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Abstra
t

We present new sets of nonperturbative fragmentation fun
tions forD

0

, D

+

, and

D

+

s

mesons as well as for �

+




baryons, both at leading and next-to-leading order in

the MS fa
torization s
heme with �ve massless quark 
avors. They are determined

by �tting data of e

+

e

�

annihilation taken by the OPAL Collaboration at CERN

LEP1. We take the 
harm-quark fragmentation fun
tion to be of the form proposed

by Peterson et al. and thus obtain new values of the �




parameter, whi
h are spe
i�


for our 
hoi
e of fa
torization s
heme.
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1 Introdu
tion

Several experimental 
ollaborations at ep and pp 
olliders presented data on the di�er-

ential 
ross se
tion d

2

�=dy dp

T

for the in
lusive produ
tion of D

0

, D

+

, and D

+

s

mesons,

�

+




baryons, and their 
harge-
onjugate 
ounterparts. At DESY HERA, su
h data were


olle
ted by the ZEUS Collaboration [1,2℄ in low-Q

2

ep 
ollisions, equivalent to photopro-

du
tion, and by the H1 Collaboration [3℄ in deep-inelasti
 ep s
attering. At the Fermilab

Tevatron, su
h data were taken by the CDFII Collaboration [4℄ in pp 
ollisions.

On the theoreti
al side, fragmentation fun
tions (FF's) for the transitions 
; b! X




,

where X




denotes a generi
 
harmed hadron, are needed as nonperturbative inputs for the


al
ulation of all the 
ross se
tions mentioned above. Su
h FF's are preferably 
onstru
ted

by using pre
ise information from e

+

e

�

! X




+X via e

+

e

�

annihilation at the Z-boson

resonan
e, where X denotes the hadroni
 rest. In this pro
ess, two me
hanisms 
ontribute

with similar rates: (i) Z ! 

 de
ay followed by 
! X




(or 
! X




) fragmentation; and

(ii) Z ! bb de
ay followed by b! X

b

(or b! X

b

) fragmentation and weak X

b

! X




+X

de
ay of the bottom-
avored hadron X

b

. The latter two-step pro
ess is usually treated

as a one-step fragmentation pro
ess b! X




.

Using ALEPH [5℄ and OPAL [6℄ data on in
lusive D

�+

produ
tion at the Z-boson

resonan
e, we determined separate FF's for 
! D

�+

and b! D

�+

in 
ollaboration with

Binnewies [7℄. It is the purpose of this work to extra
t nonperturbative FF's for 
; b !

D

0

;D

+

;D

+

s

;�

+




from the respe
tive data samples 
olle
ted by the OPAL Collaboration

at LEP1 [8℄ using the same theoreti
al framework as in Ref. [7℄.

The work in Ref. [7℄ is based on the QCD-improved parton model implemented in the

modi�ed minimal-subtra
tion (MS) renormalization and fa
torization s
heme in its pure

form with n

f

= 5 massless quark 
avors, whi
h is also known the as the massless s
heme

[9℄ or zero-mass variable-
avor-number s
heme. In this s
heme, the masses m




and m

b

of the 
harm and bottom quarks are negle
ted, ex
ept in the initial 
onditions of their

FF's. This is a reasonable approximation for 
enter-of-mass (
.m.) energies

p

s� m




;m

b

in e

+

e

�

annihilation or transverse momenta p

T

� m




;m

b

in ep and pp s
attering, if

the respe
tive FF's are used as inputs for the 
al
ulation of the 
ross se
tions for these

rea
tions. Hen
e, we des
ribe the 
; b ! X




transitions by nonperturbative FF's, as is

usually done for the fragmentation of the up, down, and strange quarks into light hadrons.

The outline of this paper is as follows. In Se
. 2, we brie
y re
all the theoreti
al

framework underlying the extra
tion of FF's from the e

+

e

�

data, whi
h has already been

introdu
ed in Refs. [7,10℄. In Se
. 3, we present the D

0

, D

+

, D

+

s

, and �

+




FF's we obtained

by �tting the respe
tive LEP1 data samples fromOPAL [8℄ at leading order (LO) and next-

to-leading order (NLO) in the massless s
heme and dis
uss their properties. In Se
. 4, we

present predi
tions for the in
lusive produ
tion of these X




hadrons in nonresonant e

+

e

�

annihilation at lower 
.m. energies and 
ompare them with data from other experiments.

Our 
on
lusions are summarized in Se
. 5.

2



2 Theoreti
al Framework

Our pro
edure to 
onstru
t LO and NLO sets of D FF's has already been des
ribed in

Refs. [7,10℄. As experimental input, we use the LEP1 data from OPAL [8℄.

