_w'th the CLEO ddi@]. The resulting values ofor agree with the measured values. The outcome andfhe
values achieved are summarized in Table Il. The fact that the
v Iy W CLEO data favor negative values ¢® /[ 8,2P,]) was al-
ready observed in Reff10]. The ¢’ case was not considered

— — 3 . . . .
<OZ[ §f;50]> 1.45¢<10 _12GeV3 ~9.66¢10 GeV®  there. The resultingd— ¢+ X differential branching frac-
(018, Pol) —5.51x10 . GeV®  258<10 OGEVE tions (16'g)dI'/dk;, for =3/, are compared with the
B(B—y+X) 0.800% 0.340% CLEO data in Figs. @) and 2b), respectively.
(promp} An alternative criterion for determining? [ 8,'S,]) and
X2 103/20 16.5/8 gr q 3 . L 2 . ;
DF (O] 8,°Pg]) is to minimize they~ values of the theoretical
decay spectrum with the experimental data. This leads to the
results shown in Table Ill. We observe that tBe-J/
0.0150 [ T T T T | T T T T | T T T T I T T T T ] 0.006 [ T T T T | T T T T | T T T T | T ]
[ B-J/y+X direct ] [ B-y'+X ]
0.0125— ~§+ CLEO - 0.005 — +$+ CLEO —
'rT_| 0.0100 -— —- "T_‘ 0.004 -— —-
> L E > - 1
Q Q
S N ] - i ]
% 0.0075 ; —— % 0.003 - -
= . — = : ]
o F . s - g
£ L ] g L ]
= 0.0050 — — = o002 —
0.0025 ; —— 0.001 L -
0.0000 —II 1 1 1 X | 1 11 1 | 1 1 1 @-l ] 0.000 i 1 1 1 I 1 1 1 1 | 1 1 X 1 I ]
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5
(a) kj, [GeV] (b) Ky [GeV]
e I s
0.015— —
& _
- —_——— ,‘0' 2
‘,T_| - -
> 0.010— —
g | = CLEO |
~
~
I'U - -
~
[ =
5 L _
= | _
N
Z 0.005 — —
I ++ /. 5 |
0.000 p: ¥ A :’l)u L1 | T M IS S
0.0 0.5 1.0 1.5 2.0
(© k}, [GeV]

FIG. 2. Fit to the CLEO data on the production throlgHecay of(a) promptJ/ ¢ mesons(b) ' mesons, andc) J/ s mesons including
those from the feed-down of.;, xc2, andy’ mesond3].
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TABLE lll. Same as in Table Il, but from minimurg? fits to L e L I UL I R
the CLEO date[3] oo Pp=5GeV 4
! T ——- 10GeV 1
lﬂ le ¢ 0.020— € —
(0] 8,']) 2.23x10°! GeV® 1.26x10°° Ge\® [ ---- 20GeV ]
(O08,%Py]) ~1.09x10°! Ge\®P 1.56x10 2 Ge\P § - . 1
B(B— ¢+ X) (prompd 0.684% 0.282% 5 o5 ]
X3F 93.5/20 13.4/8 Eﬂ i ]
T I ' :
+X andB— ¢’ + X branching fractions are reduced by 15% & 0010 —
and 17% relative to Table Il, while the quality of the fits is X i S ]
only marginally improved. From the sign flip of A - ,’ E
(0"'[ 8,'Sy]) we conclude that this matrix element is not 0.005 — C ]
very well constrained from the CLEO data. On the other - C oy BoJ/¥+X 1
hand, its value in Table Il is very small. i P direct ]
. . [ ’
We remark that our fits to the CLEO data have b T IR T TR N
values. From Figs. (@ and 2b), we observe that the data 0.000 =02 02 06 08 10
both at small and largd/ ¢y momenta are not fitted well. At x=ki/Py

large J/ 4+ momentum, the spectrum is influenced by contri-
butions from theK, K*, and higherK* resonances, which
can only be included in an average way by our approach. W um Pg for various values oPg . The result forPg=x is evaluated
think that the exact shape of tlié) spectrum is not relevant from EBq (3.14 B B

after the boost to the Tevatron laboratory frame. Of impor- T

tance, however, is the absolute normalization of the spec- h v bh logical d . W |
trum, since the final result is directly proportional to it. we choose a purely phenomenological description. We cal-

