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Abstract

We study the photoproduction of a D∗± meson in association with a hadron jet at next-to-leading

order in the parton model of QCD with non-perturbative fragmentation functions extracted from

LEP1 data of e+e− annihilation. The transverse-momentum and rapidity distributions recently

measured at DESY HERA in various kinematic ranges nicely agree with our theoretical predictions.

This provides a useful test of the universality and the scaling violations of the fragmentation

functions predicted by the factorization theorem. These comparisons also illustrate the significance

of the charm component in the resolved photon. This is elaborated by investigating the cross-section

distributions in xγ
obs and cos θ∗.
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I. INTRODUCTION

Heavy-flavor production has always been an important testing ground for quantum chro-

modynamics (QCD), one of the reasons being that it addresses the problem of where to draw

the dividing line between perturbative and non-perturbative aspects. The photoproduction

of open charm is particularly interesting because it also allows valuable insights into the

partonic structure of the photon. Results on inclusive D∗± photoproduction from the H1

[1] and ZEUS [2, 3] Collaborations at the DESY ep collider HERA have been compared to

leading-order (LO) and next-to-leading order (NLO) calculations [4, 5, 6]. More recently,

data on the photoproduction of a D∗± meson in association with a hadron jet have also

become available [3, 7, 8, 9, 10].

Concerning the theoretical treatment of open heavy-flavor production, several approaches

have been followed in the literature. The QCD-improved parton model implemented in the

modified minimal-subtraction (MS) renormalization and factorization scheme and endowed

with non-perturbative fragmentation functions (FFs), which proved itself so convincingly

for light-hadron inclusive production [11], also provides an ideal theoretical framework for a

coherent global analysis of D- [6] and B-meson data [12], provided that µ ≫ mQ, where µ is

the energy scale characteristic for the respective production process and Q = c, b. Then, at

LO (NLO), the dominant logarithmic terms, of the form αn
s lnn

(

µ2/m2
Q

)

(αn+1
s lnn

(

µ2/m2
Q

)

)

with n = 1, 2, . . ., where αs is the strong-coupling constant, are properly resummed to all

orders by the time-like Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) [13] evolution,

while power terms of the form
(

m2
Q/µ2

)n
are negligibly small and can be safely neglected. In

this massless-quark scheme or zero-mass variable-flavour-number scheme (ZMVFNS), which

is sometimes improperly referred to as NLL approximation [39], the Q quark is treated as

massless and appears as an active parton in the incoming hadron or photon, having a non-

perturbative parton density function (PDF). The criterion µ ≫ mQ is certainly satisfied for

e+e− annihilation on the Z-boson resonance, and for the photo-, lepto-, and hadroproduction

of D and B hadrons with transverse momenta pT ≫ mQ. Furthermore, the universality of the

FFs is guaranteed by the factorization theorem [14], which entitles us to transfer information

on how charm and bottom quarks hadronize to D and B hadrons, respectively, in a well-

defined quantitative way from e+e− annihilation, where the measurements are usually most

precise, to other kinds of experiments, such as photo-, lepto-, and hadroproduction. In
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Refs. [6, 12], the distributions in the scaled D- and B-hadron energy x = 2E/
√

s measured

at LEP1 were fitted at LO and NLO in the ZMVFNS using, among others, the ansatz by

Peterson et al. [15] for the c → D and b → B FFs at the starting scale µ0 = 2mQ. In the

D∗± (B+/B0) case, the ε parameter was found to be εc = 0.0851 and 0.116 [6] (εb = 0.0126

and 0.0198 [12]) at LO and NLO, respectively. We emphasize that the value of ε carries

no meaning by itself, but it depends on the underlying theory for the description of the

fragmentation process, in particular, on the choice of the starting scale µ0, on whether the

analysis is performed in LO or NLO, and on how the final-state collinear singularities are

factorized in NLO. An alternative to the ZMVFNS with purely non-perturbative FFs is to

decompose the FFs into a perturbative component, the so-called perturbative FFs (PFFs)

[16], and a non-perturbative component [5, 17].

