DESY 04-227 ISSN 0418-9833 November 2004

Search for Light Gravitinos in Events with Photons and Missing Transverse Momentum at HERA

H1 Collaboration

Abstract

A search for gravitinos produced in e^±p collisions is performed using the H1 detector at HERA. The data were taken at a centre-of-mass energy of 319 GeV and correspond to an integrated luminosity of 64.3 pb^{−1} for e^+p collisions and 13.5 pb^{−1} for e^−p collisions. If R-parity is not conserved, the t-channel exchange of a selectron can produce a neutralino, which, in models where the gravitino is the lightest supersymmetric particle, subsequently decays into a photon and a light gravitino. The resulting event signature, which involves an isolated photon, a jet and missing transverse energy, is analysed for the first time at HERA. No deviation from the Standard Model is found. Exclusion limits on the cross section and on R-parity-violating Yukawa couplings are derived in a Gauge Mediated Supersymmetry Breaking scenario. The results are independent of the squark sector. Neutralinos and supersymmetric partners of the left-handed electron with masses up to 112 GeV and 164 GeV, respectively, can be ruled out at the 95 % confidence level for R-parity-violating couplings λ^′ equal to 1.

To be submitted to Phys. Lett. B

A. Aktas^{10}, V. Andreev^{26}, T. Anthonis^4, A. Asmone^{33}, A. Babaev^{25}, S. Backovic^{37}, J. Bähr^{37}, P. Baranov^{26}, E. Barrelet^{30}, W. Bartel^{10}, S. Baumgartner^{38}, J. Becker^{39}, M. Beckingham^{21}, O. Behnke^{13}, O. Behrendt^7, A. Belousov^{26}, Ch. Berger^1, N. Berger^{38}, T. Berndt^{14}, J.C. Bizot^{28}, J. Böhme^{10}, M.-O. Boenig^7, V. Boudry^{29}, J. Bracinik^{27}, V. Brisson^{28}, H.-B. Bröker^2, D.P. Brown^{10}, D. Bruncko^{16}, F.W. Büsser^{11}, A. Bunyatyan^{12,36}, G. Buschhorn^{27}, L. Bystritskaya^{25}, A.J. Campbell^{10}, S. Caron^1, F. Cassol-Brunner^{22}, K. Cerny^{32}, V. Chekelian^{27}, J.G. Contreras^{23}, Y.R. Coppens^3, J.A. Coughlan^5, B.E. Cox^{21}, G. Cozzika^9, J. Cvach^{31}, J.B. Dainton^{18}, W.D. Dau^{15}, K. Daum^{35,41}, B. Delcourt^{28}, R. Demirchyan^{36}, A. De Roeck^{10,44}, K. Desch^{11}, E.A. De Wolf^4, C. Diaconu^{22}, J. Dingfelder^{13}, V. Dodonov^{12}, A. Dubak^{27}, C. Duprel^2, G. Eckerlin^{10}, V. Efremenko^{25}, S. Egli^{34}, R. Eichler^{34}, F. Eisele^{13}, M. Ellerbrock^{13}, E. Elsen^{10}, W. Erdmann^{38}, P.J.W. Faulkner^3, L. Favart^4, A. Fedotov^{25}, R. Felst^{10}, J. Ferencei^{10}, M. Fleischer^{10}, P. Fleischmann^{10}, Y.H. Fleming^{10}, G. Flucke^{10}, G. Flügge^2, A. Fomenko^{26}, I. Foresti^{39}, J. Formánek^{32}, G. Franke^{10}, G. Frising^1, E. Gabathuler^{18}, K. Gabathuler^{34}, E. Garutti^{10}, J. Garvey^3, J. Gayler^{10}, R. Gerhards^{10,†}, C. Gerlich^{13}, S. Ghazaryan^{36}, S. Ginzburgskaya^{25}, L. Goerlich^6, N. Gogitidze^{26}, S. Gorbounov^{37}, C. Grab^{38}, H. Grässler^2, T. Greenshaw^{18}, M. Gregori^{19}, G. Grindhammer^{27}, C. Gwilliam^{21}, D. Haidt^{10}, L. Hajduk^6, J. Haller^{13}, M. Hansson^{20}, G. Heinzelmann^{11}, R.C.W. Henderson^{17}, H. Henschel^{37}, O. Henshaw^3, G. Herrera^{24}, I. Herynek^{31}, R.