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Measurements of open charm production in deep-inelastic electron-proton scattering (DIS) at
HERA provide important input for stringent tests of quantum chromodynamics (QCD). At HERA,
charm quarks are predominantly produced by the boson-gluon-fusion process, which is sensitive
to the gluon distribution in the proton. The mass of the charm quark, m,, provides a sufficiently
high scale necessary to apply perturbative QCD (pQCD). However, additional scales are involved
in charm production, e.g. the virtuality, Q°, of the exchanged photon in case of DIS and the
transverse momenta, pr, of the outgoing quarks. The presence of several hard scales complicates
the QCD calculations for charm production. Depending on the details of the treatment of m., Q and
pr, different approaches in pQCD have been formulated. Here, the massive fixed-flavour-number
scheme (FFNS) and different implementations of the variable-flavour-number-scheme (VFNS) are
considered.

At HERA, different techniques have been used to measure open charm production cross sec-
tions in DIS. The full reconstruction of charmed mesons, the long lifetime of heavy flavoured
hadrons or their semi-leptonic decays are exploited. Measurements of charm production cross-
sections by the H1 and ZEUS experiments using different charm tagging techniques are combined.
The details of the included measurements, combination procedure and the employed theory can be
found in [1]. For the combination, the published cross sections in the restricted phase space regions
of the individual measurements are extrapolated to the full phase space of charm production in a
coherent manner by the use of FFNS calculations in next-to-leading order (NLO) QCD [2, 3]. The
results are presented in terms of reduced cross sections, 0<¢,.

In the combination procedure, applied to 155 data points from 9 measurements, the corre-
lated systematic uncertainties and the normalisation of the different measurements are accounted
for such that one data set is obtained. There are in total 48 sources of correlated systematic uncer-
tainties. The data show good consistency, with a y2-value per number of degrees of freedom, ndof,
of %2 /ndof=62/103. The combined measurement has 52 points and covers the kinematic range of
2.5<0?<2000GeV?and 3-107° <x < 5-1072, with x being the partonic fraction of the pro-
ton energy. Since different experimental techniques of charm tagging have been employed using
different detectors and methods of kinematic reconstruction, this combination leads to a significant
reduction of statistical and systematic uncertainties. At medium Q2, a precision of 5% is achieved.

The combined data are compared to various QCD predictions produced by different theory
groups. This comparison, described in detail in [1], tests the interplay between the gluon and/or
charm distributions as obtained in different schemes and the charm treatment within each scheme,
as well as the related choice of the central value for the respective charm-quark mass. In the zero-
mass variable-flavour-number-scheme (ZM-VENS) [4] the charm quark mass is set to zero in the
computation of the matrix elements and kinematics, and a threshold is introduced at Q2 =~ mz, be-
low which the charm production cross section is assumed to vanish. In the FENS [5, 2], the charm
quark is treated as massive at all scales, and is not considered as a parton in the proton. The number
of active flavours is fixed to three, and charm quarks are assumed to be produced only in the hard
scattering process. In the general-mass variable-flavour-number-schemes (GM-VENS) [6] charm
production is treated in the FENS in the low Q7 region, where the mass effects are largest, and
in the ZM-VENS approach at high Q?, where the effect of resummation is most noticeable. At
intermediate scales an interpolation is made between the FFNS and the ZM-VFENS. The freedom
introduced by choosing an interpolation approach prevents a clear interpretation of the charm mass
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Figure 1: Combined fo;l(ﬁlled circles) with its total uncertainty (error bars) as a function of x for fixed
values of Q2. The data are compared to the FFNS predictions (left) at NLO (hashed band) and NNLO
(filled band) using running charm-quark mass in the MS scheme. The data are compared to NLO predictions
in VENS (right) based on HERAPDF1.5, using M, = 1.4 GeV. The uncertainty band shows the full PDF
uncertainty which is dominated by the variation of M,.

in terms of a specific renormalisation scheme. Therefore the charm mass appearing in the GM-
VENS is treated as a mass parameter, M., of the individual model. In Fig. 1 the data are compared
to the prediction [7] in FFNS at NLO and NNLO, based on the running-mass scheme for both the
coefficient functions and the parton density functions (PDFs). This scheme has the advantage of
reducing the sensitivity of the cross sections to higher order corrections, and improving the theoret-
ical precision of the mass definition. The uncertainties on the prediction include the uncertainties
on the running charm quark mass which dominate at small Q2. The predictions at NLO and NNLO
are very similar and describe the data well in the whole kinematic range of the measurement. In
Fig. 1, the combined data are also presented in comparison to QCD prediction in GM-VENS at
NLO using HERAPDF1.5 parton distributions, indicating the sensitivity of the charm data to the
choice of the charm quark mass for the PDF determination.

