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D* production from e*e™ to ep collisions in NLO QCD
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Fragmentation functions fd> mesons, based on the convolution of a perturbative part, related to the heavy
quark perturbative showering, and a nonperturbative model for its hadronization into the meson, are used to
describeD* production ine*e” and ep collisions. The nonperturbative part is determined by fitting the
e*e” data taken by ARGUS and OPAL at 10.6 and 91.2 GeV, respectively. When fitting with a nonpertur-
bative Peterson fragmentation function and using next-to-leading evolution for the perturbative part, we find an
e parameter significantly different from the one commonly used, which is instead found with a leading order fit.
The use of this new value is shown to increase considerably the cross sectidfi foroduction at DESY
HERA, suggesting a possible reconciliation between the next-to-leading order theoretical predictions and the
experimental datd.S0556-282(197)06611-3

PACS numbg(s): 13.87.Fh, 12.38:t, 13.60.Le, 13.65ti

I. INTRODUCTION and fittinge™ e~ data, we study the variation of the nonper-
turbative parameters, in particular for the Peterson f8in
The study of fragmentation functiong&F's) for heavy as related to the accompanying approximation, leadi®)
quarks has recently attracted increased interest due to ti# next-to-leading orde(NLO), used in the perturbative
large amount of data accumulated at the CE&N~ col-  component. We find indeed that a NLO evolution favors a
lider LEP and DESYep collider HERA. From the theoreti- Much smaller value of theparameter in the nonperturbative
cal side predictions have been obtained by combining pertuf?étérson FF than given in the literature. In turn this also
bative QCD—which allows to resum large logarithms with ahelpg r_econcmng the recent HERA data Wlth the Fheoretl_cal
resulting milder renormalization and factorization scalePrédictions. When however a LO evolution only is consid-
sensitivity—with a nonperturbative component which de_ered, as in many of the parton shower Monte Carlo codes

scribes the hadronization of the heavy quark into the meso sed .in the experimen.tal analyses, the “conventional” vaI.ue
after the perturbative cascade or e is recovered. This result can be understood by noting

that the effect of parton showering, which is larger in a NLO

. L . .
IP €€ d ban2|h||lat|or: an 3nﬁly5|s alortlg E?Eise "”e? Wasanalysis, softens the distribution of the partons, acting quali-
performed by Colangelo and Nasgt] up to ENEergies,  atively as a nonperturbative FF, which can henceforth be-

for both charm- and b-flavored mesons. Because of the pregy; e more softly. Therefore the value ofised in the phe-

ence of thec(b) component only, their results were not ap- nomenological analyses must be closely related to the level
plicable to the production of heavy mesons in hadronic colof the approximation followed in the perturbative QCD evo-
lisions, where the gluon-gluon and quark-gluon scatteringytion.
play an important role. Then in a previous analyj@ka set This paper is structured as follows: in Sec. Il we recall the
of next to leading ordefNLO) fragmentation functions for theoretical framework, partly already introduced[®, on
D,D* mesons was given, including the gluon term as well,which this work is based. Section Ill presents the results of
and predictions for large transverse momentum productiofits to ARGUS and OPAL data ie"e™ collisions. Section
cross sections were also provided. IV makes use of the nonperturbative parameters previously
The aim of the present analysis is to reconsider the situadetermined to give predictions fdd* photoproduction in
tion of charmed meson fragmentation functions both inep collisions at HERA. Our conclusions are then given in
e’e” annihilation and in photoproduction, where new dataSec. V.
have been obtained at HERA.
On the perturbative side, we consider the full set of per-
turbative fragmentation functiof®FF’y and their mixing in Il. THEORETICAL FRAMEWORK
the evolution. This is important as the OPAL data do indeed \ye have already introduced in Rd®] the theoretical

show a rise in the smai region, due to the gluon splitting, framework for evaluatingd mesons cross section within a

which is absent in the ARGUS data. In addition, by param+ragmentation approach. In that paper, the following ansatz
etrizing the nonperturbative component by different forms,, ihe fragmentation functioFF) of a partoni into a me-

sonD was made:
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In this equationD{(x,u) is the perturbative fragmentation tive. However, a few features of this function can be deter-
function (PFP for a massless parton to fragment, via a per-mined. In contrast to light quark hadronization, this FF is
turbative QCD cascade, into the massive charm quark hard[14] because the meson retains a larger fraction of the
Do) is instead a nonperturbative fragmentation functionheavy quark initial momentum. Moreover, one expects the
descrlbmg the transition from the heavy quark to the mesorionperturbative FF to be squeezed towardsl linearly in
Finally, the symbol® indicates convolution: i.e., the mass of the heavy quark. This statement is prov¢tiSh
under the hypothesis of softness of the hadronization process
1dz and in the infinite mass limitsee alsd16] for a discussion
f(x)®g(x)zf - f(z2)g(x/z). (2 on this poini.
X In the following we will employ two different functional

