DESY 12-172 ISSN 0418-9833
October 2012

Combination and QCD Analysis of Charm Production Cross Section Measurements in Deep-Inelastic ep Scattering at HERA

H1 and ZEUS Collaborations

Abstract

Measurements of open charm production cross sections in deep-inelastic ep scattering at HERA from the H1 and ZEUS Collaborations are combined. Reduced cross sections σ^{cc̄}_{red} for charm production are obtained in the kinematic range of photon virtuality 2.5 ≤ Q^2 ≤ 2000 GeV^2 and Bjorken scaling variable 3 · 10^{−5} ≤ x ≤ 5 · 10^{−2}. The combination method accounts for the correlations of the systematic uncertainties among the different data sets. The combined charm data together with the combined inclusive deepinelastic scattering cross sections from HERA are used as input for a detailed NLO QCD analysis to study the influence of different heavy flavour schemes on the parton distribution functions. The optimal values of the charm mass as a parameter in these different schemes are obtained. The implications on the NLO predictions for W^± and Z production cross sections at the LHC are investigated. Using the fixed flavour number scheme, the running mass of the charm quark is determined.

Submitted to Eur. Phys. J. C

H. Abramowicz^{70,a43}, I. Abt^{56}, L. Adamczyk^{35}, M. Adamus^{83}, R. Aggarwal^{14,a11}, C. Alexa^{13}, V. Andreev^{53}, S. Antonelli^{10}, P. Antonioli^9, A. Antonov^{54}, M. Arneodo^{76}, O. Arslan^{11}, V. Aushev^{38,39,a35}, Y. Aushev,^{39,a35,a36}, O. Bachynska^{29}, A. Baghdasaryan^{85}, S. Baghdasaryan^{85}, A. Bamberger^{25}, A.N. Barakbaev^2, G. Barbagli^{23}, G. Bari^9, F. Barreiro^{49}, W. Bartel^{29}, N. Bartosik^{29}, D. Bartsch^{11}, M. Basile^{10}, K. Begzsuren^{79}, O. Behnke^{29}, J. Behr^{29}, U. Behrens^{29}, L. Bellagamba^9, A. Belousov^{53}, P. Belov^{29}, A. Bertolin^{60}, S. Bhadra^{87}, M. Bindi^{10}, C. Blohm^{29}, V. Bokhonov^{38,a35}, K. Bondarenko^{39}, E.G. Boos^2, K. Borras^{29}, D. Boscherini^9, D. Bot^{29}, V. Boudry^{62}, I. Bozovic- Jelisavcic^6, T. Bołd^{35}, N. Brümmer^{16}, J. Bracinik^8, G. Brandt^{29}, M. Brinkmann^{29}, V. Brisson^{57}, D. Britzger^{29}, I. Brock^{11}, E. Brownson^{48}, R. Brugnera^{61}, A. Bruni^9, G. Bruni^9, B. Brzozowska^{82}, A. Bunyatyan^{32,85}, P.J. Bussey^{27}, A. Bylinkin^{52}, B. Bylsma^{16}, L. Bystritskaya^{52}, A. Caldwell^{56}, A.J. Campbell^{29}, K.B. Cantun Avila^{88}, M. Capua^{17}, R. Carlin^{61}, C.D. Catterall^{87}, F. Ceccopieri^4, K. Cerny^{65}, S. Chekanov^5, V. Chekelian^{56}, J. Chwastowski^{18,a13}, J. Ciborowski^{82,a47}, R. Ciesielski^{29,a16}, L. Cifarelli^{10}, F. Cindolo^9, A. Contin^{10}, J.G. Contreras^{88}, A.M. Cooper- Sarkar^{58}, N. Coppola^{29,a17}, M. Corradi^9, F. Corriveau^{51}, M. Costa^{75}, J. Cvach^{64}, G. D’Agostini^{68}, J.B. Dainton^{41}, F. Dal Corso^{60}, K. Daum^{84,a1}, J. Delvax^4, R.K. Dementiev^{55}, M. Derrick^5, R.C.E. Devenish^{58}, S. De Pasquale^{10,a9}, E.A. De Wolf^4, J. del Peso^{49}, C. Diaconu^{50}, M. Dobre^{28,a5,a6}, D. Dobur^{25,a28}, V. Dodonov^{32}, B.A. Dolgoshein^{54,†}, G. Dolinska^{39}, A. Dossanov^{28,56}, A.T. Doyle^{27}, V. Drugakov^{89}, L.S. Durkin^{16}, S. Dusini^{60}, G. Eckerlin^{29}, S. Egli^{81}, Y. Eisenberg^{66}, E. Elsen^{29}, P.F. Ermolov^{55,†}, A. Eskreys^{18,†}, S. Fang^{29,a18}, L. Favart^4, S. Fazio^{17}, A. Fedotov^{52}, R. Felst^{29}, J. Feltesse^{26}, J. Ferencei^{34}, J. Ferrando^{27}, M.I. Ferrero^{75}, J. Figiel^{18}, D.-J. Fischer^{29}, M. Fleischer^{29}, A. Fomenko^{53}, B. Foster^{58,a39}, E. Gabathuler^{41}, G. Gach^{35}, A. Galas^{18}, E. Gallo^{23}, A. Garfagnini^{61}, J. Gayler^{29}, A. Geiser^{29}, S. Ghazaryan^{29}, I. Gialas^{15,a31}, A. Gizhko^{39,a37}, L.K. Gladilin^{55,a38}, D. Gladkov^{54}, C. Glasman^{49}, A. Glazov^{29}, L. Goerlich^{18}, N. Gogitidze^{53}, O. Gogota^{39}, Yu.A. Golubkov^{55}, P. Göttlicher^{29,a19}, M. Gouzevitch^{29,a2}, C. Grab^{90}, I. Grabowska-Bołd^{35}, A. Grebenyuk^{29}, J. Grebenyuk^{29}, T. Greenshaw^{41}, I. Gregor^{29}, G. Grigorescu^3, G. Grindhammer^{56}, G. Grzelak^{82}, O. Gueta^{70}, M. Guzik^{35}, C. Gwenlan^{58,a40}, A. Hüttmann^{29}, T. Haas^{29}, S. Habib^{29}, D. Haidt^{29}, W. Hain^{29}, R. Hamatsu^{74}, J.C. Hart^{59}, H. Hartmann^{11}, G. Hartner^{87}, R.C.W. Henderson^{40}, E. Hennekemper^{31}, H. Henschel^{89}, M. Herbst^{31}, G. Herrera^{47}, M. Hildebrandt^{81}, E. Hilger^{11}, K.H. Hiller^{89}, J. Hladký^{65}, D. Hochman^{66}, D. Hoffmann^{50}, R. Hori^{73}, R. Horisberger^{81}, T. Hreus^4, F. Huber^{30}, Z.A. Ibrahim^{36}, Y. Iga^{71}, R. Ingbir^{70}, M. Ishitsuka^{72}, M. Jacquet^{57}, H.-P. Jakob^{11}, X. Janssen^4, F. Januschek^{29}, T.W. Jones^{44}, L. Jönsson^{46}, M. Jüngst^{11}, A. W. Jung^{31} H. Jung^{29,4}, I. Kadenko^{39}, B. Kahle^{29}, S. Kananov^{70}, T. Kanno^{72}, M. Kapichine^{22}, U. Karshon^{66}, F. Karstens^{25,a29}, I.I. Katkov^{29,a20}, P. Kaur^{14,a11}, M. Kaur^{14}, I.R. Kenyon^8, A. Keramidas^3, L.A. Khein^{55}, C. Kiesling^{56}, J.Y. Kim^{37}, D. Kisielewska^{35}, S. Kitamura^{74,a45}, R. Klanner^{28}, M. Klein^{41}, U. Klein^{29,a21}, C. Kleinwort^{29}, U. Kötz^{29}, E. Koffeman^3, R. Kogler^{28}, N. Kondrashova^{39,a37}, O. Kononenko^{39}, P. Kooijman^3, Ie. Korol^{39}, I.A. Korzhavina^{55,a38}, P. Kostka^{89}, A. Kotański^{19,a14}, H. Kowalski^{29}, M. Krämer^{29}, J. Kretzschmar^{41}, K. Krüger^{29}, O. Kuprash^{29}, M. Kuze^{72}, M.P.J. Landon^{42}, W. Lange^{89}, G. Laštovička-Medin^{63}, P. Laycock^{41}, A. Lebedev^{53}, A. Lee^{16}, V. Lendermann^{31}, B.B. Levchenko^{55}, S. Levonian^{29}, A. Levy^{70}, V. Libov^{29}, S. Limentani^{61}, T.Y. Ling^{16}, K. Lipka^{29,a5}, M. Lisovyi^{29}, B. List^{29}, J. List^{29}, E. Lobodzinska^{29}, B. Lobodzinski^{29}, B. Löhr^{29}, W. Lohmann^{89}, E. Lohrmann^{28}, K.R. Long^{43}, A. Longhin^{60,a41}, D. Lontkovskyi^{29}, R. Lopez-Fernandez^{47}, V. Lubimov^{52}, O.Yu. Lukina^{55}, J. Maeda^{72,a44}, S. Magill^5, I. Makarenko^{29}, E. Malinovski^{53}, J. Malka^{29}, R. Mankel^{29}, A. Margotti^9, G. Marini^{68}, J.F. Martin^{77}, H.-U. Martyn^1, A. Mastroberardino^{17}, M.C.K. Mattingly^7, S.J. Maxfield^{41}, A. Mehta^{41}, I.-A. Melzer-Pellmann^{29}, S. Mergelmeyer^{11}, A.B. Meyer^{29}, H. Meyer^{84}, J. Meyer^{29}, S. Miglioranzi^{29,a22}, S. Mikocki^{18}, I. Milcewicz-Mika^{18}, F. Mohamad Idris^{36}, V. Monaco^{75}, A. Montanari^{29}, F. Moreau^{62}, A. Morozov^{22}, J.V. Morris^{59}, J.D. Morris^{12,a10}, K. Mujkic^{29,a23}, K. Müller^{91}, B. Musgrave^5, K. Nagano^{78}, T. Namsoo^{29,a24}, R. Nania^9, Th. Naumann^{89}, P.R. Newman^8, C. Niebuhr^{29}, A. Nigro^{68}, D. Nikitin^{22}, Y. Ning^{33}, T. Nobe^{72}, D. Notz^{29}, G. Nowak^{18}, K. Nowak^{28}, R.J. Nowak^{82}, A.E. Nuncio-Quiroz^{11}, B.Y. Oh^{80}, N. Okazaki^{73}, K. Olkiewicz^{18}, J.E. Olsson^{29},