In the traditional massive-quark scheme or fixed-flavour-number scheme (FFNS), the Q

quark is treated in the on-mass-shell renormalization scheme, as if it were a massive lepton

in triplicate, and it only appears in the final state, but not as an active parton inside the

incoming hadron or photon. There are no collinear singularities associated with the outgoing

Q-quark lines that need to be subtracted and absorbed into FFs. This scheme breaks down

for pT ≫ mQ because of would-be collinear singularities of the form αs ln
(

p2
T /m2

Q

)

, which

are not resummed. However, this scheme allows one to calculate a total cross section, which

is infeasible in the ZMVFNS. Quantitative comparisons of the ZMVFNS and the FFNS for

photoproduction in ep and γγ collisions may be found in Refs. [18] and [19], respectively.

A rigorous theoretical framework that retains the full finite-mQ effects while preserv-

ing the indispensible virtues of the factorization theorem, namely the universality and the

DGLAP [13] scaling violations of the FFs, is provided by the general-mass variable-flavour-

number scheme (GMVFNS) [14, 20]. In a nutshell, this procedure consists in explicitly

performing the mQ → 0 limit of the FFNS result, comparing the outcome, term by term,

with the ZMVFNS result in the MS scheme, and subtracting the difference terms from

the FFNS result. Owing to the factorization theorem [14], the hard-scattering cross sec-

tions thus obtained can then be convoluted with non-perturbative D- and B-hadron FFs

extracted from LEP1 data using the pure MS scheme [6, 12]. This is consistent because the

finite-mQ terms omitted in Refs. [6, 12] are relatively small, of order m2
Q/m2

Z . The impact of

finite-mQ terms on the proton PDFs was recently assessed by the CTEQ Collaboration [21].

In this connection, we should also mention the so-called fixed-order next-to-leading-logarithm
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(FONLL) scheme [22], in which the ordinary result in the FFNS and a suitably subtracted

result in a ZMVFNS with PFFs are linearly combined using a certain weight function [22].

The conceptual merits of the GMVFNS and the FONLL are reviewed in Ref. [23].

The GMVFNS was recently implemented for direct [24] and single-resolved [25] γγ colli-

sions as well as for ep collisions with quasi-real photons [26]. In the case of γγ → D∗± + X

at LEP2, the inclusion of finite-mc effects was found to reduce the cross section by approx-

imately 20% (10%) at pD
T = 2mc (3mc) [24], i.e., their magnitude is roughly m2

c/(pD
T )2, as

näıvely expected. From Refs. [24, 25, 26], we thus infer that finite-mc effects play a signifi-

cant role only at rather small pD
T values, pD

T . 3 GeV, so that the ZMVFNS should yield a

good approximation in the kinematic range pD
T > 3 GeV and pj

T > 6 GeV considered in a

very recent ZEUS analysis [9].

The article is organized as follows. In Sec. II, we give a short description of the method.

In Sec. III, we present a numerical analysis of D∗± plus jet associated photoproduction,

where we also compare to preliminary ZEUS data [9]. Section IV contains the conclusions.

II. THEORETICAL FRAMEWORK

Using the massless scheme, we can rely on the factorization theorem and write the pho-

toproduction cross section for ep → γp → D∗± + X as a convolution of the partonic cross

section σ̂ with the PDFs of the incident particles and the FFs for an outgoing parton frag-

menting into a D∗± meson. In this approach, the FFs are purely non-perturbative, universal,

and subject to DGLAP [13] evolution. We have

dσep→D∗±+X(Pe, Pp, PD) =
∑

i,j,k

∫

dxedxpdz Fi/e(xe, Me)Fj/p(xp, Mp) DD/k(z, MF )

