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I describe the theoretical framework of the general-mass variable-flavor-number scheme for one-particle inclusive
heavy-meson production and present numerical results for the photoproduction of D

∗ mesons at HERA.

1. Introduction

Progress in experimental techniques and in-
creasing statistics at modern collider experiments
are motivating us to work out predictions with
improved precision for processes that involve
heavy quarks. At HERA, the high precision of
structure function measurements require a careful
analysis of mass effects at higher orders of pertur-
bative QCD for the contribution due to photon-
charm scattering. Also the measurement of ex-
clusive heavy-quark production has become an
important tool to improve our understanding of
strong interactions in general, as well as structure
function data in particular. In the near future,
at the LHC experiments, a detailed understand-
ing of heavy-quark processes will be essential in
many searches for new physics.

From the theoretical point of view, scattering
processes with heavy quarks are particularly in-
teresting, since the non-zero mass of the charm
or bottom quark allows us to obtain reliable pre-
dictions from perturbative QCD also in situa-
tions where zero transverse momenta play a role,
and the calculation of cross sections for massless
quarks are obstructed by singular contributions.

The purpose of this article is to summarize
the basic theoretical tools used in recent calcu-
lations of predictions for one-particle inclusive
production of heavy mesons with charm or bot-
tom quarks. In particular, I review the ideas un-
derlying the general-mass variable flavor-number

scheme (GM-VFNS), a framework that allows one
to take into account not only effects due to non-
zero quark masses, but also resummed logarith-

mic contributions which are important at high
momenta. In particular, I will present results
for the photoproduction of D∗ mesons at HERA.
Other contributions to the Ringberg workshop
”New Trends in HERA Physics 2008” [1,2] have
concentrated on aspects of heavy quarks for in-
clusive, i.e. structure function measurements.

2. Schemes for heavy quarks

Theoretical predictions for the production of
heavy-quark mesons at high transverse momen-
tum pT are technically difficult to obtain due to
the presence of the two different scales pT and
the heavy-quark mass m. On the one hand, the
heavy-quark mass can be considered the large
scale, since m > ΛQCD, making perturbative
QCD applicable. When m is the only large scale,
as for example in the calculation of the total cross
section or in predictions of the pT distribution
close to the production threshold where pT is of
the same order of magnitude as m, predictions
from a fixed-order calculation are reliable. On
the other hand, if the transverse momentum pT

of the produced heavy quark is large compared
with the heavy quark mass, pT � m, then pT

should be used as the dominant large scale for
the perturbative calculation and the quark mass
can be neglected. In this case, large logarithms
ln(p2

T /µ2) arise at all orders, so that fixed-order
perturbation theory is not valid anymore. These
logarithms have to be resummed in order to ob-
tain meaningful numerical predictions.

In the first case, for pT
<
∼ m, the tradition-

ally used approach is called fixed flavor-number
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scheme (FFNS) [3]. It is based on the assump-
tion that the gluon and the light partons (u, d, s)
are the only active partons. The heavy quark ap-
pears only in the final state, produced in the hard
scattering process of light partons. The heavy-
quark mass m is explicitly taken into account to-
gether with the transverse momentum pT of the
produced heavy meson assuming that m and pT

are of the same order. However, the complexity
of such a calculation restricts one to the next-
to-leading order, at present. In this scheme, the
non-zero heavy-quark mass acts as a cutoff for
initial and final-state collinear singularities. In-
stead of singular terms one finds logarithmic con-
tributions containing log(pT /m). Their presence
restricts the applicability of the FFNS to the re-
gion of low transverse momenta; since m 6= 0 is
retained in the calculation, predictions are reli-
able, on the other hand, close to the threshold of
heavy-quark production.

In the second case, at large transverse momen-
tum, the large logarithmic terms have to be re-
summed. In order to do that, one has to isolate
these terms in the higher-order corrections to the
hard scattering cross section and move them to
parton distribution and fragmentation functions.
The well-known factorization theorem provides
the foundation of this re-ordering of higher-order
corrections and there is a straightforward pro-
cedure for incorporating parton distribution and
fragmentation functions into order-by-order per-
turbative calculations. Resummation of logarith-
mic contributions can then be obtained with the
help of the DGLAP evolution equations. This
approach requires therefore to treat the heavy
quark as a parton, and as a consequence, one
has to take into account additional processes
where heavy quarks occur as incoming partons.
Also, heavy mesons are not only produced by a
non-perturbative transition from heavy quarks in
the final state; in addition one has to consider
processes where light partons fragment into the
heavy meson. Since the heavy quark is treated
like any other massless parton, quark or gluon, it
is plausible to neglect the heavy-quark mass alto-
gether. This approach is usually called zero-mass
variable flavor-number scheme (ZM-VFNS). The
parton distribution functions for heavy quarks