Yu. Onishchuk^{39}, D. Ozerov^{29}, P. Pahl^{29}, V. Palichik^{22}, M. Pandurovic^6, K. Papageorgiu^{15}, A. Parenti^{29}, C. Pascaud^{57}, G.D. Patel^{41}, E. Paul^{11}, J.M. Pawlak^{82}, B. Pawlik^{18}, P. G. Pelfer^{24}, A. Pellegrino^3, E. Perez^{26,a3}, W. Perlański^{82,a48}, H. Perrey^{29}, A. Petrukhin^{29}, I. Picuric^{63}, K. Piotrzkowski^{45}, H. Pirumov^{30}, D. Pitzl^{29}, R. Plačakytė^{29}, P. Pluciński^{83,a49}, B. Pokorny^{65}, N.S. Pokrovskiy^2, R. Polifka^{65,a7}, A. Polini^9, B. Povh^{32}, A.S. Proskuryakov^{55}, M. Przybycień^{35}, V. Radescu^{29}, N. Raicevic^{63}, A. Raval^{29}, T. Ravdandorj^{79}, D.D. Reeder^{48}, P. Reimer^{64}, B. Reisert^{56}, Z. Ren^{33}, J. Repond^5, Y.D. Ri^{74,a46}, E. Rizvi^{42}, A. Robertson^{58}, P. Robmann^{91}, P. Roloff^{29,a22}, R. Roosen^4, A. Rostovtsev^{52}, M. Rotaru^{13}, I. Rubinsky^{29}, J.E. Ruiz Tabasco^{88}, S. Rusakov^{53}, M. Ruspa^{76}, R. Sacchi^{75}, D. Šálek^{65}, U. Samson^{11}, D.P.C. Sankey^{59}, G. Sartorelli^{10}, M. Sauter^{30}, E. Sauvan^{50,a8}, A.A. Savin^{48}, D.H. Saxon^{27}, M. Schioppa^{17}, S. Schlenstedt^{89}, P. Schleper^{28}, W.B. Schmidke^{56}, S. Schmitt^{29}, U. Schneekloth^{29}, L. Schoeffel^{26}, V. Schönberg^{11}, A. Schöning^{30}, T. Schörner-Sadenius^{29}, H.-C. Schultz-Coulon^{31}, J. Schwartz^{51}, F. Sciulli^{33}, F. Sefkow^{29}, L.M. Shcheglova^{55}, R. Shehzadi^{11}, S. Shimizu^{73,a22}, S. Shushkevich^{29}, I. Singh^{14,a11}, I.O. Skillicorn^{27}, W. Słomiński^{19,a15}, W.H. Smith^{48}, V. Sola^{28}, A. Solano^{75}, Y. Soloviev^{29,53}, D. Son^{20}, P. Sopicki^{18}, V. Sosnovtsev^{54}, D. South^{29}, V. Spaskov^{22}, A. Specka^{62}, A. Spiridonov^{29,a25}, H. Stadie^{28}, L. Stanco^{60}, Z. Staykova^4, M. Steder^{29}, N. Stefaniuk^{39}, B. Stella^{67}, A. Stern^{70}, T.P. Stewart^{77}, A. Stifutkin^{54}, G. Stoicea^{13}, P. Stopa^{18}, U. Straumann^{91}, S. Suchkov^{54}, G. Susinno^{17}, L. Suszycki^{35}, T. Sykora^{4,65}, J. Sztuk-Dambietz^{28}, J. Szuba^{29,a26}, D. Szuba^{28}, A.D. Tapper^{43}, E. Tassi^{17,a12}, J. Terrón^{49}, T. Theedt^{29}, P.D. Thompson^8, H. Tiecke^3, K. Tokushuku^{78,a32}, J. Tomaszewska^{29,a27}, T.H. Tran^{57}, D. Traynor^{42}, P. Truöl^{91}, V. Trusov^{39}, I. Tsakov^{69}, B. Tseepeldorj^{79,a4}, T. Tsurugai^{86}, M. Turcato^{28}, O. Turkot^{39,a37}, J. Turnau^{18}, T. Tymieniecka^{83,a50}, M. Vázquez^{3,a22}, A. Valkárová^{65}, C. Vallée^{50}, P. Van Mechelen^4, Y. Vazdik^{53}, A. Verbytskyi^{29}, O. Viazlo^{39}, N.N. Vlasov^{25,a30}, R. Walczak^{58}, W.A.T. Wan Abdullah^{36}, D. Wegener^{21}, J.J. Whitmore^{80,a42}, K. Wichmann^{29}, L. Wiggers^3, M. Wing^{44}, M. Wlasenko^{11}, G. Wolf^{29}, H. Wolfe^{48}, K. Wrona^{29}, E. Wünsch^{29}, A.G. Yagües-Molina^{29}, S. Yamada^{78}, Y. Yamazaki^{78,a33}, R. Yoshida^5, C. Youngman^{29}, O. Zabiegalov^{39,a37}, J. Žáček^{65}, J. Zálešák^{64}, O. Zenaiev^{29}, W. Zeuner^{29,a22}, Z. Zhang^{57}, B.O. Zhautykov^2, N. Zhmak^{38,a35}, A. Zichichi^{10}, R. Žlebčík^{65}, H. Zohrabyan^{85}, Z. Zolkapli^{36}, F. Zomer^{57} D.S. Zotkin^{55} A.F. Żarnecki^{82},

1 I. Physikalisches Institut der RWTH, Aachen, Germany 2 Institute of Physics and Technology of Ministry of Education and Science of Kazakhstan, Almaty, Kazakhstan 3 NIKHEF and University of Amsterdam, Amsterdam, Netherlands^{b29} 4 Inter-University Institute for High Energies ULB-VUB, Brussels and Universiteit Antwerpen, Antwerpen, Belgium^{b2} 5 Argonne National Laboratory, Argonne, Illinois 60439-4815, USA^{b13} 6 Vinca Institute of Nuclear Sciences, University of Belgrade, 1100 Belgrade, Serbia 7 Andrews University, Berrien Springs, Michigan 49104-0380, USA 8 School of Physics and Astronomy, University of Birmingham, Birmingham, UK^{b16} 9 INFN Bologna, Bologna, Italy^{b14} 10 University and INFN Bologna, Bologna, Italy^{b14} 11 Physikalisches Institut der Universität Bonn, Bonn, Germany^{b15} 12 H.H. Wills Physics Laboratory, University of Bristol, Bristol, United Kingdom^{b16} 13 National Institute for Physics and Nuclear Engineering (NIPNE) , Bucharest, Romania^{b11} 14 Panjab University, Department of Physics, Chandigarh, India 15 Department of Engineering in Management and Finance, Univ. of the Aegean, Chios, Greece 16 Physics Department, Ohio State University, Columbus, Ohio 43210, USA^{b13}

17 Calabria University, Physics Department and INFN, Cosenza, Italy^{b14} 18 The Henryk Niewodniczanski Institute of Nuclear Physics, Polish Academy of Sciences, Cracow, Poland^{b4} 19 Department of Physics, Jagellonian University, Cracow, Poland 20 Kyungpook National University, Center for High Energy Physics, Daegu, South Korea^{b23} 21 Institut für Physik, TU Dortmund, Dortmund, Germany^{b1} 22 Joint Institute for Nuclear Research, Dubna, Russia 23 INFN Florence, Florence, Italy^{b14} 24 University and INFN Florence, Florence, Italy^{b14} 25 Fakultät für Physik der Universität Freiburg i.Br., Freiburg i.Br., Germany 26 CEA, DSM/Irfu, CE-Saclay, Gif-sur-Yvette, France 27 School of Physics and Astronomy, University of Glasgow, Glasgow, United Kingdom^{b16} 28 Institut für Experimentalphysik, Universität Hamburg, Hamburg, Germany^{b1,b21} 29 Deutsches Elektronen-Synchrotron DESY, Hamburg, Germany 30 Physikalisches Institut, Universität Heidelberg, Heidelberg, Germany^{b1} 31 Kirchhoff-Institut für Physik, Universität Heidelberg, Heidelberg, Germany^{b1} 32 Max-Planck-Institut für Kernphysik, Heidelberg, Germany 33 Nevis Laboratories, Columbia University, Irvington on Hudson, New York 10027, USA^{b18} 34 Institute of Experimental Physics, Slovak Academy of Sciences, Košice, Slovak Republic^{b5} 35 AGH-University of Science and Technology, Faculty of Physics and Applied Computer Science, Krakow, Poland^{b20} 36 Jabatan Fizik, Universiti Malaya, 50603 Kuala Lumpur, Malaysia^{b17} 37 Institute for Universe and Elementary Particles, Chonnam National University, Kwangju, South Korea 38 Institute for Nuclear Research, National Academy of Sciences, Kyiv, Ukraine 39 Department of Nuclear Physics, National Taras Shevchenko University of Kyiv, Kyiv, Ukraine 40 Department of Physics, University of Lancaster, Lancaster, UK^{b16} 41 Department of Physics, University of Liverpool, Liverpool, UK^{b16} 42 School of Physics and Astronomy, Queen Mary, University of London, London, UK^{b16} 43 Imperial College London, High Energy Nuclear Physics Group, London, United Kingdom^{b16} 44 Physics and Astronomy Department, University College London, London, United Kingdom^{b16} 45 Institut de Physique Nuclá13aire, Universitá13 Catholique de Louvain, Louvain-la-Neuve, Belgium^{b24} 46 Physics Department, University of Lund, Lund, Sweden^{b6} 47 Departamento de Fisica, CINVESTAV IPN, México City, México^{b9} 48 Department of Physics, University of Wisconsin, Madison, Wisconsin 53706, USA^{b13} 49 Departamento de Física Teórica, Universidad Autónoma de Madrid, Madrid, Spain^{b25} 50 CPPM, Aix-Marseille Univ, CNRS/IN2P3, 13288 Marseille, France 51 Department of Physics, McGill University, Montréal, Québec, Canada H3A 2T8^{b26} 52 Institute for Theoretical and Experimental Physics, Moscow, Russia^{b10} 53 Lebedev Physical Institute, Moscow, Russia 54 Moscow Engineering Physics Institute, Moscow, Russia^{b27} 55 Lomonosov Moscow State University, Skobeltsyn Institute of Nuclear Physics, Moscow, Russia^{b28} 56 Max-Planck-Institut für Physik, München, Germany 57 LAL, Université Paris-Sud, CNRS/IN2P3, Orsay, France

58 Department of Physics, University of Oxford, Oxford, United Kingdom^{b16} 59 STFC, Rutherford Appleton Laboratory, Didcot, Oxfordshire, UK^{b16} 60 INFN Padova, Padova, Italy^{b14} 61 Dipartimento di Fisica dell’ Università and INFN, Padova, Italy^{b14} 62 LLR, Ecole Polytechnique, CNRS/IN2P3, Palaiseau, France 63 Faculty of Science University of Montenegro, Podgorica, Montenegro^{b12} 64 Institute of Physics of the Academy of Sciences of the Czech Republic, Praha, Czech Republic^{b7} 65 Faculty of Mathematics and Physics of Charles University, Praha, Czech Republic^{b7} 66 Department of Particle Physics and Astrophysics, Weizmann Institute, Rehovot, Israel 67 Dipartimento di Fisica Università di Roma Tre and INFN Roma 3, Roma, Italy 68 Dipartimento di Fisica, Università ’La Sapienza’ and INFN, Rome, Italy^{b14} 69 Institute for Nuclear Research and Nuclear Energy, Sofia, Bulgaria 70 Raymond and Beverly Sackler Faculty of Exact Sciences, School of Physics, Tel Aviv University, Tel Aviv, Israel^{b30} 71 Polytechnic University, Tokyo, Japan^{b22} 72 Department of Physics, Tokyo Institute of Technology, Tokyo, Japan^{b22} 73 Department of Physics, University of Tokyo, Tokyo, Japan^{b22} 74 Tokyo Metropolitan University, Department of Physics, Tokyo, Japan^{b22} 75 Università di Torino and INFN, Torino, Italy^{b14} 76 Università del Piemonte Orientale, Novara, and INFN, Torino, Italy^{b14} 77 Department of Physics, University of Toronto, Toronto, Ontario, Canada M5S 1A7^{b26} 78 Institute of Particle and Nuclear Studies, KEK, Tsukuba, Japan^{b22} 79 Institute of Physics and Technology of the Mongolian Academy of Sciences, Ulaanbaatar, Mongolia 80 Department of Physics, Pennsylvania State University, University Park, Pennsylvania 16802, USA^{b18} 81 Paul Scherrer Institut, Villigen, Switzerland 82 Faculty of Physics, University of Warsaw, Warsaw, Poland 83 National Centre for Nuclear Research, Warsaw, Poland 84 Fachbereich C, Universität Wuppertal, Wuppertal, Germany 85 Yerevan Physics Institute, Yerevan, Armenia 86 Meiji Gakuin University, Faculty of General Education, Yokohama, Japan^{b22} 87 Department of Physics, York University, Ontario, Canada M3J 1P3^{b26} 88 Departamento de Fisica Aplicada, CINVESTAV, Mérida, Yucatán, México^{b9} 89 Deutsches Elektronen-Synchrotron DESY, Zeuthen, Germany 90 Institut für Teilchenphysik, ETH, Zürich, Switzerland^{b8} 91 Physik-Institut der Universität Zürich, Zürich, Switzerland^{b8}

a1 Also at Rechenzentrum, Universität Wuppertal, Wuppertal, Germany a2 Also at IPNL, Université Claude Bernard Lyon 1, CNRS/IN2P3, Villeurbanne, France a3 Also at CERN, Geneva, Switzerland a4 Also at Ulaanbaatar University, Ulaanbaatar, Mongolia a5 Supported by the Initiative and Networking Fund of the Helmholtz Association (HGF) under the contract VH-NG-401.

a6 Absent on leave from NIPNE-HH, Bucharest, Romania a7 Also at Department of Physics, University of Toronto, Toronto, Ontario, Canada M5S 1A7 a8 Also at LAPP, Université de Savoie, CNRS/IN2P3, Annecy-le-Vieux, France a9 Now at University of Salerno, Italy a10 Now at Queen Mary University of London, United Kingdom a11 Also funded by Max Planck Institute for Physics, Munich, Germany a12 Also Senior Alexander von Humboldt Research Fellow at Hamburg University, Institute of Experimental Physics, Hamburg, Germany a13 Also at Cracow University of Technology, Faculty of Physics, Mathemathics and Applied Computer Science, Poland a14 Supported by the research grant No. 1 P03B 04529 (2005-2008) a15 Supported by the Polish National Science Centre, project No. DEC-2011/01/BST2/03643 a16 Now at Rockefeller University, New York, NY 10065, USA a17 Now at DESY group FS-CFEL-1 a18 Now at Institute of High Energy Physics, Beijing, China a19 Now at DESY group FEB, Hamburg, Germany a20 Also at Moscow State University, Russia a21 Now at University of Liverpool, United Kingdom a22 Now at CERN, Geneva, Switzerland a23 Also affiliated with Universtiy College London, UK a24 Now at Goldman Sachs, London, UK a25 Also at Institute of Theoretical and Experimental Physics, Moscow, Russia a26 Also at FPACS, AGH-UST, Cracow, Poland a27 Partially supported by Warsaw University, Poland a28 Now at Istituto Nucleare di Fisica Nazionale (INFN), Pisa, Italy a29 Now at Haase Energie Technik AG, Neumünster, Germany a30 Now at Department of Physics, University of Bonn, Germany a31 Also affiliated with DESY, Germany a32 Also at University of Tokyo, Japan a33 Now at Kobe University, Japan a35 Supported by DESY, Germany a36 Member of National Technical University of Ukraine, Kyiv Polytechnic Institute, Kyiv, Ukraine a37 Member of National University of Kyiv - Mohyla Academy, Kyiv, Ukraine a38 Partly supported by the Russian Foundation for Basic Research, grant 11-02-91345-DFG a a39 Alexander von Humboldt Professor; also at DESY and University of Oxford a40 STFC Advanced Fellow a41 Now at LNF, Frascati, Italy a42 This material was based on work supported by the National Science Foundation, while working at the Foundation.