× dσ̂ij→kX(xePe, xpPp, PD/z, µ, Me, Mp, MF ), (1)

where Me and Mp are the initial-state factorization scales, MF is the final-state factorization

scale, and µ the renormalization scale. If a jet in addition to the D∗± meson is detected, a

measurement function defining the jet has to be included in Eq. (1). The sum
∑

i,j,k runs

over all partons, including quarks, gluons as well as photons, which can contribute if the

energy of the subprocess is above their mass thresholds. Therefore, the charm quark also

contributes as an incoming parton originating from the proton or the resolved photon.
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At leading order, the subprocesses contributing to the partonic reaction ij → kX can

be divided into two categories, corresponding to a direct or a resolved photon in the initial

state. The direct photon corresponds to i = γ in Eq. (1), with Fγ/e approximated by the

Weizsäcker-Williams formula for the spectrum of the quasi-real photons,

Fγ/e(y) =
αem

2π

[

1 + (1 − y)2

y
ln

Q2
max(1 − y)

m2
ey

2
− 2(1 − y)

y

]

, (2)

where αem is Sommerfeld’s fine-structure constant and Q2
max is the maximum virtuality of

the photon. On the other hand, the resolved photon participates in the hard interaction

via its quark and gluon content. In this case, Fi/e(xe, Me) is given by a convolution of the

Weizsäcker-Williams spectrum with the photon PDFs as

Fi/e(xe, Me) =

∫ 1

0

dydxγ Fγ/e(y)Fi/γ(xγ , Me)δ(yxγ − xe). (3)

Typical examples of LO diagrams are depicted in Fig. 1.

(a) (b) (c)

FIG. 1: Examples of LO diagrams involving (a) direct photons or (b) the quark or (c) gluon

components of resolved photons.

At NLO, an additional real or virtual parton can be radiated in the hard interaction.

Representative examples of NLO diagrams are shown in Fig. 2. As the partons are massless,

this leads to soft and collinear singularities. The soft singularities cancel between the real

and the virtual corrections, while the collinear ones are absorbed into the PDFs or FFs. For

example, the collinear singularities appearing at NLO if the incident photon splits into a

collinear qq̄ pair are absorbed into the PDF Fq/γ(xγ , Me) at the factorization scale Me. Thus

the direct- and resolved-photon contributions separately exhibit strong dependences on Me,

which cancel out only in their sum, up to terms which are formally beyond NLO. Therefore,

it has to be stressed that, at NLO, only the sum of the two contributions carries a physical

meaning. Technically, the infrared divergences have been isolated using a combination of
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the phase-space-slicing [27] and the subtraction [28] methods. A more detailed description

of the calculation can be found in Refs. [29, 30] and will not be repeated here. The matrix

elements have been calculated in Refs. [31] and are implemented in the computer program

EPHOX [32], which can serve to calculate the photoproduction of a large-pT hadron or photon

together with an optional jet. The program is constructed as a partonic event generator, so

that the total cross section as well as differential distributions can be easily obtained.

(a) (b) (c)

FIG. 2: Examples of NLO diagrams contributing to the real corrections in (a) direct and (b)

resolved photoproduction, and (c) to the virtual corrections in direct photoproduction.

III. NUMERICAL RESULTS

We are now in a position to present our numerical analysis. We start by specifying our

inputs and the kinematic situation. We work in the ZMVFNS with nf = 5 massless quark

flavors. For the PDFs of the proton, we take the MRST03 [33] set by Martin, Roberts, Stir-

ling, and Thorne. For the PDFs of the photon, our default set is AFG04 [34] by Aurenche,

Fontannaz, and Guillet, which is an updated version of the original AFG [35] parameteri-

zation. In contrast to the AFG [35] set, the AFG04 [34] set also contains a bottom-quark

PDF. The AFG04 [34] PDFs are slightly higher at small values of x and lower at large

values of x than the AFG [35] PDFs, but the numerical difference is very small. In order to

assess the potential of the ZEUS data [9] to constrain the photon PDFs, we also employ set

GRV HO [36] by Glück, Reya, and Vogt, which we transform from the DISγ scheme to the

MS scheme. For the D∗± FFs, we use the parameterization of Ref. [6], where separate NLO

fits to ALEPH and OPAL data are performed. As our default, we chose the set obtained

from the fit to the OPAL data, as it has a lower χ2 value. However, the differences in

the considered cross sections resulting from exchanging the two FF sets are negligible. For
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α
(nf )
s (µ), we use an exact solution of the two-loop renormalization group equation, where the

asymptotic scale parameter Λ(5) for nf = 5 is calculated from Λ(4) by requiring continuity of

αs at the bottom threshold µ = 2mb, and Λ(4) is set to 278 MeV to be consistent with the

MRST03 [33] proton PDFs.