Therefore, the fit procedure leading to Table II, which isCulate the momentum spectrum of tB&) mesons fromB
faithful in the experimental normalization, should be pre-d€cay via thex., states to LO in NRQCD, using the above
ferred, and we use the results of Table Il in the remainder of"@lrix elements, an average -meson mass of 3.495 GeV,
this paper. In summary, the measuBes J/ -+ X decay dis- and the values oB(x;—J/¢+ ) from Ref.[13], and ad-

tribution may be reasonably well described adopting the parYSt its normalizat_ign in accordance with the CLEO result, to
ton model for theB—b transition and NRQCD for thé be (1.3:0.2)X 10 *° [3]. Without this normalization factor,

—Jly+X decay. In this way, (0Y8,1S]) and We would —have 23-0B(B— Xca+ X)B(xe— I/ ¢+ v)
(01 8,3P,]) may be determined separately, while the:2;05>< 10" “. The CLEO Collaboration did not specify ex-
Tevatron data only allow us to fix their linear combination Perimental data on the momentum spectrum ofhg me-
MY sons originating from they.; states. However, they pub-
We now turn to theB— y.,+ X decays. The relevant ma- lished the measured decay spectrum for the combiligd

trix elements for their description in the NRQCD framework S2mple, includ,ing prompt production and feed-down from
are(OX<o[ 1,3P,]) and(OX<o[ 8,3S,]). For our analysis, we Xc1 Xc2 andy’ states. In Fig. &), these data are compared
adopt The value <5X50[ 1 3PO]>:(8_80J_r 2.13) with the superposition of our NRQCD results. Notice that

X 1072 Ge\P from Ref.[23], where it was determined from both experimental and theoretical results have the same nor-

the measured hadronic decay widths of fhg mesons. Us- malization.
ing the central value of this result, we then find

FIG. 3. B—J/¢+ X (prompd branching fraction differential in
e J/ ¢ longitudinal momentum fraction relative to tf&emomen-

(OX0[ 8,°S])=(1.89+0.17)<10 * Ge\® from a LO fit  y CHARMONIUM PRODUCTION FROM b-HADRON

to the CDF data on prompg.; hadroproductiorf1]. Using DECAY IN pp COLLISIONS

the NRQCD formalism described in Sec. Il with this input,

we evaluate theB— x.;+X branching fractions forJ In this section, we present our predictions for the inclu-

=0,1,2 to be 8.7%10°°, 5.38<10° 4, and 3.910 % re-  sive production ofJ/¢ and ¢ mesons originating from
spectively. These values are incompatible with the CLEGy-hadron decay ipp collisions at the Tevatron and compare
results, B(B— x;+X)=(4.020.6-0.4)x10 2 and B(B  them with available CDF1] and DO[15] data. As described

— Xc2+X)=(2.5+1.0+0.3)x 103 [3], where the first er- in Sec. Ill, the cross section of this process emerges from the
ror is statistical and the second systemalie- x,o+ X de-  one of inclusiveb-hadron production by convolution with
cays were not observed by CLEO. Obviously, the CDF datanhe longitudinal-momentum distribution of thl and ¢’

on pp— xc;+ X and the CLEO data oB— y.;+ X cannot mesons fronb-hadron decay appropriately boosted along the
be simultaneously interpreted to LO in the NRQCD frame-b-hadron flight direction. In Fig. 3, we investigate how the
work. The inclusion of the NLO corrections to tie— y; B—J/ ¢+ X branching fraction (17g)dI'(x,Pg)/dx differ-

+ X decay width does not remove this discrepafi2g]. In  ential in x=k//Pg, as given by Eqs(3.12 or (3.16), is
want of a theoretically satisfactory solution to this problem,distorted by a boost to the frame where tBemeson has
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nonvanishing three-momentug. Specifically, we con- SEEMERARAE RN RRAM AR RN
sider the caseBgz=5, 10, and 20 GeV. For comparison,also &  [» .. CTEQ4L |
the asymptotic line shape according to E8.14), which re-
fers to the infinite-momentum frame, is shown. We observe
that the finitePg results rapidly converge towards the
asymptotic form. In order to obtain the effective-J/y
FF's via B decay, we need to convolute the—J/¢+X
decay distribution shown in Fig. 3 with our—B FF's [8]
according to Eq(3.18.