and the fragmentation functions needed in this
approach contain non-perturbative contributions
and have to be obtained from a comparison with
experimental data. Usually one assumes that
these functions are zero below a starting scale,
taken of the order of m. At this transition point,
one switches from a description with nf light par-
tons to one with nf + 1 partons. The predictions
in this scheme are expected to be reliable only
in the region of very large transverse momenta,
since terms of the order of m2/p2

T present in the
hard-scattering cross sections are neglected.

In fact, it is not necessary to neglect the heavy-
quark mass altogether in a variable flavor-number
scheme. Instead, it is possible to absorb the
large logarithms ln(pT /m) into parton distribu-
tion and fragmentation functions where they are
resummed by imposing DGLAP evolution, as in
the ZM-VFNS, while at the same time, mass-
dependent terms proportional to m2/p2

T as ob-
tained in the FFNS are retained in the hard-
scattering cross section. This so-called general-
mass variable-flavor number scheme (GM-VFNS)
thus combines the virtues of the FFNS and the
ZM-VFNS. The required subtraction of logarith-
mic terms, which are related to initial- and final-
state singularities, can be defined with the usual
MS prescription. This guarantees the universal-
ity of parton distribution and fragmentation func-
tions and allows for a meaningful comparison of
data from different measurements.

It should be obvious that the partonic cross
sections calculated in the FFNS are different
from the corresponding ZM-VFNS cross sections,
even in the limit m → 0, since collinear sin-
gularities appear in different ways: in the first
case, collinear emission of gluons from the heavy
quark (see Fig. 1) leads to terms proportional to
ln(p2

T /m2). In the zero-mass calculation of the
ZM-VFNS, these singularities are obtained in the
framework of dimensional regularization as poles
in 1/ε (where ε = D − 4). The singularities are
accompanied by different finite terms.

3. Mass Factorization and Subtractions

In order to determine the collinear singularities
and their accompanying different finite terms, one
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Figure 1. Gluon emission leads to the occurrence
of collinear singularities: angular integration over
the propagator 1/((p+k)2−m2) = 1/(2pk) gives
rise to logarithms proportional to ln(p2

T /m2).

can proceed in two different ways. First, a direct
comparison of a massless and a massive calcula-
tion is possible in a few cases where explicit NLO
results are known in the two approaches. Then,
the difference between the results from a calcula-
tion with non-zero mass in the limit m → 0 and
the results from a calculation with zero mass,

∆dσ = lim
m→0

dσ̃(m) − dσ̂MS (1)

can be used to define subtraction terms,

dσsub ≡ ∆dσ (2)

that allow one to obtain hard scattering cross sec-
tions including mass-dependent terms in the MS
factorization scheme:

dσ̂(m) = dσ̃(m) − dσsub . (3)

Here, dσ̂MS is the cross section obtained in a cal-
culation where the heavy-quark mass is set to zero
from the beginning and singularities are removed
following the MS prescription, while dσ̃(m) de-
notes the cross section from a calculation with
m 6= 0 where ultraviolet and collinear singulari-
ties due to massless partons have been removed
also according to MS factorization. The differ-
ence between the two calculations, i.e. the sub-
traction terms dσsub comprise logarithms of the
heavy-quark mass as well as accompanying finite
terms. The partonic cross section dσ̂(m) obtained
after subtraction includes the complete regular

m-dependence of the massive calculation, i.e. all
terms proportional to powers of m2/p2

T of dσ̃(m).
After subtraction, the resulting partonic cross

sections are defined in the conventional MS fac-
torization scheme in such a way that they can
be combined with universal parton distribution
functions fA

i (x, µF ) and fragmentation functions
dH

k (z, µ′
F ), also defined in the MS scheme, in the

well-known factorization formula. Cross sections
for hadronic processes, e.g. A + B → H + X , can
be obtained in the usual way:

dσ =
∑

i,j,k

fA
i (x1, µF ) ⊗ fB

j (x2, µF ) (4)

⊗dσ̂(ij → kX) ⊗ dH
k (z, µ′

F ) .