Our default scale choice is µ = mT and M = 2mT , where mT =
√

m2
c + (pD

T )2 is the

transverse mass of the D∗± meson and we set mc = 1.5 GeV. As usual, we identify the

three factorization scales Me, Mp, and MF in Eq. (1) and denote their common value by

M . In order to estimate the theoretical uncertainty in a conservative way, we vary µ and

M independently about their default values, as µ = c1mT and M = 2c2mT with 1/2 ≤
c1, c2 ≤ 2. The maximum variation of the cross section thus obtained is shown as hatched

green bands in Figs. 3–6. For comparison, we also consider diagonal scale variations, where

c1 = c2, in these figures. However, we caution the reader that the errors resulting from

diagonal scale variations are too optimistic because of cancellations due to the fact that the

dependences of the cross section on µ and M act in opposite directions.

We chose the kinematics in such a way that a direct comparison to preliminary ZEUS data

on D∗± plus jet associated photoproduction [9] is possible. These data have been produced

with a proton energy of 920 GeV and an electron energy of 27.5 GeV in the laboratory frame,

which corresponds to a ep center-of-mass (c.m.) energy of
√

s = 318 GeV. The maximum

photon virtuality is Q2
max = 1 GeV2, and the photon-proton c.m. energy W lies in the range

130 GeV < W < 280 GeV. All rapidities η refer to the laboratory frame, with the HERA

convention that the proton is moving towards positive rapidity. The jets are defined using

the kT -algorithm [37] with a jet radius of R = 1. We employ the ZEUS convention [9] that

an event is counted twice if two jets in addition to the D∗± meson are measured which both

satisfy the cuts in transverse momentum and rapidity. However, we find that this case only

occurs for about 0.3% of the generated events in the kinematic range considered. Unless

stated otherwise, we adopt the acceptance cuts pD
T > 3 GeV, |ηD| < 1.5, pj

T > 6 GeV, and

−1.5 < ηj < 2.4 from ZEUS [9]. We present histograms with the same binning as in Ref. [9].

As in Ref. [9], we consider the sum of the cross sections for D∗+ and D∗− mesons.

We now present and discuss our figures. In Figs. 3–5, we confront the differential cross

section of ep → D∗±j + X in photoproduction as measured by ZEUS [9] with our NLO

predictions. Specifically, Fig. 3 refers to dσ/dpj
T integrated over the full ηj range (−1.5 <

ηj < 2.4) and Figs. 4, 5(a) and (b) to dσ/dηj integrated over the full pj
T range (pj

T > 6 GeV)
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and the subintervals 6 < pj
T < 9 GeV and pj

T > 9 GeV, respectively. In addition, we

present, in Figs. 6(a)–(d), dσ/dpj
T integrated over the subintervals −1.5 < ηj < −0.5,

−0.5 < ηj < 0.5, 0.5 < ηj < 1.5, and 1.5 < ηj < 2.4, for which experimental data are

not yet available. In all cases, the D∗± meson is kinematically confined by the conditions

pD
T > 3 GeV and |ηD| < 1.5. The vertical bars on the ZEUS data [9] give the full errors,

the purely statistical errors are indicated by the horizontal ticks on them. Our default

predictions are represented by the solid red histograms and their errors due to independent

scale variation by the hatched green bands. The errors due to diagonal scale variation

are indicated by the dot-dashed and dotted pink histograms. The predictions evaluated for

central scale choice with the GRV HO photon PDFs are given by the dashed blue histograms.

