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We present new sets of nonperturbative fragmentation function®for mesons, both at leading and
next-to-leading order in th®IS factorization scheme with five massless quark flavors. They are determined by
fitting the latest OPAL and ALEPH data on inclusi@ * production ine*e™ annihilation. We take the
charm-quark fragmentation function to be of the form proposed by Petetsalinand thus obtain new values
of the ¢, parameter, which are specific for our choice of factorization scheme. With these fragmentation
functions, recent data on inclusi@ * photoproduction irep collisions at DESY HERA are reasonably well
reproduced[S0556-282(198)04513-5

PACS numbgs): 13.87.Fh, 13.60.Le, 13.85.Ni, 14.40.Lb

I. INTRODUCTION mass(c.m) energies\s>m, in e"e~ annihilation or trans-
verse momentg;>m, in yp scattering. In this approach,
Recently, the HI1] and ZEUS[2] Collaborations at the charm is considered to be one of the active flavors inside the
DESY ep collider HERA presented data on the differential initial photons and protons, in the same way as the lighter
cross sectiom®o/dy,,,dpy of inclusive D* = production in  d, ands quarks. Then, the collinear singularities, which cor-
low-Q? ep collisions, equivalent to photoproduction. Here respond to thern(u?mf) terms, whereu is an appropriate
Yiab @2ndpy are the rapidity and transverse momentum of thefactorization scale(x= s and w=py, respectively, in a
producedD* = mesons in the laboratory frame, respectively.scheme where the charm quark is treated as a massive par-
These measurements extended up{e-12 GeV. Another ticle and only three active flavors are taken into account, are
source of information onD*~ production comes from apsorbed into the charm-quark PDF’s and FF's. Instead of
e'e” —D*~ +X at theZ-boson resonand@,4]. In this pro-  absorbing the logarithmic terms, one can start with=0
cess, two mechanisms &@** production contribute with and absorb the initial- and final-state collinear singularities
similar rates. TheD*= mesons are either produced By a5 ysual in the modified minimal-subtractidd$) factoriza-
—CC decay and subsequern‘tc—>D* - fragmentatlon or by tion scheme, based on dimensional regularization. These two

Z—bb decay with subsequent fragmentamnmm quarks  Possibilities to achieve a massless-charm result, i.e., to ab-
into B mesons, which weakly decay in®* * mesons. The sorb the collinear singularities either in the form of loga-
latter two-step process is usually treated as a one-step fragjthms or in the form of 1¢ poles viaM$ factorization, differ
mentation process/b— D**. With the aid of very efficient DY finite terms, as was shown in R¢8] for the case of
bottom-tagging methods, these two main sources of inclusive e~ —c/c+X. These terms can be considered as perturba-
D** production were disentangled with high purity, andtive FF’s at the low initial scale.o of orderm,, which are
separate cross sections for the two production mechanisneyolved to higher scales with the usual Altarelli-Pa(isP)
were presented. This allows one to determine separate fragquationg9]. Along these lines, cross sections @[10],
mentation functiongFF’s) for c/c—D** andb/b—D**. vp [11], and yy [12] collisions were calculated in next-to-
Owing to the factorization theorem, these can then be used teading orde(NLO), describing this way the transformation
make quantitative predictions fd* * production in other of a massless charm quark into a massive charm quark via a
reactions such agp— D* * + X, which is being measured at perturbative QCD cascade. Later, this approach was ex-
HERA. Such a program, which constitutes a test of the unitended by including a nonperturbative FF which describes
versality of theD* = FF’s, was recently carried out by two the transition from the massive charm quark and anthuark to
groups([5,6]. the D** mesong5,13. In our earlier works orD* * pro-

These works are based on the so-called massless-cha@iction[6,14], instead of working with the perturbative FF’s,
scheme[7]. In this scheme, the charm-quark mass is  We incorporated their effect by an equivalent modification of
neglected, except in the initial conditions for the parton denthe pureMS scheme with massless quarks, which led to a
sity functions (PDF’s) and the FF's of the charm quarks. particular kind of massive subtraction scheme. This change
This should be a reasonable approximation for center-ofef scheme was restricted to the final state.
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After fitting the nonperturbative fragmentation componentstrained by the available information froe" e~ annihila-
to thee*e™ data taken by ARGU$15] and OPAL[4] in  tion, an error source which has so far been rather difficult to
Ref.[5] and to those taken by ALEPFB] and OPAL[4] in assess quantitatively.
Ref.[6], the cross section of inclusivi@* * photoproduction In e"e” annihilation at theZ-boson resonance, charmed
in ep collisions as measured by H1] and ZEUS[2] could  mesons are produced either directly through the hadroniza-

be reasonably well described. In particular, not only thetion of charm quarks produced &—cc or via the weak

shape, but also the normalization of the cross section Wa&ecays ofB hadrons fromZ—bb. with an approximately

very well accounted fof6]. These papers showed that, in —
y (6] pap equal rate. Charmed mesons fr@w-cc allow us to deter-

order to successfully predict inclusivie* = production in ! ; )
y.P P mine the charm-quark FF. The main achievement of both

low-Q? ep collisions, it is essential to incorporate informa- : ,
tion on the fragmentation process from other reactions and t8xp_er|mental analyfe[i&l?_l was fo disentangle these two
ain sources oD* ~ production at theZ-boson resonance.