As a consequence of factorization, at NLO,
collinear logarithms of the type log(p2

T /m2) are
separated into pieces log(p2

T /µ2) + log(µ2/m2),
introducing a factorization scale µ. In fact, these
logarithms can be associated to either initial-state
or final-state collinear emission of massless par-
tons. Correspondingly, we can introduce two
independent factorization scales for initial- and
final-state singularities that we will denote by µF

and µ′
F . In the first case, the terms containing

log(µ2
F /m2) are subtracted from the hard scat-

tering cross section and absorbed in the parton
distribution functions. In the second case, the
logarithms log(µ′

F
2
/m2) are moved to the frag-

mentation functions. By imposing the DGLAP
evolution equations on parton distribution and
fragmentation functions, these logarithms can be
resummed. Then, choosing µF and µ′

F of the
order of pT one can obtain predictions that are
reliable also at large transverse momenta.

DGLAP evolution couples the set of parton dis-
tribution functions for light quarks and the gluon
to those for the heavy quark. In a similar way,
one needs fragmentation functions for the transi-
tion of not only the heavy quark to the consid-
ered heavy meson, but also fragmentation start-
ing from light quarks and the gluon has to be
taken into account and must be described by cor-
responding fragmentation functions. In any case
one needs non-perturbative input, i.e. parton dis-
tribution and fragmentation functions must be
fitted to experimental data. Usually one assumes
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Figure 2. Sketch of kinematics of mass factorization in the case of one-particle inclusive particle production
for (a) upper incoming line (b) lower incoming line and (c) outgoing line.

that there is a scale below which the parton dis-
tribution functions for heavy quarks vanish (no
intrinsic charm or bottom). Also for fragmen-
tation functions, initial conditions are prescribed
for c → D (in the case of charm) at some initial
scale and fragmentation from light quarks and
gluons is assumed to vanish below the starting
scale.

A second possibility for the calculation of sub-
traction terms is based on the fact that the mass
singularities can be described by partonic par-
ton distribution and fragmentation functions for
collinear splittings a → b+X . At next-to-leading
order the required functions [4–6] are given for
the initial state by

f
(1)
g→Q(x, µ2

F ) =
αs(µR)

2π
P (0)

g→q(x) ln
µ2

F

m2
, (5)

f
(1)
Q→Q(x, µ2

F ) =
αs(µR)

2π
CF

[

1 + z2

1 − z
(ln

µ2
F

m2

−2 ln(1 − z) − 1)

]

+

, (6)

f (1)
g→g(x, µ2

F ) = −
αs(µR)

2π

1

3
ln

µ2
F

m2
δ(1 − x) ;(7)

and for final-state splittings by

d
(1)
g→Q(z, µ′

F
2
) =

αs(µR)

2π
P (0)

g→q(z) ln
µ′

F
2

m2
, (8)

d
(1)
Q→Q(z, µ′

F
2
) = CF

αs(µR)

2π

[

1 + z2

1 − z
(ln

µ′
F

2

m2

−2 ln(1 − z) − 1)

]

+

. (9)

Other partonic distribution and fragmentation
functions are zero to this order in αs. They can be
viewed as describing the transition from a mass-
less to a massive parton and vice versa in the
limit where the mass can be neglected in com-
parison with the typical energy or momentum of
the hard scattering process. The complete loga-
rithmic dependence on the heavy-quark mass can
be factorized into these functions and the par-
tonic higher-order subprocess cross section is ob-
tained by convolutions of these functions with
subtracted partonic cross sections that are well-
behaved and finite in the limit m → 0. Figure 2
shows a sketch of this factorization. The subtrac-
tion terms needed in the GM-VFNS can therefore
also be obtained as convolutions, at NLO as con-
volutions of the partonic distribution and frag-
mentation functions given above, with the sub-
process cross sections at LO.