Sensitivity of the combined ¢, to the charm-quark mass used in the PDFs is studied by
including the combined charm data into a QCD analysis together with the combined inclusive DIS
cross sections [9], using different models of charm production in DIS. The analysis is performed
with the HER AFitter [10] program, with details of the PDF parametrization described in [1]. The
resulting gluon, valence and sea distributions are shown in Fig. 2 compared to PDFs obtained using
the inclusive DIS data only. By including charm data, the uncertainties on the gluon and the charm
distributions are reduced, mostly due to improved constraints on the charm mass. Correspondingly,
the uncertainty on the u- and d-quark distribution functions is reduced. The sensitivity of the
combined 6¢¢, data to the charm quark mass in the PDFs is demonstrated in Fig. 3, where the x?
of the PDF fit to inclusive DIS data and to those including charm measurements is presented as a
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Figure 2: Parton density functions for valence quarks and the gluon (left) and for sea anti-quarks (right)
obtained from the combined QCD analysis of the inclusive DIS data and fod (dark shaded bands) as a
function of x at Q? = 10 GeV?2. For comparison the results of the QCD analysis of the inclusive DIS data
only are also shown (light shaded bands). The gluon distribution function is scaled by a factor 0.05 and the
d-quark distribution function is scaled by a factor 1.1 for better visibility.
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Figure 3: Left: the values of x2 for the PDF fit to the combined HERA DIS data in VENS as a function
of M,. The open symbols indicate the results of the fit to inclusive DIS data only. The results of the fit
including the combined charm data are shown by filled symbols. Right: the values of y? for the PDF fit
to the combined HERA DIS data including charm measurements as a function of the running charm quark
mass mc(m.). The FENS scheme is used, where the charm quark mass is defined in the MS scheme.

function of M... Once the charm data are included in the fit, the minimum of 2 is more pronounced
as in the case of inclusive DIS data only. A similar > scan is performed in the QCD analysis of
the inclusive and charm data, using FFNS coefficient functions for charm production in the MS
mass scheme. The result is shown in Fig. 3 and represents the determination of the running mass of
the charm quark in the MS scheme at NLO. With experimental and PDF uncertainties, originating
from the variation of model and parametrization assumptions as well as the uncertainty on the value
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of a, the value of m.(m.) = 1.26 +0.05.y, £ 0.03,,04 £ 0.02 p4ram £ 0.02¢, GeV is obtained. This
result is consistent with an earlier result at NLO [8] and the world average [11] of m.(m,) at NNLO.

Using different variants of the GM-VENS, the optimal values of charm mass in each scheme,
M2 is obtained, as illustrated in Fig. 4. The values of MZ”" differ for the different schemes. How-
ever, once an M¢"" is used to evaluate the PDF in the corresponding VENS scheme, the predictions
of benchmark processes at the LHC using these different PDFs are very similar. In Fig. 4 the NLO
prediction [12] for W+ boson production in proton-proton collisions at the LHC with a center-of-
mass energy of 7 TeV is presented as a function of M, in the PDFs using various heavy flavour
schemes. When choosing the corresponding M for the schemes considered, the uncertainty due
to the charm treatment in PDFs is reduced from 7% to below 2%.
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Figure 4: The values of x?(M,) (left) for the PDF fit to the combined HERA inclusive DIS and charm mea-
surements and corresponding NLO predictions (right) for W™ production cross sections at the LHC for /s
=7 TeV as a function of M, used in the corresponding PDF fit. The different lines represent predictions for
different implementations of the VENS. The values of MZ* for each scheme and corresponding predictions
are indicated by the stars. The horizontal dashed lines show the resulting spread of the predictions when
choosing M. = M"".

In addition to charm production cross sections, 6<,(Q?,x), the shapes of the kinematic dis-
tributions of charmed mesons could provide important information on the value of charm quark
mass and also on the fragmentation model parameters. For the first time, the D** cross section
measurements as a function of the lepton and the meson kinematics were combined [13], using
the measurements by the H1 [14] and ZEUS [15] collaborations. In Fig. 5 the results are shown
as a function of the transverse momentum, py(D*) and pseudorapidity, (D*), as compared to the
NLO calculation [3]. The precision of the current calculation is mostly limited by estimation of the
missing higher-order contribution, mimicked by an independent variation of the renormalization
and factorization scales by a factor of two up and down, and is much lower than the experimental
accuracy.

References

[1] [H1 and ZEUS Collaborations], Eur. Phys. J. C 73 (2013) 2311 [arXiv:1211.1182] .



Combination and QCD Analysis of Charm Production Measurements at HERA Katerina LIPKA

H1 and ZEUS H1 and ZEUS
g — T . : — T
= 0.02<y<0.7
=) 1 1.5<p,(D*)<20 GeV
= F m(D*)i<1.5
g
3

do/dp,_ (D*) (nb/GeV)

o HERA (prel.)
— NLO QCD

I
HERA Heavy Flavour Working Group  (June 2013)

@ HERA Heavy Flavour Working Group  (June 2013)

<
5<Q°<1000 GeV?* B E
o HERA (prel.) 0.02<y<0.7 I
NLO QCD 1.5<p (D*)<20 GeV | )
I(D*)I<1.5 2
] [
ol bl 06— C
-15 -1 -0.5 [1] 0.5 1 1. 2 3 4 5 6 7 8910 20
n(D%) p, (D*) (GeV)

Figure 5: Combined D** production cross section (filled symbols) as a function of the meson pseudorapid-
ity, n(D*) (left), and transverse momentum, py(D*) (right). The inner error bars indicate the uncorrelated
part of the uncertainties. The outer error bars represent the total uncertainties. The theory predictions and
their uncertainty is shown by the shaded band. The ratio of theory to data py(D*) distribution is shown in
the right bottom plot.
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