We observe that our NLO predictions agree with the ZEUS data [9] within errors, except for

two forward ηj bins in the lower pj
T range, where the ZEUS data [9] slightly overshoot our

NLO predictions. In the cases when the difference between the evaluations with the AFG04

[34] and GRV HO [36] photon PDFs is comparable to the experimental error, the GRV HO

[36] set tends to yield a better description of the ZEUS data [9], except at large values of pj
T

and ηj.

It is also instructive to look at the distribution dσ/dxγ
obs, where the kinematic observable

xγ
obs is defined as

xγ
obs =

pD
T exp(−ηD) + pj

T exp(−ηj)

2Eγ
. (4)

As the contribution from the direct-photon subprocesses peaks at xγ
obs ≈ 1, whereas resolved

photons mainly contribute for xγ
obs < 1, a cut on xγ

obs can serve to obtain samples enriched

in direct- or resolved-photon processes. As already mentioned in Sec.II, the true direct-

and resolved-photon contributions are related at NLO through factorization and, taken

separately, exhibit strong Me dependences. Only their sum represents a physical observable

that can be compared to experimental data. Notice that the individual parts can even be

negative. In Fig. 7, our central NLO prediction for the differential cross section dσ/dxγ
obs

in the kinematic range pD
T > 3 GeV, |ηD| < 1.5, pj

T > 6 GeV, and −1.5 < ηj < 2.4 (solid

red histogram) is decomposed into its direct- (dashed blue histogram) and resolved-photon

(dotted green histogram) components. We read off from Fig. 7 that, with our default scale

choice, direct photoproduction dominates for xγ
obs & 0.7.

In the case of single-hadron inclusive photoproduction at HERA, the direct- and resolved-
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FIG. 3: The differential cross section dσ/dpj
T of ep → D∗±j+X in photoproduction for −1.5 < ηj <

2.4, pD
T > 3 GeV, and |ηD| < 1.5 measured by ZEUS [9] is compared with our NLO predictions (solid

red histogram) including conservative errors (hatched green bands). For comparison, the errors

due to diagonal scale variation (dotted-dashed and dotted pink histograms) and the predictions

evaluated for central scale choice with the GRV HO photon PDFs (dashed blue histogram) are also

shown.

photon contributions are known to be accumulated in the backward and forward directions,

respectively [38]. It is interesting to find out if, in D∗± plus jet associated photoproduc-

tion, the rapidities ηD and ηj lend themselves as discriminators between direct and resolved

photoproduction as well. To this end, we split our central NLO predictions for the differ-

ential cross sections dσ/dηj and dσ/dηD into their direct- and resolved-photon components

and show the results in Figs. 8(a) and (b) as the solid red and dashed blue histograms,

respectively. The kinematic range considered for dσ/dηj is pD
T > 3 GeV, |ηD| < 1.5, and
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FIG. 4: Same as in Fig. 3, but for dσ/dηj with pj
T > 6 GeV.

pj
T > 6 GeV, while for dσ/dηD it is pD

T > 3 GeV, pj
T > 6 GeV, and −1.5 < ηj < 2.4. Notice

that the superposition of the two histograms in Fig. 8(a) yields the solid histogram in Fig. 4.

We learn from Figs. 8(a) and (b) that, in the kinematic range considered, the discriminat-

ing power of the rapidity distribution with respect to direct and resolved photons, which is

familiar from single-hadron inclusive photoproduction at HERA, carries over to dσ/dηj, but

not to dσ/dηD.

