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Abstract

A measurement of charm and beauty photoproduction at tbeeteproton collider HERA

is presented based on the simultaneous detection/@ffameson and a muon. The cor-
relation between thé>* meson and the muon serves to separate the charm and beauty
contributions and the analysis provides comparable geitgito both. The total and dif-
ferential experimental cross sections are compared to ldANA®O QCD calculations. The
measured charm cross section is in good agreement with Q&figtions including higher
order effects while the beauty cross section is higher.

To be submitted to Phys. Lett. B



A. Aktas'’, V. AndreeVv®, T. Anthonis, S. Aplin'®, A. Asmoné*, A. Astvatsatouro¥

A. Babaev®, S. Backovié!, J. Baht?, A. Baghdasaryafi, P. Barano¥’, E. Barrelet’,

W. Bartel®, S. Baudrantf, S. Baumgartné?, J. Becket!, M. Beckinghan’®, O. Behnké?®,
O. Behrendt, A. Belousov®, Ch. Berget, N. Berget®, J.C. Bizot®, M.-O. Boenig,

V. Boudry??, J. Bracinik”, G. Brandt?, V. Brissort®, D.P. Browri®, D. Brunckd®,

F.W. Bussel!, A. Bunyatyar?®, G. BuschhorfY, L. Bystritskayd®, A.J. CampbelP,

S. Caron, F. Cassol-Brunnét, K. Cerny, V. Cerny%*7, V. Chekeliad’, J.G. Contrerds,
J.A. Coughlan, B.E. CoxX', G. Cozzikd, J. Cvach?, J.B. Daintor®*, W.D. Dau”,

K. Daun?™*3, B. Delcourt®, R. Demirchyaff, A. De Roeck’*", K. DescH!, E.A. De Wolf!,
C. Diacond?, V. DodonoV?, A. Dubak'+*¢, G. Eckerlirt®, V. Efremenkad®, S. Egli*®,

R. Eichler®, F. Eiselé*, M. Ellerbrock?, E. Elsei®, W. Erdmanf’, S. Essencot/,

A. Falkewic?, P.J.W. Faulknér L. Favart, A. Fedotov’, R. Felst’, J. Ferencé?, L. Finke',
M. Fleischet, P. Fleischmanti, Y.H. Fleming?, G. Flucke®, A. Fomenké®, |. Forestt',
J. Formanek, G. Franké’, G. Frisind, T. Frissor?, E. Gabathulé?, E. Garutti®,

J. Gaylet’, R. Gerhard$'f, C. Gerlici?®, S. Ghazaryali, S. Ginzburgskaya, A. Glazov®,
l. Glushkov?, L. Goerlict, M. Goettlich®, N. Gogitidzé®, S. Gorbouno¥’, C. Goyori?,
C. Grald®, T. Greenshait, M. Gregort?, G. Grindhamme¥, C. Gwillian?!, D. Haidt®,

L. Hajduk, J. Hallet?, M. Hansso#, G. Heinzelmanh, R.C.W. Hendersadn,

H. HenscheP, O. Henshaw, G. Herrerd', M. Hildebrandt®, K.H. Hiller*®, D. Hoffmanrt?,
R. Horisberge¥, A. Hovhannisyat?, M. Ibbotsori!, M. IsmaiF!, M. Jacquet’,

L. Janauschek, X. Janssel, V. Jemano¥, L. Jonssoff, D.P. Johnsoh H. Jung®°,

M. Kapichin€, M. Karlssori®, J. Katzy?, N. Keller'!, I.R. Kenyori, C. Kiesling”,

M. Klein®?, C. Kleinwort?, T. Klimkovich'?, T. Kluge'®, G. Knies?, A. Knutssor’,

V. Korbel'?, P. Kostkd”, R. Koutouev?, K. Krastev®, J. Kretzschmdf, A. Kropivnitskayd®,
K. Kriger4, J. Kiicken®’, M.P.J. Landol, W. Lange?, T. LaStovicka?>?, P. Laycock?®,
A. LebedeV®, B. LeiRnet, V. Lendermantt, S. Levoniat?, L. Lindfeld*!, K. Lipka®,

B. List'®, E. Lobodzinsk&"®, N. Loktionov&®, R. Lopez-FernandéZ V. Lubimov*®,

A.-l. Lucaci-Timoce®, H. Lueder$!, D. Luke™!°, T. Lux!!, L. Lytkin%, A. Makankiné,

N. Maldert!, E. Malinovski®, S. Mangan¥’, P. Maragé, R. Marshalt!, M. Martisikova®,
H.-U. Martynt, S.J. Maxfield®, D. Meer?, A. Mehta?®, K. Meier**, A.B. Meyer!,