The formalism of PFF’s has been introduced a few yeardorms for the nonperturbative part of the fragmentation func-
ago[4], and will not be given here in detail. We just recall fion.
that it allows to extract from perturbative QQIPQCD the The first one is dictated mainly by its simplicity, and is
initial state conditions for the PFF’s at a scalg of the order ~ 9iven by
of the heavy quark maswa (and we will takewy=m):

Dp(X;a, 8)=A(1—x)*x?, (6)
c . as(mo)Cr
Dc(X,,U«o)—b‘(l—X)JFT
with
1+x2 wh
= In—g 2In(1—x)— 1) , (3 1 L
* K=fo(l—x)"‘xﬁdx=B(,8+1,a+1), (7)
s T
Dg(x,uo>=%jf% 2+ (1-0%In S

B(x,y) being the Eulep function. This functional form had
already been employed [1] for fits to e*e~ data and was
D¢ o{X,10)=0 (5 i i
a.q,ct Mo ' also used in our previous paper on charmed meson [RF’s
It is flexible enough to describe the data and has the advan-

wherec represents here the heavy quark an@ndq the 546 of an easily calculable Mellin transform, given by

gluon and light quarks, respectively. Moreov€g = 4/3 and
Te=1/2.

The PFF’s, evolved up to any scalevia the Dokshitzer- _ _ 1 _ _ B(B+N,a+1)
Gribov-Lipatov-Altarelli-Parisi(DGLAP) equations, can be D”p(N’a"B)=JO X" Doyl xi e, ) = B(B+1l,a+1)
used to evaluate heavy quark cross sections in the large
transverse momentunp{) region(i.e., pr=m) by convolut- ~ F(B+N)I'(atp+2)
ing them with cross section kernels for massless partons CT(B+DI(a+B+N+1)’ ®)
[5-7], subtracted in the modified minimal subtractidn%)
scheme, where the heavy quark is also treated as a massles.
active flavor and therefore also appears in the parton distr?/
bution functions of the colliding hadrons. This has been done
in Ref.[8] for pp, in Ref.[9] for yp, and finally in Ref[10] motivation. A successful description ef e~ data could be
for vy collisions. In all cases it has been shown how the not gnough to ensure the' correctness of.the predicted cross
results agree with the full massive on&efs.[11], [12], and sectlons In, saye p_produ_ctlon evaluated with the Same non-
[13] respectively in an intermediatep region (say from perturbative FF, S'T‘C‘i hlgher moments could play an impor-
twice to four times the mass of the heavy quafor larger tant role_. Indeed, ire"e™ collisions it is the mean scal_ed
pr they are more reliabléand hence have a smaller scale energy, i.e./dzz[(z)—or the second moment when talking
dependendebecause the large logarithms originating from Mellin transforms language—the most important observable.
gluon emission and gluon splitting are resummed by the evoPifferent FF's could therefore agree on this second moment
lution of the PEF’s(see Ref[8] for a more complete discus- but then have different higher moments which could lead to
sion on this point different prediction in other kinds of reactions. _

The fragmentation functions of Eql) will be also We ha_ve therefore chosen to employ also a different non-
evolved with the DGLAP equations. It is to be noted that in perturbative fragmentation, l:.)ased. on a phyS|c_aI ”.‘Ode': the
doing so we assume the evolution to be entirely perturbativ<§o C"’?”_ed Peterfson forg@]. It is derlvgd by considering the
in character: we evolve the full FF'&l) as we would the transition _amphtu_de for a fast moving heavy quatk to
PFF's only. The nonperturbative part of the overall FF's islfagment into Qq)+q, g being a light quark. It reads
kept fixed and determined at a given experiment.

Indeed, the nonperturbative part of the FF's cannot be A
predicted by perturbative QCIPQCD. In fact, the process Dnp(X; €)= (1= 1K=el(1=X) 7’
through which a heavy quark binds to a light one to form the
meson involves exchanges of gluons with momenta of order
Aqcp or smaller, and is therefore intrinsically nonperturba-with the normalization factoA now given by

Sh I'(x) being the Euled” function.
However, this functional form has no immediate physical

€)
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1 (62—66+4) TABLE I. Results for the fitting ofa and 8 in (1—x)*x” to
~=————— | arctan——; +arctan———; ARGUS and OPAL data. Evolution is performed to NLO and with
A (4—e)\Jbe— € Vde Vde As=200 MeV andug=m
1 1 2

+ z In e+ 4? (10) @ B X /NDF

With Sudakov resummation

From the derivation one finds that tlegparameter is related ARGUS, Ref.[1] 0.4 4.6
to the heavy quark mass ly=A2/m?, whereA stands fora ARGUS 0.50.37 4.9-1.7 0.70
hadronic scale. Since the average scaled energy goes liK¥PAL 0.30+0.21 45-1.5 1.26