use the very same factorization scheme for all considerem Ref. [16], a combination of several charm-quark tagging

rocesses. i
P methods, based on fully and partially reconstrud&d™ me-

The fragmentation of charm or bottom quarks imé * 4 a bott K taq. based identified elect
mesons cannot be calculated from first principles in pertur-sons’ and a bottom-quark tag, based on identified electrons

bative QCD. In fact, in order to realistically describe the @nd muons, was used. In Ré17], the separation ofc and

formation of theD* * mesons, a nonperturbative component,bb events was improved by means of an algorithm based on
which is not known theoretically, is always needed. Hence, ithe measurement of the impact parameter of charged tracks
is certainly appropriate to give up the perturbative compo-and the effective mass of those least fitted to the primary

nent of the FF input altogether and to describe tfe ~ Verex. As in the earlier analys¢S.4], the E*f mesons
—D** andb/b—D** transitions entirely by nonperturba- "€'¢ identified via the decay chab* " —~D"z" and D

Y : .
tive FF’s, as is usually done for the fragmentationupfd, =~ — < 7 (and the analogous chain for tfia*~ meson,
ands quarks into light mesons. which allows for a particularly clean signal reconstruction.

The aim of the present work is to reconsider the produc- '€ €xPerimental cross sectiofss,17] were presented as
tion of D** mesons both ire*e™ annihilation and photo- dlstrLbynqns differential in x=2E(D 72/)/5’ where
production, adopting this puristic approach of fully nonper-E(P” ) is the measured energy of tHe*~ candidate,
turbative fragmentation in th&IS scheme with five massless which are normallzed_ {o the total inumber Of. multlhgdronlc
flavors. This analysis is based on very recent high-statistic§ 20SOn decays. Besides the tdeli = yield, which receives
data from the OPAL[16] and ALEPH[17] Collaborations at contributions fromZ—cc and Z—bb decays as well as
CERN e*e~ collider LEP1. The FF's thus fitted are then from gluon fragmentation, both experimental groups sepa-
used to update our predictions for the cross sectiob®of  rately specified results foD* ™ mesons from tagged
photoproduction inep collisions to be compared with new —bb events. The contribution due to charm-quark fragmen-
data from the ZEUS Collaboratidri 8]. tation is peaked at large, whereas the one due to bottom-

The outline of this paper is as follows. In Sec. Il, we quark fragmentation has its maximum at small
briefly recall the theoretical framework underlying the ex- For the fits, we use bins in the interval[0.1,1.0 and
traction of FF's frome*e~ data, which has already been integrate the theoretical functions over the bin widths, which
introduced in Refs[6,14]. Then, we present the FF's we is equivalent to the experimental binning procedure. As in
obtained by fitting the nevd* * data from OPAL[16] and  the experimental analyses, we sum olér™ andD* ~ me-
ALEPH [17] at leading ordefLO) and NLO in the pureM_S sons. As a consequence, there is no difference between the
factorization scheme with five massless flavors. In Sec. IIIFF’s of a given quark and its antiquark. As in RE8], we
we apply the nonperturbative parameters determined in Setake the starting scales for the * FF’s of the gluon and the
Il to make LO and NLO predictions fab* “ photoproduc- U, d, s, andc quarks and antiquarks to he,=2m, while
tion in ep collisions, which we then compare with the latest We takewo=2m, for the FF’'s of theb quark and antiquark.

ZEUS datd18]. Our conclusions are summarized in Sec. IV. The FF’s of the gluon and the first three flavors are assumed
to be zero at the starting scale. These FF's are generated

through theu? evolution, and the FF’s of the first three
Il. D** PRODUCTION IN e*e™ ANNIHILATION quarks and antiquarks coincide with each other at all scales

* M-
Our procedure to construct LO and NLO sets b We employ two different forms for the parametrization of

FF's has already been described in our previous pefiler the charm- and bottom-quark FF’s at their respective starting

Here, we only gve those details which differ from RE]. scales. In the case of charm, we use the distribution of Peter-
As experimental input, we now use the new LEP1 data fromson et al[19]

OPAL [16] and ALEPH[17]. While the older ALEPH[3]

and OPAL datd4] agreed well enough to be simultaneously

fitted [6], the new data samples do not sufficiently overlap. ) x(1—x)?

