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We present new sets of nonperturbative fragmentation functions forD* 6 mesons, both at leading and
next-to-leading order in theMS factorization scheme with five massless quark flavors. They are determined by
fitting the latest OPAL and ALEPH data on inclusiveD* 6 production ine1e2 annihilation. We take the
charm-quark fragmentation function to be of the form proposed by Petersonet al. and thus obtain new values
of the ec parameter, which are specific for our choice of factorization scheme. With these fragmentation
functions, recent data on inclusiveD* 6 photoproduction inep collisions at DESY HERA are reasonably well
reproduced.@S0556-2821~98!04513-5#

PACS number~s!: 13.87.Fh, 13.60.Le, 13.85.Ni, 14.40.Lb
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I. INTRODUCTION

Recently, the H1@1# and ZEUS@2# Collaborations at the
DESY ep collider HERA presented data on the different
cross sectiond2s/dylabdpT of inclusiveD* 6 production in
low-Q2 ep collisions, equivalent to photoproduction. He
ylab andpT are the rapidity and transverse momentum of
producedD* 6 mesons in the laboratory frame, respective
These measurements extended up topT512 GeV. Another
source of information onD* 6 production comes from
e1e2→D* 61X at theZ-boson resonance@3,4#. In this pro-
cess, two mechanisms ofD* 6 production contribute with
similar rates. TheD* 6 mesons are either produced byZ

→cc̄ decay and subsequentc/ c̄→D* 6 fragmentation, or by

Z→bb̄ decay with subsequent fragmentation ofb/b̄ quarks
into B mesons, which weakly decay intoD* 6 mesons. The
latter two-step process is usually treated as a one-step

mentation processb/b̄→D* 6. With the aid of very efficient
bottom-tagging methods, these two main sources of inclu
D* 6 production were disentangled with high purity, an
separate cross sections for the two production mechan
were presented. This allows one to determine separate

mentation functions~FF’s! for c/ c̄→D* 6 and b/b̄→D* 6.
Owing to the factorization theorem, these can then be use
make quantitative predictions forD* 6 production in other
reactions such asgp→D* 61X, which is being measured a
HERA. Such a program, which constitutes a test of the u
versality of theD* 6 FF’s, was recently carried out by tw
groups@5,6#.

These works are based on the so-called massless-c
scheme@7#. In this scheme, the charm-quark massmc is
neglected, except in the initial conditions for the parton d
sity functions ~PDF’s! and the FF’s of the charm quark
This should be a reasonable approximation for center
0556-2821/98/58~1!/014014~9!/$15.00 58 0140
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mass~c.m.! energiesAs@mc in e1e2 annihilation or trans-
verse momentapT@mc in gp scattering. In this approach
charm is considered to be one of the active flavors inside
initial photons and protons, in the same way as the lighteu,
d, ands quarks. Then, the collinear singularities, which co
respond to theasln(m2/mc

2) terms, wherem is an appropriate
factorization scale~m5As and m5pT , respectively!, in a
scheme where the charm quark is treated as a massive
ticle and only three active flavors are taken into account,
absorbed into the charm-quark PDF’s and FF’s. Instead
absorbing the logarithmic terms, one can start withmc50
and absorb the initial- and final-state collinear singularit
as usual in the modified minimal-subtraction (MS) factoriza-
tion scheme, based on dimensional regularization. These
possibilities to achieve a massless-charm result, i.e., to
sorb the collinear singularities either in the form of log
rithms or in the form of 1/e poles viaMS factorization, differ
by finite terms, as was shown in Ref.@8# for the case of

e1e2→c/ c̄1X. These terms can be considered as pertur
tive FF’s at the low initial scalem0 of ordermc , which are
evolved to higher scales with the usual Altarelli-Parisi~AP!

equations@9#. Along these lines, cross sections forpp̄ @10#,
gp @11#, andgg @12# collisions were calculated in next-to
leading order~NLO!, describing this way the transformatio
of a massless charm quark into a massive charm quark v
perturbative QCD cascade. Later, this approach was
tended by including a nonperturbative FF which describ
the transition from the massive charm quark and antiquar
the D* 6 mesons@5,13#. In our earlier works onD* 6 pro-
duction@6,14#, instead of working with the perturbative FF’s
we incorporated their effect by an equivalent modification
the pureMS scheme with massless quarks, which led to
particular kind of massive subtraction scheme. This cha
of scheme was restricted to the final state.
© 1998 The American Physical Society14-1



n

th
w
in

a-
d
re

tu
he
nt
,

po

-

uc

r
s
ti

n

e
x-
n
e

II
Se

s
V

om

ly
p

w
a
re
n-

t to

d
iza-

oth
o
.
ng

rons

on
acks
ary

n.
s

ic

pa-

n-
-

ich
in

the

ed
ated
e
ales

of
ting
ter-
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After fitting the nonperturbative fragmentation compone
to the e1e2 data taken by ARGUS@15# and OPAL @4# in
Ref. @5# and to those taken by ALEPH@3# and OPAL@4# in
Ref. @6#, the cross section of inclusiveD* 6 photoproduction
in ep collisions as measured by H1@1# and ZEUS@2# could
be reasonably well described. In particular, not only
shape, but also the normalization of the cross section
very well accounted for@6#. These papers showed that,
order to successfully predict inclusiveD* 6 production in
low-Q2 ep collisions, it is essential to incorporate inform
tion on the fragmentation process from other reactions an
use the very same factorization scheme for all conside
processes.