-D. Heuer^{11}, M. Hildebrandt^{34}, K.H. Hiller^{37}, P. Höting^2, D. Hoffmann^{22}, R. Horisberger^{34}, A. Hovhannisyan^{36}, M. Ibbotson^{21}, M. Ismail^{21}, M. Jacquet^{28}, L. Janauschek^{27}, X. Janssen^{10}, V. Jemanov^{11}, L. Jönsson^{20}, D.P. Johnson^4, H. Jung^{20,10}, D. Kant^{19}, M. Kapichine^8, M. Karlsson^{20}, J. Katzy^{10}, N. Keller^{39}, I.R. Kenyon^3, C. Kiesling^{27}, M. Klein^{37}, C. Kleinwort^{10}, T. Klimkovich^{10}, T. Kluge^1, G. Knies^{10}, A. Knutsson^{20}, B. Koblitz^{27}, V. Korbel^{10}, P. Kostka^{37}, R. Koutouev^{12}, A. Kropivnitskaya^{25}, J. Kroseberg^{39}, K. Krüger^{14}, J. Kückens^{10}, M.P.J. Landon^{19}, W. Lange^{37}, T. Laštovička^{37,32}, P. Laycock^{18}, A. Lebedev^{26}, B. Leißner^1, R. Lemrani^{10}, V. Lendermann^{14}, S. Levonian^{10}, L. Lindfeld^{39}, K. Lipka^{37}, B. List^{38}, E. Lobodzinska^{37,6}, N. Loktionova^{26}, R. Lopez-Fernandez^{10}, V. Lubimov^{25}, H. Lueders^{11}, D. Lüke^{7,10}, T. Lux^{11}, L. Lytkin^{12}, A. Makankine^8, N. Malden^{21}, E. Malinovski^{26}, S. Mangano^{38}, P. Marage^4, J. Marks^{13}, R. Marshall^{21}, M. Martisikova^{10}, H.-U. Martyn^1, S.J. Maxfield^{18}, D. Meer^{38}, A. Mehta^{18}, K. Meier^{14}, A.B. Meyer^{11}, H. Meyer^{35}, J. Meyer^{10}, S. Mikocki^6, I. Milcewicz-Mika^6, D. Milstead^{18}, A. Mohamed^{18}, F. Moreau^{29}, A. Morozov^8, J.V. Morris^5, M.U. Mozer^{13}, K. Müller^{39}, P. Murín^{16,43}, V. Nagovizin^{25}, K. Nankov^{10}, B. Naroska^{11}, J. Naumann^7, Th. Naumann^{37}, P.R. Newman^3, C. Niebuhr^{10}, A. Nikiforov^{27}, D. Nikitin^8, G. Nowak^6, M. Nozicka^{32}, R. Oganezov^{36}, B. Olivier^3, J.E. Olsson^{10}, D. Ozerov^{25}, A. Paramonov^{25}, C. Pascaud^{28}, G.D. Patel^{18}, M. Peez^{29}, E. Perez^9, A. Perieanu^{10}, A. Petrukhin^{25}, D. Pitzl^{10}, R. Plačakytė^{27}, R. Pöschl^{10}, B. Portheault^{28}, B. Povh^{12}, N. Raicevic^{37}, P. Reimer^{31}, B. Reisert^{27}, A. Rimmer^{18}, C. Risler^{27}, E. Rizvi^{19}, P. Robmann^{39}, B. Roland^4, R. Roosen^4, A. Rostovtsev^{25}, Z. Rurikova^{27}, S. Rusakov^{26}, K. Rybicki^{6,†}, D.P.C. Sankey^5, E. Sauvan^{22}, S. Schätzel^{13}, J. Scheins^{10}, F.-P. Schilling^{10}, P. Schleper^{11}, S. Schmidt^{27}, S. Schmitt^{39}, M. Schneider^{22}, L. Schoeffel^9, A. Schöning^{38}, V. Schröder^{10}, H.-C. Schultz-Coulon^{14}, C. Schwanenberger^{10}, K. Sedlák^{31}, F. Sefkow^{10}, I. Sheviakov^{26}, L.N. Shtarkov^{26}, Y. Sirois^{29}, T. Sloan^{17}, P. Smirnov^{26}, Y. Soloviev^{26}, D. South^{10}, V. Spaskov^8, A. Specka^{29}, H. Spitzer^{11}, R. Stamen^{10}, B. Stella^{33}, J. Stiewe^{14}, I. Strauch^{10}, U. Straumann^{39}, V. Tchoulakov^8, G. Thompson^{19}, P.D. Thompson^3, F. Tomasz^{14}, D. Traynor^{19}, P. Truöl^{39}, G. Tsipolitis^{10,40}, I. Tsurin^{37}, J. Turnau^6, E. Tzamariudaki^{27}, A. Uraev^{25}, M. Urban^{39}, A. Usik^{26}, D. Utkin^{25}, S. Valkár^{32},