(x)=1- e, we see it respects the prediction of scaling lin- Without Sudakov resummation

early with the heavy quark mass. ARGUS 1.0=x0.6 6.7+-2.3 0.86
While this form of nonperturbative fragmentation func- OPAL 0.9 0.3 6.4-1.9 1.32

tion is certainly more physical and the order of magnitude of
its unknown parameter can be estimated from first principles,

it has however the drawback of a much more complicated We start by trying to fit the nonperturbative FF to experi-
Mellin transform. The full expression is given in the Appen- mental data foD* * production taken by ARGU$19] and

dix of Ref.[17], and will not be repeated here. OPAL [20] at 10.6 GeV and 91.2 GeV, respectively. The
cross section is evaluated by means of the formula in Eg.
lIl. PRODUCTION IN e*e~ COLLISIONS (12), the fragmentation functions are given by the initial con-

ditions reported in the previous section, evolved up to the
According to QCD factorization theorems, the cross secdesired scale with the DGLAP equations to next-to-leading
tion for the production of a hadrod in thee"e™ process  (NLO) order and convoluted with the nonperturbative com-

onent.
efe -y, Z—HX, (11 P

at a center-of-mass ener@y= s, can be written as A. Fits with (1—-x)x?

We first perform fits with the “simple” form
(1—x)%xA. Similar fits had already been performed a few
years ago in Ref.1]. In that paper only the nonsinglet com-
ponent of the FF’'s had been taken into account, a valid ap-

_ _ H proximation at the low energy of 10.6 GeV. When going to
_Z Ci@ as(w).Qu)@DI(Z. 1), (12 higher energy, on the other hand, the mixing with the gluons
through the evolution will become more and more important.
x being the energy fraction of the produced hadron,The OPAL data do indeed show a rise in the srraiégion,
x=2E/Q. The functionsC;(z,as(«),Q, ) are the so-called due to gluon splitting and absent in the ARGUS data. We
coefficient functions, which describe the hard part of thehave therefore included the full set of FF’'s and mixings in
scattering process and can be calculated in perturbatiothe evolution.

—EJ Ci(z,as(1),Q, D! (

theory as series expansions in the strong couptiggu). As a first step, we have refitted the same ARGUS data
Explicit expressions up to NLO for all the coefficient func- already considered in Ref[1]. We have takenAg
tions we need can be found, for instance, in R&8]. Since =200 MeV and included in the PFF’s the resummation of

we take the partons in the hard scattering to be masslessudakov terms in th&=1 region, as described i] and
collinear singularities appear, and these are subtracted in thgnsistently with1]. A normalization factor is always fitted
MS scheme and reabsorbed into the fragmentation functionalong with the parameters determining the shape of the non-
w is the factorization scale at which this subtraction is perperturbative FF. The results are shown in the upper part of
formed, which in this case we have for simplicity taken equalTable I.
to the renormalization scale. The sum is to run on all the They can be seen to be consistent with those obtained in
partons which can be considered massless in the coefficieRef.[1]. It is also worth mentioning that the last point in the
functions. Since in general mass terms of the form of power&\RGUS data has not been included in our fit. In that region
of m/Q will appear, we see that already @=10 GeV the non-perturbative effects become very large, spoiling the
charm can to a good approximation be taken as masslessvaluation of the perturbative part of the FF's: the PFF's
The same will be true also for the bottom quark atevolved to NLO become indeed negative in the laxgee-
Q=91 GeV, whereas its production should instead begion. We have therefore preferred not to include that point in
strongly suppressed at the lower energy. We will thereforehe fit.
include four and five active flavors respectively at these two We have also presented along with the fits to ARGUS the
center-of-mass energies. results of a similar fit to OPAL data. Also in this case a few
When dealing with light hadrons the fragmentation func-points have been excluded from the fit; the last one, where
tions can only be determined by comparison with experi-again large nonperturbative effects set it, and the first three
ment. Since in our case the hadron in question is instead thanes, where the rise due to gluon splitting is observed. Since
heavy mesol*, we can make use of our ansatz of Ej,  unaccounted for threshold effects may play an important role
and fit to the experimental data only the nonperturbative partere, and the theoretical curve cannot be made to describe
of the FF's. the data very well, we have preferred to avoid biasing the
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=N

fitted parameters and therefore excluded this region alto-
gether.