Thus, we refrain from performing a combined fit. Instead, we De(X,u5)=N [(1=x)2F ex]? (1)
generate independent LO and NLO FF sets for the two data ¢

samples. This allows us to check actually how well our pre-

dictions for otherD* “-production cross sections are con- In the case of bottom, we adopt the ansatz
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Db(XyMS) = NXa(l—X)B, 2) TABLE I. Fit parameters for the charm- and bottom-quark EF’S
of sets LO O, LO A, NLO O, and NLO A. The corresponding
starting scales argg=2m.=3 GeV anduy,=2m,=10 GeV, re-

which is frequently used for the FF's of light hadrons. How- spectively. All other FF’s are taken to be zerowaf=2m,
ever, in contrast to the light-hadron case, we expect déhat

>0 for D** mesons, so tthb(X,,ug)—>0 asx—0. Fur- Collaboration Set Flavor N a B €c
thermore, we expect that< 3, sinceDb(x,Mg) is supposed LO c 0223 - —  0.0851
to have its maximum somewhere xt.0.5. This choice of opaL b 84.0 269 5.13 _
starting distributions was also used_ for th_e mixed(Mal in NLO c 0267 — —  0.116
Ref. [6]. The form of Petersomt al. is particularly suitable b 18.9 171 4.02 _
for FF's that peak at large. Since the bottom-quark FF, LO e 0385 - — 0144
being a convolu+tion of thb—B fragmentat'ion and the sub- A epy b 196 208 6.21 _
sequentB—D* =+ X decay, has its maximum at small NLO c 0.444  — — 0185
values, we obtain intolerably bad fits if we also use @¢jin b 86.4 241 5.96 B

this case. In Ref[6], we also studied the alternative where
Eq. (2) is used both for the charm and bottom quarks, leading
t;)ztczeilﬁ';asnizrrdds;égsr)é: |g;ofl:32ds;;%|2? ?::E!;tglszws; A% is not f:ss)sential; other values, in particular high?r LO
having one more fit parameter, both sets S and M led tyalues of Ays, can easily be accommodated by slightly
almost identical predictions fdd* * photoproduction in the ~shifting the other fit parameters without changing the quality
kinematical regions of present interest at HERA. In thisOf the fit. As in Ref.[6], we take the charm- and bottom-
work, we thus limit ourselves to the mixed ansatz. This fa-quark masses to be.=1.5 GeV andm,=5 GeV, respec-
cilitates the comparison of our results, especiallyegnwith  tively. Sincem; andmy, only enter via the definitions of the
the literature on charm-quark fragmentation, where the anstarting scaleg., of the FF's, their precise values are imma-
satz of Petersoat al, Eq.(1), is commonly used. Ansat2) terial for our fit.

was also employed some time ago in Réf3] to describe The values oN ande in Eq. (1) and ofN, a, and in
the nonperturbative FF's of charm quarks imoand D* Eq (2) which result from our LO and NLO fits to the OPAL
mesons and those of bottom quarks iBtonesons. and ALEPH data are summarized in Table I. In the follow-

The calculation of the cross section ¢kf)do/dx for ~ ing, we refer to the corresponding FF's as sets LO O, NLO
ete”—7y,Z—D**+X is performed as described in Ref. O, LO A, and NLO A, respectively. In Table II, we list three

[6], except that we now abandon the subtraction termg3r values for each of these four fits: one for tAe-bb
dqa(X) specified in Eq(7) therein, for reasons explained in sybsample, one for the total samplsum of cc-tagged,

Sec. I. All relevant formulas and references may be found irbH—t d d aluon-solitti tsand th
Ref. [6]. agged, and gluon-splitting eveitsan e average

Both OPAL[16] and ALEPH[17] presented momentum evaluated by taking into account both te-bb subsample
distributions for their full D** samples and for their and the total sample. We observe that all four fits are quite

— . . . ccessful, withy3- values of order unity. The LO and NLO
Z—bb subsamples. We received these data in numerlcaﬁu ul, withpr valu uniy

form via private communicationfl6,17. The OPAL data ts to the OPAL data are sllghtly_better than those to the
are displayed in Fig. 4 of Ref[16] in the form ALEPH data. In each case, tHe—bb subsample tends to be

(1IN, .0 dNps = /dx, whereNpsx - is the number ob* = can- less well described by the fit than the total sample. As ex-

didates reconstructed through the decay chain mentiondefCted on general grounds, the NLO fits are superior to the

above. In order to convert this into the cross section'-O fits.

(Ler)dodx, we need to divide by the branching fractions " Fig. @), we compare the OPAL dafaé] with the LO
B(D**—D%*)=0.683-0.014 and B(D°—K 7*)= e}nd NLO calculations using sets LO O and NLO O, respec-
0.0383+0.0012[20]. The momentum distribution of the full UVelY- The analogous analysis for the ALEPH data] is
ALEPH sample, which is shown in Fig. 3 of RéL7], has to shown in Fig. 1b). Notice that the distributions plotted in

be treated in the same way. In the case of the ALEZRbb Figs. 1@ and 1b) correspond to (Ho)dordx i.e., the ex-
subsample, which is presented in Fig. 8 of R&f], we need TABLE 1. x? per degree of freedom pertaining to the LO and

to include the additional factoR,x f,=0.0464, whereRy | o fits to the OPAL{16] and ALEPH[17] data. In each casg’,

=T'(Z—bb)/T'(Z—hadrons) and, is the fraction ofbb s calculated for th&—bb sample, the full sample, and the com-
events in the sample which remains after subtracting th@ination of both.

events from gluon splitting; this factor may be extracted

from Ref.[17]. The ALEPH datd17] have slightly smaller OPAL ALEPH
statistical errors than the OPAL ddta6].