The fragmentation of charm or bottom quarks intoD* 6

mesons cannot be calculated from first principles in per
bative QCD. In fact, in order to realistically describe t
formation of theD* 6 mesons, a nonperturbative compone
which is not known theoretically, is always needed. Hence
is certainly appropriate to give up the perturbative com
nent of the FF input altogether and to describe thec/ c̄
→D* 6 andb/b̄→D* 6 transitions entirely by nonperturba
tive FF’s, as is usually done for the fragmentation ofu, d,
ands quarks into light mesons.

The aim of the present work is to reconsider the prod
tion of D* 6 mesons both ine1e2 annihilation and photo-
production, adopting this puristic approach of fully nonpe
turbative fragmentation in theMS scheme with five massles
flavors. This analysis is based on very recent high-statis
data from the OPAL@16# and ALEPH@17# Collaborations at
CERN e1e2 collider LEP1. The FF’s thus fitted are the
used to update our predictions for the cross section ofD* 6

photoproduction inep collisions to be compared with new
data from the ZEUS Collaboration@18#.

The outline of this paper is as follows. In Sec. II, w
briefly recall the theoretical framework underlying the e
traction of FF’s frome1e2 data, which has already bee
introduced in Refs.@6,14#. Then, we present the FF’s w
obtained by fitting the newD* 6 data from OPAL@16# and
ALEPH @17# at leading order~LO! and NLO in the pureMS
factorization scheme with five massless flavors. In Sec.
we apply the nonperturbative parameters determined in
II to make LO and NLO predictions forD* 6 photoproduc-
tion in ep collisions, which we then compare with the late
ZEUS data@18#. Our conclusions are summarized in Sec. I

II. D* 6 PRODUCTION IN e1e2 ANNIHILATION

Our procedure to construct LO and NLO sets ofD* 6

FF’s has already been described in our previous paper@6#.
Here, we only give those details which differ from Ref.@6#.
As experimental input, we now use the new LEP1 data fr
OPAL @16# and ALEPH @17#. While the older ALEPH@3#
and OPAL data@4# agreed well enough to be simultaneous
fitted @6#, the new data samples do not sufficiently overla
Thus, we refrain from performing a combined fit. Instead,
generate independent LO and NLO FF sets for the two d
samples. This allows us to check actually how well our p
dictions for otherD* 6-production cross sections are co
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strained by the available information frome1e2 annihila-
tion, an error source which has so far been rather difficul
assess quantitatively.

In e1e2 annihilation at theZ-boson resonance, charme
mesons are produced either directly through the hadron
tion of charm quarks produced byZ→cc̄ or via the weak
decays ofB hadrons fromZ→bb̄, with an approximately
equal rate. Charmed mesons fromZ→cc̄ allow us to deter-
mine the charm-quark FF. The main achievement of b
experimental analyses@16,17# was to disentangle these tw
main sources ofD* 6 production at theZ-boson resonance
In Ref. @16#, a combination of several charm-quark taggi
methods, based on fully and partially reconstructedD* 6 me-
sons, and a bottom-quark tag, based on identified elect
and muons, was used. In Ref.@17#, the separation ofcc̄ and
bb̄ events was improved by means of an algorithm based
the measurement of the impact parameter of charged tr
and the effective mass of those least fitted to the prim
vertex. As in the earlier analyses@3,4#, the D* 6 mesons
were identified via the decay chainD* 1→D0p1 and D0

→K2p1 ~and the analogous chain for theD* 2 meson!,
which allows for a particularly clean signal reconstructio
The experimental cross sections@16,17# were presented a
distributions differential in x52E(D* 6)/As, where
E(D* 6) is the measured energy of theD* 6 candidate,
which are normalized to the total number of multihadron
Z-boson decays. Besides the totalD* 6 yield, which receives
contributions fromZ→cc̄ and Z→bb̄ decays as well as
from gluon fragmentation, both experimental groups se
rately specified results forD* 6 mesons from taggedZ
→bb̄ events. The contribution due to charm-quark fragme
tation is peaked at largex, whereas the one due to bottom
quark fragmentation has its maximum at smallx.

For the fits, we usex bins in the interval@0.1,1.0# and
integrate the theoretical functions over the bin widths, wh
is equivalent to the experimental binning procedure. As
the experimental analyses, we sum overD* 1 andD* 2 me-
sons. As a consequence, there is no difference between
FF’s of a given quark and its antiquark. As in Ref.@6#, we
take the starting scales for theD* 6 FF’s of the gluon and the
u, d, s, andc quarks and antiquarks to bem052mc , while
we takem052mb for the FF’s of theb quark and antiquark.
The FF’s of the gluon and the first three flavors are assum
to be zero at the starting scale. These FF’s are gener
through them2 evolution, and the FF’s of the first thre
quarks and antiquarks coincide with each other at all sc
m.