For example, the direct contribution to heavy-
quark photoproduction contains a term coming
from the subprocess γ∗+g → Q+Q̄+g. The log-
arithmic m-dependence due to the splitting g →
Q+Q̄ in the initial state can be factorized into the
partonic distribution function fg→Q(x, µ2). The
subtraction term related to this contribution is
thus obtained as (see Fig. 2a)

dσsub(γ∗g → QX) =

∫ 1

0

dx1 f
(1)
g→Q(x1, µ

2
F ) (10)

×dσ̂(0)(γ∗Q → QX)[x1k1, k2, p1]

≡ f
(1)
g→Q(x1) ⊗ dσ̂(0)(γ∗Q → QX) .
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Other terms contain mass logarithms that lead to
subtractions in the final state where the partonic
fragmentation function dQ→Q(z, µ2) is needed.

For resolved contributions one has to take into
account additional subtraction terms that in-
volve partonic distribution functions for incom-
ing quarks or gluons from the resolved photon,
for example (see Fig. 2b),

dσsub(ab → QX) =

∫ 1

0

dx2 f
(1)
b→j(x2, µ

2
F ) (11)

×dσ̂(0)(aj → QX)[k1, x2k2, p1]

≡ f
(1)
b→j(x2) ⊗ dσ̂(0)(aj → QX) ,

where in principle any combination of partons a
and b contribute, but only few combinations are
non-zero at next-to-leading order (see Eqs. (5-7)).
Similarly, subtraction terms involving the par-
tonic fragmentation functions dQ→Q(z, µ2) and
dg→Q(z, µ2) to absorb mass logarithms arising
from singular g → Q or Q → Q splittings are
needed (see Fig. 2c),

dσsub(ab → QX) =
∫ 1

0

dzdσ̂(0)(ab → kX)[k1, k2, z
−1p1]d

(1)
k→Q(z, µ′

F
2
)

≡ dσ̂(0)(ab → kX) ⊗ d
(1)
k→Q(z) .

The partonic distribution and fragmentation
functions are explicitly known and the subtrac-
tion terms can therefore be calculated analyti-
cally at next-to-leading order [7]. The results
have been compared to the expressions that we
found from a comparison of massive and massless
calculations as described above. Differences that
we found in an early stage of our work could be
attributed in the meantime to errors in the pub-
lished results for the next-to-leading order cor-
rections in the massive calculation [8] so that our
calculations are now based on a reliable set of for-
mulas.

4. Photoproduction of D∗ Mesons

The particular complication in a calculation of
predictions for photoproduction processes is due
to the fact that two interaction modes contribute:
first, the photon can scatter off a parton originat-
ing from the proton through a point-like coupling

(direct contribution) and, secondly, the photon
can act as a source of partons which scatter off
the partons from the proton through the strong
interaction (resolved contribution). At leading
order, the two interaction mechanisms appear to
be independent, but at next-to-leading order, the
separation into direct and resolved contributions
is scheme dependent since singular corrections to
the direct part have to be factorized into parton
distribution functions of the photon. It is there-
fore important that direct and resolved parts are
treated in a consistent way.

Our first results for the photoproduction pro-
cess γ + p → D∗ + X [9] were based on re-
sults obtained earlier in a study of the process
γ +γ → D∗ +X [10,11]. Those early calculations
were sufficient to set up the GM-VFNS frame-
work for the direct contribution. In Ref. [9], the
resolved contribution was still evaluated in the
ZM-VFNS. Now, results for p+p̄ → D∗+X [12,7]
are available and we have used them to extend
the GM-VFNS prescription also to the resolved
process. In the following I describe numerical re-
sults for photoproduction of D∗ mesons based on
a complete NLO calculation where all parts are
consistently obtained in the GM-VFNS.

A second improvement of our earlier results [9]
concerns the incorporation of improved fragmen-
tation functions for D∗ mesons. These new frag-
mentation functions have been obtained in Ref.
[13] and are based on a comparison of recent ex-
perimental data for e+ + e− → D∗ + X of the
CLEO [14] and Belle [15] collaborations with the-
oretical predictions that are also based on the
GM-VFNS. For the first time it is therefore pos-
sible to analyze experimental data in a fully con-
sistent framework based on the GM-VFNS.

4.1. Numerical Results

Measurements of inclusive D∗± meson produc-
tion in photon-proton collisions have been per-
formed by the two collaborations H1 and ZEUS
since the beginning of HERA experiments. The
most recent results have been made public in
Refs. [16,17] (for previous measurements, see
[18,19]). Photoproduction in ep collisions at
HERA is characterized by an almost vanishing
virtuality (Q2 ' 0) of the exchanged photon. Ex-
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perimentally, low Q2 events are isolated in dif-
ferent ways in the two experiments and the pho-
toproduction cross section defined by either im-
posing a cut on Q2 or on the electron scattering
angle. For the numerical results to be discussed
below, we decided to use the kinematic region rel-
evant for a comparison with the most recent H1
data. Our previous comparison with ZEUS data
[9] can be updated as soon as their more recent
measurements will have been finalized.