H. Meyer”, J. Meyet®, S. Mikock?, I. Milcewicz-Mika®, D. Milstead®, A. Mohamed?®,

F. Moread?, A. MorozoV*, J.V. Morris, M.U. Mozer?, K. Muller!, P. Murint¢+4,

K. Nankov?, B. Naroska', J. Naumanf Th. Naumant?, P.R. Newmat C. Niebuht?,

A. Nikiforov??, D. Nikitin®, G. NowaK, M. Nozicka?, R. Oganezot?, B. Olivier®,

J.E. OlssoH, S. Osmat?, D. Ozerov®, V. Palichik, T. Papadopouldd, C. Pascaud,
G.D. Patel®, M. Pee?’, E. Pere?, D. Perez-Astudill®’, A. Perieantf, A. Petrukhiri®,

D. PitzI'°, R. Placakyt&, B. Portheaulf’, B. Povh?, P. Prideau¥, N. Raicevié!,

P. Reimei?, A. Rimmer?, C. Rislet’, E. Rizvi®, P. Robmantt, B. Roland, R. Rooseh,
A. Rostovtse¥, Z. Rurikovd”, S. Rusako¥’, F. Salvairé', D.P.C. Sankey E. Sauvaty,
S. Schatzét, F.-P. Schilling®, S. Schmidt’, S. Schmitt!, C. Schmit2!, L. Schoeffet,

A. Schoning®, V. Schrodel’, H.-C. Schultz-Coulott, C. Schwanenbergé K. Sedlak?,
F. Sefkow?, I. Sheviako¥®, L.N. Shtarkov®, Y. Sirois??, T. Sloan?, P. Smirnov®,

Y. SolovieVv®, D. South?, V. SpaskoV, A. Speck&’, B. Stella?, J. Stiewé?, |. Strauch®,
U. Straumantt, V. Tchoulako¥, G. Thompsol, P.D. Thompsoh F. TomasZ',

D. Traynot?, P. Truot!, I. Tsakov®, G. Tsipolitis®*2, I. Tsurin'®, J. Turnaf,

E. TzamariudaKf, M. Urbart!, A. Usik?¢, D. Utkin**, S. Valkar®, A. Valkarova?,

1



C. Vallée?, P. Van Mecheleh N. Van Remortél, A. Vargas Treving, Y. Vazdik®,

C. Veelkeri®, A. Vest, S. Vinokurovad®, V. Volchinski®, B. Vujicic?”, K. Wackef,

J. WagneY’, G. Webetl!, R. Webet’, D. Wegenet, C. Wernet®, N. Wernet!, M. Wessel¥,
B. Wessling®, C. Wigmoré, G.-G. Wintet?, Ch. Wissing, R. Wolf'*, E. Wiinsch’,

S. Xella!, W. Yan'?, V. Yegano¥?®, J.Zagek?, J. Zalesak, Z. Zhang®, A. Zhelezo¥®,

A. Zhokin®, J. Zimmermanti, H. Zohrabyaf®, and F. Zome#

Y I. Physikalisches Institut der RWTH, Aachen, Germany"

2 [II. Physikalisches Institut der RWTH, Aachen, Germany"

3 School of Physics and Astronomy, University of Birmingham, Birmingham, UK®

4 Inter-University Institute for High Energies ULB-VUB, Brussels; Universiteit Antwerpen,
Antwerpen; Belgium®

5 Rutherford Appleton Laboratory, Chilton, Didcot, UK®

6 Institute for Nuclear Physics, Cracow, Poland®

7 Institut fiir Physik, Universitit Dortmund, Dortmund, Germany"®

8 Joint Institute for Nuclear Research, Dubna, Russia

9 CEA, DSM/DAPNIA, CE-Saclay, Gif-sur-Yvette, France

19 DESY, Hamburg, Germany

Y Institut fiir Experimentalphysik, Universitit Hamburg, Hamburg, Germany”

12 Max-Planck-Institut fiir Kernphysik, Heidelberg, Germany

13 Physikalisches Institut, Universitiit Heidelberg, Heidelberg, Germany”

Y4 Kirchhoff-Institut fiir Physik, Universitiit Heidelberg, Heidelberg, Germany”

5 Institut fiir experimentelle und Angewandte Physik, Universitiit Kiel, Kiel, Germany

16 Institute of Experimental Physics, Slovak Academy of Sciences, Kosice, Slovak Republic’
7 Department of Physics, University of Lancaster, Lancaster, UK

18 Department of Physics, University of Liverpool, Liverpool, UK

9 Queen Mary and Westfield College, London, UK®

20 Physics Department, University of Lund, Lund, Sweden?

2L Physics Department, University of Manchester, Manchester, UK

22 CPPM, CNRS/IN2P3 - Univ Mediterranee, Marseille - France

23 Departamento de Fisica Aplicada, CINVESTAV, Mérida, Yucatdn, México®

24 Departamento de Fisica, CINVESTAV, México*

5 Institute for Theoretical and Experimental Physics, Moscow, Russia
%6 Lebedev Physical Institute, Moscow, Russia®

2T Max-Planck-Institut fiir Physik, Miinchen, Germany

28 LAL, Université de Paris-Sud, IN2P3-CNRS, Orsay, France

29 LLR, Ecole Polytechnique, IN2P3-CNRS, Palaiseau, France

30 LPNHE, Universités Paris VI and VII, IN2P3-CNRS, Paris, France
3V Faculty of Science, University of Montenegro, Podgorica, Serbia and Montenegro