We employ two different forms for the parametrization
the charm- and bottom-quark FF’s at their respective star
scales. In the case of charm, we use the distribution of Pe
sonet al.@19# ,

Dc~x,m0
2!5N

x~12x!2

@~12x!21ecx#2 . ~1!

In the case of bottom, we adopt the ansatz
4-2
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PREDICTIONS FORD* 6 PHOTOPRODUCTION AT DESY . . . PHYSICAL REVIEW D 58 014014
Db~x,m0
2!5Nxa~12x!b, ~2!

which is frequently used for the FF’s of light hadrons. Ho
ever, in contrast to the light-hadron case, we expect thaa
.0 for D* 6 mesons, so thatDb(x,m0

2)→0 asx→0. Fur-
thermore, we expect thata,b, sinceDb(x,m0

2) is supposed
to have its maximum somewhere atx,0.5. This choice of
starting distributions was also used for the mixed set~M! in
Ref. @6#. The form of Petersonet al. is particularly suitable
for FF’s that peak at largex. Since the bottom-quark FF
being a convolution of theb→B fragmentation and the sub
sequentB→D* 61X decay, has its maximum at smallx
values, we obtain intolerably bad fits if we also use Eq.~1! in
this case. In Ref.@6#, we also studied the alternative whe
Eq. ~2! is used both for the charm and bottom quarks, lead
to the standard set~S!. Although set S yielded slightly lowe
x2 values per degree of freedom (xDF

2 ) at the expense o
having one more fit parameter, both sets S and M led
almost identical predictions forD* 6 photoproduction in the
kinematical regions of present interest at HERA. In th
work, we thus limit ourselves to the mixed ansatz. This
cilitates the comparison of our results, especially onec , with
the literature on charm-quark fragmentation, where the
satz of Petersonet al., Eq. ~1!, is commonly used. Ansatz~2!
was also employed some time ago in Ref.@13# to describe
the nonperturbative FF’s of charm quarks intoD and D*
mesons and those of bottom quarks intoB mesons.

The calculation of the cross section (1/s tot)ds/dx for
e1e2→g,Z→D* 61X is performed as described in Re
@6#, except that we now abandon the subtraction ter
dQa(x) specified in Eq.~7! therein, for reasons explained i
Sec. I. All relevant formulas and references may be found
Ref. @6#.

Both OPAL @16# and ALEPH@17# presented momentum
distributions for their full D* 6 samples and for thei
Z→bb̄ subsamples. We received these data in numer
form via private communications@16,17#. The OPAL data
are displayed in Fig. 4 of Ref.@16# in the form
(1/Nhad)dND* 6 /dx, whereND* 6 is the number ofD* 6 can-
didates reconstructed through the decay chain mentio
above. In order to convert this into the cross sect
(1/s tot)ds/dx, we need to divide by the branching fraction
B(D* 1→D0p1)50.68360.014 and B(D0→K2p1)5
0.038360.0012@20#. The momentum distribution of the ful
ALEPH sample, which is shown in Fig. 3 of Ref.@17#, has to
be treated in the same way. In the case of the ALEPHZ→bb̄
subsample, which is presented in Fig. 8 of Ref.@17#, we need
to include the additional factorRb3 f b50.0464, whereRb

5G(Z→bb̄)/G(Z→hadrons) andf b is the fraction ofbb̄
events in the sample which remains after subtracting
events from gluon splitting; this factor may be extract
from Ref. @17#. The ALEPH data@17# have slightly smaller
statistical errors than the OPAL data@16#.

As for the asymptotic scale parameter appropriate for
active quark flavors, we adopt the LO~NLO! value LMS

(5)

5108 MeV ~227 MeV! from our study of inclusive charged
pion and -kaon production@21#. The particular choice of
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(5) is not essential; other values, in particular higher L

values of LMS
(5) , can easily be accommodated by slight

shifting the other fit parameters without changing the qua
of the fit. As in Ref.@6#, we take the charm- and bottom
quark masses to bemc51.5 GeV andmb55 GeV, respec-
tively. Sincemc andmb only enter via the definitions of the
starting scalesm0 of the FF’s, their precise values are imm
terial for our fit.

The values ofN andec in Eq. ~1! and ofN, a, andb in
Eq. ~2! which result from our LO and NLO fits to the OPAL
and ALEPH data are summarized in Table I. In the follo
ing, we refer to the corresponding FF’s as sets LO O, N
O, LO A, and NLO A, respectively. In Table II, we list thre
xDF

2 values for each of these four fits: one for theZ→bb̄

subsample, one for the total sample~sum of cc̄-tagged,
bb̄-tagged, and gluon-splitting events!, and the average
evaluated by taking into account both theZ→bb̄ subsample
and the total sample. We observe that all four fits are qu
successful, withxDF

2 values of order unity. The LO and NLO
fits to the OPAL data are slightly better than those to
ALEPH data. In each case, theZ→bb̄ subsample tends to b
less well described by the fit than the total sample. As
pected on general grounds, the NLO fits are superior to
LO fits.