The main result is the consistency of the two sets of pa-
rameters: the same values which fit the ARGUS data also
describe the OPAL data, taken at a center-of-mass energy
almost one order of magnitude larger. This finding lends sup-
port to our initial hypothesis of scale independence of the
nonperturbative part of the fragmentation functions. L

Other fits with this “simple” nonperturbative FF have s |
been performed, this time excluding the resummation of
Sudakov terms. The reason for this is that when making con- i
volutions of the PFF’s with the Sudakov included in the 2
space(rather than in Mellin moments space as we do how i
the integration convergence is much more difficult. We have I
therefore chosen to incorporate the effect of the Sudakov br
resummation into the nonperturbative part, with the results
given in the lower part of Table I. Once more, full consis-
tency is found between the fits to ARGUS and to OPAL

® ARGUS D™, Vs =10.6 GeV (@)
__ NLOQCD+(1-x)*x%, a=1,p=67
_____ NLO QCD + Peterson, € =0.019

Ag =200 MeV

Normalization: fitted

dN/dx (arbitrary units)
T

data. The results of these two fits are shown in Fig. 1. x
—~ 8
B. Fits with the Peterson form ‘é [ & OPALD’,Vs=912GeV (b)
Fits to the same ARGUS and OPAL data have also been g‘ 7 [ —— NLOQCD+(1-x)"x", @=09,B=64
performed using the Peterson fof@) as the nonperturbative ;g [oee- NLO QCD + Peterson, €= 0.015
part of the FF’s. The fit is in this case a two- rather than a g 6 [ Ag=200MeV
three-parameter one, namely the normalization anck fhe- z ' Normalization: fitted

rameter only. Using NLO evolution and coefficient func- s L
tions, but again no Sudakov resummation, and three different
values forA g, we have found the results displayed in Table
II, while the curves resulting from these fits, for the choice
As=200 MeV, are shown in Fig. 1.

It is to be noted that the fitter was not able, in a few
instances, to produce realistic errors when fitting ARGUS _
data, due to numerical inaccuracies resulting from the in- 2T
verse Mellin transform of the Peterson FF. However, taking i
the error in the corresponding fit to OPAL data as an indica- 1
tion, we see that also in this case the two fits are consistent, r
pointing to a scale independence of the nonperturbative part o ELlo i1
of the fragmentation functions.

The most striking feature of these fits is however the dis-
crepancy between their results and the value commonly used |G, 1. Distributions oD* mesons as measured by the ARGUS
for the parametee when describing ¢ quarks fragmentation and OPAL experiments, together with the theoretical curves fitted
to D* mesons. It is indeed found in the literatuisee, for to the same data with the £x)*x? (full line) and the Peterson
instance, Refl.21]), and has been used in recent phenomenotdashed ling nonperturbative fragmentation functions.
logical paperd22,17, the valuee=0.06. The fitted values
(except for the one aA ;=100 MeV) also appear to be at runs a Monte Carlo simulation of the collision process at
variance with the result found by the OPAL Collaboration hand, including both the parton showers and the subsequent
[20] as a fit to their own data,eopp =0.035-0.007 hadronization of the partons into the observable hadrons. The
+0.006. latter can be parametrized in the Monte Carlo by the same

This discrepancy should however not come as a surprisBeterson fragmentation function we have been using, and the
if one considers carefully how so far has been extracted value ofe which best describes the data can be extracted. But
from experimental data. Experiments usually report the enwhat can be different in our approach is of course the per-
ergy or momentum fractiofxg or x,) of the observed had- turbative QCD part, namely the parton shower. This show-
ron with respect to the beam energy. On the other hand, thering softens the distribution of the partons, producing an
momentum fraction which appears as the argument of theffect qualitatively similar to that of the nonperturbative FF.
nonperturbative FF is rather the fraction with respect to theOn the quantitative level, the amount of soften{iagd hence
fragmenting quark momentum, usually denotedzligee for  the value ofe) required by the nonperturbative FF to de-
instancg 21] for a discussion on this pointThese two frac- scribe the data is related to the amount of softening already
tions are not coincident, due to radiation processes whicperformed at the perturbative level. Monte Carlo simulations
lower the energy of the quark before it fragments into theso far only perform a leading order description of the show-
hadron. In order to deconvolute these effects one usuallgring, and can hence differ from our NLO evolution.
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Therefore there is not a “unique” and “true” value for The perturbative fragmentation function returns the fol-

the parameteg, but only a value closely interconnected with lowing averages when evolved with;=200 MeV:

the details of the description of the PQCD part of the prob-

lem. For instance, a higher value @fs results in a larger (X)por (XY (XY pord (XY perc
ag and hence in more parton showering. This softens eveng.e Gev 0.75 0.65 1.15
more the perturbative part of the FF, and consequently lesgq o> gev 0.64 056 1.14

softening will be required from the nonperturbative part. The

results in Table Il show that this is indeed the case, a smaller ) o
value of e corresponding to a harder Peterson FF. We can clearly see from this table how the NLO description