As for the asymptotic scale parameter appropriate for five>et Average b Sum  Average b Sum
active quark flavors, we adopt the LONLO) value A% LO 1.11 1.11 1.11 1.53 1.65 1.42
=108 MeV (227 MeV) from our study of inclusive charged- NLO 0.92 097 0.88 1.39 160 1.22

pion and -kaon productiof21]. The particular choice of
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[0.9,0.95, come with negative cross sections and rather
small errord17], we excluded them from our fits.
Comparing Figs. (g) and Xb), we observe that the OPAL
and ALEPH data are indeed somewhat different in shape and
do not mutually overlap within their errors. Thus, combined
LO and NLO fits would lead to intolerable valuesi-. By
the same token, the separate fits to the OPAL and ALEPH
data lead to significantly different values for the parameters
appearing in the starting distributiof®) and(2), as may be
seen from Table I. There are also striking differences be-
tween the parameters resulting from the LO and NLO fits to
the same data sets. The vakje=0.0851 of set LO O is very
similar to the values,=0.0856 of set LO M in our previous
analysig6]. On the other hand, our new NLO results fqr,
namely 0.116 for set NLO O and 0.185 for set NLO A, are

significantly larger than our previous value 0.0204 for set
NLO M [6]. This dramatic shift ine. is due to the fact that
we are now using a different scheme for the factorization of
the final-state collinear singularitigmamely, the pureMS
scheme with five massless flavptlan in Ref[6], where we
modified this scheme so as to incorporate the effect of the
perturbative FF'§8] (massive subtraction schem®©ne im-
portant advantage of our new approach becomes apparent if
we compare Figs. (@ and Xb) with Figs. 1b) and 2b) in
Ref.[6]; see also Fig. 1 in Ref5]. While in the NLO analy-
ses of Refs[5,6] the NLO cross section oéte” —D*™

+ X turned negative fox=0.9, the new NLO calculation
stays positive in the upper range, coincides there with the
LO calculation, and nicely describes the data. We attribute
the unphysical large- behavior of the NLO calculation in
Refs.[5,6] to the use of the massive subtraction scheme in
conjunction with special forms for the nonperturbative FF's
at the starting scale. This led to the appearance of large Suda-
kov logarithms which spoiled the NLO resultyat0.9. This
feature forced ug6], and also the authors of Rd5], to
exclude from the fits the rather precise experimental data
points atx close to unity. By contrast, the NLO calculation in
the pureMS scheme does not suffer from theoretical prob-

perimental data are multiplied by the factors specified abové?ms at.hlghx, a_nd t_here IS no.need to omit valuable experi-
Except at very smalk, the LO and NLO results are very mental information in that region. ,

similar. This is also true for the distributions at the starting S Mentioned above, we take the FF's of the partons
scale, as may be seen by comparing the corresponding L& U,u,d,d,s,s to be vanishing at their starting scaje,
and NLO parameters in Table |. Onéy changes appreciably =2m.. However, these FF's are generated via the AP evo-
as we pass from LO to NLO. The branching of the LO andlution to the high scalg.= ys. Thus, apart from the FF's of
NLO results at smallx indicates that, in this region, the the heavy quarkg,c,b,b, also these radiatively generated
perturbative treatment ceases to be valid. This is related tBF's contribute to the cross section. All these contributions
the phase-space boundary for the productioBbf mesons are properly included in the total result for ¢d4)do/dx

at Xpin=2m(D* *)/\/s, wherem(D* *) is theD** mass. At shown in Figs. (a) and Xb). At LEP1 energies, the contri-
Js=M,, one ha,;,;=0.046. This is approximately where bution from the first three quark flavors is still negligible; it
our NLO results turn negative. Since our massless-quark aps concentrated at smadl and only amounts to a few percent
proach is not expected to be valid in regions of phase spacef the integrated cross section. However, the contribution
where finitem(D**) effects are important, our results from the gluon FF, which appears at NLO in connection with
should only be considered meaningful foex.,=0.1, say. three-parton final states, is numerically significant. Moti-
We also encountered a similar smalbehavior in our pre- vated by the decomposition of (dfy)do/dx in terms of
vious analysig6], where we fitted the older ALEPEB] and  parton-level cross sectiofisee Eq.(5) in Ref.[6]], in Figs.
OPAL [4] data in the framework of the massive subtraction1(a) and Xb), we distributed this contribution over the
scheme. Since the two rightmost data points of the ALEPH_.cc and Z—bb channels in the proportios?:e?, where