In Fig. 1~a!, we compare the OPAL data@16# with the LO
and NLO calculations using sets LO O and NLO O, resp
tively. The analogous analysis for the ALEPH data@17# is
shown in Fig. 1~b!. Notice that the distributions plotted in
Figs. 1~a! and 1~b! correspond to (1/s tot)ds/dx; i.e., the ex-

TABLE I. Fit parameters for the charm- and bottom-quark FF
of sets LO O, LO A, NLO O, and NLO A. The correspondin
starting scales arem052mc53 GeV andm052mb510 GeV, re-
spectively. All other FF’s are taken to be zero atm052mc

Collaboration Set Flavor N a b ec

LO c 0.223 – – 0.0851
OPAL b 84.0 2.69 5.13 –

NLO c 0.267 – – 0.116
b 18.9 1.71 4.02 –

LO c 0.385 – – 0.144
ALEPH b 196 2.98 6.21 –

NLO c 0.444 – – 0.185
b 86.4 2.41 5.96 –

TABLE II. x2 per degree of freedom pertaining to the LO a
NLO fits to the OPAL@16# and ALEPH@17# data. In each case,xDF

2

is calculated for theZ→bb̄ sample, the full sample, and the com
bination of both.

Set

OPAL ALEPH

Average b Sum Average b Sum

LO 1.11 1.11 1.11 1.53 1.65 1.42
NLO 0.92 0.97 0.88 1.39 1.60 1.22
4-3
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perimental data are multiplied by the factors specified abo
Except at very smallx, the LO and NLO results are ver
similar. This is also true for the distributions at the starti
scale, as may be seen by comparing the corresponding
and NLO parameters in Table I. Onlyec changes appreciabl
as we pass from LO to NLO. The branching of the LO a
NLO results at smallx indicates that, in this region, th
perturbative treatment ceases to be valid. This is relate
the phase-space boundary for the production ofD* 6 mesons
at xmin52m(D*6)/As, wherem(D* 6) is theD* 6 mass. At
As5MZ , one hasxmin50.046. This is approximately wher
our NLO results turn negative. Since our massless-quark
proach is not expected to be valid in regions of phase sp
where finite-m(D* 6) effects are important, our result
should only be considered meaningful forx*xcut50.1, say.
We also encountered a similar small-x behavior in our pre-
vious analysis@6#, where we fitted the older ALEPH@3# and
OPAL @4# data in the framework of the massive subtracti
scheme. Since the two rightmost data points of the ALE
Z→bb̄ sample, corresponding to thex bins @0.85,0.9# and

FIG. 1. ~a! The cross sections of inclusiveD* 6 production in
e1e2 annihilation evaluated with sets LO O and NLO O are co
pared with the OPAL data@16#. The three pairs of curves corre

spond to theZ→cc̄, Z→bb̄, and full samples.~b! The same for
sets LO A and NLO A and the ALEPH data@17#.
01401
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@0.9,0.95#, come with negative cross sections and rath
small errors@17#, we excluded them from our fits.

Comparing Figs. 1~a! and 1~b!, we observe that the OPAL
and ALEPH data are indeed somewhat different in shape
do not mutually overlap within their errors. Thus, combin
LO and NLO fits would lead to intolerable values ofxDF. By
the same token, the separate fits to the OPAL and ALE
data lead to significantly different values for the paramet
appearing in the starting distributions~1! and~2!, as may be
seen from Table I. There are also striking differences
tween the parameters resulting from the LO and NLO fits
the same data sets. The valueec50.0851 of set LO O is very
similar to the valueec50.0856 of set LO M in our previous
analysis@6#. On the other hand, our new NLO results forec ,
namely 0.116 for set NLO O and 0.185 for set NLO A, a
significantly larger than our previous value 0.0204 for s
NLO M @6#. This dramatic shift inec is due to the fact that
we are now using a different scheme for the factorization
the final-state collinear singularities~namely, the pureMS
scheme with five massless flavors! than in Ref.@6#, where we
modified this scheme so as to incorporate the effect of
perturbative FF’s@8# ~massive subtraction scheme!. One im-
portant advantage of our new approach becomes appare
we compare Figs. 1~a! and 1~b! with Figs. 1~b! and 2~b! in
Ref. @6#; see also Fig. 1 in Ref.@5#. While in the NLO analy-
ses of Refs.@5,6# the NLO cross section ofe1e2→D* 6

1X turned negative forx*0.9, the new NLO calculation
stays positive in the upperx range, coincides there with th
LO calculation, and nicely describes the data. We attrib
the unphysical large-x behavior of the NLO calculation in
Refs. @5,6# to the use of the massive subtraction scheme
conjunction with special forms for the nonperturbative FF
at the starting scale. This led to the appearance of large S
kov logarithms which spoiled the NLO result atx*0.9. This
feature forced us@6#, and also the authors of Ref.@5#, to
exclude from the fits the rather precise experimental d
points atx close to unity. By contrast, the NLO calculation
the pureMS scheme does not suffer from theoretical pro
lems at highx, and there is no need to omit valuable expe
mental information in that region.