A double check that the different description of the per-does indeed soften the perturbative FF more than the LO
turbative part can indeed responsible for the differecan ~ ©ne, producing a lower value for the average energy.
be done by rerunning our fits with a leading order evolution, ASSuminge=0.06 to be the right value to describe the
in such a way to mimick as closely as possible the Montedata when a lgadlng order perturbative description is used,
Carlo description of the process. The results are displayed We get (X);;=0.67 and hence, from Eq.(15),
Table I, and can be seen to be indeed much closer to thé)n,~=0.77. Upon inspection we see this average value for
commonly used value of 0.06. The tendency to a discrepanciie Peterson FF correspondsets 0.016, i.e., a value fully
between ARGUS and OPAL fits could actually be an indi-compatible with the ones returned by the fits.
cation of the inadequacy of a leading order description of the Before closing this section on the fits, we wish to point
scale violations taking place from 10 to 90 GeV. All this out once more that there is not a “best candidate” value for
should however not be taken literally, as many other details, but only a value ok more suited to match the description
might be included in the leading order Monte Carlo descrip-of the perturbative showering one is actually employing.
tion of the perturbative showering and be missing or differ-Surely enough, if the QCD description is at NLO a hareer
ently treated here. like our e=0.015, should be used rather than the lafgad

A further check of the modification of the value fer softep e=0.06, since part of the softening is now already
when going from a leading to a next-to-leading descriptionincluded through more perturbative gluon emission.
of the perturbative parton shower can be obtained in the fol-
lowing way, to be taken as a kind of toy model. IV. PRODUCTION IN ep COLLISIONS

Consider a distribution for the energy variablelike the ) )
ones given by ARGUS and OPAL and plotted in Fig. 1. The use of fragmentation functions for heavy quarks to
Thinking of them as described by the convolution of a per-e€valuate NLO cross sections for charm photoproduction has
turbative and a nonperturbative fragmentation function, thelready been considered in RgS). _
average value of, call it (X) e, Can be written as a product In this paper we use exactly the same formalism to evalu-

of the average values of the perturbative and the nonpertu@te Cross sections f@* production, by complementing the
bative FF’s, i.e., PFF's used in the previous work with a nonperturbative com-

ponent as described by E(.) and according to Ref2].
(X) expt={X) perf X) np- (13 The yp cross section reads, schematically,

If we now assume that both a leading and a next-to-leading :f T D f o oan D
description of the perturbative part can describe the data, doryp Firpdoyi—kDict | FirpFjr,doij D

provided they are matched by the appropriate nonperturba- (16)
tive FF (i.e., the appropriate value @fis chosel we can _ ) S
write In this expressiorF;,, andF;,, are the parton distribution

functions(PDF’s) for the proton and the photon, since the so
called direct and resolved component are both included. Un-
— /y\LO /\ \LO_ s, \NLO/, \NLO less otherwise stated, we will make use of the Martin-
(X expi=X)perk X)np = (X)pert (X)np» (14 Roberts-Stirling set G(MRS-G [23] and Aurenche-

_ Chiappetta-Fontannaz-Guillet-PilofACFGP [24] sets,
which leads us to respectively. The &’s are the kernel cross sections
(= coefficient functionsfor massless parton producti¢b,6]
and DkD is the meson fragmentation function of Eq). We

NLO (X>I,3eon Lo 15 will use in this FF the nonperturbative parameters fitted in
Xonp = <X>gér? {Xnp - (15 the previous section te*e~ data and, since the nonpertur-

bative FF’s are normalized to one, we include the branching
ratio B(c—D*")=B(c—D* ")=0.26[20]. This produces

an absolute, parameter free, prediction, to be directly com-
pared with the experimental data.

In this equation(x) ye.; refers to the second Mellin moment of
the perturbative fragmentation functi@g, while the(x),,
can be calculated from the Peterson = FF, flike We also convolute ouryp cross sections with the
(X)np=JxD(x;€)dx. The suffixes “LO” and “NLO” on Weizsaker-Williams flux fac%,cr))r

the perturbative parts mean that a leading or next-to-leading '
evolution kernel has been included before taking the average. Ve

The nonperturbative part is considered to be adjusted to fit gep(s)zf dyfe(y)oyp(ys) (17)
the data together with the given perturbative term. Ymin
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TABLE Il. Results for the fitting of thes parameter of the Peterson FF to ARGUS and OPAL data, for
three different values of 5 and with next-to leading order coefficient functions and NLO or LO evolution of
the PFF’s. Sudakov resummation is not included explicitly, and is therefore effectly reabsorbed into the
nonperturbative FF. The number between the round brackets jg’tper degree of freedom of each fit.

