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Abstract
Reference heavy-flavour cross sections at HERA and LHC have been com-
puted following different theoretical approaches and the results have been
compared.

Coordinators: M. Corradi, A. Dainese

1 Introduction

This section presents a comparison of cross sections for HERA and LHC calculated according to differ-
ent theoretical approaches. Different programs were used to calculate the same reference cross sections,
using, as far as possible, the same input parameters and a consistent method to evaluate uncertainties. In
this way it is possible to identify processes and kinematical regions in which different approaches give
the same answer and regions where they differ. Unified criteria to evaluate the theoretical uncertainty
should also allow to understand what approach is expected to be more precise. Moreover these calcula-
tions, which incorporate up-to-date parameters and PDF parametrisations, can be used as a reference for
experiments and for further theoretical predictions. The cross sections presented here, are available in
computer-readable format from the web page http://www-zeus.desy.de/ corradi/benchmarks,
where figures in color can also be found.

2 Programs

A list of the programs used for the cross section calculations is given below. For further details see the
references and the theoretical review on heavy quark production in these proceedings.

— MNR [1] is a fixed-order (FO) NLO program for heavy-flavour hadro-production, it was used for
LHC cross sections;

— FMNR [2, 3] is an extension of the previous program to photoproduction, it was used for photo-
production at HERA,;

— HVQDIS [4, 5] is a FO-NLO program for heavy-flavour production in deep-inelastic scattering
(DIS), it has been used for DIS at HERA,;

— FONLL [6, 7] provides matched massive-massless calculations with NLO accuracy and resum-
mation of large pr logarithms. It is available for hadro- and photo-production and was used for
HERA photoproduction and LHC cross sections;

— GM-VFNS [8-11] is a calculation in the generalised massive variable flavour number scheme. It
has been used for charmed hadron p7 spectra at LHC and in photoproduction at HERA,



Table 1: Thetable showsinput parameter to the different programs with the corresponding lower and upper values
used for the uncertainty: Aqcp, the quark masses, the proton and photon parton densities, the fraction of ¢ quarks
decaying into a D* meson, and the parameters used for fragmentation. The fragmentation form are abbreviated to
Pet. for Peterson, Kart. for Kartvelishvili, Def. for the default Py THIA fragmentation

Parameter program central value lower/upper

Adcp all 0.226 GeV fix

Me all 1.5 GeV 1.3/1.7 GeV

mp all 4.75 GeV 4.5/5.0 GeV

p-PDF all-CASCADE CTEQ6.1[15] MRST2002 [16]/Alekhin [17]
CASCADE CCFM A0 -

~-PDF FMNR, FONLL AGF [18] GRV [19]

fle — D*) all 0.235 fix

c fragmentation: (F)MNR,HVQDIS Pet. [20] ¢, = 0.021 0.002/0.11
FONLL BCFY r=0.1 0.06/0.135
GM-VFENS [9] -
CASCADE, RAPGAP  Pet. ¢, = 0.075 Def./e, = 0.05

b fragmentation: (F)MNR,HVQDIS Pet. ¢, = 0.001 0.0002/0.004
FONLL Kart. « = 29.1 25.6/34.0
CASCADE, RAPGAP  Pet. ¢, = 0.002 Def./e;, = 0.005

— CASCADE 1.2009 [12] is a full Monte Carlo program based on unintegrated parton densities and
K factorisation. It has been used to calculate cross sections for Photoproduction and DIS at
HERA and for LHC;

— RAapPGAP 3 [13] is a multi-purpose MC program for ep collisions, it implements heavy-flavour
production through the boson-gluon-fusion process v*g — QQ at leading order. It has been used
for DIS at HERA. Both CASCADE and RAPGAP use PYTHIA [14] routines for fragmentation.

3 Parametersand uncertainties

The different calculations were compared using the same input parameters and, where possible, with
total uncertainty bands computed in a consistent way. The total uncertainty band includes the effect of
the uncertainty on the input parameters and on the missing higher orders in the perturbative expansion.

3.1 Perturbative uncertainty

The perturbative uncertainty was obtained by varying the renormalisation and factorisation scales inde-
pendently in the range 0.5u0 < pr,ur < 2uo, While keeping 1/2 < ugr/pur < 2, were uyg is the
nominal value, typically set to the transverse mass p7. + mg, or to 4m? + Q? in the DIS case. The largest
positive and negative variations were taken as the perturbative uncertainty band.