As mentioned above, we take the FF’s of the parto
g,u,ū,d,d̄,s,s̄ to be vanishing at their starting scalem0
52mc . However, these FF’s are generated via the AP e
lution to the high scalem5As. Thus, apart from the FF’s o
the heavy quarksc,c̄,b,b̄, also these radiatively generate
FF’s contribute to the cross section. All these contributio
are properly included in the total result for (1/s tot)ds/dx
shown in Figs. 1~a! and 1~b!. At LEP1 energies, the contri
bution from the first three quark flavors is still negligible;
is concentrated at smallx, and only amounts to a few percen
of the integrated cross section. However, the contribut
from the gluon FF, which appears at NLO in connection w
three-parton final states, is numerically significant. Mo
vated by the decomposition of (1/s tot)ds/dx in terms of
parton-level cross sections@see Eq.~5! in Ref. @6##, in Figs.
1~a! and 1~b!, we distributed this contribution over theZ
→cc̄ and Z→bb̄ channels in the proportionec

2 :eb
2 , where

eq is the effective electroweak coupling of the quarkq to the

-

4-4
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Z boson and the photon including propagator adjustme
This procedure approximately produces the quantities
should be compared with the OPAL and ALEPH data. W
ignore the effect of electromagnetic initial-state radiatio
which has not been corrected for in the data.

As in Ref. @6#, we study the branching fractions for th
transitions of charm and bottom quarks toD* 6 mesons, de-
fined by

BQ~m!5E
xcut

1

dxDQ~x,m2!, ~3!

whereQ5c,b andxcut50.1. This allows us to test the con
sistency of our fits with information presented in the expe
mental papers@16,17#. The contribution from the omitted
region 0,x,xcut is close to zero. For all four FF sets, w
calculateBQ(m) at the respective thresholdm52mQ and at
the Z-boson resonancem5MZ and present the outcome i
Table III. As expected, the values ofBQ(m) change very
little under the evolution from 2mQ to MZ , and they are very
similar for Q5c,b. The OPAL analysis@16#, which is con-
ceptually very different from ours, yieldedBc(MZ)50.222
60.01460.014 andBb(MZ)50.17360.01660.012, where
the first ~second! error is statistical~systematic!. These val-
ues lie in the same ballpark as our corresponding LO O
NLO O results in Table III. The ALEPH paper@17# does not
explicitly quote values for these branching fractions. Ho
ever, by combining other results given in Sec. 8 of Ref.@17#,
we infer that Bc(MZ)50.23010.059

20.070, which nicely agrees
with our corresponding LO A and NLO A results in Tab
III.

Another quantity of interest, which can directly be com
pared with experiment, is the mean momentum fraction:

^x&Q~m!5
1

BQ~m!
E

xcut

1

dxxDQ~x,m!, ~4!

TABLE III. Branching fractions of charm and bottom quark
into D* 6 mesons at the respective starting scales and atm5MZ

evaluated from Eq.~3! with sets LO O, LO A, NLO O, and NLO A.

Collaboration Set Bc(2mc) Bc(MZ) Bb(2mb) Bb(MZ)

OPAL LO 0.273 0.256 0.246 0.232
NLO 0.255 0.238 0.238 0.220

ALEPH LO 0.308 0.287 0.213 0.200
NLO 0.288 0.265 0.201 0.186
01401
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where Q5c,b. In Table IV, we collect the values o
^x&Q(m) for Q5c,b evaluated atm52mQ ,MZ with the four
FF sets. At fixedm, the differences between the OPAL an
ALEPH sets and between LO and NLO are marginal. Ho
ever, the AP evolution fromm52mQ to m5MZ leads to a
significant reduction of̂ x&Q(m), especially in the case o
Q5c. Our results for̂ x&c(MZ) should be compared with
the experimental numbers reported by OPAL@16# and
ALEPH @17#,

^x&c~MZ!50.51560.00260.009 ~OPAL!,

^x&c~MZ!50.487860.004660.0061 ~ALEPH!, ~5!

respectively. The central values are very close to those
ported in the previous OPAL@4# and ALEPH @3# publica-
tions, but the errors are now considerably smaller. Comp
ing Eq. ~5! with Table IV, we conclude that our results fo
^x&c(MZ) slightly undershoot the independent experimen
determinations in Refs.@16,17#, by about 5%~11%! at LO
~NLO!. In order to assess the theoretical uncertainty of
results in Table IV related to the choice of ansatz at
starting scale, we recall that, in Ref.@6#, the LO S~NLO S!
result for^x&c(MZ) turned out to be 6%~4%! larger than the
LO M ~NLO M! result. At this point, we should also mentio
that the results in Eq.~5! are not directly extracted from th
measuredx distributions, but from calculations based o
some Monte Carlo model with parameters fitted to the
perimental data. Whether this is the actual source of the
ference remains unclear for the time being.