As=100 MeV As=200 MeV Ag=300 MeV
Next-to-leading order evolution
ARGUS 0.031(1.09 0.019(1.29 0.011+0.003(1.53
OPAL 0.033+0.005(1.25 0.015+-0.002(1.59 0.008+0.001(1.72
Leading order evolution
ARGUS 0.07(1.65 0.055(2.1) 0.036(2.72
OPAL 0.10+0.01(2.02 0.08+0.01(2.48 0.06+0.01(2.98
with same choice as Refl17], taking ug=my, up=2my,
o=2m, Gluck-Reya-Vogt set GRV-G HQ25] as the pho-
@ [1+(1-y)?  Qha ton PDF’s set.
Fely)= o y In Q2 Spurious higher order terms could be responsible for the
mn discrepancy. If one does indeed check Fig. 2 of IRET], by
) 1 1 comparing curves C ahD a difference similar to the one
+2mey(%_ QTmln) : (18 found above between the wide-dotted and the dashed line

can be seen. This large difference could therefore be due to
the moving of the initial condition terms for the fragmenta-
aHO” function to the kernel cross sections for massless parton
Scattering(see Appendix Curve D of Ref.[17] has been

wherey=E,/E., Q%,=ngy/(1—-y) and m, is the electron
mass, to mimick as closely as possible the experiment

setup. For comparisons with ZEUS data we will adopt . ;

02 —4Ge\® and y,,=0.147, y,..~0.869, according to made fpllo_wmg our standard PFF formalism, and by com-

[Z%TX Moreover. we f\*/‘\'/’i‘” oresent rg?éss sections in the pseu_parmg it with our results we have indeed found agreement.
Lo ' . It is worth noting that the spurious terms contain large

dorapidity range —1.5<7<1 and in the pr range Sudakov logarithms of the form In{dx), and could indeed

3<ApT<|12 Sevt. din RED1 itis i tant t int out be not negligible. Since we fitteel" e~ data with the same
s already stressed in R¢2], it is important to point ou overall fragmentation function we are now using here, we

how this lowpt boundary casts doubts on the validity of an clieve the large effect of these terms—if present—to be

approagh based qn_the use of mas.sless cross section ke_r n ectively absorbed into the fixed nonperturbative compo-
and which had originally been devised for the resummation

of large logarithms in the large; region. In principle, one is

missing terms of ordem/py, and the errors may therefore  z®©

be large wherpy=m. Only a comparison with a full mas- <, [ P (275+820)GeV standard, § = 1

sive calculation can finally assess whether the results are & ° [ 3GeV<pp<12GeV ... GRV-GHO, & =1,

meaningful enough. Such a comparison will be presented in g o [ ZEUS untagged setup - F=2H=im

Fig. 2. e from KKS paper
A description of D* photoproduction inep collisions 7 F MRS-Gand ACFGP ... full massive calc.

similar to ours has recently been given itv]. When includ- L £=0.06

ing the Peterson FF these authors tackle the problem froman ¢ [
apparently different point of view, by evolving directly this r
nonperturbative FF and inserting instead the initial condi-
tions (3), (4), and (5) for the heavy quark PFF's into the .
coefficient functions foryp to massless parton scattering. ,
One can however easily see the two approaches are equiva- 3 |
lent at the perturbative level. The Appendix does indeed . .
show how they should only differ by uncontrollable higher 2 Es
order terms and, other than this, in the interpretation of the
various components.
Therefore the approach introduced in Rgf] and now o Ea e e

. . . . . -1.5 -1.25 -1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1
discussed here in detail, and the one successively used in n
[17] should give similar results. We compare them in Fig. 2. e
It shows the curve extracted from Réfl7] (wide-dotted
line) and Ol_Jr results, for the same Valu_e och.OG. No and with the full NLO massive calculation of Ref22]. The
agreement is found, however, neith@ull line) with what  gpy.g Ho photon parton distribution functions set is employed
will be our standard choice of renormalization/factorizationy; 4l the curves except for the “standard” offll line). £ and
scales(u=ur=pr=Emr=&Jm?+ps with £=1, uo=m, & refer to the ratios of the renormalization and factorization scales
and A5=200 MeV) nor (dashed ling when we make the to the transverse mass;, respectively.

FIG. 2. Comparison of our results with those of Héf7] (KKS)
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S0 TABLE IlIl. Predictions for the total cross sections in the ZEUS
c ep, 275+8200GeV ... 1) untagged setup, 8p;<12 GeV and— 1.5< <1.