In e

+

e

�

annihilation at the Z-boson resonan
e, X




hadrons are produ
ed either dire
tly

through the hadronization of 
harm quarks produ
ed by Z ! 

 or via the weak de
ays

of X

b

hadrons from Z ! bb. In order to disentangle these two produ
tion modes, the

authors of Ref. [8℄ utilized the apparent de
ay length distributions and energy spe
tra of

the X




hadrons. Be
ause of the relatively long X

b

-hadron lifetimes and the hard b! X

b

fragmentation, X




hadrons originating from X

b

-hadron de
ays have signi�
antly longer

apparent de
ay lengths than those from primary produ
tion. In addition, the energy

spe
trum of X




hadrons originating from X

b

-hadron de
ays is mu
h softer than that due

to primary 
harm produ
tion.

The experimental 
ross se
tions [8℄ were presented as distributions di�erential in

x = 2E(X




)=

p

s, where E(X




) is the measured energy of the X




-hadron 
andidate, and

normalized to the total number of hadroni
 Z-boson de
ays. Besides the total X




yield,

whi
h re
eives 
ontributions from Z ! 
�
 and Z ! b

�

b de
ays as well as from light-quark

and gluon fragmentation, the OPAL Collaboration separately spe
i�ed results for X




hadrons from tagged Z ! b

�

b events. As already mentioned above, the 
ontribution due

to 
harm-quark fragmentation is peaked at large x, whereas the one due to bottom-quark

fragmentation has its maximum at small x.

For the �ts, we use the x bins in the interval [0:15; 1:0℄ and integrate the theoreti
al


ross se
tions over the bin widths used in the experimental analysis. For ea
h of the

four 
harmed-hadron spe
ies 
onsidered here, X




= D

0

;D

+

;D

+

s

;�

+




, we sum over the two


harge-
onjugate states as was done in Ref. [8℄. As a 
onsequen
e, there is no di�eren
e

between the FF's of a given quark and its antiquark. As in Refs. [7,10℄, we take the

starting s
ales for the X




FF's of the gluon and the u, d, s, and 
 quarks and antiquarks

to be �

0

= 2m




, while we take �

0

= 2m

b

for the FF's of the bottom quark and antiquark.

The FF's of the gluon and the �rst three 
avors are assumed to be zero at their starting

s
ale. At larger s
ales �, these FF's are generated through the usual Dokshitzer-Gribov-

Lipatov-Altarelli-Parisi (DGLAP) [11℄ evolution at LO or NLO. The FF's of the �rst three

quarks and antiquarks 
oin
ide with ea
h other at all s
ales �.

We employ two di�erent forms for the parameterizations of the 
harm- and bottom-

quark FF's at their respe
tive starting s
ales. In the 
ase of 
harm, we use the distribution

of Peterson et al. [12℄,

D




(x; �

2

0

) = N

x(1� x)

2

[(1� x)

2

+ �x℄

2

: (1)

In the 
ase of bottom, we adopt the ansatz

D

b

(x; �

2

0

) = Nx

�

(1 � x)

�

; (2)

whi
h is frequently used for the FF's of light hadrons. Equation (1) is parti
ularly suitable

for FF's that peak at large values of x, as is typi
ally the 
ase for 
 ! X




transitions.
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Sin
e the b ! X




FF is a 
onvolution of the b ! X

b

fragmentation and the subsequent

X

b

! X




+ X de
ay, it has its maximum at small x values. Therefore, Eq. (1) is less

suitable in this 
ase. We apply Eqs. (1) and (2) for the FF's of all four X




-hadron spe
ies


onsidered here.

The 
al
ulation of the 
ross se
tion (1=�

tot

)d�=dx for e

+

e

�

! 
=Z ! X




+ X is

performed as des
ribed in Ref. [7℄, in the pure MS subtra
tion s
heme, i.e., without

the subtra
tion terms d

Qa

(x) spe
i�ed in Eq. (2) of Ref. [13℄. All relevant formulas and

referen
es may be found in Ref. [10℄. As for the asymptoti
 s
ale parameter for �ve

a
tive quark 
avors, we adopt the LO (NLO) value �

(5)

MS

= 108 MeV (227 MeV) from our

study of in
lusive 
harged-pion and -kaon produ
tion [14℄. The parti
ular 
hoi
e of �

(5)

MS

is not essential, sin
e other values 
an easily a

ommodated by slight shifts of the other

�t parameters. As in Refs. [7,10℄, we take the 
harm- and bottom-quark masses to be

m




= 1:5 GeV and m

b

= 5 GeV, respe
tively.