Having fixed all relevant input from fits to the OPAL data

on efe"—B+X [7], the CDF data onpp— y+X via
prompt productiorf1], and the CLEO data oB— ¢+ X [3],
we are now in a position to make absolute predictions for

charmonium production vib-hadron decay ipp collisions.
In Figs. 4a) and 4b), we consided/ production, summing
over the prompt channel and the feed-down channels via the TR T T e
xcy @and ¢’ states. In Fig. @), the py distributiondo/dpr 50 75 100 125 150 175 200
measured by CDF1] in the central region of the detector, Pr [GeV]
for |y|<0.6, is compared with our LO and NLO predictions

based on the CTEQHL7] and MRST[18] PDF’s and scale T T T
choiceé=1. In Fig. 4b), the £ dependence of these predic-
tions is analyzed for three representative valuep.af As a

rule, the theoretical uncertainty may be estimated from three
criteria: (i) the difference between the LO and NLO predic-
tions; (ii) the shift due to scale variations; afid) the varia-

tion between different PDF sets. All these points may be
studied with the help of Figs.(d) and 4b). We find good
agreement with the experimental data, especially in the upper
pt range, where the theoretical uncertainty is smallest. As
expected, the NLO results are there more stable under scale
variations than the LO ones. At the lower end of the

&

- —— CTEQ4M

10~1

1072 |- V5 = 1.8TeV

do(pp > 3/¥ +X)/dpr - BUI/¥ » u*u”) [nb/GeV]

lyl < 0.6

E

do(pp » I/¥ +X)/dpy - B(I/¥ » *1”) [nb/GeV]

spectrum, the NLO results undershoot the data, but exhibit 1072 — —
sizeable normalization uncertainties. The CTEQ and MRST Ceee 18.38 GeV ]
PDF’s lead to very similar results, except at very lpw. In e
Fig. 5, theJ/y analysis of Fig. 4a) is repeated fory’ me- i % ''''
sons. Here, the agreement between experimental data and L

NLO predictions is also good at low;, where the theoret- 0.5 1.0 2.0

~
e

ical uncertainty is largest. (b
the-:-rhﬁjlf:c?;gl‘]sandIeDsOc[)}i?]zijOrlcl)%?J(():;%Ir?r\:\;tﬁl)suqt g:grl?mhled FIG. 4. The CDF data on the inclusive hadroproductionbof
P P hadrons decaying td/ mesons[1] are compared with LO and

hating betwee.nhch.)mhpt productlona,bf}ge(zj-dowdn from _cl:_zarmo'NLO predictions evaluated with CTEQ47] and MRST[18] pro-
nium states with higher masses, adron decay. These ,, ppps, (@ pr dependence for scale choide=1 and (b) ¢

cross seqtions are both differential i3, but are comple- dependence for selected valuespsf.