a43 Also at Max Planck Institute for Physics, Munich, Germany, External Scientific Member a44 Now at Tokyo Metropolitan University, Japan a45 Now at Nihon Institute of Medical Science, Japan a46 Now at Osaka University, Osaka, Japan a47 Also at Lodz University, Poland a48 Member of Lodz University, Poland a49 Now at Department of Physics, Stockholm University, Stockholm, Sweden a50 Also at Cardinal Stefan Wyszyński University, Warsaw, Poland b1 Supported by the Bundesministerium für Bildung und Forschung, FRG, under contract numbers 05H09GUF, 05H09VHC, 05H09VHF, 05H16PEA b2 Supported by FNRS-FWO-Vlaanderen, IISN-IIKW and IWT and by Interuniversity Attraction Poles Programme, Belgian Science Policy b4 Supported by Polish Ministry of Science and Higher Education, grants DPN/N168/DESY/2009 and DPN/N188/DESY/2009 b5 Supported by VEGA SR grant no. 2/7062/ 27 b6 Supported by the Swedish Natural Science Research Council b7 Supported by the Ministry of Education of the Czech Republic under the projects LC527, INGO-LA09042 and MSM0021620859 b8 Supported by the Swiss National Science Foundation b9 Supported by CONACYT, México, grant 48778-F b10 Russian Foundation for Basic Research (RFBR), grant no 1329.2008.2 and Rosatom b11 Supported by the Romanian National Authority for Scientific Research under the contract PN 09370101 b12 Partially Supported by Ministry of Science of Montenegro, no. 05-1/3-3352 b13 Supported by the US Department of Energy b14 Supported by the Italian National Institute for Nuclear Physics (INFN) b15 Supported by the German Federal Ministry for Education and Research (BMBF), under contract No. 05 H09PDF b16 Supported by the Science and Technology Facilities Council, UK b17 Supported by HIR and UMRG grants from Universiti Malaya, and an ERGS grant from the Malaysian Ministry for Higher Education b18 Supported by the US National Science Foundation. Any opinion, findings and conclusions or recommendations expressed in this material are those of the authors and do not necessarily reflect the views of the National Science Foundation.

b20 Supported by the Polish Ministry of Science and Higher Education and its grants for Scientific Research b21 Supported by the German Federal Ministry for Education and Research (BMBF), under contract No. 05h09GUF, and the SFB 676 of the Deutsche Forschungsgemeinschaft (DFG) b22 Supported by the Japanese Ministry of Education, Culture, Sports, Science and Technology (MEXT) and its grants for Scientific Research b23 Supported by the Korean Ministry of Education and Korea Science and Engineering Foundation b24 Supported by FNRS and its associated funds (IISN and FRIA) and by an Inter-University Attraction Poles Programme subsidised by the Belgian Federal Science Policy Office b25 Supported by the Spanish Ministry of Education and Science through funds provided by CI- CYT_{b26}

Supported by the Natural Sciences and Engineering Research Council of Canada (NSERC) b27 Partially supported by the German Federal Ministry for Education and Research (BMBF) b28 Supported by RF Presidential grant N 3920.2012.2 for Leading Scientific Schools and by the Russian Ministry of Education and Science through its grant for Scientific Research on High Energy Physics b29 Supported by the Netherlands Foundation for Research on Matter (FOM) b30 Supported by the Israel Science Foundation

† deceased

1 Introduction

Measurements of open charm production in deep-inelastic electron^1-proton scattering (DIS) at HERA provide important input for stringent tests of the theory of strong interactions, quantum chromodynamics (QCD). Previous measurements [1–18] have demonstrated that charm quarks are predominantly produced by the boson-gluon-fusion process, γg → cc, which is sensitive to the gluon distribution in the proton.

The mass of the charm quark, m_c, provides a sufficiently high scale necessary to apply perturbative QCD (pQCD). However, additional scales are involved in charm production, e.g. the virtuality, Q^2, of the exchanged photon in case of DIS and the transverse momenta, p_T , 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_c, Q and p_T , different approaches in pQCD have been formulated. In this paper, the massive fixed-flavour-number-scheme (FFNS) [19–23] and different implementations of the variable-flavour-number-scheme (VFNS) [24–31] are considered.

At HERA different techniques have been used to measure open charm production cross sections in DIS. The full reconstruction of D or D^∗ mesons [1, 2, 4–6, 10–12, 15, 18], the long lifetime of heavy flavoured hadrons [7–9, 12, 14] or their semi-leptonic decays [13] are exploited. In general, the best signal-to-background ratio of the charm samples is observed in the analysis of fully reconstructed D^∗ mesons. However, the branching ratios are small and the phase space of charm production accessible with D^∗ mesons is restricted considerably because all products from the D^∗ meson decay have to be measured. The usage of semi-leptonic decays of charmed hadrons for the analysis of charm production can profit from large branching fractions and a better coverage in polar angle at the cost of a worse signal-to-background ratio. Fully inclusive analyses using lifetime information are not hampered by specific branching ratios and are in addition sensitive to low transverse momenta. Among the methods used it has the largest phase space coverage, however it yields the worst signal-to-background ratio.

In this paper the published data of H1 [9,10,14,15,18] and ZEUS [4,6,12,13] are combined. All publications on data sets^2 are included for which the necessary information on systematic uncertainties needed for the combination is available and which have not been superseded. 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). This includes the coherent treatment of the related systematic uncertainties.

The combination is based on the procedure described in [32–34]. The correlated systematic uncertainties and the normalisation of the different measurements are accounted for such that one consistent data set is obtained. 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.

The combined charm data are used together with the combined inclusive DIS cross sections [34] to perform a detailed QCD analysis using different models of charm production in DIS. The

1In this paper ‘electron’ is used to denote both electron and positron if not otherwise stated. 2The data taken up to the year 2000 and data taken after 2002 are referred to as HERA-I and HERA-II, respectively.

rôle of the value for the charm quark mass which enters as a parameter in these models is investigated and the optimal value of the charm quark mass parameter is determined for each of the QCD calculations considered. The impact of this optimisation on predictions of W^± and Z production cross sections at the LHC is discussed. The running mass of the charm quark is determined using the modified minimal subtraction scheme (MS) variant [35] of the FFNS.

The paper is organised as follows. In section 2 the different theoretical schemes of charm production are briefly reviewed. The data samples used for the combination and the details of the combination procedure are described in section 3. The results on the combined reduced cross section are presented in section 4. The predictions from different QCD approaches for charm production in DIS are compared to the measurement in section 5. The QCD analysis is presented in section 6. Conclusions are given in section 7.

2 Open charm production in DIS

In this paper, charm production via neutral-current deep-inelastic ep scattering is considered. In the kinematic domain addressed, where the virtuality Q^2 of the exchanged boson is small, Q^2 ≪ M^2_Z , charm production is dominated by virtual photon exchange. The cross section may then be written in terms of the structure functions F^{cc̄}_2 (x, Q^2) and F^{cc̄}_L (x, Q^2) as

d^2σ^{cc̄} dxdQ^2 = 2πα^2(Q^2) xQ^4

([1 + (1 − y)^2]F^{cc̄}_2 (x, Q^2) − y^2F^{cc̄}_L (x, Q^2)). (1)

Here x = Q^2/2p · q is the Bjorken scaling variable and y = p · q/p · l is the inelasticity with p, q and l denoting the 4-momenta of the proton, photon and electron, respectively, and Q^2 = −q^2. The suffix cc̄ indicates the presence of a cc̄ pair in the final state, including all possible QCD production processes. The cross section d^2σ^{cc̄}/dxdQ^2 is given at the Born level without QED and electro-weak radiative corrections, except for the running electromagnetic coupling, α(Q^2).

In this paper, the results are presented in terms of reduced cross sections, defined as follows:

σ^{cc̄}_{red} = d^2σ^{cc̄} dxdQ^2 · xQ^4 2πα^2(Q^2) (1 + (1 − y)^2)

= F^{cc̄}_2 − y^2 1 + (1 − y)^2

F^{cc̄}_L . (2)

The contribution F^{cc̄}_L , originating from the exchange of longitudinally polarised photons, is small in the kinematic range of this analysis and reaches up to a few per cent only at high y [36].

The above definition of F^{cc̄}_{2(L)}(x, Q^2) (also denoted as F̃_c [29] or F_{c,SI} [37]) is suited for measurements in which charm is explicitly detected. It differs from what is sometimes used in theoretical calculations in which F^c_{2(L)}(x, Q^2) [28, 29, 38] is defined as the contribution to the inclusive F_{2(L)}(x, Q^2) in which the virtual photon couples directly to a c or c̄ quark. The latter excludes contributions from final state gluon splitting to a cc̄ pair in events where the photon couples directly to a light quark, and contributions from events in which the photon is replaced by a gluon from a hadron-like resolved photon. As shown in table 1 of [29], the gluon splitting contribution is expected to be small enough to allow a reasonable comparison of the experimental results to theoretical predictions using this definition. The hadron-like resolved photon contribution is expected to be heavily suppressed at high Q^2, but might not be completely negligible in the low Q^2 region. From the point of view of pQCD it appears at O(α^3_s) and it is neglected in all theoretical calculations used in this paper.

At photon virtualities not much larger than the charm quark mass, charm production in DIS is described in the framework of pQCD by flavour creation through the virtual photon-gluon-fusion process. Since a cc̄ pair is being produced, there is a natural lower cutoff of 2m_c for the mass of the hadronic final state. The non-zero mass influences the kinematics and higher order corrections in essentially all the HERA phase space. Therefore the correct treatment of the mass of charm and beauty quarks is of particular importance in the QCD analysis and determination of parton distribution functions (PDFs) of the proton. In the following, the different approaches used in the treatment of the charm quark mass in pQCD calculations are discussed.

2.1 Zero Mass Variable Flavour Number Scheme

In the zero-mass variable-flavour-number-scheme (ZM-VFNS) [24] the charm quark mass is set to zero in the computation of the matrix elements and kinematics, and a threshold is introduced at Q^2 ∼ m^2_c , below which the charm production cross section is assumed to vanish. The charm quark is also excluded from the parton evolution and only three light flavours are left active. Above this threshold, charm is treated as a massless parton in the proton, leading to the introduction of the charm quark distribution function of the proton. The transition from three to four active flavours in the parton evolution follows the BMSN prescription [26]. The lowest order process for charm production in this approach is the quark-parton-model like scattering at order zero in α_s. The running of α_s is calculated using three flavours (u, d, s) below the scale m_c, and using four or five flavours (including charm and beauty) above the respective threshold scales. The main advantage of this scheme is that the Q^2 evolution of the charm density provides a resummation of terms proportional to log(Q^2/m^2_c ) that may be large at large Q^2. It has been shown [15, 18] that this approach does not describe the charm production data at HERA.

2.2 Fixed Flavour Number Scheme

In the fixed-flavour-number-scheme (FFNS) 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, n_f , is fixed to three, and charm quarks are assumed to be produced only in the hard scattering process. Thus the leading order (LO) process for charm production is the boson-gluon-fusion process at O(α_s). The next-to-leading order (NLO) coefficient functions for charm production at O(α^2_s) in the FFNS were calculated in [19] and adopted by many global QCD analysis groups [20–23], providing PDFs in the FFNS. In the data analysis presented in this paper, the prediction of open charm production in the FFNS at NLO is used to calculate inclusive [19] and exclusive [39] quantities.

In the calculations [19, 39] the pole mass definition [40] is used for the charm quark mass, and gluon splitting contributions are included. In a recent variant of the FFNS scheme (ABM

FFNS) [35], the running mass definition in the modified minimal subtraction scheme (MS) is used instead. This scheme has the advantage of reducing the sensitivity of the cross sections to higher order corrections, and improving the theoretical precision of the mass definition.

To O(α_s), which is relevant for the calculation of cross sections to O(α^2_s), the MS and pole masses are related by [41]

m_c(Q) = m_{c,pole} [ 1 − α_s π − 3α_s 4π ln ( Q^2 m_c(m_c)^2 )] , (3)

i.e. the running mass evaluated at the scale Q = m_c is smaller than the pole mass.

2.3 General Mass Variable Flavour Number Scheme

In the general-mass variable-flavour-number-schemes (GM-VFNS) charm production is treated in the FFNS in the low Q^2 region, where the mass effects are largest, and in the ZM-VFNS approach at high Q^2, where the effect of resummation is most noticeable. At intermediate scales an interpolation is made between the FFNS and the ZM-VFNS, avoiding double counting of common terms. This scheme is expected to combine the advantages of the FFNS and ZM-VFNS, while introducing some level of arbitrariness in the treatment of the interpolation. Different implementations of the GM-VFNS are available [25–31] and are used by the global QCD analysis groups.