Kinematical cuts have been implemented as fol-
lows: the energies of the incoming protons and
electrons (positrons) are Ep = 920 GeV and
Ee = 27.5 GeV. The total center-of-mass energy
W of the γp process is restricted to the range
100 < W < 285 GeV, corresponding to cuts on
the inelasticity ye of 0.1 < ye < 0.8. The maxi-
mal value of Q2 used as anti-tagging condition in
the experimental analysis is Q2 < 2 GeV2. The
rapidity is defined in the reference frame of the
HERA experiments with positive η in the direc-
tion of the incoming proton. In the following, the
transverse momentum distribution is calculated
with a cut in the rapidity η of the D∗ meson,
|η| ≤ 1.5, and presented as a histogram using
nine bins of varying widths as in the H1 experi-
ment starting at pT = 1.8 GeV and extending up
to 12.5 GeV. When we give results for the rapidity
distribution we will integrate over the transverse
momentum in the range 1.8 ≤ pT ≤ 12.5 GeV,
again as in the experimental results.

As input for the parton distribution functions
we have used the CTEQ6.5 parametrization for
the proton PDFs [20] and the set GRV92 for
the photon PDFs [21]. The latter ones have
been transformed to the MS scheme. The set
CTEQ6.5 for the proton PDFs is the result of
a first global analysis of the CTEQ group with
heavy quark mass effects in the ACOTχ prescrip-
tion taken into account. The fragmentation u,
d, s, c, g → D∗ is described by the purely non-
perturbative Global-GM fit described in Ref. [13].
We choose for the renormalization scale µR and
the factorization scales µF and µ′

F correspond-
ing to the subtraction of initial and final state
singularities equal values and set µR = ξRmT =
ξR

√

m2 + p2
T , µF = ξF mT and µ′

F = ξ′F mT with
ξR = ξF = ξ′F = 1. αs is calculated from the two-

loop formula [22] with nf = 4 and Λ
(nf=4)

MS
= 328

MeV corresponding to αs(mZ) = 0.118. The
charm mass is taken to be m = 1.5 GeV.

Mass terms proportional to powers of m2/p2
T

enter in subprocesses where the heavy quark is
created through scattering of light particles. In
the direct contribution, these are the process γ +
g → c+ c̄ at leading order, where the gluon origi-
nates from the proton; virtual corrections to this
process combined with the gluon bremsstrahlung
process γ + g → c + c̄ + g; and the next-to-
leading order subprocess γ + q(q̄) → c + c̄ + q(q̄),
where q denotes a light quark. Explicit expres-
sions for these cross sections and the subtraction
terms needed for the transition to the GM-VFNS
with MS renormalization and factorization can
be found for the abelean part in [10] and for
the non-abelean part in [11]. For the resolved
contribution one has to consider the processes
g + g → c + c̄ and q + q̄ → c + c̄ at leading or-
der; virtual and bremsstrahlung corrections to the
leading-order processes; and the next-to-leading
subprocess g + q(q̄) → c + c̄ + q(q̄). In addi-
tion, the direct and resolved parts contain con-
tributions from scattering processes where one or
both of the incoming partons are replaced by a
charm or an anti-charm quark. These latter pro-
cesses have to be calculated with m = 0 since
here the heavy quark is treated as a parton. Fi-
nally, also subprocesses where both incoming and
outgoing partons are light quarks or gluons con-
tribute through fragmentation of light quarks and
gluons to the heavy meson.