3 Determination of the D

0

, D

+

, D

+

s

, and �

+




FF's

The OPAL Collaboration [8℄ presented x distributions for their full D

0

, D

+

, D

+

s

, and �

+




samples and for their Z ! b

�

b subsamples. We re
eived these data in numeri
al form via

private 
ommuni
ation [15℄. They are displayed in Figs. 4 (for the D

0

and D

+

mesons)

and 5 (for the D

+

s

meson and the �

+




baryon) of Ref. [8℄ in the form (1=N

had

)dN=dx,

where N is the number of X




-hadron 
andidates re
onstru
ted through appropriate de
ay


hains. In order to 
onvert this into the 
ross se
tions (1=�

tot

)d�=dx, we need to divide

by the bran
hing fra
tions of the de
ays that were used in Ref. [8℄ for the re
onstru
tion

of the various X




hadrons, namely,

B(D

0

! K

�

�

+

) = (3:84 � 0:13)%;

B(D

+

! K

�

�

+

�

�

) = (9:1 � 0:6)%;

B

�

D

+

s

! ��

+

�

= (3:5 � 0:4)%;

B

�

�

+




! pK

�

�

+

�

= (4:4 � 0:6)%; (3)

respe
tively. The experimental errors on these bran
hing fra
tions are not in
luded in our

analysis.

The values of N and � in Eq. (1) and of N , �, and � in Eq. (2) whi
h result from our

LO and NLO �ts to the OPAL data are 
olle
ted in Table 1. From there, we observe that

the parameters � and �, whi
h 
hara
terize the shape of the bottom FF, take very similar

values for the various X




hadrons, whi
h are also similar to those for the D

�+

meson listed

in Table I of Ref. [7℄. On the other hand, the values of the � parameter, whi
h determines

the shape of the 
harm FF, signi�
antly di�er from parti
le spe
ies to parti
le spe
ies. In

the D

�+


ase [7℄, our LO (NLO) �ts to ALEPH [5℄ and OPAL [6℄ data, whi
h required

separate analyses, yielded � = 0:144 (0.185) and 0.0851 (0.116), respe
tively. We observe

that, for ea
h of the X




-hadron spe
ies 
onsidered, the LO results for � are 
onsiderably

4



Table 1: Fit parameters of the 
harm- and bottom-quark FF's for the various X




hadrons

at LO and NLO. The 
orresponding starting s
ales are �

0

= 2m




= 3 GeV and �

0

=

2m

b

= 10 GeV, respe
tively. All other FF's are taken to be zero at �

0

= 2m




.

X




Order Q N � � �

D

0

LO 
 0.998 { { 0.163

b 71.8 1.65 5.19 {

NLO 
 1.16 { { 0.203

b 97.5 1.71 5.88 {

D

+

LO 
 0.340 { { 0.148

b 48.5 2.16 5.38 {

NLO 
 0.398 { { 0.187

b 64.9 2.20 6.04 {

D

+

s

LO 
 0.0704 { { 0.0578

b 40.0 2.05 4.93 {

NLO 
 0.0888 { { 0.0854

b 21.8 1.64 4.71 {

�

+




LO 
 0.0118 { { 0.0115

b 44.1 1.97 6.33 {

NLO 
 0.0175 { { 0.0218

b 27.3 1.66 6.24 {

smaller than the NLO ones. Furthermore, we noti
e a tenden
y for the value of � to

de
rease as the mass (m

X




) of the X




hadron in
reases.

In Table 2, we list three values of �

2

per degree of freedom (�

2

DF

) for ea
h of the �ts

from Table 1: one for the Z ! bb subsample, one for the total sample (sum of tagged-



, tagged-bb, and gluon-splitting events), and an average one evaluated by taking into

a

ount the Z ! bb subsample and the total sample. The a
tual �

2

DF

values are rather

small. This is due to the sizeable errors and the rather limited number of data points,

espe
ially for the D

+

s

and �

+




data. In ea
h 
ase, the Z ! bb subsample is somewhat less

well des
ribed than the total sample. The NLO �ts yield smaller �

2

DF

values than the LO

ones, ex
ept for the �

+





ase.

The normalized di�erential 
ross se
tions (1=�

tot

)d�=dx for D

0

, D

+

, D

+

s

, and �

+




hadrons (
ir
les), extra
ted from Ref. [8℄ as explained above, are 
ompared with our LO

(upmost dashed lines) and NLO (upmost solid lines) �ts in Figs. 1(a){(d), respe
tively.

The same is also done for the Z ! bb subsamples (squares). In addition, our LO and

NLO �t results for the Z ! 

 
ontributions are shown. In ea
h 
ase, the X




hadron

and its 
harge-
onjugate partner are summed over. From Figs. 1(a){(d), we observe that

the LO and NLO results are very similar, ex
ept for very small values of x. This is

also true for the distributions at the starting s
ales, as may be seen by 
omparing the


orresponding LO and NLO parameters in Table 1. The bran
hing of the LO and NLO

5



Table 2: �

2

per degree of freedom a
hieved in the LO and NLO �ts to the OPAL [8℄ data

on the various D hadrons. In ea
h 
ase, �

2

DF

is 
al
ulated for the Z ! bb sample (b), the

full sample (All), and the 
ombination of both (Average).