Having constructedD* 6 FF’s from LEP1 data, it is in-
teresting to quantitatively investigate whether they lead t
consistent description of available data one1e2→D* 61X
at other values ofAs. This would represent a direct test o
the underlying scaling violation of fragmentation as imp
mented in the QCD-improved parton model via the timeli
AP equations. To this end, we select the data from ARG
@15# atAs510.49 GeV, from HRS@22# atAs529 GeV, and
from TASSO@23# at As534.2 GeV. In Fig. 2~a!, we com-
pare these data with our respective LO and NLO predicti
based on sets LO O and NLO O, respectively. For referen
also the OPAL data@16# are included. The analogous com
parison based on sets LO A and NLO A is shown in F
2~b!. To quantitatively assess these comparisons, we sum
rize the corresponding values ofxDF

2 in Table V. We observe
that the scaling violation encoded in the experimental dat
faithfully described by our theoretical predictions. As e
pected on general grounds, thexDF

2 values tend to be lowe
ark
TABLE IV. Average momentum fractions ofD* 6 mesons produced through charm- and bottom-qu
fragmentation at the respective starting scales and atm5MZ evaluated from Eq.~4! with sets LO O, LO A,
NLO O, and NLO A.

Collaboration Set ^x&c(2mc) ^x&c(MZ) ^x&b(2mb) ^x&b(MZ)

OPAL LO 0.644 0.490 0.391 0.343
NLO 0.617 0.464 0.362 0.320

ALEPH LO 0.598 0.459 0.360 0.317
NLO 0.576 0.437 0.337 0.298
4-5
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for the NLO analyses. Within the framework of the QCD
improved parton model, the OPAL data appear to be m
consistent with the ARGUS data than the ALEPH da
while the ALEPH data seem to agree better with the H
data than the OPAL data do. However, we should bea
mind that, in contrast to the LEP1 data, the ARGUS, HR

FIG. 2. ~a! The ARGUS @15#, HRS @22#, TASSO @23#, and
OPAL @16# data on inclusiveD* 6 production ine1e2 annihilation
are compared with the predictions based on sets LO O and NLO
~b! The same for sets LO A and NLO A and the ALEPH data@17#.
For separation, the data have been rescaled by powers of 10. I
case of TASSO, the open triangles refer to theD0→K2p1p1p2

channel~TASSO1! and the solid triangles to theD0→K2p1 chan-
nel ~TASSO2!. In the cases of OPAL and ALEPH, we consider t
dimensionless quantity (1/s tot)ds/dx.

TABLE V. x2 per degree of freedom evaluated with sets LO
LO A, NLO O, and NLO A for the ARGUS@15#, HRS @22#, and
TASSO @23# data. TASSO1 ~TASSO2! refers to the D0

→K2p1p1p2 (D0→K2p1) channel.

Collaboration Set ARGUS HRS TASSO1 TASSO

OPAL LO 1.86 2.01 1.20 1.84
NLO 0.86 2.02 0.95 1.54

ALEPH LO 4.67 1.00 0.76 2.35
NLO 3.43 0.96 0.59 2.09
01401
re
,
S
in
,

and TASSO data are presented in the formsds/dx and thus
suffer from an additional normalization uncertainty.

The successful comparisons in Figs. 2~a! and 2~b! and
Table V reassure us that ourD* 6 FF’s, although constructed
at As5MZ , also lead to useful descriptions ofD* 6 frag-
mentation at other scales. In the next section, we exploit
property together with the universality of fragmentation
make predictions for inclusiveD* 6 photoproduction at
HERA.

III. D* 6 PRODUCTION IN LOW- Q2 ep COLLISIONS

In this section, we compare our NLO predictions for t
cross section of inclusiveD* 6 photoproduction inep scat-
tering at HERA with the 1996 data from the ZEUS Collab
ration, which were presented by Y. Eisenberg at the 19
International Europhysics Conference on High Energy Ph
ics @18#. We emphasize that these data are still prelimina

The present HERA conditions are such thatEp
5820 GeV protons collide withEe527.5 GeV positrons in
the laboratory frame. The rapidity is taken to be positive
the proton flight direction. The quasi-real photon spectrum
described in the Weizsa¨cker-Williams approximation by Eq
~5! of Ref. @14#. This spectrum depends on the photo
energy fraction,x5Eg /Ee , and the maximum photon virtu
ality, Qmax

2 . In the ZEUS experiment@2,18#, where the final-
state electron is not detected,Qmax

2 54 GeV2 and 0.147,x
,0.869, which corresponds togp c.m. energies in the rang
115 GeV,W,280 GeV. We adopt all these kinematic co
ditions in our analysis. We work at NLO in theMS scheme
with nf54 flavors. For the proton and photon PDF’s we u
set CTEQ4M @24# with LMS

(4)
5296 MeV and the higher-

order set by Glu¨ck, Reya, and Vogt~GRV HO! @25# con-
verted to theMS factorization scheme, respectively. W
evaluateas(m

