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Combination of D* Differential Cross Section Measurements
in Deep-Inelastic ep Scattering at HERA

H1 and ZEUS Collaborations

Abstract

H1 and ZEUS have recently published differential cross sections for D*production
from their respective final data sets, in a very similar phase space. These cross sections
are combined at the visible cross section level, taking into account all relevant correlations,
thereby significantly reducing the uncertainties. NLO QCD predictions are compared to
the results.



1 Introduction

Measurements of open charm production in deep-inelastic electron1-proton scattering (DIS) at
HERA provide important input for stringent tests of the theory of strong interactions, quantum
chromodynamics (QCD).

H1 [1,2] and ZEUS [3] have recently published measurements of differential cross sections
for D∗ production from the final HERA II sets, in a similar limited phase space. This also
includes extrapolations to the full phase space, i.e. the charm contributions to the proton struc-
ture functions, which have partially already been combined[4] with measurements from other
charm production processes [5–20] and used to measure the charm quark mass and to improve
predictions forW andZ production at LHC [4].

This note addresses the combination of cross sections forD∗ [1–3] at visible level, such
that one consistent data set is obtained, which can be compared directly to differential NLO
cross section predictions without the need for extrapolation. The combination is based on the
procedure described in [21–23], including a full treatmentof the correlated uncertainties, similar
to the one used for the combinations at structure function level [4]. This yields a significant
reduction of the overall uncertainty of the measurements.

In general, the analysis of fully reconstructedD∗ mesons yields the best signal-to-background
ratio for charm production. However, the branching ratios are small and the phase space of
charm production accessible withD∗ mesons is restricted because all products from theD∗

meson decay have to be measured. For the details of the experimental analysis, the reader is
referred to the previous work [1–3].

Combinations are made for the cross sections in terms of the virtuality,Q2, of the exchanged
photon, the inelasticityy, the transverse momenta,pD∗

T , and pseudorapidities,ηD∗

, of the out-
goingD∗ mesons, and the fragmentation variablezD∗

= (ED∗

− pD∗

Z )/(2Eey), whereEe is the
incoming electron energy. The double differential cross sections inQ2 andy are also combined.

The massive fixed-flavour-number-scheme (FFNS) is used for theory predictions throughout
this note, since it is the only scheme for which fully differential calculations [24] are available
at next-to-leading order (NLO).

2 Combination of H1 and ZEUS measurements

2.1 Theoretical predictions

QCD predictions from charm production for all distributionswere obtained at next-to-leading
order in QCD (O(αs)

2) using HVQDIS [24] in the 3-flavour FFNS scheme.

The following parameters are used in the calculations and the corresponding variations are
used to estimate the associated uncertainties

• pole mass of the charm quark mc = 1.5 ± 0.15 GeV;

1In this note ‘electron’ is used to denote both electron and positron if not otherwise stated.
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• renormalisation and factorisation scales µf = µr =
√

Q2 + 4m2
c , varied simulta-

neously up or down by a factor of two for the extrapolation from Q2 < 100 GeV2 to
Q2 < 1000 GeV2, for which only the shape was relevant, and varied independently by
the same factor for the absolute predictions, with the restriction that the difference be-
tween the two scales never exceeds a factor 2.

• strong coupling constant α
nf=3

s (MZ) = 0.105± 0.002, corresponding toα
nf=5

s (MZ) =
0.116 ± 0.002;

• the proton structure is described by a series of FFNS variants of the HERAPDF1.0
set [23] at NLO, evaluated formc = 1.5 ± 0.15 GeV, forα

nf=3

s (MZ) = 0.105 ± 0.002,
and for different scales. Charm data are not included in thesefits. The effects of the PDF
uncertainties are calculated according to the HERAPDF1.0 prescription [23].

• charm fragmentation is treated as detailed in [4].

The small beauty contribution needs a detailed treatment ofb hadron toD∗ decays and is
therefore obtained from the RAPGAP [25] MC, renormalized to independent measurements as
detailed in [2,3]. The sum of the HVQDIS charm and scaled RAPGAP beauty predictions will
be referred to as NLO predictions in the following.

2.2 Combination method

Both measurements to be combined are already corrected to Born level (using runningα) and
include both the charm and beauty contributions toD∗ production. The total expected beauty
contribution is small (∼ 3%). The overall phase space for the combined cross sections isgiven
by

• 5 < Q2 < 1000 GeV2,

• 0.02 < y < 0.7,

• 1.5 < PD∗

T < 20 GeV,

• |ηD∗

| < 1.5.