X




Order b All Average

D

0

LO 1.16 0.688 0.924

NLO 0.988 0.669 0.829

D

+

LO 0.787 0.540 0.663

NLO 0.703 0.464 0.584

D

+

s

LO 0.434 0.111 0.273

NLO 0.348 0.108 0.228

�

+




LO 1.05 0.106 0.577

NLO 1.05 0.118 0.582

results at small values of x indi
ates that, in this region, the perturbative treatment 
eases

to be valid. This is related to the phase-spa
e boundary for the produ
tion of X




hadrons

at x

min

= 2m

X




=

p

s. These values are somewhat larger than the x values where our NLO

results turn negative. Sin
e our massless-quark approa
h is not expe
ted to be valid in

regions of phase spa
e where �nite-m

X




e�e
ts are important, our results should only

be 
onsidered meaningful for x

�

>

x


ut

= 0:1, say. We also en
ountered a similar small-x

behavior for the D

�+

FF's in Refs. [7,10℄.

As mentioned above, we take the FF's of the partons g; u; u; d; d; s; s to be vanishing at

their starting s
ale �

0

= 2m




. However, these FF's are generated via the DGLAP evolu-

tion to the high s
ale � =

p

s. Thus, apart from the FF's of the heavy quarks 
; 
; b; b, also

these radiatively generated FF's 
ontribute to the 
ross se
tion. All these 
ontributions

are properly in
luded in the total result for (1=�

tot

)d�=dx shown in Figs. 1(a){(d). At

LEP1 energies, the 
ontribution from the �rst three quark 
avors is still negligible; it is


on
entrated at small values of x and only amounts to a few per
ent of the integrated


ross se
tion. However, the 
ontribution from the gluon FF, whi
h appears at NLO in


onne
tion with qqg �nal states, is numeri
ally signi�
ant. As in our previous works

[7,10℄, motivated by the de
omposition of (1=�

tot

)d�=dx in terms of parton-level 
ross

se
tions, we distributed this 
ontribution over the Z ! 
�
 and Z ! b

�

b 
hannels in the

ratio e

2




: e

2

b

, where e

q

is the e�e
tive ele
troweak 
oupling of the quark q to the Z boson

and the photon in
luding propagator adjustments. This pro
edure should approximately

produ
e the quantities that are 
ompared with the OPAL data [8℄.

As in Refs. [7,10℄, we study the bran
hing fra
tions for the transitions


; b! D

0

;D

+

;D

+

s

;�

+




, de�ned by

B

Q

(�) =

Z

1

x


ut

dxD

Q

(x; �

2

); (4)

where Q = 
; b, D

Q

are the appropriate FF's, and x


ut

= 0:1. This allows us to test the

6



Table 3: Bran
hing fra
tions (in %) of 
; b ! D

0

;D

+

;D

+

s

;�

+




evaluated a

ording to

Eq. (4) in LO and NLO at the respe
tive starting s
ales � = 2m

Q

and at the Z-boson

resonan
e � =M

Z

.

X




Order B




(2m




) B




(M

Z

) B

b

(2m

b

) B

b

(M

Z

)

D

0

LO 72.1 66.9 57.8 52.8

NLO 69.5 63.9 55.2 49.8

D

+

LO 26.6 24.7 19.4 17.9

NLO 25.6 23.6 18.6 17.1

D

+

s

LO 11.5 10.9 22.4 20.6

NLO 10.8 10.1 21.6 19.6

�

+




LO 5.88 5.67 15.1 13.7

NLO 5.74 5.48 14.5 13.0


onsisten
y of our �ts with information presented in the experimental paper [8℄ that was

used for our �ts. The 
ontribution from the omitted region 0 < x < x


ut

is small. Table 3


ontains the values of B

Q

(�) for all eight transitions 
; b ! D

0

;D

+

;D

+

s

;�

+




evaluated

a

ording to Eq. (4) in LO and NLO at the respe
tive thresholds � = 2m

Q

and at the

Z-boson resonan
e � = M

Z

. As expe
ted, the values of B

Q

(�) 
hange very little under

the evolution from � = 2m

Q

to � =M

Z

, and they are rather similar for Q = 
; b. Leaving

aside the insigni�
ant 
ontribution due to strange 
harm baryons, the values of B

Q

(�) for

X




= D

0

;D

+

;D

+

s

;�

+




should approximately add up to unity for ea
h heavy 
avor Q = 
; b

at any value of �. Although we did not impose this sum rule as a 
onstraint on our �ts,

it is well satis�ed for B




(M

Z

) and B

b

(M

Z

) at NLO. In fa
t, from Table 3 one obtains

103% and 99.5%, respe
tively. The 
orresponding LO values, being 108% and 105%, are

somewhat too large, as may be understood by observing the ex
ess of the LO �ts over

the experimental data at small values of x in Figs. 1(a){(d). The 
orresponding sums of

the LO and NLO entries for B




(2m




) and B

b

(2m

b

) in Table 3 range between 110% and

116%. In view of the long evolution paths from the 
harm and bottom thresholds way up

to the Z-boson resonan
e, su
h violations of the sum rule 
an be 
onsidered a

eptable.