2) from the two-loop formula with this value
of LMS

(4) . TheLMS
(4) values implemented in the photon PDF

and theD* 6 FF’s are 200 MeV and 352 MeV, which cor
responds to the valueLMS

(5)
5227 MeV quoted in Sec. II, re-

spectively. We identify the factorization scales associa
with the proton, photon, andD* 6 mesons, and collectively
denote them byM f . We choose the renormalization an
factorization scales to bem5mT and M f52mT , respec-
tively, where mT5ApT

21mc
2 is the D* 6 transverse mass

Whenever we present LO results, these are consistently c
puted using set CTEQ4L@24# of proton PDF’s, set GRV LO
@25# of photon PDF’s, the LO versions of our two se
of D* 6 FF’s, the one-loop formula for as with
LMS

(4)
5236 MeV @24#, and the LO hard-scattering cross se

tions.
The photoproduction cross section is a superposition

the direct- and resolved-photon contributions. In our NL
analysis, the resolved-photon contribution is larger than
direct one for moderatepT . This statement depends, how
ever, on the factorization scheme; only the sum of both c
tributions is a physical observable and can be compared
experimental data. The bulk of the resolved-photon cr
section is due to the charm content of the photon@14#.

The ZEUS data@18# come as three distributions:~i! thepT

O.

the

,

4-6
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FIG. 3. The predictions of inclusiveD* 6 photoproduction inep collisions based on sets LO O, LO A, NLO O, and NLO A are compa
with the ZEUS data@18#. We consider~a! the pT distributionds/dpT integrated over21.5,ylab,1 and 115 GeV,W,280 GeV,~b! the
ylab distributionds/dylab integrated over 4 GeV,pT,12 GeV and 115 GeV,W,280 GeV, and~c! theW distributionds/dW integrated
over 4 GeV,pT,12 GeV and21.5,ylab,1.
O,

en-
distribution ds/dpT integrated over21.5,ylab,1 and
115 GeV,W,280 GeV, ~ii ! the ylab distribution ds/dylab
integrated over 4 GeV,pT,12 GeV and 115 GeV,W
,280 GeV, and~iii ! the W distribution ds/dW integrated
over 4 GeV,pT,12 GeV and 21.5,ylab,1. In Figs.
01401
3~a!–3~c!, we compare the measured distributions~i!–~iii !
with our LO and NLO predictions based on FF sets LO
LO A, NLO O, and NLO A. In all three cases, the LO O
~NLO O! result slightly exceeds the LO A~NLO A! result,
but the differences are still small compared to the experim
4-7
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tal uncertainty of the ZEUS data. This means that the det
of charm fragmentation are sufficiently well constrained
the LEP1 data, and that the HERA data are not yet pre
enough to resolve the presently existing difference betw
the OPAL@16# and ALEPH@17# data. In Figs. 3~a!–3~c!, the
shifts due to use of different experimental input~OPAL ver-
sus ALEPH! tend to be less significant than the effects due
the inclusion of higher-order corrections~LO versus NLO!.
However, the differences between the LO and NLO res
are still considerably smaller than the errors on the ZE
data, and they are approximately equal for the OPAL a
ALEPH sets. The similarity of the LO and NLO results in
dicates good perturbative stability. Apparently, this is a s
cial virtue of the pureMS factorization scheme with strictly
massless quark flavors, which we are using here. By cont
we encountered a sizable gap between the LO and NLO
sults in the massive subtraction scheme@6#.

In Fig. 3~a!, the NLO distributions fall off slightly less
strongly with increasingpT than the LO ones, and thus agre
better with the data at largepT . The overall agreement with
the data is very satisfactory, even at smallpT , where the
massless approach ceases to be valid. The theoretical pr
tions somewhat undershoot the measurement in the hig
pT bin, but the experimental error is still rather sizable the
As for Fig. 3~b!, the effect of the higher-order correction
and the influence of the experimental input are most p
nounced in the backward direction, where all theoretical p
dictions agree with the experimental data within one st
dard deviation. Atylab521.5, the NLO O result exceeds th
LO O one by 25% and the NLO A one by 15%. On the oth
hand, in the forward direction, atylab.0, the ZEUS data
points significantly overshoot the theoretical predictio
There, the experimental errors are largest, while the theo
ical uncertainty is relatively small. In fact, both the NL
corrections and the uncertainty due to spread of the LE
data are negligibly small there. Furthermore, we know fr
Ref. @6# that the specific choice of ansatz for the charm F
at the starting scale is numerically irrelevant. Changes
LMS or m0 are expected to be compensated through the fi
appropriate shifts in the input parameters of Eqs.~1! and~2!,
and do not represent an appreciable theoretical error so
either. The variation in cross section due to the use of dif
ent proton PDF’s is just of order 10%, as long as up-to-d
sets are considered@14#. The most substantial source of th
oretical uncertainty is related to the photon PDF’s. Amo
the different sets used in Ref.@6#, GRV HO @25# gave the
smallest cross section atylab.0; the variation was found to
be about 40%. An increase of this size would render
theoretical predictions compatible with the ZEUS data po
at ylab50.75, while it would be far too small to explain th
data point atylab51.25, which represents an unexpected r
in cross section. It remains to be seen if such a rise will a
be observed by the H1 Collaboration. Looking at Fig. 3~c!,
we observe that, within the rather large experimental err
all four theoretical predictions agree reasonably well with
data. The NLO O result leads to the best description of
data. Only the data point atW5252.5 GeV is significantly
above the theoretical expectation.