3.2 Input parameters

The uncertainty from the input parameters was obtained by varying each parameter the central value.
An effort was made within the working group to find the best central value and uncertainty for the
input parameters. The values used for the perturbative parameters A%CD, me, my as well as the parton
distribution functions (PDF) for the proton and for the photon are reported in Table 1.



For practical reasons, rather than using the full treatment of the PDF uncertainty, few different
parametrisations were tried and it was checked that the choice of the PDF set always gives a small
contribution to the total uncertainty band. In the case of CASCADE, the CCFM AQ parametrisation was
used as the central value while the PDF parametrisations A0+ and AO-, obtained from fits to DIS data
with different renormalisation scales, were used in conjunction with the variation of the renormalisation
scale.

Since the different programs have different perturbative contents, different parameters for the non-
perturbative fragmentation function were used. The values were chosen in order to correspond to the
same average fragmentation in e*e~ collisions as explained in the section on heavy quark fragmentation
in these proceedings. Table 1 reports the fragmentation form and the corresponding parameters used in
the different programs.

In the FONLL calculation for charm, the BCFY [21] fragmentation parameter » was varied in
conjunction with the variation of the charm mass since different values of r are obtained from e e~ data
for different m. [22]. Similarly for beauty, the Kartvelishvili [23] parameter « was varied in conjunction
with the variation of the b mass [23]. For GM-VFNS, the fragmentation functions and fractions were
taken from [9].

The total uncertainty band was obtained from the sum of the uncertainties added in quadrature
coming from the parameter variations and the perturbative uncertainty.

4 Results
4.1 HERA Photoproduction

The results for HERA Photoproduction are given as ep cross-sections for 0.2 < y < 0.8 (y is the Bjorken
variable while Y is the rapidity in the laboratory frame) and 2 < 1 GeV2. The beam energies have been
setto . = 27.52 GeV, E, = 920 GeV with the proton beam going in the positive rapidity direction.

Figure 1 shows the differential cross sections as a function of the charm quark transverse momen-
tum (a) and pseudorapidity (b). In (c) and (d) the same cross sections are given for the charmed D*
meson. A meaningful comparison can be performed only for the hadron variables, which are the real
physical observables, since the quark level may be defined differently in different approaches. The FO
calculation (FMNR) shows a large uncertainty (~ 60%) at the hadron level due to the related uncertainty
on the fragmentation parameters. The resummed programs FONLL and GM-VFNS have much smaller
uncertainty and are within the FMNR uncertainty band. The central values from FMNR and FONLL
coincide at low transverse momenta. GM-VFNS, instead, tends to grow unphysically at low pr(D*).
As can be seen in (c), the quark-level disagreement between FO (FMNR) and FONLL calculations is
consistently removed at the hadron-level. The unintegrated-PDF Monte Carlo CASCADE tends to be
above the other calculations, in particular at large p. In the case of beauty (Fig. 2) the uncertainty bands
are smaller (~ 20% for FMNR), CAscADE and FMNR are in good agreement. Due to the large b mass,
the resummed calculation FONLL (not shown) is expected to be similar to the fixed-order one (FMNR).
For both beauty and charm, FMNR and FONLL show a shoulder at positive rapidities (b, d) due to the
“hadron-like” component of the photon that is not present in CASCADE.

Figure 3 shows the different components of the FMNR uncertainty band for charm and beauty.
The uncertainties for quark production are typically dominated by the perturbative scale uncertainty with
the exception of the low transverse momentum region (p7 ~ mg) where the uncertainty from the quark-
mass can dominate. For hadron production, the fragmentation dominates the FMNR uncertainty at large
pr. The PDF uncertainty was found to be small. Resummed calculation have smaller uncertainty bands
due to the smaller perturbative and fragmentation contributions at large p.
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Fig. 1. Cross sections for charm photoproduction at HERA (Q? < 1 GeV?, 0.2 < y < 0.8). The differential
cross sections as a function of the p of the ¢ quark for rapidity |Y'| < 2 and as a function of the rapidity of the
¢ quark for pr > 2.5 GeV are shown in (a), (b). Plots (c) and (d) show similar cross sections for the production
of a D* meson. The cross sections are shown for FMNR (shaded band), FONLL (empty band with dashed lines),
GM-VFNS (empty band with dotted lines) and CASCADE (empty band with full lines).
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Fig. 2: Cross sectionsfor beauty photoproductionat HERA (Q? < 1 GeV?, 0.2 < y < 0.8). Thedifferential cross
sections in pr and rapidity of the b quark are shown in (@), (b). Plots (¢) and (d) show the cross sections for the
production of aweakly-decaying B hadron as a function of pr(B) and Y (B). The cross sections are shown for