The freedom introduced by choosing an interpolation approach prevents a clear interpretation of the charm mass in terms of a specific renormalisation scheme. Therefore the charm mass appearing in the GM-VFNS will be treated in the following sections as an effective mass parameter, M_c, of the individual interpolation models.

3 Combination of H1 and ZEUS measurements

3.1 Data samples

The H1 [42] and ZEUS [43] detectors were general purpose instruments which consisted of tracking systems surrounded by electromagnetic and hadronic calorimeters and muon detectors, ensuring close to 4π coverage of the ep interaction point. Both detectors were equipped with high-resolution silicon vertex detectors: the Central Silicon Tracker [44] for H1 and the Micro Vertex Detector [45] for ZEUS.

The data sets included in the combination are listed in table 1 and correspond to 155 different cross section measurements. The combination includes measurements of charm production performed using different tagging techniques: the reconstruction of particular decays of Dmesons [4,6,10,12,15,18], the inclusive analysis of tracks exploiting lifetime information [14] or the reconstruction of muons from charm semi-leptonic decays [13].

The results of the inclusive lifetime analysis [14] are directly taken from the original measurement in the form of σ^{cc̄}_{red} . In the case of D-meson and muon measurements, the inputs to the combination are visible cross sections σ_{vis,bin} defined as the D (or μ) production cross section in a particular p_T and η range, reported in the corresponding publications^3, in bins of Q^2 and y or x. Where necessary, the beauty contribution to the inclusive cross sections of D meson production is subtracted using the estimates of the corresponding papers. The measured cross sections include corrections for radiation of a real photon from the incoming or outgoing lepton and for virtual electroweak effects using the HERACLES program [46]. QED corrections to the incoming and outgoing quarks were neglected. All D-meson cross sections are updated using the most recent branching ratios [40].

3.2 Extraction of σ^{cc̄}_{red} from visible cross sections

In the case of D-meson and muon production, σ^{cc̄}_{red} is obtained from the visible cross sections σ_{vis,bin} measured in a limited phase space using a common theory. The reduced charm cross section at a reference (x, Q^2) point is extracted according to

σ^{cc̄}_{red}(x, Q^2) = σ_{vis,bin} σ^{cc̄,th}_{red} (x, Q^2) σ^{th}_{vis,bin}

. (4)

The program from Riemersma et al. [19] and the program HVQDIS [39] are used to calculate, in NLO FFNS, the reduced cross sections σ^{cc̄,th}_{red} (x, Q^2) and the visible cross sections σ^{th}_{vis,bin}, respectively. The following parameters are used consistently in both NLO calculations and the corresponding variations are used to estimate the associated uncertainties on the extraction of σ^{cc̄}_{red} :

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

• renormalisation and factorisation scales μ_f = μ_r = √ Q^2 + 4m^2_c , varied simultaneously up or down by a factor of two;

• strong coupling constant α^{nf =3}s (M_Z ) = 0.105 ± 0.002, corresponding to α^{nf =5}s (M_Z ) = 0.116 ± 0.002;

• the proton structure is described by a series of FFNS variants of the HERAPDF1.0 set [34] at NLO, evaluated for m_c = 1.5 ± 0.15 GeV and for α^{nf =3}s (M_Z ) = 0.105 ± 0.002. For the light flavour contribution, the renormalisation and factorisation scales are set to μ_r = μ_f = Q, while for the heavy quark contributions the scales of μ_f = μ_r = √ Q^2 + 4m^2_Q are used, with m_Q being the mass of the charm or beauty quark. Additional PDF sets are evaluated, in which the scales are varied simultaneously by a factor of two up or down. Only the scale variation in the heavy quark contribution has a sizeable effect on the PDFs. The experimental, model and parameterisation uncertainties of the PDFs at 68% C.L. are also included in the determination of the PDF uncertainties on σ^{cc̄}_{red} . For estimating the uncertainties of the NLO calculations [19, 39] due to the respective choice of the scales, α_s and m_c, the appropriate PDF set is used. The effects of the PDF uncertainties are calculated according to the HERAPDF1.0 prescription [34].

3A misprint was found in table 3 of [6]: for the rows 22 and 23 the y ranges should read 0.22 − 0.10 and 0.10 − 0.02, respectively. Another misprint was found in table 2 of [13]: the Q^2 range in the last row should be 400 : 10000 GeV^2.

The cross sections σ^{th}_{vis,bin} depend, in addition to the kinematics of the charm quark production mechanism, also on the fragmentation of the charm quark into particular hadrons. The charm quark fragmentation function has been measured by H1 [47] and ZEUS [11] using the production of D^∗ mesons, with and without associated jets, in DIS and photoproduction (Q^2 ≈ 0 GeV^2). In the calculation of σ^{th}_{vis,bin} the fragmentation is performed in the γ^∗-p centreof-mass frame, using for the fraction of the charm quark momentum carried by the charmed meson a fragmentation function which is controlled by a single parameter, α_K [48]. The parameter relevant for charm fragmentation into D^∗ mesons has been determined [11, 47] for the NLO FFNS calculation for three different kinematic and jet requirements, which correspond approximately to three different regions of the γ^∗-parton centre-of-mass energy squared, ŝ. The values of α_K , together with the corresponding ranges in ŝ, are listed in table 2. The fragmentation is observed to become softer with increasing ŝ, as expected from the evolution of the fragmentation function. The limits on the ŝ ranges are determined with HVQDIS by applying the jet requirements of the individual analysis on parton level. The α_K parameters and the ŝ ranges were varied according to their uncertainties to evaluate the corresponding uncertainty on σ^{th}_{vis,bin}.

Since ground-state D mesons partly originate from decays of D^∗ and other excited mesons, the corresponding charm fragmentation function is softer than that measured using D^∗ mesons. From kinematic considerations [49], supported by experimental measurements [50], the expectation value for the fragmentation function of charm into D^{0,noD∗+} , D^+ and in the mix of charm hadrons decaying into muons, has to be reduced by ≈ 5% with respect to that for D^∗ mesons. The values of α_K for the fragmentation into ground state hadrons, used for the D^{0,noD∗+} , D^+ and μ measurements, have been re-evaluated accordingly and are reported in table 2.

Transverse fragmentation is simulated assigning to charmed hadrons a transverse momentum, k_T , with respect to the charm quark direction, according to f(k_T ) = k_T exp(−2k_T /⟨k_T ⟩). The average ⟨k_T ⟩ is set to 0.35 ± 0.15 GeV [51].

The fragmentation fractions of charm quarks into specific D mesons are listed in table 3. They are obtained from the average of e^+e^− and ep results [52]. The semi-leptonic branching fraction B(c → μ) [40] is also given. The decay spectrum of leptons from charm decays is taken from [53].

To evaluate the extrapolation uncertainty on the extracted reduced cross section, σ^{cc̄}_{red} , all the above parameters are varied by the quoted uncertainties and each variation is considered as a correlated uncertainty among the measurements to which it applies. The dominant contributions arise from the variation of the fragmentation function (average 3 − 5%) and from the variation of the renormalisation and factorisation scales (average 5 − 6%, reaching 15% at lowest Q^2). In a few cases, the symmetric variation of model parameters results in an asymmetric uncertainty on the cross section. In such cases, the larger difference with respect to the default cross section is applied symmetrically as systematic uncertainty.

3.3 Common x − Q^2 grid

Except for the H1 lifetime analysis [14], the values of σ^{cc̄}_{red} for individual measurements are determined at the 52 (x, Q^2) points of a common grid. The grid points are chosen such that they are close to the centre-of gravity in x and Q^2 of the corresponding σ_{vis,bin} bins, taking advantage of the fact that the binnings used by the H1 and ZEUS experiments are similar. Prior to the combination, the H1 lifetime analysis measurements are transformed, when needed, to the common grid (x, Q^2) points using the NLO FFNS calculation [19]. The resulting scaling factors are always smaller than 18% and the associated uncertainties, obtained by varying the charm mass, the scales and the PDFs, are negligible. For all but five grid points at least two measurements enter into the combination.

3.4 Combination method

The combination of the data sets uses the χ^2 minimisation method developed for the combination of inclusive DIS cross sections [32, 34]. The χ^2 function takes into account the correlated systematic uncertainties for the H1 and ZEUS cross section measurements. For an individual data set, e, the χ^2 function is defined as

χ^2_{exp,e} (m, b) = ∑ i

( m^i − ∑ j γ^{i,e}_j m^ib_j − μ^{i,e}

)_2

(δ_{i,e,stat} μ^{i,e})^2 + (δ_{i,e,uncor} m^i)^2 + ∑ j b^2_j . (5)

Here μ^{i,e} is the measured value of σ^{cc̄}_{red}(x_i, Q^2_i ) at an (x, Q^2) point i and γ^{i,e}_j , δ_{i,e,stat} and δ_{i,e,uncor} are the relative correlated systematic, relative statistical and relative uncorrelated systematic uncertainties, respectively. The vector m of quantities m^i expresses the values of the combined cross section for each point i and the vector b of quantities b_j expresses the shifts of the correlated systematic uncertainty sources, j, in units of the standard deviation. Several data sets providing a number of measurements are represented by a total χ^2 function, which is built from the sum of the χ^2_{exp,e} functions of all data sets

χ^2_{tot} = ∑ e χ^2_{exp,e} . (6)

The combined reduced cross sections are given by the vector m obtained by the minimisation of χ^2_{tot} with respect to m and b. With the assumption that the statistical uncertainties are constant and that the systematic uncertainties are proportional to m^i, this minimisation provides an almost unbiased estimator of m.

The double differential cross section measurements, used as input for the combination, are available [54] with their statistical and systematic uncertainties. The statistical uncertainties correspond to δ_{i,e,stat} in equation (5). The systematic uncertainties within each measurement are classified as either point-to-point correlated or point-to-point uncorrelated, corresponding to γ^{i,e}_j and δ_{i,e,uncor}, respectively. Asymmetric systematic uncertainties are symmetrised before performing the combination. The result is found to be insensitive to the details of the symmetrisation procedure.

In the present analysis the correlated and uncorrelated systematic uncertainties are predominantly of multiplicative nature, i.e. they change proportionally to the central values. In equation (5) the multiplicative nature of these uncertainties is taken into account by multiplying the relative errors γ^{i,e}_j and δ_{i,e,uncor} by the expectation m^i.

In charm analyses the statistical uncertainty is mainly background dominated. Therefore it is treated as constant independent of m^i. To investigate the sensitivity of the result on the treatment of the uncorrelated and, in particular, statistical uncertainty, the analysis is repeated using an alternative χ^2 definition in which only correlated uncertainties are taken as multiplicative while the uncorrelated uncertainties are treated as constant. In a third approach the statistical uncertainties are assumed to be proportional to the square root of m^i. The differences between the results obtained from these variations and the nominal result are taken into account as an asymmetric procedural uncertainty and are added to the total uncertainty of the combined result in quadrature.

Correlations between systematic uncertainties of different measurements are accounted for. Experimental systematic uncertainties are treated as independent between H1 and ZEUS. Extrapolation uncertainties due to the variation of the charm quark mass and the renormalisation and factorisation scales, charm fragmentation as well as branching fractions are treated as correlated. All reduced cross section data from H1 and ZEUS are combined in one simultaneous minimisation, through which the correlated uncertainties are reduced also at (Q^2, x) points where only one measurement exists.

4 Combined charm cross sections

The values of the combined cross section σ^{cc̄}_{red} together with uncorrelated, correlated, procedural and total uncertainties are given in table 4. In total, 155 measurements are combined to 52 crosssection measurements.

The data show good consistency, with a χ^2-value per degree of freedom, n_{dof} , of χ^2/n_{dof} = 62/103, indicating that the uncertainties of the individual measurements have been estimated conservatively. The distributions of pulls (as defined in [34]) is shown in figure 1. No significant tensions are observed. For data with no correlated systematic uncertainties the pulls are expected to follow Gaussian distributions with zero mean and unit width. Correlated systematic uncertainties lead to narrowed pull distributions.

There are in total 48 sources of correlated systematic uncertainty, including global normalisations, characterising the separate data sets. The shifts and the reduction of the correlated uncertainties are given in table 5. None of these systematic sources shifts by more than 1.2 σ of the nominal value in the averaging procedure. The influence of several correlated systematic uncertainties is reduced significantly in the result. For example the uncertainties from the vertex analyses due to the light quark background (H1) and due to the tracking (ZEUS) are reduced by almost a factor of two. The reductions can be traced mainly to the different charm tagging methods, and to the requirement that different measurements probe the same cross section at each (x, Q^2) point. In addition, for certain kinematic regions one measurement has superior precision and the less precise ones follow its trend through the fit. The reduction of systematic uncertainties propagates to the other average points, including those which are based solely on the less precise measurements.