The situation is expe
ted to improve on
e experimental data at lower 
.m. energies (see

Se
. 4) are in
luded in our �ts.

It is interesting to 
ompare our LO and NLO values of B




(M

Z

) and B

b

(M

Z

) for

the D

0

,D

+

, D

+

s

, and �

+




hadrons with the respe
tive results determined by the OPAL

Collaboration through Peterson model �ts. These results are presented in Table 9 of

Ref. [8℄ in the dressed form

p

Q!X




= R

Q

B

Q

(M

Z

)B

X




; (5)

where R

Q

= �

QQ

=�

had

are the produ
tion rates of the quarks Q = 
; b in e

+

e

�

an-

nihilation on the Z-boson resonan
e and B

X




are the de
ay bran
hing fra
tions of the

four X




hadrons X




= D

0

;D

+

;D

+

s

;�

+




into the 
hannels 
onsidered in Eq. (4). For
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Table 4: X




-hadron produ
tion rates reported by OPAL [8℄ 
ompared to results evaluated

at LO and NLO from Eq. (5) using the bran
hing fra
tions from Table 3.

X




p


!X




[%℄ p

b!X




[%℄ n(Z ! X




)B

X




[%℄

[8℄ �t

LO

NLO

[8℄ �t

LO

NLO

[8℄ �t

LO

NLO

D

0

0:389� 0:027

+0:026

�0:024

0.434 0:454� 0:023

+0:025

�0:026

0.439 1:784� 0:066� 0:086 1.746

0.414 0.414 1.656

D

+

0:358� 0:046

+0:025

�0:031

0.380 0:379� 0:031

+0:028

�0:025

0.353 1:548� 0:082

+0:082

�0:080

1.466

0.363 0.337 1.400

D

+

s

0:056� 0:015� 0:007 0.0644 0:166� 0:018� 0:016 0.156 0:460� 0:036� 0:040 0.441

0.0597 0.148 0.415

�

+




0:041� 0:019� 0:007 0.0421 0:122� 0:023� 0:010 0.130 0:345� 0:052� 0:029 0.344

0.0407 0.124 0.329

the reader's 
onvenien
e, these results are 
opied to Table 4, where they are 
ompared

with our results for p

Q!X




, whi
h are obtained from the appropriate entries in Table 3

through multipli
ation with the bran
hing fra
tions from Eq. (4) and the produ
tion rates

R




= 0:1689�0:0047 and R

b

= 0:21643�0:00072 determined by the Parti
le Data Group

[16℄ in the framework of the Standard Model. For simpli
ity, the values dedu
ed from

Table 4 do not in
lude the errors on R

Q

and B

X




and those on B

Q

(M

Z

) resulting from

our �ts.

In Table 9 of Ref. [8℄, the OPAL Collaboration also presented the total rates n(Z !

X




)B

X




, whi
h in
lude the estimated 
ontributions from gluon splitting g ! QQ; for

further details, see Ref. [8℄. In Table 4, these results are quoted and 
ompared with

the 
orresponding quantities 2(p


!X




+ p

b!X




) resulting from our LO and NLO analyses.

Noti
e that the experimental results are 
orre
ted to in
lude the unmeasured 
ontributions

from x < 0:15, whereas our evaluations of Eq. (4) ex
lude the 
ontributions from x < x


ut

.

This explains why the experimental results somewhat overshoot ours. The agreement is

worse at NLO, whi
h may be understood by observing that our evaluations of 2(p


!X




+

p

b!X




) do not in
lude the 
ontributions from gluon fragmentation, whi
h enters the stage

at NLO. Keeping these 
aveats in mind, we �nd reasonable overall agreement between

the OPAL results for n(Z ! X




)B

X




and our results for 2(p


!X




+ p

b!X




).