Z—bb sample, corresponding to thebins [0.85,0.9 and €y is the effective electroweak coupling of the quarko the

1/o,  do/dx(e*e — D)

(b) X

FIG. 1. (a) The cross sections of inclusii@* = production in
e"e” annihilation evaluated with sets LO O and NLO O are com-
pared with the OPAL datfl16]. The three pairs of curves corre-
spond to theZ—cc, Z—bb, and full samples(b) The same for
sets LO A and NLO A and the ALEPH dafa7].
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TABLE lIl. Branching fractions of charm and bottom quarks where Q=c,b. In Table IV, we collect the values of
into D** mesons at the respective starting scales and=aiM, <X>Q(M) for Q=c,b evaluated ap=2mg M with the four
evaluated from Eq3) with sets LO O, LOA,NLO O, and NLO A.  FF sets. At fixedu, the differences between the OPAL and
ALEPH sets and between LO and NLO are marginal. How-
Collaboration  Set Bo(2m;) Bo(Mz) By(2mp) Bu(Mz)  ever, the AP evolution fromu=2mq, to u=M leads to a
OPAL LO 0.273 0.256 0.246 0.232 Significant reduction ofx)q(u), especially in the case.of

NLO  0.255 0.238 0.238 0220 Q=c. Our results fo(x)¢(M2) should be compared with
ALEPH LO 0.308 0.287 0.213 0000 the experimental numbers reported by OPALS6] and

NLO 0288 0265 0201 o01ss ALEPHI[17],

(X)e(M5)=0.515+0.002-0.009 (OPAL),

Z boson and the photon including propagator adjustments. _
This procedure approximately produces the quantities that {(X)e(Mz)=0.4878-0.0046- 0.0061 (ALEPH), (5)

should be compared with the OPAL and ALEPH data. Weregpectively. The central values are very close to those re-
ignore the effect of electromagnetic initial-state radiation,sorted in the previous OPA[4] and ALEPH[3] publica-
which has not been corrected for in the data. tions, but the errors are now considerably smaller. Compar-
As in Ref.[6], we study the branching fractions for the jng Eq. (5) with Table IV, we conclude that our results for
transitions of charm and bottom quarkslid = mesons, de-  (x) (M) slightly undershoot the independent experimental

fined by determinations in Refd.16,17], by about 5%(11%) at LO
1 (NLO). In order to assess the theoretical uncertainty of the
Bo(u)= dxDg(X, 1?), (3)  results in Table IV related to the choice of ansatz at the

Xeut starting scale, we recall that, in R¢6], the LO S(NLO )

. result for(x).(M3) turned out to be 6%4%) larger than the
whereQ=c,b andx,=0.1. This allows us to test the con- | 0 M (NLO M) result. At this point, we should also mention
sistency of our fits with information presented in the experi-that the results in Eq(5) are not directly extracted from the
mental paper416,17. The contribution from the omitted measuredx distributions, but from calculations based on
region 0<x<X is close to zero. For all four FF sets, we some Monte Carlo model with parameters fitted to the ex-
calculateBg(u) at the respective threshojd=2mq and at  perimental data. Whether this is the actual source of the dif-
the Z-boson resonancge =M, and present the outcome in ference remains unclear for the time being.

Table Ill. As expected, the values &q(«) change very Having constructed* * FF’s from LEP1 data, it is in-
little under the evolution from &g to M, and they are very teresting to quantitatively investigate whether they lead to a
similar for Q=c,b. The OPAL analysi$16], which is con-  consistent description of available data@he™—D**+X
ceptually very different from ours, yieldeBfl;(M7)=0.222 gt other values of/s. This would represent a direct test of
+0.014+0.014 andB,(Mz)=0.173+0.016+0.012, where  the underlying scaling violation of fragmentation as imple-
the first(second error is statisticalsystematiz. These val-  mented in the QCD-improved parton model via the timelike
ues lie in the same ballpark as our corresponding LO O an@dp equations. To this end, we select the data from ARGUS
NLO O results in Table Ill. The ALEPH papét 7] does not [15] at \/gz 10.49 GeV, from HR$22] at \/gz 29 GeV, and
explicitly quote _values for these t_)ranc_hing fractions. How-¢o TASSO[23] at \s=34.2 GeV. In Fig. 2a), we com-
ever, by combining other resulgso%lven in Sec. 8 of RET], 1516 these data with our respective LO and NLO predictions
we infer that B,(Mz) =0.230,gosq, Which nicely agrees paseqd on sets LO O and NLO O, respectively. For reference,
with our corresponding LO A and NLO A results in Table zjso the OPAL datdi16] are included. The analogous com-
. . _ . . parison based on sets LO A and NLO A is shown in Fig.
Another quantity of interest, which can directly be com-3() To quantitatively assess these comparisons, we summa-
pared with experiment, is the mean momentum fraction: ;¢ the corresponding values gh. in Table V. We observe
1 1 that the scaling violation encoded in the experimental data is
(Xo(p)= 5 dxxDg(X, 1), (4)  faithfully described by our theoretical predictions. As ex-
Ba(k) Jxau pected on general grounds, tlgré,: values tend to be lower

TABLE IV. Average momentum fractions dd* = mesons produced through charm- and bottom-quark
fragmentation at the respective starting scales ang=ail ; evaluated from Eq(4) with sets LO O, LO A,
NLO O, and NLO A.