We now explore the sensitivity of our NLO predictions of ep → D∗±j + X in photopro-

duction to the gluon and charm-quark PDFs of the photon, so as to assess the potential of

the HERA experiments to constrain these PDFs, which are presently less well known than

those of the up, down, and strange quarks. In order to enhance this sensitivity, it is useful

to suppress the direct-photon contribution. From the discussion of Figs. 7 and 8, we know
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FIG. 5: Same as in Fig. 4, but for (a) 6 < pj
T < 9 GeV and (b) pj

T > 9 GeV.

that this can be achieved by focusing on low values values of xγ
obs and/or large values of

ηj, typically xγ
obs . 0.75 and ηj . 0.5. Therefore, we reconsider in Fig. 9 the differential

cross section dσ/dηj for pD
T > 3 GeV, |ηD| < 1.5, and pj

T > 6 GeV (a) without and (b) with

the acceptance cut xγ
obs < 0.75 (solid blue histograms) and turn off the gluon (dashed red

histograms) and charm-quark (dotted green histograms) PDFs, one at a time. Notice that

the solid histograms in Figs. 4 and 9(a) are identical. We caution the reader that, strictly

speaking, it is inconsistent to put to zero a photon PDF by hand because, in the determi-

nation of the PDF set, it participated in the DGLAP [13] evolution and thus influenced the

other PDFs. Furthermore, its Me dependence is correlated with a similar Me dependence in

the direct-photon contribution through the factorization procedure. Bearing these caveats

in mind, it is nevertheless instructive to do so. We conclude from Fig. 9(a) and (b) that

the contribution from the gluon inside the resolved photon is too small to be useful, while

that from the charm quark is very significant. Quantitatively comparing Figs. 4, 8(a), and

9(a) after integration over ηj , we find that the contribution due to the charm component in

the photon makes up 92% of the resolved-photon contribution and 50% of the total cross

section. After imposing the condition xγ
obs < 0.75, the latter fraction is increased to as much

as 81%! In fact, the ZEUS data [9] in Fig. 4 overshoot the dotted green histogram in 9(a)

by several experimental standard deviations in the upper ηj bins, which suggest that, in

the framework of the ZMVFNS, the existence of intrinsic charm in the resolved photon is

11



FIG. 6: Same as in Fig. 3, but for (a) −1.5 < ηj < −0.5, (b) −0.5 < ηj < 0.5, (c) 0.5 < ηj < 1.5,

and (d) 1.5 < ηj < 2.4 and without experimental data.
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FIG. 7: Our central NLO prediction of the differential cross section dσ/dxγ
obs of ep → D∗±j + X

in photoproduction for pD
T > 3 GeV, |ηD| < 1.5, pj

T > 6 GeV, and −1.5 < ηj < 2.4 (solid red

histogram) and its direct- (dashed blue histogram) and resolved-photon (dotted green histogram)

components.

experimentally established.

Another interesting observable is cos θ∗, defined as

cos θ∗ = tanh
ηD − ηj

2
. (5)

As the angular dependence of subprocesses involving a gluon propagator in the t channel is

approximately proportional to (1−| cos θ∗|)−2, whereas it is proportional to (1−| cos θ∗|)−1 in

the case of a quark propagator, one can learn about the size of the contribution from diagrams

of the type shown in Fig. 1(b) by studying the differential cross section dσ/d cos θ∗. A recent

ZEUS analysis on dijet angular distributions in the photoproduction of open charm [7] has

shown that the measured cross section from resolved-enriched events, with xγ
obs < 0.75,

exhibits a distinct asymmetry with a strong rise towards cos θ∗ = −1, i.e., the photon

direction. This behaviour suggests that events with xγ
obs < 0.75 are dominantly produced by

charm quarks coming from the photon side. On the other hand, the cos θ∗ distribution for

direct-enriched events, with xγ
obs > 0.75, is almost symmetric, as expected for subprocesses

like the one depicted in Fig. 1(a). In order to substantiate these observations from the

theoretical side, we now investigate the differential cross section dσ/d cos θ∗ of ep → D∗±j+X

13



FIG. 8: Direct- (solid red histograms) and resolved-photon (dashed blue histograms) components

of our central NLO predictions of the differential cross sections (a) dσ/dηj for pD
T > 3 GeV,

|ηD| < 1.5, and pj
T > 6 GeV and (b) dσ/dηD for pD

T > 3 GeV, pj
T > 6 GeV, and −1.5 < ηj < 2.4

of ep → D∗±j + X in photoproduction.

in photoproduction for pD
T > 3 GeV, |ηD| < 1.5, pj

T > 6 GeV, and −1.5 < ηj < 2.4 at NLO.