In order to make the input data sets compatible to this phase space and with each other, some
small modifications are applied before the combination. From the two sets of measurements
in [2], the one compatible with the cuts onpD∗

T andηD∗

quoted above is chosen. Since this
measurement extends only up toQ2 < 100 GeV2 it was extrapolated toQ2 < 1000 GeV2

using the shape of the HVQDIS [24] prediction, normalized tothe measurement of the cross
section between100 and1000 GeV2 taken from [1]. In order to cope with some differences
in the binning for theQ2 distribution between [3] and [1, 2], the first twoQ2 bins from [2]
were combined, and the highestQ2 bins from [3] and [1] were obtained from an integral of the
double differential cross sections, which have a common binning. For the data from [2], theD∗

branching ratio was updated to the latest PDG value [26].

The combination of the data sets uses theχ2 minimisation method developed for the com-
bination of inclusive DIS cross sections [21, 23], as implemented in HERAverager [27]. The
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χ2 function is defined as described in [4] and takes into accountthe correlated systematic un-
certainties for the H1 and ZEUS cross section measurements.The statistical uncertainaties are
treated as uncorrelated, while most of the systematic uncertainties are treated as point-to-point
correlated. Asymmetric systematic uncertainties are symmetrised before performing the combi-
nation. Except for the branching ratio uncertainty, which is treated as correlated, all systematic
uncertainties are treated as independent between H1 and ZEUS. Each combined point consists
of the combination of exactly two measurements.

Since the data are statistically correlated between the different distributions, each distribu-
tion was combined separately. The individual data sets as well as the results of the combination
are shown in Figs. 1 to 6. The combinations in the different variables have aχ2 probability
varying between 15% and 86%, i.e. the two data sets are consistent.

3 Combined D* Cross Sections

The combined cross sections as a function ofQ2, y, pT , η andz, and the double differential
cross sections inQ2 andy are shown in Figs. 7 to 12 and compared to NLO predictions.

In general the predictions describe the data very well. The data reach a precision of about
5% over a large fraction of the measurede phase space, while the typical theory uncertainty
ranges from 30% at lowQ2 to 10% at highQ2. NNLO calculations would therefore be very
helpful to match the data precision.

Both in the single differential and in the double differential distributions the central theory
prediction shows a somewhat softery distribution than the data. The central prediction forzD∗

is a bit wider than the measured distribution.

4 Conclusions

Measurements of D* production in deep-inelasticep scattering by the H1 and ZEUS experi-
ments are combined at the vsisble cross section level, accounting for the systematic correlations.
The data sets were found to be consistent, and the combined sets exhibits significantly reduced
uncertainties. The combined data are compared to NLO QCD predictions. The predictions
describe the data very well, but also give some hints for possible future improvements.
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Figure 1: DifferentialD∗ production cross section as a function ofQ2. The triangles and open
squares are the cross sections before combination, shown with a small horizontal offset for
better visibility. The filled points are the combined cross sections. The inner error bars indicate
the statistical uncertainties before combination, and theuncorrelated part of the uncertainties
after combination. The outer error bars represent the totaluncertainties. The bottom part shows
the ratio of these cross sections with respect to the centralvalue of the combined cross sections.
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Figure 2: DifferentialD∗ production cross section as a function ofy. The triangles and open
squares are the cross sections before combination, shown with a small horizontal offset for
better visibility. The filled points are the combined cross sections. The inner error bars indicate
the statistical uncertainties before combination, and theuncorrelated part of the uncertainties
after combination. The outer error bars represent the totaluncertainties.
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Figure 3: Differential cross section as a function ofpT . The triangles and open squares are
the cross sections before combination, shown with a small horizontal offset for better visibility.
The filled points are the combined cross sections. The inner error bars indicate the statistical
uncertainties before combination, and the uncorrelated part of the uncertainties after combina-
tion. The outer error bars represent the total uncertainties. The bottom part shows the ratio of
these cross sections with respect to the central value of thecombined cross sections.
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Figure 4: DifferentialD∗ production cross section as a function ofη. The triangles and open
squares are the cross sections before combination, shown with a small horizontal offset for
better visibility. The filled points are the combined cross sections. The inner error bars indicate
the statistical uncertainties before combination, and theuncorrelated part of the uncertainties
after combination. The outer error bars represent the totaluncertainties.
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Figure 5: DifferentialD∗ production cross section as a function ofz. The triangles and open
squares are the cross sections before combination, shown with a small horizontal offset for better
visibility. The filled diamonds are the combined cross sections. The inner error bars indicate
the statistical uncertainties before combination, and theuncorrelated part of the uncertainties
after combination. The outer error bars represent the totaluncertainties.
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Figure 7: DifferentialD∗ production cross section as a function ofQ2. The data points are the
combined cross sections. The inner error bars indicate the uncorrelated part of the uncertainties.
The outer error bars represent the total uncertainties. Also shown are the NLO predictions
from HVQDIS (including the beauty contribution as obtainedfrom RAPGAP, normalized to
independent data sets), and their uncertainty band. The bottom part shows the ratio of these
cross sections with respect to the central value of the combined cross sections.
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Figure 8: DifferentialD∗ production cross section as a function ofy. The data points are the
combined cross sections. The inner error bars indicate the uncorrelated part of the uncertainties.
The outer error bars represent the total uncertainties. Also shown are the NLO predictions
from HVQDIS (including the beauty contribution as obtainedfrom RAPGAP, normalized to
independent data sets), and their uncertainty band.
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Figure 9: DifferentialD∗ production cross section as a function ofpT . The data points are the
combined cross sections. The inner error bars indicate the uncorrelated part of the uncertainties.
The outer error bars represent the total uncertainties. Also shown are the NLO predictions
from HVQDIS (including the beauty contribution as obtainedfrom RAPGAP, normalized to
independent data sets), and their uncertainty band. The bottom part shows the ratio of these
cross sections with respect to the central value of the combined cross sections.
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Figure 10: DifferentialD∗ production cross section as a function ofη. The data points are the
combined cross sections. The inner error bars indicate the uncorrelated part of the uncertainties.
The outer error bars represent the total uncertainties. Also shown are the NLO predictions
from HVQDIS (including the beauty contribution as obtainedfrom RAPGAP, normalized to
independent data sets), and their uncertainty band.