32 Institute of Physics, Academy of Sciences of the Czech Republic, Praha, Czech Republic®
33 Faculty of Mathematics and Physics, Charles University, Praha, Czech Republic®*

3 Dipartimento di Fisica Universita di Roma Tre and INFN Roma 3, Roma, Italy

% Institute for Nuclear Research and Nuclear Energy , Sofia, Bulgaria

% Paul Scherrer Institut, Villingen, Switzerland

37 Fachbereich C, Universitit Wuppertal, Wuppertal, Germany

% Yerevan Physics Institute, Yerevan, Armenia

l

2



% DESY, Zeuthen, Germany
40 Institut fiir Teilchenphysik, ETH, Ziirich, Switzerland’
Y Physik-Institut der Universitdt Ziirich, Ziirich, Switzerland’

42 Also at Physics Department, National Technical University, Zografou Campus, GR-15773
Athens, Greece

43 Also at Rechenzentrum, Universitit Wuppertal, Wuppertal, Germany

4 Also at University of PJ. Safdrik, Kosice, Slovak Republic

45 Also at CERN, Geneva, Switzerland

6 Also at Max-Planck-Institut fiir Physik, Miinchen, Germany

17 Also at Comenius University, Bratislava, Slovak Republic

t Deceased

* Supported by the Bundesministerium fiir Bildung und Forschung, FRG, under contract
numbers 05 HI IGUA /1, 05 HI 1PAA /1, 05 HI 1PAB /9, 05 HI 1PEA /6, 05 HI 1VHA /7 and
05 HI IVHB /5

b Supported by the UK Particle Physics and Astronomy Research Council, and formerly by the
UK Science and Engineering Research Council

¢ Supported by FNRS-FWO-Viaanderen, IISN-IIKW and IWT and by Interuniversity Attraction
Poles Programme, Belgian Science Policy

¢ Partially Supported by the Polish State Committee for Scientific Research,
SPUB/DESY/P003/DZ 118/2003/2005

¢ Supported by the Deutsche Forschungsgemeinschaft

! Supported by VEGA SR grant no. 2/4067/ 24

9 Supported by the Swedish Natural Science Research Council

* Supported by the Ministry of Education of the Czech Republic under the projects
INGO-LA116/2000 and LNOOAOO6, by GAUK grant no 173/2000

7 Supported by the Swiss National Science Foundation

* Supported by CONACYT, México, grant 400073-F

! Partially Supported by Russian Foundation for Basic Research, grant no. 00-15-96584



1 Introduction

At the electron proton collider HERA, heavy quarks are prenf@ntly produced via photon-
gluon fusion,yg — c¢ or bb, where the photon is emitted from the incoming lepton and the
gluon from the proton. The production cross sections agekrfor photoproduction, i.e. for
photons with virtualityQ? ~ 0. The light quarks:, d ands are produced much more copiously
thanc andb, and beauty production is suppressed by a factor of appaigign200 compared

to charm. Charm and beauty measurements performed at HERA sglied on the tagging of
only one heavy quark in each event. While the charm measuntsrite-11] were mostly based
on the reconstruction dP mesons, the beauty measurements [12—-17] used semi-lepeways

or lifetime signatures or both. Here an analysis is presemtbere in a large fraction of events
both heavy quarks are tagged using4™ meson and a muon as signatures. The correlations
between the direction of the muon with respect to thé& and their electric charges are used
to separate charm and beauty contributions. Total crog®sesare measured separately for
the processesp — cccX — eD*uX' andep — ebbX — eD*p X' in the visible kinematic
region, while differential cross sections are derived fombined samples af andbb events.
The measurements, which are based on an integrated lutyinbgi = 89 pb™*, are compared

to leading order (LO) and next-to-leading order (NLO) pdrative QCD (pQCD) calculations.

This measurement extends to significantly lower centrera$s energies of thié system
than previous measurements of beauty cross sections at HERAsimultaneous detection of
the D* meson and the muon makes possible new tests of higher ordee@€rts. For instance,
in the photon-gluon rest frame the angle between the heaankgus130° at leading order, but
at next-to-leading order it can differ significantly fromdivalue due to hard gluon radiation.
Furthermore, thé* . pair is expected to be sensitive to a possible transverseamiomé; of
the gluons entering the quark pair production process.

2 Separation of Charm and Beauty

The separation of charm and beauty contributions explbitgscharge and azimuthal anple
correlations of the)* meson and the muon. The azimuthal angle differehdebetween the
D* and the muon and their respective electric chafgel*) andQ () are used to define four
‘correlation regions’ I-IV. Fo) (D*) = Q(p) regions | and Il coven® < 90° andA¢ > 90°,
respectively. Regions Ill and IV are defined correspondifigl Q(D*) # Q).