Collaboration Set (X)¢(2my) (X)e(M3) (X)p(2mp) (X)p(M3)
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
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and TASSO data are presented in the farda/dx and thus
suffer from an additional normalization uncertainty.

The successful comparisons in Figga)2and 2Zb) and
Table V reassure us that oDi* = FF’s, although constructed
at 's=M;, also lead to useful descriptions Bf* * frag-
mentation at other scales. In the next section, we exploit this
property together with the universality of fragmentation to
make predictions for inclusiveD* = photoproduction at
HERA.

Ty

IIl. D** PRODUCTION IN LOW- Q2 ep COLLISIONS

s do/dx(e*e” — D) [ub GeV?]

3
Bmmasu

In this section, we compare our NLO predictions for the
cross section of inclusiv®* * photoproduction irep scat-
tering at HERA with the 1996 data from the ZEUS Collabo-
ration, which were presented by Y. Eisenberg at the 1997
International Europhysics Conference on High Energy Phys-
ics [18]. We emphasize that these data are still preliminary.

The present HERA conditions are such thé,
=820 GeV protons collide witlE,=27.5 GeV positrons in
the laboratory frame. The rapidity is taken to be positive in
the proton flight direction. The quasi-real photon spectrum is
described in the Weizsker-Williams approximation by Eq.
(5) of Ref. [14]. This spectrum depends on the photon-
energy fractionx=E, /E., and the maximum photon virtu-
ality, Q2. In the ZEUS experimen2,18], where the final-
state electron is not detecte@?2_,=4 Ge\? and 0.14%x
<0.869, which corresponds tgp c.m. energies in the range
115 GeWW<280 GeV. We adopt all these kinematic con-
ditions in our analysis. We work at NLO in tHdS scheme
with n;=4 flavors. For the proton and photon PDF’s we use

FIG. 2. (a) The ARGUS[15], HRS [22], TASSO[23], and ~ Set CTEQ4M[24] with A{fl=296 MeV and the higher-
OPAL [16] data on inclusivdd* * production ine”e~ annihilation ~ order set by Glak, Reya, and VogtGRV HO) [25] con-
are compared with the predictions based on sets LO O and NLO Grerted to theMS factorization scheme, respectively. We
(b) The same for sets LO A and NLO A and the ALEPH detd].  evaluateag(w?) from the two-loop formula with this value
For separation, the data have been rescaled by powers of 10. In tfeﬁ A%. TheA% values implemented in the photon PDF’s

case of TASSO, the open triangles refer to BR—K 77t 7~ *t po . i
channel(TASSOY) and the solid triangles to tHe8°—K ™~ #* chan- and theD FF's are 200 MeV and 352 MeV, which cor

(5)_ i
nel (TASSO2. In the cases of OPAL and ALEPH, we consider the '€SPONS to the valudgs=227 MeV quoted in Sec. Il, re-
dimensionless quantity (&/.)do/dx spectively. We identify the factorization scales associated

with the proton, photon, anB** mesons, and collectively
for the NLO analyses. Within the framework of the QCD- denote them byM;. We choose the renormalization and
improved parton model, the OPAL data appear to be mordactorization scales to bg=m; and My=2my, respec-
consistent with the ARGUS data than the ALEPH datatively, where my=\/pZ+m?Z is the D** transverse mass.
while the ALEPH data seem to agree better with the HRSWhenever we present LO results, these are consistently com-
data than the OPAL data do. However, we should bear iputed using set CTEQ4[24] of proton PDF’s, set GRV LO
mind that, in contrast to the LEP1 data, the ARGUS, HRS[25] of photon PDF's, the LO versions of our two sets
of D** FF's, the one-loop formula foras with
TABLE V. x? per degree of freedom evaluated with sets LO O, A — 236 MeV [24], and the LO hard-scattering cross sec-
LO A, NLO O, and NLO A for the ARGUY 15|, HRS[22], anéj tiONr?S.
EAKS,SgL%i,i%%;;’fi??igfﬁi?oa refers to the D The photoproduction cross section is a superposition of
) the direct- and resolved-photon contributions. In our NLO

Collaboration Set ARGUS HRS TASSO1 TASSO2 analysis, the resolved-photon contribution is larger than the
direct one for moderatp;. This statement depends, how-

)
»

s do/dx(e'e’ — D) [ub GeV?]

(b) X

OPAL LO 1.86 2.01 1.20 1.84 ever, on the factorization scheme; only the sum of both con-
NLO 0.86 2.02 0.95 1.54 tributions is a physical observable and can be compared with

ALEPH LO 4.67 1.00 0.76 2.35 experimental data. The bulk of the resolved-photon cross
NLO 3.43 0.96 0.59 2.09 section is due to the charm content of the phdtb4.