_gﬁ I 3GeV< pr<12GeV — Peterson

B . [ ZEUS untagged @=09,p=64 o (nb)
‘ MRS-G and ACFGP €=0.015, 0.02, 0.035, 0.06 a=0.9, B=6.4 8.0

TF €=0.015 7.7

o | €=0.02,¢=0.5 9.6
€=0.02 7.2

5 €=0.02,¢(=2 6.2
€=0.035 6.2

4 €=0.06 5.3

son with the full massive calculation, rather than with the
experimental data, which however need to be improved in
precision.
T P T T T PR P T For comparison, the cross section obtained with the
A5 4125 -1 075 05 025 0 025 05 075 1 simple FF, (].—X)aXB, with «=0.9 and B=6.4, is also
L) shown(dashed lingin Fig. 3. These values far and g fit
S the OPAL data frone* e~ collisions likee=0.015 does, see

FIG. 3. Pseudorapidity distribution @* as measured by the gec. |||, and the photoproduction cross sections are indeed
ZEUS experiment and theoretical predictions for different values oty |54 in good agreement. This on one side shows how in this
€ in the Peterson fragmentation functi¢ull line) and with the ;<o there is little dependency on the precise shape of the
(1-x)*x” FF (dashed ling nonperturbative fragmentation function. On the other side, it
strengthens our trust of the cross section with the Peterson,
much harder to evaluate due to the numerical difficulties

nent. Hen_ce it should not spoil a reliable evaluation of pho'related to the inverse Mellin transform.
toproduction cross sections.

Also shown on the same plot is the result of the full NLO The total cross sections, obtained by integrating the

. : oo curves in Fig. 3 over the pseudorapidity, are also shown in
massive calculation bj22] (close-dotted ling itself convo- - .
luted with a Peterson FF wite—0.06 too, as taken from Table lll. They are to be compared with the experimental

_ 1.6
[26]. Good agreement with our result is found, especiallyr.esu“ from ZEL;S{?G] o=10.6 1'7(.Stat)t 13(Syst) nb. No-
when making our standard choice of scales. Such a succes:[ég.e that tge 17% mcreas_ehforl]mdlgg?ng fr_@m 0.0gﬁto 0'935
ful comparison could probably not have been expected be![i(;nrr?;sc;ivzgcraeliﬂggng't the 6 estimated26] using
forehand, given the missing/p; terms, but a posteriori it :

: . To get a feeling of the stability of our results we plot in
can perhaps be considered a check of our results, being t . T e
massive result the benchmark at these lowvalues. The rI\E:T‘g. 4(a) the results obtained for the pseudorapidity distribu

agreement will also allow us to extrapolate to the massivetion with diffgrent choices of r.enormalization/factprization
calculation the effect of varying the value ef Scales and W|t_h the conservative valee 0.02. While the
central curve is obtained witlk=ms, the two others are
) ) _ produced withu=&my, with £=0.5 and 2. The variation is
A. Comparison with experiment not negligible, especially in the lower scale direction, but we
We now compare our results with experimental photoproshomd bear in mind that at such a low scale we are at the
duction data obtained at HERA by ZEU86] and H1[27] border of the applicability of perturbative QCD. Also shown
Collaborations. on this plot are the results obtained with two other photon
We first plot, in Fig. 3, the pseudorapidity distributions, PDF’s sets, namely GRV-G HO and AH@8|. The varia-
integrated over th@r, obtained with the Peterson FF with tions are smaller than those given by varying the scales.
different values ofe. These results have been obtained with By comparing with the experimental results we can see
the PDF’s set MRS-G for the proton, and ACFGP for thethat we can get a fairly good description of the data already
photon in the resolved component. For the renormalizawith a central choice of scales.
tion/factorization scales we made the standard choice A similar comparison is also made, in Figb4, with the
w=pur=ue=mr and takenuy,=m as the starting value for Py distribution obtained by the ZEUS Collaboration. The
the evolution of the FF’sA 5 is taken equal to 200 MeV. curves, obtained witle=0.02, seem to offer a fair descrip-
As expected, the use of a smallehardens the nonper- tion of the data.
turbative FF and hence enhances the cross section, since theFinally, we want to present a comparison of the results of
partonic kernels fall rapidly with increasing;. The cross —our approach with more sets of data. We now use H1 results,
section obtained witlke=0.015 is 50% larger than that with both in the tagged and the untagged experimental setup.
€=0.06, and while the latter seems to fall short of describinglhese we reproduce by taking in the Weideer-Williams
the ZEUS data, the former does a good job, at least in theonvolution Q3,=0.01 GeV, y,=0.28, ¥;,=0.65 and
first two bins. But we emphasize here once more how a fuIszaX=4 GeV?, Ymin=0.1, Ymax=0.8, respectively, according
assessment of the reliability of these results needs a compatd Ref. [27]. Figure 5 shows the results for the rapidity
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FIG. 4. Comparison with pseudorapidit®) and transverse mo-
mentum(b) experimental distributions from ZEURR6], and effect
of variation of renormalization and factorization scales, as
pn=£&mg, and of the photon PDF'’s sets.

FIG. 5. Comparison of our results with the experimental data
from the H1 Collaboration, Ref27].