The four regions are populated differently by charm and tyeavents as is illustrated in
figurell. Neglecting any transverse momenta of the photorttadluon, the fusion process
~vg — cé orbb leads to a back-to-back configuration of the two heavy quakggroximating the
directions of theD** meson and the muon with those of the quark and antiquark aectisg
opposite charges;¢ pairs populate correlation region IV. In contrast, beawgngs populate
regions Il, Ill and 1V, depending on whether the muon origasafrom the samé quark as the
D* or from the opposité. If the muon originates from the sanmequark as theD* meson,

The coordinate system is defined with thaxis pointing in the proton beam direction andy) pointing in
the horizontal (vertical) direction. The azimuthal an@lés measured in the-y plane and the polar angfewith
respect to the direction.



the events lie in region Il. For muons coming from thepposite to theD* meson, the direct
decay populates region I, while the cascade prosessc — 1 populates region IV. Region
IV hence receives contributions from bathandbb events and region | stays empty.

The azimuthal angle correlations are smeared by fragmeni@id semileptonic decay pro-
cesses and by higher order QCD effects such as gluon radeatid any initial transverse mo-
mentum of the gluon. Processes such as heavy quark decay$egtons conserve the charge
correlation, which is not the case f&°-B° mixing and e.g. the decays— c¢W~; W~ — ¢s.
According to the PYTHIA Monte Carlo simulation [18], whicalies into account these smear-
ing effects, the relative population of the four regionsssgaven by the numbers in figullk 1.
These numbers apply in the analysed kinematic region deifimszttiorlllll and do not include
detector effects. Since the population of the four cori@fategions is very different fab and
cé, it can be used for the separation of these two components.

AD < 90° AD > 90°
I [l

=

&

I

S

&
charm (%) 0.1 0.1
beauty (%) 3.8 20.4
11

=

&

1N

S

&
charm (%) 6.0 93.8
beauty (%) 50.0 25.9

Figure 1: Definition of the correlation regions in terms of A® and the relative charges of the
D* meson and the muon. The sketches illustrate these correlations in c¢ and bb quark decays
to D*p. The numbers represent the relative distribution over the four correlation regions of
charm and beauty events that satisfy the cuts given in section Il as obtained from the PYTHIA
simulation without detector effects.



3 QCD Calculations and Monte Carlo Simulations

The Monte Carlo simulations PYTHIA [18] and CASCADE [19] areed for the description
of the signal and background distributions in the sepamadfocharm and beauty, for the de-
termination of efficiencies and acceptances and for sysiersdies. Their predictions are
also compared with the measured cross sections. In PYTHH8AGKRSCADE leading order
matrix elements which take into account the mass of the hgaayk are implemented and
parton showers in the initial and final state are includedppreximate higher orders (LO-
ME+PS). The parton evolution in PYTHIA uses the DGLAP equiagi[20]. In addition to the
direct process, a resolved photon component is generatedTiHlA where the photon fluc-
tuates into a hadronic state acting as a source of partoespfamhich participates in the hard
interaction. This component is dominated by heavy flavouaitation processes [21], where
the heavy quark is a constituent of the resolved photon. érPtHTHIA calculation of heavy
flavour excitation, in which quark masses are neglectedcdimribution of excitation to the
total charm cross section in the analysed kinematic regidaund to be 41%, while it is 23%
for beauty. In comparison to this component the contribbutibthe resolved component due to
light quarks or gluons in the photon can be neglected in tesgut analysis, as can the heavy
flavour component of the proton.

CASCADE contains an implementation of the CCFM [22] evalatequation for the ini-
tial state parton shower. Thg; — cc or bb is implemented using off-shell matrix elements
convoluted withk; unintegrated proton parton distributions. PYTHIA and CASRIE use the
JETSET program as implemented in PYTHIA for the hadronisefvia the Peterson fragmen-
tation function [23]) and for the decay of beauty and charrargs. In order to correct for
detector effects, the generated events are passed thradgghaiked simulation of the detector
response based on the GEANT program [24] and the same reactist software as used for
the data.

The measured cross sections are also compared with NLO p@ICOl&tions in the massive
scheme [25] using the program FMNR [26]. These calculatamesexpected to give reliable
results in the kinematic region considered here, wherertimsverse momentum of the heavy
quark is of the same order of magnitude as its mass. The a#iwmog are available for both
the direct and resolved photon processes. However, inasirity the PYTHIA program, heavy
flavour excitation is not explicitly included in the resodivpart of the FMNR program. The
contributions of the resolved light quark and gluon compuasare found to be small in FMNR
(< 3% for charm andk 6% for beauty in the analysed kinematic region) and are negflec

The original FMNR program is extended to include the effetthie hadronisation af and
b quarks and their semileptonic decays in order to make casgras with the measured cross
sections in the experimentally accessible kinematicabregThe heavy quark is ‘hadronised’
by rescaling the three momentum of the quark using the Retdragmentation function. For
the decay into muons the momentum spectrum is implementefitaged from JETSET. In
the case of beauty quarks, the direct decaysftdivoured hadrons into muons are taken into
account as are the decays via a charm quark, ¢ — . When theD* meson and the muon
originate from the same quark, the angular and momentuneledions are implemented as in
JETSET. The measured fragmentation fractions [27, 28} fondb quarks given in tablll 1 are
used for the calculation of the cross sections. The impoparameters of the pQCD programs
used in this analysis are summarised in téble 2.
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Fragmentation Fractions [%]
c— D* 23.5 £0.7 c— i 9.84+0.5
b— D> 173+ 1.6 b—p 10.95 £ 0.27
b—c—p 1003+£064 | b— D 2.75£0.19

Table 1: Fragmentation fractions [27, 28] used in the QCD calculations of the cross sections.