The cross section tables of the input data sets used in the analysis (see section 3) together with the full information of the correlations among these cross section measurements can be found elsewhere [54]. The combined reduced cross section is presented in figure 2 as a function of x, in bins of Q^2, and compared to the input H1 and ZEUS data in figure 3. The combined data are significantly more precise than any of the individual input data sets. This is illustrated in figure 4, where the measurements for Q^2 = 18 GeV^2 are shown. The uncertainty of the combined results is 10% on average and reaches 6% in the region of small x and medium Q^2. This is an improvement of about a factor of 2 with respect to each of the most precise data sets in the combination.

5 Comparison to theoretical predictions

Before proceeding to the QCD analysis including these data, it is instructive to compare them to various QCD predictions produced by different theory groups, for which the parameters are listed in table 6. This comparison tests the interplay between the gluon and/or heavy flavour PDFs as obtained in different schemes and the charm treatment within each scheme (section 2), as well as the related choice of the central value for the respective charm mass parameter. Some of the findings in this section can be cross-related to corresponding more detailed NLO QCD studies in section 6. In addition, the effect of NNLO corrections is studied here. The full calculation of the heavy quark coefficient functions is available at O(α^2_s) only. The O(α^3_s) corrections listed in table 6 correspond to partial resummation corrections applied in some kinematic ranges of charm production. Most predictions already contain some measured charm data from previous publications as input (see table 6 for details).

In figure 5 the reduced cross section σ^{cc̄}_{red} is compared with predictions of the MSTW group in the GM-VFNS at NLO and NNLO, using the RT standard [28] and the RT optimised [31] interpolation procedure of the cross section at the charm production threshold. At NLO, the optimised prediction tends to describe the data better than the standard one at lower Q^2. The description of the data is improved in NNLO compared to NLO.

In figure 6 the data are compared to the NLO predictions based on HERAPDF1.5 [55] extracted in the RT standard scheme using as inputs the published HERA-I [34] and the preliminary HERA-II combined inclusive DIS data. For the central PDF set a charm quark mass parameter M_c = 1.4 GeV is used. The uncertainty bands of the predictions reflect the full uncertainties on the HERAPDF1.5 set. They are dominated by the uncertainty on M_c which is varied between 1.35 GeV and 1.65 GeV [34]. Within these uncertainties the HERAPDF1.5 predictions describe the data well. The central predictions are very similar to those of the MSTW group for the same scheme.

In figure 7 the data are compared to the predictions in the GM-VFNS by the NNPDF and CT collaborations. Both the NNPDF FONLL-A [29] and FONLL-B [30] predictions describe the data fairly well at higher Q^2, while they fail to describe the data at lower Q^2. The description of the data at lower Q^2 is improved in the FONLL-C [30] scheme. The CT predictions [22, 56] are based on the S-ACOT-χ heavy quark scheme. The NLO prediction, which is very similar to the FONLL-A scheme, describes the data well for Q^2 > 5 GeV^2 but fails to describe the data at lower Q^2. Similar to the FONNL-C case the description of the data improves significantly at NNLO.

In figure 8 the data are compared to the prediction of the ABM group in FFNS at NLO and NNLO, based on the running-mass scheme for both the coefficient functions and the PDFs

[35,57]. The uncertainties on the prediction include the uncertainties on m_c, which dominate at small Q^2. The predictions at NLO and NNLO are very similar and describe the data well in the whole kinematic range of the measurement.

In summary, the best description of the data is achieved by predictions including partial O(α^3_s) corrections (MSTW NNLO and ABM NNLO). The predictions including O(α^2_s) terms in all parts of the calculation (NNPDF FONLL C, CT NNLO and ABM NLO) as well as the MSTW NLO optimal scheme also agree well with the data. The largest deviations are observed for predictions based on O(α_s) terms only (NNPDF FONLL A and CT NLO). As investigated in the next section, further differences can be partially explained by the different choices for the value of the respective charm quark mass parameter M_c.

6 QCD analysis

The combined H1 and ZEUS inclusive ep neutral current and charged current DIS cross sections have been used previously to determine the HERAPDF1.0 parton density functions. In the current paper a combined NLO QCD analysis is performed using the reduced charm cross section together with the combined inclusive DIS cross sections [34]. Since the charm contribution to the inclusive DIS cross section is sizeable and reaches up to ≈ 30% at high Q^2, this combined analysis is expected to reduce the uncertainties related to charm production inherent in all PDF extractions. In particular, the rôle of the charm quark mass m_c(m_c) or the charm quark mass parameter M_c, depending on the heavy flavour scheme, is investigated within all schemes discussed in section 2.

The analysis is performed with the HERAFITTER [58] program, which is based on the NLO DGLAP evolution scheme [59] as implemented in QCDNUM [60]. The invariant mass of the hadronic system is restricted to W > 15 GeV, and the Bjorken scaling variable x is limited by the data to x ≤ 0.65. In this kinematic range target mass corrections and higher twist contributions are expected to be small. In addition, the analysis is restricted to data with Q^2 > Q^2_{min} = 3.5 GeV^2 to assure the applicability of pQCD. The consistency of the input data sets and the good control of the systematic uncertainties enable the determination of the experimental uncertainties on the PDFs using the χ^2 tolerance of Δχ^2 = 1.

The following independent PDFs are chosen in the fit procedure: xu_v(x), xd_v(x), xg(x) and xU(x), xD(x), where xU(x) = xu(x), and xD(x) = xd(x) + xs(x). Compared to the HER- APDF1.0 analysis, a more flexible parameterisation with 13 free parameters is used. At the starting scale Q_0 of the QCD evolution, the PDFs are parametrised as follows:

xg(x) = A_gx^{Bg} · (1 − x)^{Cg} − A^′_gx^{B′g} · (1 − x)^{C′g} , (7) xu_v(x) = A_{uv} x^{Buv} · (1 − x)^{Cuv} · (1 + E_{uv} x^2), (8) xd_v(x) = A_{dv} x^{Bdv} · (1 − x)^{Cdv} , (9) xU(x) = A_U x^{BU} · (1 − x)^{CU} , (10) xD(x) = A_Dx^{BD} · (1 − x)^{CD} . (11)

The normalisation parameters A_g, A_{uv} , A_{dv} are constrained by the sum rules. The parameter B_U is set to B_D and the constraint A_U = A_D(1 − f_s), with f_s being the strangeness fraction at the starting scale, ensures the same normalisation for the u and d densities for x → 0. The strangeness fraction is set to f_s = 0.31, as obtained from neutrino-induced di-muon production [61]. To ensure a positive gluon density at large x, the parameter C^′_g is set to 25, in accordance with [28].

The study involves variations of the charm mass parameter down to M_c = 1.2 GeV with the exception of the S-ACOT-χ scheme for which the M_c scan starts at M_c = 1.01 GeV. Since the starting scale Q_0 has to be smaller than M_c, the fits are performed with setting Q^2_0 = 1.4 GeV^2 and Q^2_0 = 1.0 GeV^2, respectively. In order to keep the variation of M_c independent from a Q_0 variation, this value for Q_0 is chosen irrespectively of the actual value of M_c used during the variation procedure.

The renormalisation and factorisation scales are set to Q for the VFNS and for the light quark contribution in the FFNS and to √ Q^2 + 4m^2_{c,b} for the contribution of a heavy quark in the FFNS.

For the strong coupling constant the values α_s(M_Z ) = 0.1176 [40] and α^{nf =3}s (M_Z ) = 0.105 with n_f = 3 active flavours in the proton are used for the VFNS and for the FFNS, respectively. The definition of F_{2,L} and the α_s order of the calculation are the same as those listed for the respective scheme in table 6 at NLO (ACOT-full and ZM-VFNS see S-ACOT-χ).

For each heavy flavour scheme a number of PDF fits is performed with varying M_c from 1.2 GeV to 1.8 GeV. For each fit the χ^2(M_c) value is calculated and the optimal value, M^{opt}_c , of the charm quark mass parameter in a given scheme is subsequently determined from a parabolic fit of the form

χ^2(M_c) = χ^2_{min} + ( M_c − M^{opt}_c σ(M^{opt}_c )

)_2 (12)

to the χ^2(M_c) values. Here χ^2_{min} is the χ^2 value at the minimum and σ(M^{opt}_c ) is the fitted experimental uncertainty on M^{opt}_c . The procedure of this χ^2-scan is illustrated in figure 9 for the standard RT scheme when fitting only the inclusive HERA-I DIS data and when fitting these data together with σ^{cc̄}_{red} . The inclusive NC and CC cross sections from HERA-I alone only weakly constrain M_c; the value of χ^2(M_c) varies only slowly with M_c. Once the charm data are included, a clear minimum is observed, which then determines M^{opt}_c .

The systematic uncertainties on M^{opt}_c are calculated from the following variations of the model assumptions:

• the strangeness fraction is varied in the range 0.23 < f_s < 0.38. In a recent publication the ATLAS collaboration [62] has observed f_s = 0.5. This value of f_s is also tested and found to have only a negligible effect on the determination of M^{opt}_c .

• the b-quark mass is varied by ±0.25 GeV around the central value of 4.75 GeV.

• the minimum Q^2 value for data used in the fit, Q^2_{min}, is varied for the inclusive data from Q^2_{min} = 3.5 GeV^2 to 5.0 GeV^2. For the charm data this variation is not applied because it would significantly reduce the sensitivity of the analysis on M_c. However, the full difference on the fitted value M^{opt}_c obtained by using the cuts Q^2_{min} = 3.5 GeV^2 or Q^2_{min} = 5 GeV^2, is then taken as symmetric uncertainty due to the variation of Q^2_{min}.

• the parameterisation uncertainty is estimated similarly to the HERAPDF1.0 procedure.

To all quark density functions an additional parameter is added one-by-one such that the parameterisations are changed in equation (8) from A · x^B · (1 − x)^C · (1 + Ex^2) to A · x^B · (1 − x)^C · (1 + Dx + Ex^2) and in equations (9-11) from A · x^B · (1 − x)^C to either A · x^B · (1 − x)^C · (1 + Dx) or A · x^B · (1 − x)^C · (1 + Ex^2). Furthermore, the starting scale Q_0 is varied to Q^2_0 = 1.9 GeV^2. The full difference on the fitted value M^{opt}_c , obtained by using Q^2_0 = 1.9 GeV^2 and Q^2_0 = 1.4 GeV^2 is then taken as symmetric uncertainty due to the variation of the starting scale Q_0. The total parameterisation uncertainty is obtained taking the largest difference in M^{opt}_c of the above variations with respect to M^{opt}_c for the standard parameterisation.

• the strong coupling constant α_s(M_Z ) is varied by ±0.002.

For each scheme the assumptions in the fits are varied one by one and the corresponding χ^2 scan as a function of M_c is performed. The difference between M^{opt}_c obtained for the default assumptions and the result of each variation is taken as the corresponding uncertainty. The dominant contribution arises from the variation of Q^2_{min}, while the remaining model and parameterisation uncertainties are small compared to the experimental error.

6.1 Extraction of M^{opt}_c in the VFNS

The following implementations of the GM-VFNS are considered: ACOT full [25] as used for the CTEQHQ releases of PDFs; S-ACOT-χ [27] as used for the latest CTEQ releases of PDFs, and for the FONLL-A scheme [29] used by NNPDF; the RT standard scheme [28] as used for the MRST and MSTW releases of PDFs, as well as the RT optimised scheme providing a smoother behaviour across thresholds [31]. The ZM-VFNS as implemented by the CTEQ group [25] is also used for comparison. In all schemes, the onset of the heavy quark PDFs is controlled by the parameter M_c in addition to the kinematic constraints.

In figure 10 the χ^2-values as a function of M_c obtained from PDF fits to the inclusive HERA-I data and the combined charm data are shown for all schemes considered. Similar minimal χ^2- values are observed for the different schemes, albeit at quite different values of M^{opt}_c . In table 7 the resulting values of M^{opt}_c are given together with the uncertainties, the corresponding total χ^2 and the χ^2-contribution from the reduced charm cross section measurements. The ACOTfull scheme yields the best global χ^2, while the best partial χ^2 for the charm data is obtained using the RT optimised scheme. The fits in the S-ACOT-χ scheme result in a very low value of M^{opt}_c as compared to the other schemes.

In figure 11 the NLO VFNS predictions for σ^{cc̄}_{red} based on the PDFs evaluated using M_c=M^{opt}_c of the corresponding scheme are compared to the data. In general the data are better described than when using the default values for M_c and the predictions of the different schemes become very similar for Q^2 ≥ 5 GeV^2. Even the ZM-VFNS, which includes mass effects only indirectly [25], yields an equally good description of the σ^{cc̄}_{red} as the GM-VFNS, although it fails to describe more differential distributions of D^{∗±} meson production and the lowest Q^2 bin in figure 11, for which the ZM-VFNS cross section prediction is zero.

6.2 Impact of the charm data on PDFs

In figure 12 the PDFs from a 13 parameter fit using the inclusive HERA-I data only are compared with the corresponding PDFs when including the combined charm data in the fit. For both of these fits the RT optimised VFNS is used. The total PDF uncertainties include the parameterisation and model uncertainties as described in section 6 except for the uncertainties due to M_c, which is treated as follows: in the fit based solely on the inclusive data a central value of M_c = 1.4 GeV is used with a variation in the range 1.35 < M_c < 1.65 GeV, consistent with the treatment for HERAPDF1.0. For the fit including the combined charm cross sections this parameter is set to M^{opt}_c with the corresponding uncertainties as obtained by the charm mass scan for the RT optimised VFNS (table 7).