In the ZEUS paper@18#, theylab andW distributions were
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also presented for a minimum-pT cut of 3 GeV. We per-
formed similar comparisons with these data, too, but do
display them here, since our massless-charm and -bo
scheme is more appropriate for high values ofpT . In the
case of theylab distribution, the general picture is very sim
lar to Fig. 3~b!, except that the data point atylab50.75 is then
consistent with the theoretical expectation. Similarly, in t
case of theW distribution, the data point atW5252.5 GeV
then agrees considerably better with the theoretical pre
tion.

IV. CONCLUSIONS

The OPAL and ALEPH Collaborations presented me
surements of the fractional energy spectrum of inclus
D* 6 production in Z-boson decays based on their ent
LEP1 data samples@16,17#. Apart from the full cross section
of D* 6 production, they also determined the contributi
arising fromZ→bb̄ decays. This enabled us to update o
LO and NLO fits of theD* 6 FF’s @6#, which were based on
previous OPAL and ALEPH analyses with considerab
lower statistics@3,4#.

At the same time, we also incorporated a concept
modification of our theoretical framework, so as to elimina
two minor weaknesses of our previous approach@6#: ~i! At
NLO, the differential cross sectionds/dx of e1e2→D* 6

1X turned negative forx*0.9, so that the experimental da
points in this region needed to be excluded from the fits; t
problem was also encountered in Ref.@5#. ~ii ! The LO and
NLO results for the cross section of inclusiveD* 6 photo-
production inep collisions substantially differed from eac
other, indicating that, in this particular scheme, higher ord
beyond present control are likely to be significant. In R
@6#, the factorization of the final-state collinear singulariti
associated with the charm and bottom quarks was perfor
in a scheme which differs from the pureMS scheme with
five massless quark flavors by the subtraction of certain fi
functions from the parton-level cross sections. These fu
tions were chosen in such a way that the resulting chang
scheme is equivalent to the use of the perturbative FF’s
Ref. @8#. Since these perturbative FF’s describe the prod
tion of a massive quarkQ rather than a heavy hadronH,
they need to be complemented by a nonperturbative com
nent which accounts for theQ→H fragmentation process. In
particular, this is requisite to make sure that theQ→H
branching ratio and the averageH to Q longitudinal-
momentum fraction take their measured values, which
indeed smaller than unity. Since the charm quark is o
moderately heavy, the effect of this nonperturbative com
nent is rather dramatic, and its omission renders the theo
ical description completely inadequate, as was demonstr
in Ref. @14#. Clearly, the convolution of a perturbative F
with a nonperturbative ansatz can in turn be considered
nonperturbative FF. This consideration brings us back to
pureMS scheme with five massless flavors, from which w
started off. In this paper, we advocated the application of
scheme to charmed-meson production at highAs in e1e2

annihilation and at largepT in ep scattering or similar types
4-8
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of collision. As a matter of principle, the question of wheth
this approach is justified in the present case or not can o
be answered by nature itself. We found that the pureMS
scheme is clearly favored by a wealth of experimental d
on D* 6 production@15–18,22,23#. In fact, both drawbacks
mentioned above are nicely avoided. Furthermore, com
ing Figs. 2~a! and 2~b! with Fig. 3 in Ref. @6#, we observe
that the general description of thee1e2 data from the DESY
storage ring DORIS@15#, SLAC e1e2 storage ring PEP
@22#, and DESYe1e2 collider PETRA @23# is improved,
especially in the upperx range.

It is important to bear in mind that the fit results for th
input parameters in Eqs.~1! and ~2!, including the value of
the ec of Petersonet al., are highly scheme dependent
NLO, and must not be naively compared disregarding
theoretical framework which they refer to. If we compare t
values ofN and ec for the charm FF of set NLO M previ
ously obtained in the massive subtraction scheme@6# with
those of set NLO O appropriate to the pureMS scheme, we
find dramatic differences:N50.0677 andec50.0204 for set
NLO M versusN50.267 andec50.116 for set NLO O. On
the other hand, the respective LO results are almost iden
~N50.202 andec50.0856 for set LO M versusN50.223
and ec50.0851 for set LO O!, which indicates that the un
derlying data~from Refs.@3,4# for set M and from Ref.@16#
for set O! are consistent with each other.
t.
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Finally, we should caution the reader that the massle
quark approximation used here and the resulting FF’s
only appropriate for processes ofD* 6 production which are
characterized by an energy scale that is large against
charm-quark mass. In particular, this approach should no
expected to yield meaningful predictions for the photop
duction of small-pT D* 6 mesons at HERA. Therefore, i
order to substantiate the comparison of LEP1 and HE
data in the framework of the QCD-improved parton mod
endowed with nonperturbative FF’s, it would be very des
able if the statistics of the HERA data was increased in
large-pT bins.
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