Our LO and NLO values of B




(M

Z

) and B

b

(M

Z

) for the D

0

, D

+

, D

+

s

, and �

+




hadrons

in Table 3 
an also be 
ompared with experimental results published more re
ently by the

ALEPH [5℄ and DELPHI [17℄ Collaborations. In Ref. [5℄, B




(M

Z

) are 
alled f(
 ! X




)

and may be found in Se
s. 7.1 and 7.3. In Ref. [17℄, B

Q

(M

Z

) are 
alled P

Q!X




and may

be extra
ted for Q = 
 from Table 13 (in 
onne
tion with sum rule of Eq. (12) and taking

into a

ount the dis
ussion of the 
ontribution from the strange 
harm baryons in Se
. 8.2)

and for Q = b from Table 15. For simpli
ity, we add the three types of errors quoted in

Refs. [5,17℄ (from statisti
s, systemati
s, and de
ay bran
hing fra
tions) in quadrature.

In 1999, Gladilin [18℄ derived world-average values of B




(M

Z

) for the D

0

,D

+

, D

+

s

, and

�

+




hadrons related to e

+

e

�

annihilation, whi
h are also listed in Table 5.

The bran
hing fra
tions of the 
 ! D

0

;D

+

;D

+

s

;�

+




transitions were also measured

in ep 
ollisions at HERA, in photoprodu
tion by the ZEUS Collaboration [1,2℄ and in

8



Table 5: Bran
hing fra
tions (in %) of 
; b ! D

0

;D

+

;D

+

s

;�

+




reported by ALEPH [5℄,

DELPHI [17℄, Gladilin [18℄, ZEUS [2℄, and H1 [3℄.

X




B




(M

Z

) B

b

(M

Z

)

[5℄ [17℄ [18℄ [2℄ [3℄ [17℄

D

0

55:9 � 2:2 54:80 � 4:78 54:9� 2:6 55:7

+2:0

�2:3

65:8

+15:5

�15:9

60:05 � 4:39

D

+

23:79 � 2:42 22:70 � 1:82 23:2� 1:8 24:9

+1:5

�1:6

20:2

+5:7

�4:4

23:01 � 2:13

D

+

s

11:6 � 3:6 12:51 � 2:97 10:1� 2:7 10:7 � 1:0 15:6

+7:5

�7:2

16:65 � 4:50

�

+




7:9 � 2:2 8:76 � 3:30 7:6� 2:1 7:6

+2:6

�2:0

{ 8:90 � 3:00

deep-inelasti
 s
attering by the H1 Collaboration [3℄. These results are also in
luded in

Table 5 for 
omparison. Stri
tly speaking, they do not 
orrespond to B




(M

Z

), but rather

to B




(�), where � is set by the average value of p

T

(in the 
ase of photoprodu
tion) or

Q (in the 
ase of deep-inelasti
 s
attering). However, from Table 3 we know that the �

dependen
e of B




(�) is relatively mild.

We observe that the experimental results 
olle
ted in Table 5, whi
h are mostly in-

dependent from ea
h other, are mutually 
onsistent within errors. Comparing them with

the 
orresponding entries in the forth and sixth 
olumns of Table 3, we �nd resonable

overall agreement.

Another quantity of interest, whi
h 
an dire
tly be 
ompared with experiment, is the

mean momentum fra
tion,

hxi

Q

(�) =

1

B

Q

(�)

Z

1

x


ut

dxxD

Q

(x; �): (6)

In Table 6, we present the values of hxi

Q

(�) for Q = 
; b evaluated at � = 2m

Q

;M

Z

with

the LO and NLO FF's of the D

0

, D

+

, D

+

s

, and �

+




hadrons. At �xed value of �, the

di�eren
es between the LO and NLO sets are insigni�
ant. The DGLAP evolution from

� = 2m

Q

to � = M

Z

leads to a signi�
ant redu
tion of hxi

Q

(�), espe
ially in the 
ase

of Q = 
. The values of hxi

b

(�) are appre
iably smaller than the values of hxi




(�), as is

expe
ted be
ause the bottom-quark fragmentation into X




hadrons is mu
h softer than

the 
harm-quark one.

Our values of hxi




(M

Z

) for the D

0

and D

+

mesons should be 
ompared with the re-

spe
tive results obtained by the OPAL Collaboration [8℄ in the framework of the Peterson

model [12℄, whi
h read

hxi




(M

Z

) = 0:487 � 0:009

+0:011

�0:009

(D

0

);

hxi




(M

Z

) = 0:483 � 0:015

+0:007

�0:011

(D

+

) (7)

for the D

0

and D

+

mesons, respe
tively. The di�eren
es to the values obtained for three
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Table 6: Average momentum fra
tions of 
; b ! D

0

;D

+

;D

+

s

;�

+




evaluated a

ording to

Eq. (7) in LO and NLO at the respe
tive starting s
ales � = 2m

Q

and at the Z-boson

resonan
e � =M

Z

.