The ZEUS dat&18] come as three distribution) the p;
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FIG. 3. The predictions of inclusiv@* * photoproduction ire p collisions based on sets LO O, LO A, NLO O, and NLO A are compared
with the ZEUS datd18]. We considel(a) the py distributionda/dpy integrated over- 1.5<y,,,<1 and 115 Ge¥-W<280 GeV, (b) the
Yiap distributiondo/dy,,;, integrated over 4 Ge¥ pr<12 GeV and 115 Ge¥ W< 280 GeV, andc) the W distributiondo/dW integrated
over 4 Ge\K p<12 GeV and—1.5<y,4,<1.

distribution do/dpy integrated over—1.5<y,,<1 and 3(@-3(c), we compare the measured distributicijs-iii )
115 Ge\ W< 280 GeV, (ii) the yjy, distribution da/dy,,,  With our LO and NLO predictions based on FF sets LO O,
integrated over 4 Geyp_l_< 12 GeV and 115 Gev¥W LO A, NLO O, and NLO A. In all three cases, the LO O

<280 GeV, and(iii) the W distribution da/dW integrated ~ (NLO O) result slightly exceeds the LO ANLO A) result,
over 4 Ge\Kpr<12 GeV and —1.5<y,,,<1. In Figs. butthe differences are still small compared to the experimen-
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tal uncertainty of the ZEUS data. This means that the detailalso presented for a minimupy cut of 3 GeV. We per-

of charm fragmentation are sufficiently well constrained byformed similar comparisons with these data, too, but do not

the LEP1 data, and that the HERA data are not yet precisdisplay them here, since our massless-charm and -bottom

enough to resolve the presently existing difference betweeacheme is more appropriate for high valuespef. In the

the OPAL[16] and ALEPH[17] data. In Figs. 8—3(c), the  case of they,, distribution, the general picture is very simi-

shifts due to use of different experimental ing@PAL ver-  lar to Fig. 3b), except that the data point at,= 0.75 is then

sus ALEPH tend to be less significant than the effects due toconsistent with the theoretical expectation. Similarly, in the

the inclusion of higher-order correctiofsO versus NLO. case of theW distribution, the data point av=252.5 GeV

However, the differences between the LO and NLO resultshen agrees considerably better with the theoretical predic-

are still considerably smaller than the errors on the ZEUSion.

data, and they are approximately equal for the OPAL and

ALEPH sets. The similarity of the LO and NLO results in-

dicates good perturbative stability. Apparently, this is a spe- IV. CONCLUSIONS

e e S trzalon e Sl g T OPAL and ALEPH Colaboraons presenec e
: : surements of the fractional energy spectrum of inclusive

we encountered a sizable gap between the LO and NLO ox= production inZ-boson decays based on their entire
sults in the massive subtraction schefg

In Fig. 3@, the NLO distributions fall off slightly less LEP1 data samplg4.6,17]. Apart from the full cross section

- X of D** production, they also determined the contribution
strongly with increasing; than the LO ones, and thus agree ~ — :
better with the data at large; . The overall agreement with &rising fromZ—bb deca*y;s. This enabled us to update our
the data is very satisfactory, even at small, where the LO and NLO fits of theD* = FF's[6], which were based on
massless approach ceases to be valid. The theoretical predRf€vious OPAL and ALEPH analyses with considerably
tions somewhat undershoot the measurement in the highel@wer statisticq3,4].

pr bin, but the experimental error is still rather sizable there. At the same time, we also incorporated a conceptual
As for Fig. 3b), the effect of the higher-order corrections modification of our theoretical framework, so as to eliminate