Mass terms are expected to be sizable at low
pT , but should vanish with increasing pT . In Fig.
3 we display the ratio of predictions for the dif-
ferential cross section dσ/dpT obtained from the
calculation with m 6= 0 in the GM-VFNS and the
zero-mass calculation in the ZM-VFNS. For the
direct contribution, the ratio dσ(m 6= 0)/dσ(m =
0) reaches the value of 0.7 in the first pT -bin with
pT ' 2 GeV, but increases rapidly with increas-
ing pT and reaches 0.96 in the highest pT -bin with
pT ' 12 GeV. The reduction of the direct cross
section due to finite mass effects is thus signif-
icant for pT

<
∼ 3.5 GeV. In Fig. 3 we also show

the ratio of cross sections in the massive and
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tot

dir

σ(m 6= 0)/σ(m = 0)

γp → D∗±X

dσ
dpT

[ratio]
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Figure 3. The effect of mass-dependent terms on
the direct contribution (lower line) and the total
cross section (upper line) for γ + p → D∗ + X .

the massless calculation for the sum of the direct
and the resolved part, denoted ”tot” in the fig-
ure. This ratio is almost constant as a function
of pT and varies between 0.94 and 0.98 in the
considered range of pT values. Mass corrections
turn out to be smaller for the total cross section
for two reasons: first, terms containing powers
of m2/p2

T enter with different signs in the direct
and the resolved contributions and cancel in the
sum: secondly, the total cross section contains
contributions with a charm quark in the initial
state which are evaluated with zero mass since the
heavy quark is treated as a parton in this case,
i.e. only part of the complete cross section carries
a mass dependence. The same ratio as a func-
tion of η shows more prominent mass effects and
the shape of the η-distribution is more strongly
affected. At negative rapidities, the sum of direct
and resolved parts is decreased by charm mass
effects by up to 16 % in the first bin, while for
positive rapidities the cross section is increased
by about +50 % in the bin with largest η values.

Mass-dependent terms introduce an additional
sensitivity on the value of the charm-quark mass.
Varying m by ±0.3 GeV around its default value
of 1.5 GeV, we observe a change of the pT dis-

dir

tot

res

σ(mhad 6= 0)/σ(mhad = 0)

γp → D∗±X

dσ
dpT

[ratios]

pT [GeV]

12.5107.552.5

1.1

1.08

1.06

1.04

1.02

1

0.98

0.96

0.94

Figure 4. The influence of the D∗ meson mass on
the direct contribution (lower dashed line), the
resolved contribution (upper dotted line) and the
total cross section (full line) for γ + p → D∗ + X
(see text).

tribution by a few per cent: the uncertainties are
largest at small pT of roughly ±6 %, but decrease
to values below 1% at large pT . The dependence
on m does not add further to the change of the
shape of the η distribution; here the differential
cross section is affected by ±6 % uncertainties at
negative η and the uncertainty is again decreasing
towards positive η.

In the calculation described above, we have
identified the rapidity of the inclusively produced
c quark with the pseudo-rapidity of the D∗ me-
son and only the transverse momentum is scaled
down when folding with the fragmentation func-
tion D(z). This corresponds to neglecting the
mass of the D∗ meson. In fact, there is an in-
herent ambiguity in the definition of the scaling
variable z and the way how to take into account
the hadron mass. To estimate the corresponding
uncertainties of our predictions, we have studied
the alternative to define the scaling variable by
the ratio of the +-components of the quark and
meson momenta, p+

D∗ = zp+
c where p+ = E + pL

and pL is the longitudinal momentum in the γp
center of mass system. Taking into account the
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D∗ meson mass (mD∗ = 2.01 GeV) one obtains
numerical results for the pT distribution as shown
in Fig. 4. The curves represent the ratios of the
cross sections with mhad 6= 0 and scaling the
+-components of the momenta over those with
mhad = 0. The ratios are also calculated sepa-
rately for the direct contribution (dashed curve)
and the resolved contribution including the parts
with charm quarks in the initial state (dotted
curve). For the total cross section dσ/dpT , the ra-
tio is close to one; except for the first two pT -bins
where we see an enhancement of up to 2 %, we
find a small suppression by not more than 1.2 %.
However, the shape of the η-distribution, dσ/dη
is again more strongly affected. At negative ra-
pidities we find a suppression reaching 14 % in the
first η-bin and at positive rapidities the cross sec-
tion is enhanced by up to 10 % in the last η-bin.
Since there is no strong theoretical justification to
prefer one over the other prescription to take into
account these kinematic mass effects, we have ne-
glected this effect in the comparison with HERA
data that I describe in the following.