The b — ¢ — i fraction also contains the b — cc¢s decay and the T contributions.

PYTHIA CASCADE FMNR (NLO) FMNR (LO)
\ersion 6.1 1.2007
Proton PDF CTEQS5L [30]  J2003[19] CTEQS5M [30] CTEQSL [30]
Photon PDF GRV-G LO [31] - GRV-G HO [31] GRV-G LO [31]
Renorm. scalg? m; +p7, 4m? + pr, S
Factor. SC&|¢LJ2¢ m; + pr, 5+ Q3 mi 4 paz Ame + phe)
my, [GeV] 48 48 475
me [GeV] 1.5 1.5 1.5
Petersorx, 0.008 0.008 0.0033 (0.42 for— D*) 0.0069
Petersore, 0.078 0.078 0.035 0.058

Table 2: Parameters used in the Monte Carlo and NLO programs. The FMNR calculations are
performed in the M S scheme using the default values of Agcp for the parton density functions.
i, and i¢ denote the renormalisation and factorisation scales, pqu ; the average of the squares
of the transverse momenta of the two heavy quarks, m, the heavy quark masses, s the centre-
of-mass energy squared, )% the transverse momentum squared of the heavy quark system, pr,
the transverse momentum of a heavy quark and ¢, the Peterson fragmentation parameters [29].
For the B°-B° mixing values of x4 = AmBg/FBg =0.73 and v, = 18 [28] are used.

4 Data Analysis

The data were collected with the H1 detector [32, 33] at HERAM) the years 1997 to 2000
and correspond to an integrated luminosity’of= 89 pb~'. The largest part of the luminosity
(80%) was collected at a centre-of-mass energy/efa 320 GeV, the beam energies being
27.6 GeV and 920 GeV for electrdnand protons, respectively. The remaining 20% of the
luminosity was taken ay/s ~ 300 GeV (proton energy 820 GeV).

4.1 Event Selection

A detailed account of this analysis can be found in [34]. Evevith at least one reconstructed
D~ and at least one muon are selected; multipleor muon combinations are treated as separate
events. TheD* is reconstructed via the decay charnet™ — D%z — K~=T=} (branching
ratio (2.59 + 0.06)% [28]), wherer, refers to the low momentum in the decay. The decay

2HERA has been operated with electron and positron beamsseTjeriods will not be distinguished in this
analysis.
3Charge conjugate states are always implicitly included.
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particles of theD* meson are reconstructed in the central tracking dete2tor< ¢ < 160°)
without particle identification. Muons are identified by oestructing track segments in the
instrumented iron return yoke of the solenoidal magnetsé&lage linked to tracks in the central
tracking detector. In order to ensure good detector acoepi&uts on the transverse momentum
pr With respect to the proton direction and the pseudorapidity — In tan(#/2) are applied
for the D* meson and the muon in the laboratory frame (see Bble 3).

Photoproduction events are selected by demanding the @bséany signals for the scat-
tered electron, restricting the accepted range of negftivemomentum transfer squaréd to
be below 1 GeY. A cut on the inelasticity 0.05 y < 0.75 is applied, wherg = P - ¢/ P - k
(¢, k and P are the four vectors of the exchanged photon, incomingrelecnd proton, re-
spectively). The variablg is reconstructed from the measured hadronic final stateyubm
Jacquet-Blondel method [35]. The events are triggered §tysfgnals from the central tracking
and muon detectors. The analysed ‘visible’ kinematic negibthe measurement is defined in
tablelB.

Selection ofD* — D7y — Krm, pr(K), pr(m) > 0.4 GeV
pr(ms) > 0.12 GeV

| mur —mpo |< 0.080 GeV
AM = M, — M. < 0.1685 GeV
Visible kinematic region pr(D*) > 1.5 GeV
[ (D7) |< 1.5
p(p) > 2 GeV
| n(p) < 1.735

0.05 < y < 0.75
Q? < 1 GeV*

Table 3:The D*selection cuts and definition of the visible kinematic region.

4.2 Fit Procedure

The D* yield is measured using tha M technique [36], wher\M = my... — mg, IS

the difference of the invariant masses of therr, and the K'7 systems. Figurfli2a shows
the AM distribution for the selected*;. sample separately for the ‘rightA(”#*=}) and
‘wrong’ (K~ 7~ ;) charge combinations. The wrong charge distribution ismadised to the
right charge distribution in the randel55 < AM < 0.1685 GeV. The number of signal
events is extracted from a fit to theA/ distribution using a Gaussian function for the signal
and a parameterisation of the backgrotin@he parameters of the background function are
determined from right and normalised wrong charge comlanat The result of this fit for the
total signal is also shown in figullk 2a.