A. Valkárová^{32}, C. Vallée^{22}, P. Van Mechelen^4, N. Van Remortel^4, A. Vargas Trevino^7, Y. Vazdik^{26}, C. Veelken^{18}, A. Vest^1, S. Vinokurova^{10}, V. Volchinski^{36}, K. Wacker^7, J. Wagner^{10}, G. Weber^{11}, R. Weber^{38}, D. Wegener^7, C. Werner^{13}, N. Werner^{39}, M. Wessels^1, B. Wessling^{11}, G.-G. Winter^{10}, Ch. Wissing^7, E.-E. Woehrling^3, R. Wolf^{13}, E. Wünsch^{10}, S. Xella^{39}, W. Yan^{10}, V. Yeganov^{36}, J. Žáček^{32}, J. Zálešák^{31}, Z. Zhang^{28}, A. Zhelezov^{25}, A. Zhokin^{25}, H. Zohrabyan^{36}, and F. Zomer^{28}

1 I. Physikalisches Institut der RWTH, Aachen, Germany^a 2 III. Physikalisches Institut der RWTH, Aachen, Germany^a 3 School of Physics and Astronomy, University of Birmingham, Birmingham, UK^b 4 Inter-University Institute for High Energies ULB-VUB, Brussels; Universiteit Antwerpen, Antwerpen; Belgium^c 5 Rutherford Appleton Laboratory, Chilton, Didcot, UK^b 6 Institute for Nuclear Physics, Cracow, Poland^d 7 Institut für Physik, Universität Dortmund, Dortmund, Germany^a 8 Joint Institute for Nuclear Research, Dubna, Russia 9 CEA, DSM/DAPNIA, CE-Saclay, Gif-sur-Yvette, France 10 DESY, Hamburg, Germany 11 Institut für Experimentalphysik, Universität Hamburg, Hamburg, Germany^a 12 Max-Planck-Institut für Kernphysik, Heidelberg, Germany 13 Physikalisches Institut, Universität Heidelberg, Heidelberg, Germany^a 14 Kirchhoff-Institut für Physik, Universität Heidelberg, Heidelberg, Germany^a 15 Institut für experimentelle und Angewandte Physik, Universität Kiel, Kiel, Germany 16 Institute of Experimental Physics, Slovak Academy of Sciences, Košice, Slovak Republic^f 17 Department of Physics, University of Lancaster, Lancaster, UK^b 18 Department of Physics, University of Liverpool, Liverpool, UK^b 19 Queen Mary and Westfield College, London, UK^b 20 Physics Department, University of Lund, Lund, Sweden^g 21 Physics Department, University of Manchester, Manchester, UK^b 22 CPPM, CNRS/IN2P3 - Univ Mediterranee, Marseille - France 23 Departamento de Fisica Aplicada, CINVESTAV, Mérida, Yucatán, México^k 24 Departamento de Fisica, CINVESTAV, México^k 25 Institute for Theoretical and Experimental Physics, Moscow, Russia^l 26 Lebedev Physical Institute, Moscow, Russia^e 27 Max-Planck-Institut für Physik, München, Germany 28 LAL, Université de Paris-Sud, IN2P3-CNRS, Orsay, France 29 LLR, Ecole Polytechnique, IN2P3-CNRS, Palaiseau, France 30 LPNHE, Universités Paris VI and VII, IN2P3-CNRS, Paris, France 31 Institute of Physics, Academy of Sciences of the Czech Republic, Praha, Czech Republic^{e,i} 32 Faculty of Mathematics and Physics, Charles University, Praha, Czech Republic^{e,i} 33 Dipartimento di Fisica Università di Roma Tre and INFN Roma 3, Roma, Italy 34 Paul Scherrer Institut, Villigen, Switzerland 35 Fachbereich C, Universität Wuppertal, Wuppertal, Germany 36 Yerevan Physics Institute, Yerevan, Armenia 37 DESY, Zeuthen, Germany 38 Institut für Teilchenphysik, ETH, Zürich, Switzerland^j