4.2. Comparison with HERA Data

For a comparison with preliminary experimen-
tal data from the H1 collaboration [17] we have
calculated differential cross sections with kine-
matical cuts as defined in the experimental anal-
ysis. A meaningful interpretation requires knowl-
edge of the uncertainties of the theoretical pre-
dictions. A detailed study [23] has shown that
the dominating source of uncertainties is due to
the ambiguity in the choice of the renormaliza-
tion and factorization scales. Uncertainties due
to the value of the charm mass and the choice
of parton distribution and fragmentation func-
tions are much smaller. In the following we there-
fore compare with predictions where the scales
are taken proportional to the transverse mass
mT =

√

p2
T + m2 with coefficients that are var-

ied between 1/2 and 2, i.e. we fix µi = ξimT for
i = R, F and F ′ and for ξi we choose values
ξi = 1

2 , 1, 2 in such a way that ξF = ξ′F and
1/2 ≤ ξF /ξR ≤ 2. We determine the maximal
and minimal cross section from calculations with
the five different choices (ξR, ξF , ξ′F ) = ( 1

2 , 1, 1),
(1, 2, 2), (1, 1, 1), (2, 1, 1) and (1, 1

2 , 1
2 ) and display

in the following the resulting error band.
The maximal cross section is found for ξR = 1

2 ,
ξF = ξ′F = 1, the minimal one for ξR = 2,

ξF = ξ′F = 1 if pT
>
∼ 3 GeV and ξR = 1,
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Figure 5. Comparison of NLO predictions in the
GM-VFNS for dσ/dpT (hashed (blue) band) with
H1 preliminary data [17] for γ+p → D∗+X . The
shaded (yellow) band shows the prediction of a
calculation in the fixed-flavor number scheme [3]
(see text for further details, colors in the elec-
tronic version).
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Figure 7. As Fig. 5 for the distribution with
respect to the total γp center-of-mass energy,
dσ/dWγp.

ξF = ξ′F = 1
2 for pT

<
∼ 3 GeV. Apart from the

region of low pT values, the maximal (minimal)
cross section as a function of pT is controlled
by the renormalization scale factor ξR = 1

2 (2).
Only for small pT values the minimal cross sec-
tion is obtained for the smallest ξF = ξ′F = 1

2 .
The scale variation of the cross section is largest
for the smallest pT bin as expected. dσ/dpT is
changed by +84 / − 53% compared to the result
with the default choice ξR = ξF = ξ′F = 1. In the
largest pT bin the corresponding change is only
+13 /−16%. For the η-distribution the scale vari-
ation is large over the whole considered range and
dominated by the contribution from small values
of pT , due to the small cut pT ≥ 1.8 GeV. In the
most negative (positive) η-bins the scale change
is +76 / − 36 % (+74 / − 46 %) compared to the
default cross section.

In Figs. 5 – 8 we show the comparison of our
predictions with preliminary data from H1. In
general, the data points fall inside the error band
of theoretical predictions, except for the largest
pT where the data are above the GM-VFNS cal-
culation, discrepancies being largest for positive
rapidities. The figures contain also predictions
that were obtained from a calculation in the fixed-
flavor number scheme [3].

In summary, I have presented numerical results
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Figure 8. The double-differential distributions
d2σ/dpT dη for three bins of pT : preliminary
H1 data [17] are compared with GM-VFNS and
FFNS predictions, as in Fig. 5.

for the photoproduction of D∗ mesons, obtained
at next-to-leading order in the general-mass vari-
able flavor-number scheme. This approach com-
bines the virtues of a zero-mass calculation where
large logarithmic corrections are resummed in
universal parton distribution and fragmentation
functions, and those of a finite-mass calculation
where finite mass terms are kept. The results
presented here are based on an improved study
where the GM-VFNS approach is used also for
the calculation of the resolved contributions. In
addition, new parametrizations for D∗ fragmen-
tation functions have been used to obtain numer-
ical predictions for pT and rapidity distributions
that can be compared to experimental data from
HERA.

Effects from finite mass-dependent contribu-
tions are found to be important at small pT and
for the shape of the η distribution, first of all
for the direct part. However, the presence of
charm-initiated contributions, which are calcu-
lated with zero mass, and cancellations between
mass-dependent terms in the direct and the re-
solved contribution, lead to a suppression of mass
effects in the complete cross section. Uncertain-
ties due to the value of the charm mass, the par-
ton distribution functions in the proton and in the
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photon, and fragmentation functions are found to
be roughly in the order of 10%, whereas vari-
ations of the renormalization and factorization
scales lead to appreciable uncertainties.
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