The total number oD*y events obtained from the fit &p«, = 151 4+ 22. This number
still contains a contribution from ‘fake muons’, i.e. fromdrons misidentified as muons and

“4The functional form used ig (AM — m, )2 (1 — c3 (AM)?) wherec; are fit parameters.
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muons from the decay of light mesons. The fake muon backgr@oentributes about 37%
in charm and 5% in beauty initiated events according to tepeetive PYTHIA Monte Carlo
simulations, which give an adequate description of the.data

In figurelRb—e, the\ M distributions of the selecte®* . events are shown separately for
the four correlation regions defined in sectibn 2. Clear pekie toD* mesons are observed in
regions II-1V, whereas region | shows little or no signalpsistent with the expectation.

The charm and beauty contributions in the data are detedrbgegperforming a simulta-
neous likelihood fit of theA M distributions in the four correlation regions. In the foling,
this fit will be referred to as a ‘two-dimensional fit’, in ondi® distinguish the results from the
separate one-dimensional fits&fl/ in each correlation region.

In this two-dimensional fit, in addition to th@* ;. contribution frombb andce, the fake muon
background and the combinatorial background undetthépeaks have to be considered. The
position and width of the\ M peak corresponding to the* signal as well as the parameters
describing the shape of the combinatorial background aee fia the values obtained from the
one-dimensional M fit to the total sample (figullll 2a). The normalisation of theabmatorial
background is fitted using right and wrong charge combinatio each region separately. The
relative distributions of signal events from charm and Igaetween the correlation regions as
well as the fractions of fake muon background in each regredipted by the PYTHIA Monte
Carlo simulations are used as input for the fit. In total treeesix free fit parameters, the total
numbers ofD* ;. events frombb and ce quark pairs,V, and V., and four parameters for the
combinatorial background, one in each correlation region.

5 Results

The result of the two-dimensional fit is shown together wité tlata in figurell2b—e. The data
are described well and the quality of the fit is goad & 145.5 for 154 d.o.f.). In figurel®,
the numbers of)* signal events from the two-dimensional fit in the four caatiein regions
are compared to the results of one-dimensional fits oftfi¢ distributions performed in each
correlation region separately. The agreement is very gobd.distribution of the contributing
processes as obtained from the two-dimensional fit is alswshn figurelB. The following
event numbers and errors are obtained for the charm andybeawiributions from the two-
dimensional fit:

N.=534+12 Ny =66 £ 17.

5.1 Total Cross Section

The number ofh and ¢ events are used to compute the total cross sections in tleenkiinc
region defined in tablll 3. The efficiencies and acceptaneedaived from the Monte Carlo
simulations. Values of



| Charm | Cross section [pb] Data/Theory|

Data 250 £ 57 £ 40

PYTHIA (direct) 242 (142) 1.0
CASCADE 253 1.0
FMNR 2861159 0.9
Beauty

Data 206 £ 53 £ 35

PYTHIA (direct) 57 (44) 3.6
CASCADE 56 3.7
FMNR 52101 4.0

Table 4: Measured D> cross sections for charm and beauty production in the kinematic re-
gion defined in table M For the data the statistical and the systematic errors are given. The
LO-ME+PS predictions (PYTHIA, CASCADE) and NLO calculations (FMNR) are also shown.
The uncertainties of the FMNR results are obtained by varying the renormalisation and the
factorisation scales simultaneously by factors of 0.5 and 2. The uncertainty due to a variation
of the quark masses m. by £0.2 GeV and my by £0.25 GeV is added quadratically. The last
column shows the ratios of the measurement to the prediction.

onslep — e D" X)) = 250 + 57 (stat) + 40 (syst) pb

and of
ol (ep — e D*uX) = 206 £ 53 (stat) + 35 (syst) pb

are obtained for charm and beauty production, respectiviglg measured cross sections are
similar due to the definition of the visible kinematic regiovhich requires in particular a high
momentum muon, suppressing central charm production. &hd@ts are compared with the
pQCD predictions in tablll 4, where error estimates due taticertainty of the quark masses
and the scales are given for the NLO calculations. In ordeas&ess the influence of mass
effects in the extraction of gluon densities used in thewatmons, the default CTEQ5M sets
have been replaced by the CTEQSF sets [30]. The results arel fim be compatible. The
uncertainties for PYTHIA and CASCADE are found to be of samiize as those of the NLO
calculations. The measured cross section for charm primiuegrees well with the LO-ME+PS
models (PYTHIA and CASCADE) and the NLO prediction (FMNRhel measured beauty
cross section exceeds the calculated cross sections.dnreitent measurements of the beauty
cross section in photoproduction at HERA [12, 15], basedhenselection of high transverse
momentum jets, ratios of measurement and FMNR based catmdabetweenl and 3 are
found. Note that the present analysis extends down to thauptimn threshold fobb, while the

jet measurements have a threshold which is approximét&@gV higher in thebb centre-of-
mass system.