In Fig. 10, this cross section is decomposed in two ways: in the physically well-defined

direct- (dotted blue histogram) and resolved-enriched (solid red histogram) contributions,

with xγ
obs > 0.75 and xγ

obs < 0.75, respectively; and in the mathematically defined direct-

(dashed pink histogram) and resolved-photon (dot-dashed green histogram) contributions.

From Fig. 10, we observe that the direct- and resolved-enriched contributions, which can

be measured experimentally, exhibit very similar cos θ∗ dependences as their theoretical

counterparts, which, taken separately, do not represent physical observables. In other words,

the enriched contributions possess a rather high purity. Furthermore, we can confirm the

findings of Ref. [7] concerning the cos θ∗ dependences of the direct- and resolved-enriched

samples: the former is almost symmetric, whereas the latter is exhibits a steep rise towards

the photon direction. This demonstrates that the bulk of the resolved-photon contribution

is due to charm component, in accordance with our conclusions from Figs. 9(a) and (b).
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FIG. 9: Our central NLO prediction of the differential cross section dσ/dηj of ep → D∗±j + X

in photoproduction for pD
T > 3 GeV, |ηD| < 1.5, and pj

T > 6 GeV (a) without and (b) with the

acceptance cut xγ
obs < 0.75 (solid blue histograms) and the evaluations with Fg/γ = 0 (dashed red

histograms) or Fc/γ = 0 (dotted green histograms).

IV. CONCLUSIONS

Using results from Refs. [30, 32], we evaluated the cross section of D∗± plus jet asso-

ciated photoproduction at HERA to NLO in the parton model of QCD implemented in

the ZMVFNS with non-perturbative FFs extracted from LEP1 [6], and studied various dis-

tributions of it. As the most important result, we found that preliminary ZEUS data [9]

are nicely described by our theoretical predictions. This may be partly attributed to the

fact that the acceptance cut pj
T > 6 GeV [9] excludes events at energy scales of order mc

and below, which cannot be reliably described in this theoretical framework. In order to

obtain a reliable prediction in the low-pT range as well, the finite-mc effects must be in-

cluded, by working in the GMVFNS. In the case of D∗± inclusive photoproduction, this
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FIG. 10: Direct- (dashed pink histogram) and resolved-photon (dot-dashed green histogram) con-

tributions as well as contributions with xγ
obs > 0.75 (dotted blue histogram) and xγ

obs < 0.75

(solid red histogram) to our central NLO prediction of the differential cross section dσ/d cos∗ of

ep → D∗±j+X in photoproduction for pD
T > 3 GeV, |ηD| < 1.5, pj

T > 6 GeV, and −1.5 < ηj < 2.4.

was recently done for the direct-photon contribution in Ref. [26]. The good agreement with

the ZEUS data [9] provides successful tests of the universality and the scaling violations of

the FFs, which are predicted by the factorization theorem and the DGLAP [13] evolution,

respectively.

Unfortunately, the variation of the NLO predictions due to scale changes is larger than the

one stemming from using different contemporary NLO sets of photon PDFs, so that the latter

cannot be further constrained by measurements of D∗± plus jet associated photoproduction

at HERA.

As for the relative importance of the various partons inside the resolved photon, charm

was found to greatly dominate, while the gluon turned out to be practically irrelevant. In
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particular, the dominance of the charm component in the resolved photon manifests itself in

the characteristic cos θ∗ dependence of the cross section, a feature that was already exploited

in experimental analyses [7]. The comparison of the ZEUS data [9] with our NLO predictions

establishes the presence of intrinsic charm inside the resolved photon with overwhelming

significance and thus supports the validity and usefulness of the ZMVFNS endowed with

non-perturbative FFs in the kinematic regime considered.
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