mentary in the sense that the CDF data are integrated over

the central region, withy|<0.6, while the DO data are samples taken in the same experiment. Furthermore, we al-
sampled in the forward and backward directions, with 2.5ready know from Fig. @) that the predictetb-hadron decay
<|y|<3.7. In Figs. 62 and €b), we compare these data contribution agrees well with the CDF data. So far, the DO
with our predictions obtained from the formalism explainedCollaboration did not present separate cross sections for the
here and in Ref[21] with the nonperturbative charmonium individual channels ofl/¢ production. The agreement be-
matrix elements determined in Sec. IV. We work at LO us-tween their combined cross section and the theoretical pre-
ing the CTEQ4L PDF'417]. Apart from the total contribu- diction, which is essentially tuned to fit the CDF data, is
tions, also the partial contributions due to prompt productionremarkably good, except at the upper end ofgthapectrum.
feed-down fromy.; mesons, feed-down fron’ mesons, In a way, Fig. b) represents an indirect comparison be-
and b-hadron decay(summing over the prompt and feed- tween the CDF and DO data dry production, which refer
down channelsare shown. In the case of CDF, there is goodto different kinematic regimes. We notice that, at lame
agreement over the fulpr range considered. This is not the cross sections of the prompt dmtiadron channels are of
surprising because the contributing matrix elements were adche same order for the CDF central productimee Fig.
tually determined from the promgV/¢, x.;, and ¢’ data 6(a)], whereas, in the case of DO forwatdackward pro-
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A R e RARAIRAassnanasn AR L ASAasnaaasnaas
= wtl o CTEQ4L _| g ol ge prompt
% - ‘{;\1 -~ CTEQ4M ] E . T fromxa
C " ----- MRSTLO ] ~ R from y'
—~ 3. N
li | N 100 g\—\}\ ..... from B
3 t NN ]
_T 02 § : \‘:\\ . total 1
=z : o S “On 4 CDF -
5 : ﬂ.k 10-1 |- A —
& [ g : E
’\\ Q » \\\ ]
> - + C 2 ]
i .
> _ = i . i
t 1078 = f a2 b N S =
'S [ V5 = 1.8TeV 's E Vs = 18TeV L T
. [ Iyl<o08 : 3 r bi<oe RN
- ' . T TN TR
11 | 1011 | 111 | A1l | 111 | L1 1) | 11 5_0 7.5 10.0 12.5 15.0 17.5 20.0
8 8 l1)0 [Ge:; 14 18 () Pr [GeV]
T
. . . T ]
FIG. 5. The CDF data on the inclusive hadroproductiorbof '%‘ 2 _“§* _______ v
hadrons decaying t@/’ mesons[1] are compared with LO and °® 10 E promp 3
NLO predictions evaluated with CTEQ47] and MRST[18] pro- 4 F . -—- from xqg ]
ton PDF's. = - & o
I:L 10! :\ A from ¢ -
. . . + = . B =
duction, the prompt channel plays the dominant feke Fig. :l - W\ e from B ]
6(b)]. This means that the cross sections of these two chan- S C N total ]
nels have different rapidity dependences. This could be = 100 | N —
checked experimentally if these cross sections were mea- - E RN %+ DO 3
sured separately also in the forwalwhckward direction. g, C N
a, v
X w0t Ny -
VI. CONCLUSIONS A 2 3
: L= > L ]
We considered the hadroproductiongip collisions ofb = 02 NN
hadrons which subsequently decay to charmonia and pre- i~ E Vs = 1.8TeV TN
sented theoretical predictions for tipg distribution of the T - 25<|y|<3.7 Ny
latter. The formation of thés hadrons was described in the ° N I \.\'“k\-
QCD-improved parton model with FF’s fitted & e~ data 107 5 10 15

on B-meson productiof8]. In want of detailed experimental (b) pr [GeV]
information of the FF's oB; mesons and\,, baryons, we
approximately accounted for their contributions by appropri-
ately adjusting the normalization of o FF's [8]. The B
decays to the various charmonium states were treated

NRQCD [10] with nonperturbative matrix elements deter- , , .
. — varying the PDF’s and found that it was of orde25% for
mined from the CDH1] and CLEO[3] data on prompt pt=13 GeV. We also compared the full COE] and DO

charmonium production irpp collisions andB decay, re-  [15] data samples od/y production without distinguishing
spectively. In the case of th@— yc,+X decays, the pepween prompt, feed-down, arfehadron decay channels
NRQCD results for their branching fractions came out con+yith our predictions. Again, we found good agreement.
siderably smaller than the CLEO resul8, so that we had  gjnce the CDF and DO data refer to different ranges of ra-

to include a phenomenological magnification factor. Further-pidity’ this may also be regarded as an indirect comparison
more, we assumed that the decaysBaf mesons and\,  petween them.

baryons to charmonia, for which no data exist so far, can be
described on the same footing as Bhdecays. We compared
the CDF data o/ and ¢’ production fromb-hadron de-
cay [1] with our theoretical predictions and found good One of us(G.K.) is grateful to the Theory Group of the
agreement. We estimated the theoretical uncertainty by comiWerner-Heisenberg-Institut for the hospitality extended to
paring LO and NLO predictions, by scale variation, and byhim during a visit when this paper was prepared.

FIG. 6. The(a) CDF[1] and(b) DO [15] data on the inclusive
hadroproduction ofl/¢ mesons from all channels are compared
i\p{ith LO predictions evaluated with CTEQ4I17] proton PDF’s.
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