The systematic uncertainties of the cross section measunteane evaluated by varying the
Monte Carlo simulations. The dominant experimental ercoree from the uncertainties in the
track reconstruction efficiency (13%), the trigger effi@g5%) and the width of thé\ M sig-
nal (3%). Smaller contributions are due to uncertaintigbédetermination of the background
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due to misidentified muoRg1%;1.5%) and in the fragmentation fractions (1%;1.5%).delo
uncertainties are estimated using the CASCADE Monte Cagleerator instead of PYTHIA
(3.5%) and either taking into account or omitting the reedlgomponentin PYTHIA (3%;5%).
Taking into account the uncertainties due to the contrdoutif D* reflections (5%), the muon
identification, the luminosity measurement and ithedecay branching ratios, the total system-
atic errors for the charm and beauty cross sections areastio be 16% and 17%, respec-
tively.

5.2 Differential Cross Sections for Charm and Beauty

Differential cross sections fap*u production in the visible kinematic region are evaluated as
functions of variables characterising thi& meson, the muon and the*y system. In this
section results are presented for the complete data sethwbintains the contributions from
charm and beauty (figurllk 4 dlld 5).

In order to compute the differential cross sections for thimgdthe numbers of events in bins
of the chosen variable are determined by a fit tohe distribution in each bin, as described in
sectiorll®. Here, no attempt is made to separate charm antyteontributions. A correction
for ‘fake muons’ is applied according to the Monte Carlo diation. Since the fake muon
fraction is different for charm and beauty, it is computethggheb fraction of 45% given by
the measured cross sections (tdible 4).

The data are shown with the results of the PYTHIA and CASCAD&nM Carlo models
and the LO and NLO FMNR calculations. In the theoretical nigdihe beauty and charm
contributions are combined according to the measuredtiale cross sections (talik 4) and
normalised to the sum of these cross sections, in order tlitdte a shape comparison. The
error bands for the FMNR prediction are computed as for the twoss section (see caption
of table ). The measured differential cross sections andasly normalised, which has the
advantage that the systematic errors largely cancel antkgtigible compared to the statistical
errors.

Figurclll shows the differential cross sections as a functidime transverse momentum and
pseudorapidity of the)* meson and the muon separately. Overall the QCD models descri
the shapes of the measured distributions quite well, agghdbere is a tendency for the mea-
suredpr(D*) andpy () distributions to be softer than the calculations. A sligisctepancy
is also present in the differential cross section as a fanaif the pseudorapidity of the muon
(figurellc) which shows a central dip due to the large muon nmbune required.

Quantities derived from a combined measurement ofthand muon are shown in figulle 5.
In figuredlba and c, the differential cross sections as aifamof p;(D* ), which is defined as
pr(D*p) = |pr(D*)+pr(p)|, andA® are compared with the LO and NLO FMNR predictions.
The data show the expected deviations from the LO calculaiive to higher order effects: the
observedvr(D* ) distribution is flatter and thé® peak around80° is broader than the LO
computation. The data are in good agreement with the NLQuizlon. In figurefBbb and d, the
same differential cross sections for( D) and Ad are compared with PYTHIA and CAS-
CADE which also give a good description of the data. Althoddferent approaches are used

SWhere two numbers are given the first applies to charm andeitensl to beauty.
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in PYTHIA and CASCADE to compute the evolution of the partdrssn the proton and the
hard interaction, the differences between the two simutatare smaller than the experimental
errors.

Figuredlbe and f show the invariant mads( D* 1), and the rapidit; §(D*u), of the D*
meson and the muon together with NLO FMNR, PYTHIA and CASCAREdictions. The
invariant massV/ (D* ) reflects the centre-of-mass energy of the quark pair @ref ) is
related to the ratio of the energies of the partons enteni@gard interaction from the proton and
the photon. Both differential cross sections are adequédtscribed by all model calculations.

5.3 Results for a Charm Dominated ‘Quark Antiquark Tag’ Sample

The cross sections in the previous section refer to the catimplata set including events from
region Il in which bothD* and muon originate from the samejuark. Since this leads to a
dilution of the correlation of quantities characterisihg juark pair and the measurBd: pair,
results for a smaller sample are given here, where both theylguark and the antiquark are
tagged by either #* or a muon (‘quark antiquark tag’). This is possible in caatign region
IV (A® > 90° andQ(D*) # Q(u)). This region (see figulll 1) is dominated dypairs: thebb
contribution is 18% according to the two-dimensional fit. eCto migrations from correlation
region Ill, approximately half of théb contribution is due td — D*u events in which the
D* e pair comes from the sanbequark (according to the PYTHIA simulation). A visible cross
section ofo,, = 263 & 48 & 36 pb is measuréedafter subtracting this fraction, whils415® pb

is expected from the FMNR calculations.