By comparing the PDF uncertainties obtained from the analysis of the inclusive data only and from the combined analysis of the inclusive and charm data, the following observations can be made:

• the inclusion of σ^{cc̄}_{red} in the fit does not alter the central PDFs significantly; the central PDFs obtained with the charm data lie well within the uncertainty bands of the PDFs based on the inclusive data only;

• the uncertainties of the valence quark distribution functions are almost unaffected;

• the uncertainty on the gluon distribution function is reduced, mostly due to a reduction in the parameterisation uncertainty coming from the constraints that the charm data put on the gluon through the γg → cc process;

• the uncertainty on the xc distribution function is considerably reduced due to the constrained range of M_c;

• the uncertainty on the xu distribution function is correspondingly reduced because the inclusive data constrains the sum xU = xu + xc;

• the uncertainty on the xd distribution function is also reduced because it is constrained to be equal to xu at low x;

• the uncertainty on the xs distribution function is not reduced because it is dominated by the model uncertainty on the strangeness fraction f_s.

Similar conclusions hold also for the other schemes discussed in this paper.

6.3 Measurement of the charm quark mass

In the VFNS discussed in the previous section the charm quark mass parameter M_c does not correspond directly to a physical mass. This is different for the FFNS. An NLO QCD analysis is performed in the FFNS of the ABM group [35] to determine the MS running charm quark mass m_c(m_c) based on the inclusive neutral and charged current HERA-I DIS data and the charm cross section. For this purpose the coefficient functions as implemented in OPENQCDRAD [20,

63] are used. The strong coupling constant is evolved with setting the number of active flavours to n_f = 3, using α^{nf =3}s (M_Z ) = 0.105. The same minimisation procedure as for the VFNS analysis is applied and the resulting dependence of the χ^2 values from the QCD fits on the charm quark mass m_c is shown in figure 13. The fit of the parabolic function, defined in equation (12), results in a value of

m_c(m_c) = 1.26 ± 0.05_{exp} ± 0.03_{mod} ± 0.02_{param} ± 0.02_{αs} GeV (13)

for the running charm mass in NLO. The errors correspond to the experimental, the model, parameterisation and α_s dependent uncertainties. The same variations of the model and parameterisation assumptions are applied as for the results presented in section 6.1 and discussed in section 6. The data are well described by the FFNS calculations for m_c(m_c) = 1.26 GeV with a total χ^2 = 627.7 for 626 degrees of freedom. The partial contribution from the charm data is χ^2 = 43.5 for 47 data points. The measured value of the running charm quark mass is consistent with the world average of m_c(m_c) = 1.275 ± 0.025 GeV [40] defined at two-loop QCD, based on lattice calculations and measurements of time-like processes. It also compares well to recent analyses [35, 64] of DIS and charm data at NLO and NNLO.

6.4 Impact of charm data on predictions for W^± and Z production at the LHC

The different series of PDFs obtained from fits to the HERA data by the M_c scanning procedure in the different VFNSs are used to calculate cross section predictions for W^± and Z production at the LHC at √ s = 7 TeV. These predictions are calculated for each scheme using the MCFM program [65] interfaced to APPLGRID [66] for 1.2 ≤ M_c ≤ 1.8 GeV in 0.1 GeV steps, except for S-ACOT-χ for which the range 1.1 ≤ M_c ≤ 1.4 GeV is used.

The predicted W^± and Z production cross sections as a function of M_c for the different implementations of the VFNS are shown in figure 14 and the values for the optimal choice M^{opt}_c are summarised in table 8. For all implementations of VFNS a similar monotonic dependence of the W^± and Z production cross sections on M_c is observed. This can be qualitatively understood as follows. A higher charm mass leads to stronger suppression of charm near threshold such that more light sea quarks are required to fit the inclusive data. More gluons are also needed to describe the HERA charm data. The need for more light sea quarks at the initial scale together with the creation of more sea quarks from gluon splitting at higher scales lead to an enhancement of the W^± and Z cross sections at the LHC.

There is a significant spread of about 6% between the predictions if they are considered for a fixed value of M_c, e.g. at M_c= 1.4 GeV. Similarly, the prediction typically varies by about 6% when raising M_c from 1.2 to 1.8 GeV. However, when using the M^{opt}_c for each scheme the spread of predictions is reduced to 1.4% for W^−, 1.8% for Z and to 2% for W^+ production.

This indicates that a good description of the HERA charm data correlates with a very similar flavour composition of the quark PDFs at LHC scales, almost independent of the chosen scheme. The uncertainty on the W^± and Z cross section predictions due to the choice of the charm mass can thus be considerably reduced. However, the charm mass parameter must be adjusted to a different value for each scheme, consistent with the HERA data, in order to achieve this result.

7 Conclusions

Measurements of open charm production in deep-inelastic ep scattering by the H1 and ZEUS experiments using different charm tagging methods are combined, accounting for the systematic correlations. The measurements are extrapolated to the full phase space using an NLO QCD calculation to obtain the reduced charm quark-pair cross sections in the region of photon virtualities 2.5 ≤ Q^2 ≤ 2000 GeV^2. The combined data are compared to QCD predictions in the fixed-flavour-number-scheme and in the general-mass variable-flavour-number-scheme. The best description of the data in the whole kinematic range is provided by the NNLO fixedflavour-number-scheme prediction of the ABM group. Some of the NLO general-mass variableflavour-number-scheme predictions significantly underestimate the charm production cross section at low Q^2, which is improved at NNLO.

Using the combined charm cross sections together with the combined HERA inclusive DIS data, an NLO QCD analysis is performed based on different implementations of the variable-flavour-number-scheme. For each scheme, an optimal value of the charm mass parameter, M^{opt}_c , is determined. These values show a sizeable spread. All schemes are found to describe the data well, as long as the charm mass parameter is taken at the corresponding optimal value. The use of M^{opt}_c and its uncertainties in the QCD analysis significantly reduces the parton density uncertainties, mainly for the sea quark contributions from charm, down and up quarks.

The QCD analysis is also performed in the fixed-flavour-number-scheme at NLO using the MS running mass definition. The running charm quark mass is determined as m_c(m_c) = 1.26 ± 0.05_{exp.} ± 0.03_{mod} ± 0.02_{param} ± 0.02_{αs} GeV. This value agrees well with the world average based on lattice calculations and on measurements of time-like processes.

The PDFs obtained from the corresponding QCD analyses using different M_c are used to predict W^± and Z production cross-sections at the LHC. A sizeable spread in the predictions is observed, when the charm mass parameter M_c is varied between 1.2 and 1.8 GeV, or when different schemes are considered at fixed value of M_c. The spread is significantly reduced when the optimal value of M_c is used for each scheme.

Acknowledgements

We are grateful to the HERA machine group whose outstanding efforts have made these experiments possible. We appreciate the contributions to the construction and maintenance of the H1 and ZEUS detectors of many people who are not listed as authors. We thank our funding agencies for financial support, the DESY technical staff for continuous assistance and the DESY directorate for their support and for the hospitality they extended to the non-DESY members of the collaborations.

We also would like to thank S. Alekhin, P. Nadolsky, J. Rojo and R. Thorne for providing predictions and for fruitful discussions. We thank M. Karnevsky for contributions to the W^± and Z cross section calculations.

References

[1] C. Adloff et al. [H1 Collaboration], Z.Phys C72, (1996) 593 [hep-ex/9607012]. [2] J. Breitweg et al. [ZEUS Collaboration], Phys. Lett. B407, (1997) 402 [hep-ex/9706009]. [3] C. Adloff et al. [H1 Collaboration], Nucl. Phys. B545, (1999) 21 [hep-ex/9812023]. [4] J. Breitweg et al. [ZEUS Collaboration], Eur. Phys. J. C12, (2000) 35 [hep-ex/9908012]. [5] C. Adloff et al. [H1 Collaboration], Phys. Lett. B528, (2002) 199 [hep-ex/0108039]. [6] S. Chekanov et al. [ZEUS Collaboration], Phys. Rev. D69, (2004) 012004 [hep-ex/0308068].

[7] A. Aktas et al. [H1 Collaboration], Eur. Phys. J. C38, (2005) 447 [hep-ex/0408149]. [8] A. Aktas et al. [H1 Collaboration], Eur. Phys. J. C40, (2005) 349 [hep-ex/0411046]. [9] A. Aktas et al. [H1 Collaboration], Eur. Phys. J. C45, (2006) 23 [hep-ex/0507081]. [10] A. Aktas et al. [H1 Collaboration], Eur. Phys. J. C51, (2007) 271 [hep-ex/0701023]. [11] S. Chekanov et al. [ZEUS Collaboration], JHEP 0707, (2007) 074 [arXiv:0704.3562]. [12] S. Chekanov et al. [ZEUS Collaboration], Eur. Phys. J. C63, (2009) 171 [arXiv:0812.3775].

[13] S. Chekanov et al. [ZEUS Collaboration], Eur. Phys. J. C65, (2010) 65 [arXiv:0904.3487].

[14] F. D. Aaron et al. [H1 Collaboration], Eur. Phys. J. C65, (2010) 89 [arXiv:0907.2643]. [15] F. D. Aaron et al. [H1 Collaboration], Phys. Lett. B686, (2010) 91 [arXiv:0911.3989]. [16] H. Abramowicz et al. [ZEUS Collaboration], JHEP 1011, (2010) 009 [arXiv:1007.1945]. [17] F. D. Aaron et al. [H1 Collaboration], Eur. Phys. J. C71, (2011) 1509 [arXiv:1008.1731]. [18] F. D. Aaron et al. [H1 Collaboration], Eur. Phys. J. C71, (2011) 1769 [arXiv:1106.1028]. [19] E. Laenen et al., Phys. Lett. B291, (1992) 325;

E. Laenen et al., Nucl. Phys. B392, (1993) 162; E. Laenen et al., Nucl. Phys. B392, (1993) 229;

S. Riemersma, J. Smith and W. L. van Neerven, Phys. Lett. B347, (1995) 143 [hep-ph/9411431].

[20] S. Alekhin, J. Blumlein and S. Moch, Phys. Rev. D86, (2012) 054009 [arXiv:1202.2281]. [21] M. Glück et al., Phys. Lett. B664, (2008) 133 [arXiv:0801.3618]. [22] H. L. Lai et al., Phys. Rev. D82, (2010) 074024 [arXiv:1007.2241]. [23] A. D. Martin et al., Eur. Phys. J. C70, (2010) 51 [arXiv:1007.2624].

[24] G. C. Collins and W. -K. Tung, Nucl. Phys. B278, (1986) 934. [25] M. A. G. Aivazis, F. I. Olness and W. -K. Tung, Phys. Rev. D50, (1994) 3085 [hep-ph/9312318];

M. A. G. Aivazis el al., Phys. Rev. D50, (1994) 3102 [hep-ph/9312319]. [26] M. Buza, et al., Nucl. Phys. B472, (1996) 611 [hep-ph/9601302]. [27] J. C. Collins, Phys. Rev. D58, (1998) 094002 [hep-ph/9806259];

M. Kramer, F. I. Olness, and D. E. Soper, Phys. Rev. D62, (2000) 096007 [hep-ph/0003035];

W. -K. Tung, S. Kretzer and C. Schmidt, J. Phys. G28, (2002) 983 [hep-ph/0110247]. [28] R. S. Thorne, Phys. Rev. D73, (2006) 054019 [hep-ph/0601245];

A. D. Martin et al., Eur. Phys. J. C63, (2009) 189 [arXiv:0901.0002]. [29] S. Forte et al., Nucl. Phys. B834, (2010) 116 [arXiv:1001.2312]. [30] R. D. Ball et al. [NNPDF Collaboration], Nucl. Phys. B849, (2011) 296 [arXiv:1101.1300];

R. D. Ball el al. [NNPDF Collaboration], Nucl. Phys. B855, (2012) 153 [arXiv:1107.2652].

[31] R. S. Thorne, arXiv:1201.6180.

[32] A. Glazov, AIP Conf. Proc. 792, (2005) 237.

[33] A. Atkas et al. [H1 Collaboration], Eur. Phys. J. C63, (2009) 625 [arXiv:0904.0929]. [34] F. D. Aaron et al. [H1 and ZEUS Collaboration], JHEP 1001, (2010) 109 [arXiv:0911.0884].

[35] S. Alekhin and S. Moch, Phys. Lett. B699, (2011) 345 [arXiv:1011.5790]. [36] K. Daum et al., Proceedings of the workshop on ”Future physics at HERA”, eds. G.

Ingelmann, A. De Roeck and R. Klanner, DESY, Hamburg (1996) 89 [hep-ph/9609478]. [37] M. Guzzi et al., Phys. Rev. D86, (2012) 053005 [arXiv:1108.5112]. [38] A. Chuvakin, J. Smith and W. L. van Neerven, Phys. Rev. D61, (2000) 096004 [hep-ph/9910250].