FMNR (shaded band) and CAscADE (empty band with full lines).
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Fig. 3: Breakdown of the different components of the FMNR uncertainty for do/dpr for charmed (a) and beauty
(b) hadronsin photoproductionat HERA. The plots show theratio of the upper/lower side of each uncertainty to the
nominal value. The following sources of uncertainty are shown: quark mass (m ), parton density parametrisation
(PDF), fragmentation parameter and the perturbative uncertainty from scale variations.

42 HERADIS

Heavy quark production in DIS is not available in the matched massive-massless approach (except for
total cross sections). Therefore the DIS comparison was limited to the FO-NLO program HVQDIS, the
unintegrated-PDF MC CAscADE and the RAPGAP Monte Carlo. The DIS cross sections at HERA are
reported as do /d log,, () for different bins of 2 and are intended at the Born level, without electroweak
corrections. Figure 4 shows, for each Q2 bin, the inclusive charm cross-section, the cross section for
observing a D* meson in the “visible” range pr(D*) > 1.5 GeV, |Y (D*)| < 1.5 and for observing a
muon in the range pr(u) > 3 GeV, |Y(u)| < 2. The three calculations are compatible at intermediate
values of x (~ 1073). At large = and low Q?, CASCADE and RAPGAP drop to zero much faster than
HVQDIS. At low x RAPGAP is significantly larger than HVQDIS while both are within the uncertainty
band given by CASCADE. A similar behavior is seen for beauty (Fig. 5). The uncertainty on HVQDIS,
not given here, is expected to be small (~ 10 — 20% for beauty [24]). The high-z discrepancy between
HVQDIS and the other two calculations seems therfore to be beyond the program uncertainties and
deserves further investigations.

43 LHC
For LHC, we computed the cross sections in pp collisions at /s = 14 TeV.

Figures 6 and 7 show the single inclusive cross sections as a function of pr, at quark (upper
panels) and hadron (lower panels) level, for charm and beauty, respectively. Two rapidity intervals
are considered: |Y| < 2.5, approximately covering the acceptance of the barrel detectors of ATLAS
(In| < 2.5), CMS (|n| < 2.5), and ALICE (|n| < 0.9); 2.5 < |Y| < 4, approximately covering the
acceptance of LHCb (2 < n < 5) and of the ALICE muon spectrometer (2.5 < n < 4).

For charm, we compare the fixed-order NLO results from MNR to the results from the CASCADE
event generator, from the GM-VFNS calculation and from the FONLL calculation. The agreement is in
general good, in particular in the low-p1 region; at high-pr CASCADE predicts a larger cross section than
the other calculations, especially at forward rapidities. The FONLL central prediction is in agreement
with that of the FO NLO calculation at low p7, while deviating from it at high pr, where it gives a
smaller cross section.

For beauty, we compare FO NLO (MNR), FONLL and CAsSCADE. Again, there is agreement
at low pr, where, as expected, the FONLL result coincides with the MNR result. At high p7, both
CascAaDE and FONLL predict a larger cross section than the MNR central values, but all models remain
compatible within the theoretical uncertainties. At forward rapidities, for beauty as for charm, CASCADE
gives a significantly larger cross section than MNR.
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Fig. 4: Charm cross sections in DIS at HERA. Each plot shows the distribution of log,,(z) in a different Q>
range for the inclusive cross-section, the cross-section for a D* meson in the “visible’ rangep r(D*) > 1.5 GeV,
|Y'(D*)| < 1.5 and the cross-section for amuon from charm decay in the range pr (1) > 3 GeV, |Y (1)| < 2. The
thick curves show the central value from HVQDIS, the thin curves represent the uncertainty band from CASCADE
and the shaded area shows the uncertainty band from RAPGAP. The fluctuations in the muon cross sections are
dueto the limited statistics.
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Fig. 5: Beauty cross sections in DIS at HERA. Each plot shows the distribution of log,,(z) in a different Q2
range for the inclusive cross-section, the cross section for a hadron containing a b quark in the “visible” range
pr(B) > 3 GeV, |Y(B)| < 2 and the cross section for a muon from beauty decay in the range pr (1) > 3 GeV,
|Y (11)| < 2. Thethick curves show the central value from HVQDI'S, the thin curves represent the uncertainty band
from CASCADE and the shaded area shows the uncertainty band from RAPGAP. The muon distributions are not
given for HYQDIS.
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Fig. 6: Cross sections for charm productionin pp collisions at the LHC with /s = 14 TeV. The differential cross
sectionsin pp for ¢ quark in the two rapidity ranges |Y| < 2.5 and 2.5 < |Y'| < 4 are shown in the upper panels.
The lower panels show the cross sections for the production of a D* meson as a function of pr(D*) in the same
rapidity ranges.