V. CONCLUSIONS

distributions! obtained with the Peterson FF with=0.02 In this paper we have applied the technique of fragmen-
and the standard choice of scales, iée=,1. tation functions for heavy mesons ©* production in
The total cross sections for these curves, integrated withie™ e~ andep collisions.
the 2.5<pr<10 GeV and—1.5<y<1 range, read 4.2 nb These fragmentation functions are made of a perturbative
and 14.4 nb for the tagged and the untagged sample, respgsart, which we evolve with next-to-leading accuracy, and a
tively, to be compared with the experimental resultsnonperturbative one, which we fit te"e~ data taken by
4.9+0.7+%%nb and 20.23.3+2%nb. A quite good agree- ARGUS and OPAL and subsequently use to predict photo-
0.59 3.6
ment can be seen, especially for the tagged sample. production cross sections, to be compared with data by H1
and ZEUS.
When fittinge™ e~ data with a Peterson nonperturbative

1H1 presents its experimental results as a function of the rapidinform we find values for the parameter significantly differ-
rather than of the pseudorapidity. Our approach, in that it deals witlent from the commonly accepted value 0.06. A central value
massless partons in the kernel cross sections, cannot distinguiar our fits, when using NLO evolution, is=0.02. This
between the two. The two quantities become of course identical ilnardens the nonperturbative fragmentation function, and in-
the largeps region, and atp;=2.5 GeV already only differ by creases the photoproduction cross section, bringing it in bet-
about 10%. ter agreement with the data.
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Our photoproduction results are found in good agreement D(u,m)=E(u,m0)D(peg,mDpp. (A2)
with the NLO full massive ones, which are reliable at the

low values ofp probed by the experiments and can be takenrne factorE (., 1) is the so called evolution kernel, and we
as a benchmark for comparisons. Convoluting them with &aye now also included a nonperturbative tegy, for in-
Peterson with a lowee will also increase the cross section, gtance the Peterson FF according to @g. Indeed, to think
again producing a better agreement with the data. Slightly; 1o multiply the perturbative initial condition or the evolved

less conservative choices than those made here for therr s apsolutely identical, sin@() is in both cases sim-
renormalization/factorization scales, the photon parton dIStrI-p|y a product of three terms.

bution functions set, the—D* branching ratio and the Putting together the two equations we have
value of e could easily make the agreement even better.

Note added in proofAfter this paper was posted on the m=C E D mD A3
electronic archive, a similar work appeaf@9]. The authors 7(Qm)=C(Qu)E (4, 1o)D (ko.M Dpp, - (A3)

work in the scheme introduced fi7] and fit, with NLO which is for instance the way we write o e~ cross sec-
evolution, ande parameter of the order of 0.06 instead of tion in Melli th y W to be found b
0.02. We attribute this discrepancy to their changing the colon In VIEn space, the one 1x space to be found by
efficient functions byag(u)d(wg,m) terms(see Appendix numerical inverse Mellin transform.

h . . If we now consider that both the coefficient functidsse
t)utﬂnot t?ﬁ Ntl_hol\(jl_vsolfutl(:n _kerpels. V\ée worlgns':jead ContSIS'for instance Ref[18]) and the initial conditions of the PFF'’s
ently within the actorization scheme. LU does no see Eqs(3), (4), and(5)] can be calculated as series expan-
need to reabsorb large perturbative logarithms, which ar ions in i
: . ; ag, like
instead resummed by the evolution of the fragmentation
functions. Hencee=0.02 is the value which should be used _
also in connection with, say, the full NLO massive photopro- CQRu) =1+ ag(pn)e(Q.u)
duction calculation at lowpt values. and
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APPENDIX
This is [with the exception ofag(ug) which they take
‘ag(pn) instead the form employed in Ref[17] when
(#,10)Dpp is considered as an “evolved” nonperturbative
F, and with thed(uq,m) functions changing the coefficient
function’s scheme. If one takes,= u the new coefficient
function will be close to the cross section for massive quark
production, containing the logarithmic terms Q@ifn). In-
deed, thed(ug,m) functions had been determined [#]
o(Q,m)=C(Q,x)D(u,m), (A1) exactly this way, but going the opposite way round, i.e.,
evaluating the full massive-(Q,m), extracting from it the
and u is the factorization scale. Sind2(u,m) is the frag-  coefficient functionc(Q,«) in the MS scheme, and defining
mentation function evolved up to the scalewe can write it  the remaining piece to be the initial state condition of the

In this Appendix we show how the approaches of Refs
[2] and[17] are identical at the perturbative level.

Consider a cross section for producing a heavy quark o
massm at the large scal®, o(Q,m), given by the convo-
lution of a coefficient functionC(Q,x) and a perturbative
fragmentation functionD(u,m). In the Mellin moments
space we write this as a product:

in terms of an initial condition at a scaje, as fragmentation function.
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