[39] B. W. Harris and J. Smith, Phys. Rev. D57, (1998) 2806 [hep-ph/9706334]. [40] K. Nakamura et al. [Particle Data Group], J. Phys. G37, (2010) 075021. [41] N. Gray, et al., Z. Phys. C48, (1990) 673;

K. Chetyrkin and M. Steinhauser, Nucl. Phys. B573, (2000) 617 [hep-ph/9911434]; K. Melnikov and T. v. Ritbergen, Nucl. Phys. B482, (2000) 99 [hep-ph/9912391].

[42] I. Abt et al. [H1 Collaboration], Nucl. Instrum. Meth. A386, (1997) 310;

I. Abt et al. [H1 Collaboration], Nucl. Instrum. Meth. A386, (1997) 348; R. D. Appuhn et al. [H1 SPACAL Group], Nucl. Instrum. Meth. A386, (1997) 397.

[43] U. Holm (ed.) [ZEUS Collaboration], “The ZEUS Detector”. Status Report (unpublished), DESY (1993), available on

http://www-zeus.desy.de/bluebook/bluebook.html

[44] D. Pitzl et al., Nucl. Instrum. Meth. A454, (2000) 334 [hep-ex/0002044].

[45] A. Polini et al., Nucl. Instr. and Meth. A581, (2007) 656.

[46] A. Kwiatkowski, H. Spiesberger and H. J. Mohring, HERACLES V4.6, Comp. Phys. Commun. 69, (1992) 155.

[47] F. D. Aaron et al. [H1 Collaboration], Eur. Phys. J. C59, (2009) 589 [arXiv:0808.1003].

[48] V. G. Kartvelishvili, A. K. Likhoded and V. A. Petrov, Phys. Lett. B78, (1978) 615.

[49] M. Cacciari, P. Nason and C. Oleari, JHEP 0604, (2006) 006.

[50] R. Seuster et al. [Belle Collaboration], Phys. Rev. D73, (2006) 032002 [hep-ex/0506068].

[51] R. Barate et al. [ALEPH Collaboration], Phys. Rep. 294, (1998) 1;

P. Abreu et al. [DELPHI Collaboration], Z. Phys. C73, (1996) 11; G. S. Abrams et al. [MARK II Collaboration], Phys. Rev. Lett. 64, (1990) 1334; Ch. Berger et al. [PLUTO Colaboration], Phys. Lett. B82, (1979) 449; Ch. Berger et al. [PLUTO Colaboration], Phys. Lett. B97, (1980) 459; R. Brandelik et al. [TASSO Collaboration], Phys. Lett. B94, (1980) 437.

[52] E. Lohrmann, arXiv:1112.3757.

[53] N. E. Adam et al. [Cleo Collaboration], Phys. Rev. Lett. 97, (2006) 251801 [hep-ex/0604044].

[54] The input data sets and the combined data together with the full correlation information is provided at the URL http://www.desy.de/h1zeus

[55] H1 and ZEUS collaborations, “HERAPDF1.5”, LHAPDF grid available on:

http://www.desy.de/h1zeus/combined_results/index.php?do=
proton_structure;

V. Radescu, Proceedings of the 35^{th} International Conference of High Energy Physics, Proceedings of Science, POS (ICHEP 2010) 168.

[56] P. Nadolsky et al., contribution to the Proceedings of the XX Workshop on Deep Inelastic Scattering and Related Subjects, Bonn, Germany, 26-30 March, 2012, arXiv:1206.3321.

[57] S. Alekhin et al., Phys. Rev. D81, (2010) 014032 [arXiv:0908.2766];

S. Alekhin and S. Moch, arXiv:1107.0469.

[58] HERAFitter-0.2.1, http://projects.hepforge.org/herafitter.

[59] V. Gribov and L. Lipatov, Sov. J. Nucl. Phys. 15, (1972) 438;

G. Altarelli and G. Parisi, Nucl. Phys. B126, (1977) 298; G. Curci, W. Furmanski, and R. Petronzio, Nucl. Phys. B175, (1980) 27; W Furmanski and R. Petronzio, Nucl. Phys. B97, (1980) 437;

S. Moch, J. Vermaseren and A. Vogt, Nucl. Phys. B688, (2004) 101 [hep-ph/0403192]; A. Vogt, S. Moch and J. Vermaseren, Nucl. Phys. B691, (2004) 129 [hep-ph/0404111].

[60] M. Botje, Comput. Phys. Commun. 182, (2011) 490 [arXiv:1005.1481],

http://www.nikhef.nl/~h24/qcdnum/index.html.

[61] D. Mason et al. [NuTeV Collaboration], Phys. Rev. Lett. 99, (2007) 192001. [62] G. Aad et al. [ATLAS Collaboration], Phys. Rev. Lett. 109, (2012) 012001 [arXiv:1203.4051].

[63] S. Alekhin, “OPENQCDRAD-1.5”,

http://www-zeuthen.desy.de/~alekhin/OPENQCDRAD.

[64] S. Alekhin et al., arXiv:1209.0436.

[65] J. Campbell and R. K. Ellis, MCFM-5.8, Phys. Rev. D60, (1999) 113006 [he-ph/9905386];

Nucl. Phys. Proc. Supl. B205-206, (2010) 10 [arXiv:1007.3492];

http://mcfm.fnal.gov/.

[66] T. Carli et al., “APPLGRID-1.2.4”, Eur. Phys. J. C66, (2010) 503 [arXiv:0911.2985].

Data set Tagging method Q^2 range N L [GeV^2] [pb^{−1}] 1 H1 VTX [14] Inclusive track lifetime 5 – 2000 29 245 2 H1 D^∗ HERA-I [10] D^{∗+} 2 – 100 17 47 3 H1 D^∗ HERA-II [18] D^{∗+} 5 – 100 25 348 4 H1 D^∗ HERA-II [15] D^{∗+} 100 – 1000 6 351 5 ZEUS D^∗ (96-97) [4] D^{∗+} 1 – 200 21 37 6 ZEUS D^∗ (98-00) [6] D^{∗+} 1.5 – 1000 31 82 7 ZEUS D^0 [12] D^{0,noD∗+} 5 – 1000 9 134 8 ZEUS D^+ [12] D^+ 5 – 1000 9 134 9 ZEUS μ [13] μ 20 – 10000 8 126

Table 1: Data sets used in the combination. For each data set the charm tagging method, the Q^2 range, the number of cross section measurements N and the integrated luminosity L are given. The data set with the D^{0,noD∗+} tagging method is based on an analysis of D^0 mesons not originating from detectable D^{∗+} decays. Charge conjugate modes are always implied.

ŝ range α_K (D^∗) α_K (g.s.) Measurement ŝ ≤ ŝ_1 6.1 ± 0.9 4.6 ± 0.7 [47] D^∗, DIS, no-jet sample ŝ_1 < ŝ ≤ ŝ_2 3.3 ± 0.4 3.0 ± 0.3 [47] D^∗, DIS, jet sample ŝ > ŝ_2 2.67 ± 0.31 2.19 ± 0.24 [11] D^∗ jet photoproduction

Table 2: The α_K parameters used for the longitudinal fragmentation into D^∗ mesons and in ground state (g.s.) charmed hadrons. The first column shows the ŝ range in which a particular value of α_K is used, with ŝ_1 = 70 ± 40 GeV^2 and ŝ_2 = 324 GeV^2. The variations of α_K are given in the second and third column. The parameter ŝ_2 is not varied, since the corresponding uncertainty is already covered by the α_K variations.

f(c → D^{∗+}) 0.2287 ± 0.0056 f(c → D^+) 0.2256 ± 0.0077 f(c → D^{0,notD∗+} ) 0.409 ± 0.014 B(c → μ) 0.096 ± 0.004

Table 3: Charm fragmentation fractions to charmed mesons and the charm branching fraction to muons.

Q^2[GeV^2] x y σ^{cc̄}_{red} δ_{unc}[%] δ_{cor}[%] δ_{proced}[%] δ_{tot}[%] 2.5 0.00003 0.824 0.1126 14.0 10.9 0.3 17.8 2.5 0.00007 0.353 0.1068 9.0 9.9 0.2 13.4 2.5 0.00013 0.190 0.0889 10.0 9.1 2.2 13.7 2.5 0.00018 0.137 0.0907 9.5 8.3 1.4 12.7 2.5 0.00035 0.071 0.0560 8.7 8.2 0.0 11.9 5. 0.00007 0.706 0.1466 15.6 10.0 0.2 18.5 5 0.00018 0.274 0.1495 8.4 6.8 1.1 10.8 5 0.00035 0.141 0.1151 7.1 6.7 0.6 9.8 5 0.00100 0.049 0.0803 9.2 8.2 0.6 12.4 7 0.00013 0.532 0.2142 8.1 8.0 0.2 11.4 7 0.00018 0.384 0.1909 10.2 8.5 2.1 13.4 7 0.00030 0.231 0.1689 4.6 6.3 0.4 7.8 7 0.00050 0.138 0.1553 4.3 5.9 0.6 7.3 7 0.00080 0.086 0.1156 7.2 6.0 0.7 9.4 7 0.00160 0.043 0.0925 6.4 7.6 0.6 9.9 12 0.00022 0.539 0.2983 8.4 7.2 0.1 11.1 12 0.00032 0.371 0.2852 4.7 6.5 0.6 8.1 12 0.00050 0.237 0.2342 4.3 5.1 0.5 6.6 12 0.00080 0.148 0.1771 3.8 5.7 0.1 6.9 12 0.00150 0.079 0.1413 5.5 6.8 0.1 8.7 12 0.00300 0.040 0.1028 6.1 8.0 0.2 10.1 18 0.00035 0.508 0.3093 9.2 6.5 1.0 11.3 18 0.00050 0.356 0.2766 4.7 7.0 0.5 8.4 18 0.00080 0.222 0.2637 3.8 4.6 0.6 6.1 18 0.00135 0.132 0.2009 3.3 5.2 0.0 6.2 18 0.00250 0.071 0.1576 3.5 5.7 0.1 6.7 18 0.00450 0.040 0.1349 5.8 8.0 1.4 10.0

Table 4: The averaged reduced cross section of charm production, σ^{cc̄}_{red} , as obtained from the combination of H1 and ZEUS measurements. The values of the cross section are presented together with uncorrelated (δ_{unc}) correlated (δ_{cor}) and procedural (δ_{proced}) uncertainties. The total uncertainty (δ_{tot}) is obtained by adding the correlated, uncorrelated and procedural errors in quadrature.

Q^2[GeV^2] x y σ^{cc̄}_{red} δ_{unc}[%] δ_{cor}[%] δ_{proced}[%] δ_{tot}[%] 32 0.00060 0.527 0.4119 15.1 5.7 0.1 16.2 32 0.00080 0.395 0.3527 4.3 5.3 0.3 6.9 32 0.00140 0.226 0.2767 3.9 4.2 0.4 5.8 32 0.00240 0.132 0.2035 4.8 4.9 0.3 6.9 32 0.00320 0.099 0.1942 7.1 5.6 0.3 9.0 32 0.00550 0.058 0.1487 6.9 6.0 0.4 9.1 32 0.00800 0.040 0.1027 10.7 8.3 0.4 13.5 60 0.00140 0.424 0.3218 6.1 5.4 1.4 8.3 60 0.00200 0.296 0.3387 4.3 3.7 0.4 5.7 60 0.00320 0.185 0.2721 4.7 3.9 0.4 6.1 60 0.00500 0.119 0.1975 4.7 4.9 0.3 6.8 60 0.00800 0.074 0.1456 12.0 5.2 0.6 13.1 60 0.01500 0.040 0.1008 10.6 6.4 0.8 12.4 120 0.00200 0.593 0.3450 7.1 5.2 0.6 8.8 120 0.00320 0.371 0.2432 15.9 4.0 2.1 16.5 120 0.00550 0.216 0.2260 5.2 4.5 0.6 6.9 120 0.01000 0.119 0.1590 6.6 5.4 0.8 8.6 120 0.02500 0.047 0.0866 13.7 6.8 1.2 15.3 200 0.00500 0.395 0.2439 8.1 5.7 0.7 9.9 200 0.01300 0.152 0.1659 6.7 4.8 0.4 8.3 350 0.01000 0.346 0.2250 8.8 5.0 4.1 10.9 350 0.02500 0.138 0.1016 11.2 5.8 5.1 13.6 650 0.01300 0.494 0.2004 11.1 7.2 1.1 13.3 650 0.03200 0.201 0.0939 12.4 10.6 0.9 16.4 2000 0.05000 0.395 0.0622 27.7 14.4 1.7 31.2