In this data sample, the correlation of kinematic quargtiteconstructed using thie* me-
son and the muon to those of the quark pairs is good f@andg( D* ), while it is weaker for
pr(D*u). Herez, is the fraction of the proton energy carried by the gluon ia tfard inter-
action, which is approximated by** = (M (D";1))*/y s. The normalised differential cross
section for:z;;bs(D*/,L) is shown in figurdliba. All QCD calculations (FMNR to LO and NLO,
PYTHIA and CASCADE) give a reasonable description of theadafigurcllbb and ¢ show
the pp(D* ) andy( D* ) distributions of theD™ . pair, respectively, with the same model cal-
culations. The LO FMNR prediction fgir( D* ) is again too soft, as observed for the total
sample (figurdi5a), while the NLO FMNR prediction fits the datll. Although this sample
should be sensitive to any transverse momentum of the imgpgiuon, the differences between
PYTHIA (collinear factorisation) and CASCADE:( factorisation) are small in the kinematic
region studied.

Conclusion

A measurement afe andbb photoproduction cross sections using the H1 detector atAdiiR
been presented. For the majority of events both heavy qaaeksgged using 8* meson and a

8y = 1/2In(E + p,)/(F — p.), whereE andp, are the energy and thecomponent of the momentum of
the D* i pair.

"The index 2¢’ is used for the cross sections in this section to distingtiem from those in the previous
section.
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muon as signatures. The separation of the charm and beanitjbcions is possible due to the
different correlations between the charges and anglesseettihe/)* meson and the muon. The
measured total cross section for charm in the visible kirtennegion is in agreement with the
NLO QCD prediction, while the beauty cross section is highan predicted. The kinematic
region of the latter is characterised by lowércentre-of-mass energies than in most previous
analyses, which require high momentum jets. Comparisortheofhapes of the measured
differential distributions with QCD calculations includj higher order effects show general
agreement. Effects beyond the LO approximation are dyettserved. In the kinematic region
studied, effects due th, factorisation, as implemented in CASCADE, are found to balbm
compared to the experimental errors.
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Figure 2:a) Distribution of the mass difference AM = myc ... — My for the total data sample.
In b)-e) AM is shown in the four correlation regions, given by the relative charges of the D*
and the muon and the azimuthal angle A® between them. The points represent the data (right
charge combinations, RCC), the histogram indicates the observed wrong charge combinations
(WCC) which are also used to fit the background. The solid lines in a) are the result of a one-
dimensional fit, which gives the peak position p. and the peak width oayr. The solid lines in
b)-e) are results of a two-dimensional fit (see text).

16



Q(D*) = QW) Q(D*) # Q(u)

S 90F 5 dim. it H1
'kn 80 - [0 D*p from beauty
Z u D*u from charm

70:_ (] Muon background

- @ 1dim. fit

601

50 l

40

0 | I i vV
0 90 180'0 90 180

A®I[°]

Figure 3:Population of the four correlation regions I-1V obtained from the simultaneous likeli-
hood fit in all correlation regions (two-dimensional fit, histogram). The resulting decomposition
into charm and beauty contributions and the muon background is also shown. In all correlation
regions the muon background is dominated by charm initiated events. The points with error
bars are the results of one-dimensional fits of the AM distributions in each correlation region.
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CHARM AND BEAUTY
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Figure 4: Normalised differential D* i cross sections as functions of the transverse momenta
and the pseudorapidities of muons (a,c) and D* mesons (b,d). The data (points) are compared
with the prediction of the NLO calculation FMNR and the LO-ME+PS QCD models PYTHIA
and CASCADE. A beauty fraction of 45% as obtained from the measured cross sections is
used in the calculations. The error bands for FMNR are obtained as described in table M The
PYTHIA b quark contribution is indicated separately. The experimental systematic uncertainties
for the normalised distributions are negligible compared to the statistical errors.
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Figure 5:Normalised differential D* i cross sections for a,b) the transverse momenta pp(D* 1),
c¢,d) the azimuthal angle difference A®, e) the invariant mass M (D*p) and f) the rapidity
y(D*p) of the D*p-pairs. The data are compared to the prediction of the LO and NLO cal-
culations FMNR (a,c,e.f) and to the Monte Carlo models PYTHIA and CASCADE (b,d,e,f).
The error bands for FMNR are obtained as described in table B A beauty fraction of 45% as
obtained from the measured cross sections is used in the calculations. The FMNR (a,c) and
PYTHIA (b,d,e,f) b quark contributions are indicated separately. The experimental systematic
uncertainties for the normalised distributions are negligible compared to the statistical errors.
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Figure 6:Normalised differential D> cross sections for a ‘quark antiquark tag’, charm domi-
nated sample (approximately 10% bb quark contamination), where the D* and the i originate
from different quarks. The data and predictions of the LO and NLO calculation FMNR and of
the Monte Carlo generators PYTHIA and CASCADE are shown. The error bands for FMNR
are obtained as described in tableB In c) the resolved excitation component of PYTHIA is in-
dicated separately. The experimental systematic uncertainties for the normalised distributions

are negligible compared to the statistical errors.
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