X




Order hxi




(2m




) hxi




(M

Z

) hxi

b

(2m

b

) hxi

b

(M

Z

)

D

0

LO 0.588 0.452 0.316 0.284

NLO 0.568 0.431 0.300 0.270

D

+

LO 0.596 0.458 0.341 0.303

NLO 0.575 0.436 0.323 0.287

D

+

s

LO 0.676 0.512 0.349 0.310

NLO 0.644 0.482 0.332 0.296

�

+




LO 0.791 0.590 0.302 0.273

NLO 0.750 0.553 0.288 0.261

other fragmentation models are in
luded in the systemati
al errors. Comparing Eq. (7)

with the 
orresponding entries in Table 6, we observe that the latter are slightly smaller.

4 Comparison with e

+

e

�

data at lower energies

The fra
tional energy spe
tra of in
lusive D

0

, D

+

, D

+

s

, and �

+




produ
tion was also

measured in nonresonant e

+

e

�

annihilation at lower energies. Spe
i�
ally, the CLEO

Collaboration took D

0

, D

+

(Table XII in Ref. [19℄), D

+

s

(Table IV in Ref. [20℄), and �

+




(Table V in Ref. [21℄) data at LEPP CESR with

p

s = 10:55 GeV; the HRS Collaboration

took D

0

, D

+

(Table 1 in Ref. [22℄), and D

+

s

(Table I in Ref. [23℄) data at SLAC PEP

with

p

s = 29 GeV; and the TASSO Collaboration took D

+

s

(Fig. 3 in Ref. [24℄) data at

DESY PETRA with

p

s = 34:7 GeV. It is instru
ting to 
onfront these data with LO and

NLO predi
tions based on our new FF's, so as to test the s
aling violations predi
ted by

the DGLAP evolution equations. An espe
ially interesting situation arises for the CLEO

data [19{21℄, from whi
h all X




hadrons 
oming from X

b

-hadron de
ays are ex
luded by

appropriate a

eptan
e 
uts, so that only n

f

= 4 quark 
avors are a
tive and a dire
t test

of the 
harm-quark FF's is feasible.

The D

+

and �

+




data expli
itly refer to the de
ay 
hannels D

+

s

! ��

+

! K

+

K

�

�

+

and �

+




! pK

�

�

+

, respe
tively, and we have to divide them by the 
orresponding bran
h-

ing fra
tions. For this, we use the up-to-date values B(D

+

s

! ��

+

)B(� ! K

+

K

�

) =

(3:6�0:9)% and B(�

+




! pK

�

�

+

) = (5:0�1:3)% [16℄, ex
ept for the D

+

s

data of Ref. [24℄.

In the latter 
ase, for 
onsisten
y, we adopt the value B(D

+

s

! ��

+

)B(� ! K

+

K

�

) =

0:13 � 0:03� 0:04 from Ref. [24℄ itself.

The di�erential 
ross se
tions d�=dx for the D

0

, D

+

, D

+

s

, and �

+




hadrons measured

by CLEO [19{21℄ (
ir
les), HRS [22,23℄ (squares), and TASSO [24℄ (diamonds) are 
on-

fronted with our LO (dashed lines) and NLO (solid lines) predi
tions in Figs. 2(a){(d),

10



respe
tively.

Let us �rst 
on
entrate on our NLO predi
tions. As for the D

0

, D

+

, and D

+

s

mesons,

we observe that our NLO predi
tions generally lead to a satisfa
tory des
ription of the

experimental data, both in normalization and shape. In parti
ular, the maxima of the

measured x distributions are approximately reprodu
ed. However, in the 
ase of the

�

+




baryon, the predi
ted x distribution appears to be too hard, its peak being set o� by

approximately +0:2 relative to the one shown by the experimental data. In parti
ular, the

data points at 0.55 and 0.65 are poorly des
ribed by the NLO predi
tion. Although the �

+




baryon is 22% heavier than the D

0

and D

+

mesons, and 16% heavier than the D

+

s

meson,

mass e�e
ts are unlikely to be responsible for this disagreement, sin
e

p

s = 10:55 GeV

is suÆ
iently far above the 
harm threshold.

Let us now in
lude the LO predi
tions in our 
onsiderations. The CLEO data [19{21℄,

whi
h are most pre
ise, 
learly favor the NLO predi
tions, while the LO predi
tions are

too large at small values of x and too small in the peak region. Unfortunately, the HRS

[22,23℄ and TASSO [24℄ data do not rea
h the small-x regime, where the LO and NLO

predi
tions depart from ea
h other, and their errors are too large in order to support this

observation.