14



z (D*)
0 0.2 0.4 0.6 0.8 1

/d
z 

(D
*)

 (
nb

)
σd

0

5

10

z (D*)
0 0.2 0.4 0.6 0.8 1

/d
z 

(D
*)

 (
nb

)
σd

0

5

10

z (D*)
0 0.2 0.4 0.6 0.8 1

/d
z 

(D
*)

 (
nb

)
σd

0

5

10
2<1000GeV25<Q

0.02<y<0.7
(D*)<20GeV

T
1.5<p

(D*)|<1.5η|

HERA (prel.)
NLO QCD

(J
un

e 
20

13
)

H
E

R
A

 H
ea

vy
 F

la
vo

ur
 W

or
ki

ng
 G

ro
up

H1 and ZEUS

Figure 11: DifferentialD∗ production cross section as a function ofz. The data points are the
combined cross sections. The inner error bars indicate the uncorrelated part of the uncertainties.
The outer error bars represent the total uncertainties. Also shown are the NLO predictions
from HVQDIS (including the beauty contribution as obtainedfrom RAPGAP, normalized to
independent data sets), and their uncertainty band.

15



(J
un

e 
20

13
)

H
E

R
A

 H
ea

vy
 F

la
vo

ur
 W

or
ki

ng
 G

ro
up

)2
dy

 (
nb

/G
eV

2
/d

Q
σd

)2
dy

 (
nb

/G
eV

2
/d

Q
σd

)2
dy

 (
nb

/G
eV

2
/d

Q
σd

y y

H1 and ZEUS

0.2 0.4 0.6
0

1

2

0.2 0.4 0.6
0

1

2
2<9GeV25<Q

0.2 0.4 0.6
0

0.5

1

0.2 0.4 0.6
0

0.5

1
2<14GeV29<Q

0.2 0.4 0.6
0

0.2

0.4

0.6

0.2 0.4 0.6
0

0.2

0.4

0.6
2<23GeV214<Q

0.2 0.4 0.6
0

0.1

0.2

0.2 0.4 0.6
0

0.1

0.2
2<45GeV223<Q

0.2 0.4 0.6
0

0.02

0.04

0.2 0.4 0.6
0

0.02

0.04

2<100GeV245<Q

0.2 0.4 0.6
0

0.005

0.2 0.4 0.6
0

0.005

2<158GeV2100<Q

0.2 0.4 0.6
0

0.001

0.002

0.003

0.2 0.4 0.6
0

0.001

0.002

0.003
2<251GeV2158<Q

0.2 0.4 0.6
0

0.1

0.2

0.3
-310×

0.2 0.4 0.6
0

0.1

0.2

0.3
-310×

2<1000GeV2251<Q HERA (prel.)

NLO QCD

2<1000GeV25<Q
0.02<y<0.7

(D*)<20GeV
T

1.5<p

(D*)|<1.5η|

y

Figure 12: Double differentialD∗ production cross section as a function ofQ2 andy. The data
points are the combined cross sections. The inner error barsindicate the uncorrelated part of
the uncertainties. The outer error bars represent the totaluncertainties. Also shown are the
NLO predictions from HVQDIS (including the beauty contribution as obtained from RAPGAP,
normalized to independent data sets), and their uncertainty band.
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