do/de [mb/GeV]

dc/de [mb/GeV]

— FO NLO (MNR)
---- CASCADE

lyl <25

3, |

1 1 1 1 1 1 1 1 1
5 10 15 20 25 30 35 40 45
beauty quark P, [GeV

lyl<25

6
107,

1 1 1 1 1
25 30 35 40 45 50
beauty hadron p. [GeV]

1 1 1
5 10 15 20

do/de [mb/GeV]

do/de [mb/GeV]

25<|y|<4

1 1 1 1 1 1 1 1 1
5 10 15 20 25 30 35 40 45
beauty quark P, [GeV]

25<|y|<4

-6
10%5

1 1 1 1 1 1 1 1
5 10 15 20 25 30 35 40 45 50
beauty hadron P, [GeV]
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nominal value. The following sources of uncertainty are shown: quark mass (m ), parton density parametrisation
(PDF), fragmentation parameter and the perturbative uncertainty from scale variations.

Figure 8 shows the breakdown of the uncertainties for hadron production as obtained with MNR.
The perturbative component dominates at LHC. Only the fragmentation component for charm hadron
production becomes comparable in size to the perturbative one at large pr.

44 Q-Q correations

The azimuthal separation between the two heavy quarks A¢(QQ) and the transverse momentum of the
quark-antiquark system p(QQ) are particularly sensitive to higher-order effects since at leading order
their distributions are delta functions peaked at A¢(QQ) = w and pr(QQ) = 0. The distribution of
these variables is therefore a direct probe of QCD radiation and is well suited for comparing different
calculations.

Figures 9 and 10 show the heavy-quark pair p distribution and the quark-antiquark relative az-
imuthal angle distribution for charm and beauty at LHC, respectively. For both distributions, the two
quarks of the pair are required to have |Y| < 2.5; also minimum p7 selections are applied to mimic the

effect of realistic experimental cuts (p? > 3 GeV and p? > 6 GeV). In the region near A¢(QQ) = 7
and pr(QQ) = 0, where the cancellation of soft and collinear divergencies occur, the fixed-order NLO
calculation gives an unphysical negative cross section with next to a large positive peak. A larger binning
would be needed to average this behavior and produce a more physical results. The CASCADE MC, has
a more realistic behavior. Both calculations have a non-zero value at A¢(QQ) = 0 related to “gluon-
splitting” events. A similar result was found for HERA as shown in Figure 11. This kind of distribution
is expected to be well described by programs that merge NLO matrix elements to the parton-shower MC
approach such as MC@NLO [25].

5 Conclusions

Heavy-flavour cross sections for HERA and LHC, obtained with fixed-order NLO programs, with matched
massive/massless calculations and within the K p-factorisation approach have been compared. Similar

results are found for photoproduction at HERA and for the LHC. As expected the resummed calcula-

tions were found to be compatible with the fixed-order results but have smaller uncertainties at large p.

Resummed calculations for charm in two different schemes (GM-VFNS and FONLL) are anyway some-

what incompatible both at HERA and LHC, suggesting that their uncertainty may be underestimated.
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The Kp-factorisation program CASCADE predicts larger cross sections than the other approaches
at large pp at LHC and for charm at HERA. The comparison for DIS was limited to FO-NLO and a MC
program with leading order matrix elements. Large discrepancies, which deserve further investigations,
were found in this case. A comparison with experimental data would be needed for further understanding
of the quality of the available calculations.
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