and the influence of the experimental input are most profWo minor weaknesses of our previous apprgb@]n (i) At
nounced in the backward direction, where all theoretical preNLO. the differential cross sectiodo/dx of e"e” —D*~
dictions agree with the experimental data within one stan-t X turned negative fox=0.9, so that the experimental data
dard deviation. A= — 1.5, the NLO O result exceeds the points in this region needed to b(_a excludeﬂd from the fits; this
LO O one by 25% and the NLO A one by 15%. On the otherProblem was also encountered_ in RES]. (i) _The+ LO and
hand, in the forward direction, at;>0, the ZEUS data NLO re;ult; for the'c'ross section pf |ncl.usﬂmh photo-
points significantly overshoot the theoretical predictionsProduction inep collisions substantially differed from each
There, the experimental errors are largest, while the theorefther, indicating that, in this particular scheme, higher orders
ical uncertainty is relatively small. In fact, both the NLO beyond present control are likely to be significant. In Ref.
corrections and the uncertainty due to spread of the LEPH6], thg factorlzanon of the final-state collinear singularities
data are negligibly small there. Furthermore, we know from@Ssociated with the charm and bottom quarks was performed
Ref.[6] that the specific choice of ansatz for the charm FF’sin @ scheme which differs from the puMS scheme with
at the starting scale is numerically irrelevant. Changes irfiive massless quark flavors by the subtraction of certain finite
Aws OF uo are expected to be compensated through the fit bjunctions from the parton-level cross sections. These func-
appropriate shifts in the input parameters of E4sand(2), tions were chosen in such a way that the resulting change of
and do not represent an appreciable theoretical error sour&heme is equivalent to the use of the perturbative FF’s of
either. The variation in cross section due to the use of differRef. [8]. Since these perturbative FF's describe the produc-
ent proton PDF’s is just of order 10%, as long as up-to-datdion of a massive quark) rather than a heavy hadrd,
sets are considerdd4]. The most substantial source of the- they need to be complemented by a nonperturbative compo-
oretical uncertainty is related to the photon PDF’s. Amongnent which accounts for th@—H fragmentation process. In
the different sets used in Rd6], GRV HO [25] gave the particular, this is requisite to make sure that Qe-H
smallest cross section gf,,>0; the variation was found to branching ratio and the averagd to Q longitudinal-
be about 40%. An increase of this size would render thédnomentum fraction take their measured values, which are
theoretical predictions compatible with the ZEUS data pointndeed smaller than unity. Since the charm quark is only
at yj,p="0.75, while it would be far too small to explain the moderately heavy, the effect of this nonperturbative compo-
data point at,,= 1.25, which represents an unexpected risenent is rather dramatic, and its omission renders the theoret-
in cross section. It remains to be seen if such a rise will alsdcal description completely inadequate, as was demonstrated
be observed by the H1 Collaboration. Looking at Figc)3  in Ref. [14]. Clearly, the convolution of a perturbative FF
we observe that, within the rather large experimental errorgVith & nonperturbative ansatz can in turn be considered as a
all four theoretical predictions agree reasonably well with thenonperturbative FF. This consideration brings us back to the
data. The NLO O result leads to the best description of thepure MS scheme with five massless flavors, from which we
data. Only the data point &/=252.5 GeV is significantly started off. In this paper, we advocated the application of this
above the theoretical expectation. scheme to charmed-meson production at highin e"e”

In the ZEUS papefl8], they,,, andW distributions were  annihilation and at largp+ in e p scattering or similar types

014014-8



PREDICTIONS FORD** PHOTOPRODUCTION AT DES . . . PHYSICAL REVIEW D 58 014014

of collision. As a matter of principle, the question of whether  Finally, we should caution the reader that the massless-
this approach is justified in the present case or not can onlguark approximation used here and the resulting FF's are
be answered by nature itself. We found that the pu@  only appropriate for processes Bf “ production which are
scheme is clearly favored by a wealth of experimental datgharacterized by an energy scale that is large against the
on D** production[15—18,22,23 In fact, both drawbacks charm-quark mass. In particular, this approach should not be
mentioned above are nicely avoided. Furthermore, compagxpected to yield meaningful predictions for the photopro-
ing Figs. 2a) and 2b) with Fig. 3 in Ref.[6], we observe duction of smallp; D** mesons at HERA. Therefore, in
that the general description of teé e~ data from the DESY order to substantiate the comparison of LEP1 and HERA
storage ring DORIS15], SLAC e*e~ storage ring PEP data in the framework of the QCD-improved parton model
[22], and DESYe*e  collider PETRA[23] is improved, endowed with nonperturbative FF's, it would be very desir-
especially in the uppex range. able if the_ statistics of the HERA data was increased in the
It is important to bear in mind that the fit results for the larger bins.
input parameters in Eq$l) and(2), including the value of
the €. of Petersonet al, are highly scheme dependent at
NLO, and must not be naively compared disregarding the \e are grateful to Ties Behnke and StefanldBer-
theoretical framework which they refer to. If we compare therembold of OPAL, to Paul Colas of ALEPH, and to Carsten
values ofN and e for the charm FF of set NLO M previ- Coldewey of ZEUS for making available to us the respective
ously obtained in the massive subtraction sché6lewith  data onD* * production[16—18 in numerical form. J.B. and
those of set NLO O appropriate to the p& scheme, we G.K. thank the Theory Group of the Werner-Heisenberg-
find dramatic differencesN=0.0677 ande,=0.0204 for set Institut for the hospitality extended to them during visits
NLO M versusN=0.267 ande.=0.116 for set NLO O. On when this paper was prepared. The Institut Tineoretische
the other hand, the respective LO results are almost identic&hysik is supported by Bundesministeriunt fildung und
(N=0.202 ande,=0.0856 for set LO M versudl=0.223  Forschung, Bonn, Germany, under Contract 05 7 HH 92P
and .=0.0851 for set LO @ which indicates that the un- (0), and by the EU Program “Human Capital and Mobility”
derlying data(from Refs.[3,4] for set M and from Ref[16]  through the network “Physics at High Energy Colliders”
for set Q are consistent with each other. under Contract CHRX-CT93-035DG12 COMA).
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