Table 4: continued

source data sets name shift [σ] Reduction factor [%] δ_1 1 H1 vertex resolution -0.1 94 δ_2 1–4 H1 CJC efficiency -0.3 82 δ_3 1 H1 CST efficiency 0.0 98 δ_4 1 B multiplicity -0.3 96 δ_5 1–9 c longitudinal fragmentation -0.9 84 δ_6 1, 3, 4 photoproduction background 0.2 94 δ_7 1 D^+ multiplicity 0.0 99 δ_8 1 D^0 multiplicity 0.0 99 δ_9 1 D_s multiplicity 0.1 98 δ_{10} 1 b fragmentation 0.0 100 δ_{11} 1 H1 VTX model: x-reweighting -0.4 95 δ_{12} 1 H1 VTX model: p_T -reweighting 0.3 74 δ_{13} 1 H1 VTX model: η(c)-reweighting -0.3 87 δ_{14} 1 H1 VTX uds-background 0.0 53 δ_{15} 1 H1 VTX ϕ of c-quark 0.2 90 δ_{16} 1 H1 hadronic energy scale -0.1 89 δ_{17} 1 H1 VTX F_2 normalisation -0.2 97 δ_{18} 3, 4 H1 Primary vertex fit 0.1 99 δ_{19} 2–4 H1 electron energy 0.6 69 δ_{20} 2–4 H1 electron polar angle 0.3 77 δ_{21} 3, 4 H1 luminosity (HERA-II) -0.9 80 δ_{22} 3, 4 H1 trigger efficiency (HERA-II) -0.3 98 δ_{23} 3, 4 H1 fragmentation model in MC -0.1 89 δ_{24} 2–7 BR(D^∗ → Kππ) 0.1 98 δ_{25} 2–6 f(c → D^∗) 0.1 94. δ_{26} 2, 3 H1 efficiency using alternative MC model 0.4 73 δ_{27} 2–9 NLO, m_c 0.5 72 δ_{28} 2–9 NLO, scale -1.2 66 δ_{29} 2–9 c transverse fragmentation -0.2 78 δ_{30} 2–9 NLO, PDF 0.2 97 δ_{31} 2–9 NLO, α_s(M_Z ) -0.2 95 δ_{32} 2 H1 luminosity (1998-2000) -0.1 97 δ_{33} 2 H1 trigger efficiency (HERA-I) -0.2 95 δ_{34} 2 H1 MC alternative fragmentation -0.1 70 δ_{35} 9 ZEUS μ: B/RMUON efficiency -0.1 92 δ_{36} 9 ZEUS μ: FMUON efficiency 0.2 97 δ_{37} 9 ZEUS μ: energy scale 0.0 85 δ_{38} 9 ZEUS μ: P^{miss}_T calibration 0.0 72 δ_{39} 9 ZEUS μ: hadronic resolution 0.6 71 δ_{40} 9 ZEUS μ: IP resolution -0.2 97 δ_{41} 9 ZEUS μ: MC model 0.1 86 δ_{42} 9 B(c → μ) 0.1 97 δ_{43} 7, 8 ZEUS lifetime significance 0.5 52 δ_{44} 7 f(c → D^0) 0.3 97 δ_{45} 8 f(c → D^+) × BR(D^+ → Kππ) -0.6 91 δ_{46} 7–9 ZEUS luminosity (2005) -0.1 95 δ_{47} 5 ZEUS luminosity (1996-1997) 0.4 96 δ_{48} 6 ZEUS luminosity (1998-2000) 0.3 90

Table 5: Sources of bin-to-bin correlated systematic uncertainties considered in the combination. For each source the shifts in units of standard deviations σ and the reduction factor of the uncertainty values are given. The systematic sources corresponding to the extrapolation uncertainties are highlighted in bold font. The second column shows the data sets (see table 1) affected by each particular source.

Theory Scheme Ref. F_{2(L)} m_c Massive Massless α_s(m_Z ) Scale Included def. [GeV] (Q^2 ∼^< m^2_c ) (Q^2 ≫ m^2_c ) (n_f = 5) charm data MSTW08 NLO RT standard [28] F^c_{2(L)} 1.4 (pole) O(α^2_s) O(α_s) 0.12108 Q [1, 4–6, 8, 9, 11] MSTW08 NNLO approx.-O(α^3_s ) O(α^2_s) 0.11707 MSTW08 NLO (opt.) RT optimised [31] O(α^2_s) O(α_s) 0.12108 MSTW08 NNLO (opt.) approx.-O(α^3_s ) O(α^2_s) 0.11707 HERAPDF1.5 NLO RT standard [55] F^c_{2(L)} 1.4 (pole) O(α^2_s) O(α_s) 0.1176 Q HERA inclusive DIS only NNPDF2.1 FONLL A FONLL A [30] n.a. √ 2 O(α_s) O(α_s) 0.119 Q [4–6, 12, 13, 15, 18] NNPDF2.1 FONLL B FONLL B F^c_{2(L)} √ 2 (pole) O(α^2_s) O(α_s) NNPDF2.1 FONLL C FONLL C F^c_{2(L)} √ 2 (pole) O(α^2_s) O(α^2_s) CT10 NLO S-ACOT-χ [22] n.a. 1.3 O(α_s) O(α_s) 0.118 √ Q^2 + m^2_c [4–6, 8, 9] CT10 NNLO (prel.) [56] F^{cc̄}_{2(L)} 1.3 (pole) O(α^2_s) O(α^2_s) ABKM09 NLO FFNS [57] F^{cc̄}_{2(L)} 1.18 (MS) O(α^2_s) - 0.1135 √ Q^2 + 4m^2_c for mass optimisation only ABKM09 NNLO approx.-O(α^3_s ) -

Table 6: Calculations from different theory groups as shown in figures 5-8. The table shows the heavy flavour scheme used and the corresponding reference, the respective F_{2(L)} definition (section 2), the value and type of charm mass used (equation (3)), the order in α_S of the massive and massless parts of the calculation, the value of α_s, the renormalisation and factorisation scale, and which HERA charm data were included in the corresponding PDF fit. The distinction between the two possible F_{2(L)} definitions is not applicable (n.a.) for O(α_s) calculations.

scheme M^{opt}_c χ^2/n_{dof} χ^2/n_{dp} [GeV] σ^{NC,CC}_{red} +σ^{cc̄}_{red} σ^{cc̄}_{red} RT standard 1.50 ± 0.06_{exp} ± 0.06_{mod} ± 0.01_{param} ± 0.003_{αs} 630.7/626 49.0/47 RT optimised 1.38 ± 0.05_{exp} ± 0.03_{mod} ± 0.01_{param} ± 0.01_{αs} 623.8/626 45.8/47 ACOT-full 1.52 ± 0.05_{exp} ± 0.12_{mod} ± 0.01_{param} ± 0.06_{αs} 607.3/626 53.3/47 S-ACOT-χ 1.15 ± 0.04_{exp} ± 0.01_{mod} ± 0.01_{param} ± 0.02_{αs} 613.3/626 50.3/47 ZM-VFNS 1.60 ± 0.05_{exp} ± 0.03_{mod} ± 0.05_{param} ± 0.01_{αs} 631.7/626 55.3/47

Table 7: The values of the charm mass parameter M^{opt}_c as determined from the M_c scans in different heavy flavour schemes. The uncertainties of the minimisation procedure are denoted as ‘exp’, the model and parameterisation uncertainties are represented by ‘mod’ and ‘param’, respectively. Also the uncertainty due to α_s variation is listed. The corresponding global and partial χ^2 are presented per degrees of freedom n_{dof} and per number of data points n_{dp}, respectively.

scheme σ_Z [nb] σ_W + [nb] σ_W − [nb]

RT standard 28.91 ± 0.30 57.04 ± 0.55 39.94 ± 0.35 RT optimised 28.85 ± 0.24 57.03 ± 0.45 39.93 ± 0.27 ACOT-full 29.32 ± 0.42 57.84 ± 0.74 40.39 ± 0.47 S-ACOT-χ 29.00 ± 0.22 57.32 ± 0.42 39.86 ± 0.24 ZM-VFNS 28.81 ± 0.24 56.71 ± 0.40 39.86 ± 0.25

Table 8: NLO VFNS predictions for Z/W^± cross sections at the LHC for √ s = 7 TeV using the MCFM program. The calculations are based on the PDF sets extracted in the corresponding schemes from the HERA data using M^{opt}_c for the charm quark mass parameter. The listed cross section uncertainties correspond to the uncertainties on M^{opt}_c only.

Figure 1: Pull distribution for the combined data samples (shaded histogram). RMS gives the root mean square of the distribution. The curve shows the result of a binned log-likelihood Gaussian fit.

Figure 2: Combined reduced cross sections σ^{cc̄}_{red} as a function of x for fixed values of Q^2. The error bars represent the total uncertainty including uncorrelated, correlated and procedural uncertainties added in quadrature.

Figure 3: Combined reduced cross sections σ^{cc̄}_{red} (filled circles) as a function of x for fixed values of Q^2. The error bars represent the total uncertainty including uncorrelated, correlated and procedural uncertainties added in quadrature. For comparison, the input data are shown: the H1 measurement based on lifetime information of inclusive track production is represented by closed squares; the H1 measurements based on reconstruction of D^∗ mesons in HERA-I / HERA-II running periods are denoted by filled up (down) triangles; the ZEUS measurement using semileptonic decays into muons is represented by open circles; the ZEUS measurements based on reconstruction of D^∗ mesons are depicted by open squares (open triangles) for data collected in 1998-2000 (1996-1997) years; the ZEUS measurements based on reconstruction of D^0 (D^+) mesons are shown by open diamonds (crosses). For presentation purpose each individual measurement is shifted in x.

Figure 4: Combined reduced cross sections σ^{cc̄}_{red} (filled circles) as a function of x for Q^2 = 18 GeV^2. The error bars represent the total uncertainty including uncorrelated, correlated and procedural uncertainties added in quadrature. For comparison, the input data are shown. For further details see figure 3.

Figure 5: Combined reduced cross sections σ^{cc̄}_{red} (filled circles) as a function of x for fixed values of Q^2. The error bars represent the total uncertainty including uncorrelated, correlated and procedural uncertainties added in quadrature. The data are compared to MSTW predictions at NLO (left panel) and NNLO (right panel). The predictions obtained using the standard (optimised) parametrisation are represented by the shaded bands (solid lines). The uncertainties for the optimised parametrisation are not yet available.

Figure 6: Combined reduced cross sections σ^{cc̄}_{red} (filled circles) as a function of x for fixed values of Q^2. The error bars represent the total uncertainty including uncorrelated, correlated and procedural uncertainties added in quadrature. The data are compared to the NLO predictions based on HERAPDF1.5 extracted in the RT standard scheme. The line represents the prediction using M_c = 1.4 GeV. The uncertainty band shows the full PDF uncertainty which is dominated by the variation of M_c.

Figure 7: Combined reduced cross sections σ^{cc̄}_{red} (filled circles) as a function of x for fixed values of Q^2. The error bars represent the total uncertainty including uncorrelated, correlated and procedural uncertainties added in quadrature. The data are compared to predictions by the NNPDF group (left panel) and the CTEQ group (right panel). The predictions from NNPDF2.1 in FONNL-A, -B and -C schemes are shown with their uncertainties (bands with different hatch styles). The CT10 NLO prediction with its uncertainties is shown by the shaded bands. The uncertainties on the CT10 NNLO (prel.) predictions are not yet available.

Figure 8: Combined reduced cross sections σ^{cc̄}_{red} (filled circles) as a function of x for fixed values of Q^2. The error bars represent the total uncertainty including uncorrelated, correlated and procedural uncertainties added in quadrature. The data are compared to predictions of the ABM group at NLO (hashed band) and NNLO (shaded band) in FFNS using the MS definition for the charm quark mass.

Figure 9: The values of χ^2(M_c) for the PDF fit to the combined HERA DIS data in the RT standard scheme. 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.

Figure 10: The values of χ^2(M_c) for the PDF fit to the combined HERA inclusive DIS and charm measurements. Different heavy flavour schemes are used in the fit and presented by lines with different styles. The values of M^{opt}_c for each scheme are indicated by the stars.

Figure 11: Combined measurements of σ^{cc̄}_{red} as a function of x for given values of Q^2 is shown by filled symbols. The error bars represent the total uncertainty including uncorrelated, correlated and procedural uncertainties added in quadrature. The data are compared to the results of the fit using different variants of the VFNS (represented by lines of different styles) choosing M_C = M^{opt}_c . The cross section prediction of the ZM-VFNS vanishes for Q^2 = 2.5 GeV^2.

(a) (b)

Figure 12: Parton density functions x · f(x, Q^2) with f = g, u_v, d_v, u, d, s, c for (a) valence quarks and gluon and for (b) sea anti-quarks obtained from the combined QCD analysis of the inclusive DIS data and σ^{cc̄}_{red} (dark shaded bands) in the RT optimised scheme as a function of x at Q^2 = 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 xd distribution function is scaled by a factor 1.1 for better visibility.

Figure 13: The values of χ^2 for the PDF fit to the combined HERA DIS data including charm measurements as a function of the running charm quark mass m_c(m_c). The FFNS ABM scheme is used, where the charm quark mass is defined in the MS scheme.

(a) (b)

(c)

Figure 14: NLO predictions for (a) W^+, (b) W^− and (c) Z production cross sections at the LHC for √ s = 7 TeV as a function of M_c used in the corresponding PDF fit. The different lines represent predictions for different implementations of the VFNS. The predictions obtained with PDFs evaluated with the M^{opt}_c values for each scheme are indicated by the stars. The horizontal dashed lines show the resulting spread of the predictions when choosing M_c = M^{opt}_c .