A
tually, the CLEO data [19{21℄ are 
onsiderably more pre
ise than the OPAL data

[8℄, whi
h we �tted to, and it would be desirable to also in
lude them in ours �ts. However,

we refrain from doing so for the time being be
ause their high pre
ision would make it ne
-

essary to properly treat �nite-m

Q

e�e
ts, whi
h are negle
ted altogether in the theoreti
al

formalism employed here. The general-mass variable-
avor-number (GM-VFN) s
heme

[25℄, whi
h has re
ently been extended to in
lusive X

Q

-hadron produ
tion in 

 [26℄, ep

[27℄, and pp [28℄ 
ollisions, provides a rigorous theoreti
al framework that retains the full

�nite-m

Q

e�e
ts while preserving the indispensible virtues of the fa
torization theorem

[29℄, namely the universality and the DGLAP [11℄ s
aling violations of the FF's entailing

the resummation of dominant logarithmi
 
orre
tions. A global analysis of experimental

data on in
lusive X




-hadron produ
tion in the GM-VFN s
heme is left for future work.

5 Con
lusions

The OPAL Collaboration presented measurements of the fra
tional energy spe
tra of

in
lusive D

0

, D

+

, D

+

s

, and �

+




produ
tion in Z-boson de
ays based on their entire LEP1

data sample [8℄. Apart from the full 
ross se
tions, they also determined the 
ontributions

arising from Z ! b

�

b de
ays. This enabled us to determine LO and NLO sets of FF's for

these X




hadrons.

As in our previous analysis of D

�+

FF's [7℄, we worked in the QCD-improved parton

model implemented in the pure MS renormalization and fa
torization s
heme with n

f

= 5

massless quark 
avors (zero-mass variable-
avor-number s
heme). This s
heme is parti
-

ularly appropriate if the 
hara
teristi
 energy s
ale of the 
onsidered produ
tion pro
ess,

i.e., the 
.m. energy

p

s in the 
ase of e

+

e

�

annihilation and the transverse momentum

p

T

of the X




hadron in other s
attering pro
esses, is large 
ompared to the bottom-quark

11



mass m

b

. Owing to the fa
torization theorem, the FF's de�ned in this s
heme satisfy

two desirable properties: (i) their s
aling violations are ruled by the timelike DGLAP

equations; and (ii) they are universal. Thus, this formalism is predi
tive and suitable for

global data analyses.

We veri�ed that the values of the bran
hing and average momentum fra
tions of the

various 
; b ! X




transitions evaluated at LO and NLO using our FF's are in reason-

able agreement with the 
orresponding results from OPAL [8℄ and other experiments

[2,3,5,17,18℄.

We tested the s
aling violations of our FF's by 
omparing the fra
tional energy spe
tra

of in
lusiveD

0

,D

+

,D

+

s

, and �

+




produ
tion measured in nonresonant e

+

e

�

annihilation at

p

s = 10:55 GeV [19{21℄, 29 GeV [22,23℄, and 34.7 [24℄ with our LO and NLO predi
tions

to �nd reasonable agreement. Sin
e events of X




-hadron produ
tion from X

b

-hadron

de
ay were ex
luded from the data samples at

p

s = 10:55 GeV, we obtained a 
lean test

of our 
harm-quark FF's.

It is important to bear in mind that the �t results for the input parameters in Eqs. (1)

and (2), in
luding the value of Peterson's � parameter, are highly s
heme dependent at

NLO, and must not be na��vely 
ompared without 
areful referen
e to the theoreti
al

framework whi
h they refer to.
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Figure 1: The normalized di�erential 
ross se
tions (1=�

tot

)d�=dx of in
lusive (a) D

0

=D

0

,

(b) D

�

, (
) D

�

s

, and (d) �

�




produ
tion in e

+

e

�

annihilation on the Z-boson resonan
e

evaluated at LO (dashed lines) and NLO (solid lines) with our respe
tive FF sets are


ompared with the OPAL data [8℄ renormalized as explained in the text (
ir
les). The

same is also done for the Z ! bb subsamples (squares). In addition, our LO and NLO

�t results for the Z ! 

 
ontributions are shown. In ea
h 
ase, the X




hadron and its


harge-
onjugate 
ounterpart are summed over.
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Fig. 1 (
ontinued).
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Fig. 1 (
ontinued).
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Fig. 1 (
ontinued).

17



Figure 2: The di�erential 
ross se
tions d�=dx (in nb) of in
lusive (a) D

0

=D

0

, (b) D

�

,

(
) D

�

s

, and (d) �

�




produ
tion in e

+

e

�

annihilation at

p

s = 10:55, 29, and 34:7 GeV

evaluated at LO (dashed lines) and NLO (solid lines) with our respe
tive FF sets are


ompared with data from CLEO at CESR (squares), HRS at PEP (
ir
les), and TASSO

at PETRA (diamonds), respe
tively. In ea
h 
ase, theX




hadron and its 
harge-
onjugate


ounterpart are summed over.
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Fig. 2 (
ontinued).
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Fig. 2 (
ontinued).
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Fig. 2 (
ontinued).
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