39 Physik-Institut der Universität Zürich, Zürich, Switzerland^j

40 Also at Physics Department, National Technical University, Zografou Campus, GR-15773 Athens, Greece 41 Also at Rechenzentrum Universität Wuppertal, Wuppertal, Germany 43 Also at University of P.J. Šafárik, Košice, Slovak Republic 44 Also at CERN, Geneva, Switzerland † Deceased

a Supported by the Bundesministerium für Bildung und Forschung, FRG, under contract numbers 05 H1 1GUA /1, 05 H1 1PAA /1, 05 H1 1PAB /9, 05 H1 1PEA /6, 05 H1 1VHA /7 and 05 H1 1VHB /5 b Supported by the UK Particle Physics and Astronomy Research Council, and formerly by the UK Science and Engineering Research Council c Supported by FNRS-FWO-Vlaanderen, IISN-IIKW and IWT and by Interuniversity Attraction Poles Programme, Belgian Science Policy d Partially Supported by the Polish State Committee for Scientific Research, SPUB/DESY/P003/DZ 118/2003/2005 e Supported by the Deutsche Forschungsgemeinschaft f Supported by VEGA SR grant 2/4067/24 g Supported by the Swedish Natural Science Research Council i Supported by the Ministry of Education of the Czech Republic under the projects INGO-LA116/2000 and LN00A006, by GAUK grant no 173/2000 j Supported by the Swiss National Science Foundation k Supported by CONACYT, México, grant 400073-F l Partially Supported by Russian Foundation for Basic Research, grant no. 00-15-96584

1 Introduction

Supersymmetry (SUSY) [1] is an attractive concept which remedies some shortcomings of the Standard Model (SM). This fermion-boson symmetry leads to an extension of the particle spectrum by associating to each SM particle a supersymmetric partner, differing in its spin by half a unit. The masses of the new particles are related to the symmetry breaking mechanism. In Gauge Mediated Supersymmetry Breaking (GMSB) models, new “messenger” fields are introduced which couple to the source of supersymmetry breaking. The breaking is then transmitted to the SM fields and their superpartners by gauge interactions [2]. The gravitino, G̃, is the lightest supersymmetric particle (LSP) and can be as light as 10^{−3} eV.

The next-to-lightest supersymmetric particle (NLSP) is generally either the lightest neutralino χ̃^0_1 or a slepton ℓ̃, which decays to the stable gravitino via χ̃^0_1 → γG̃ or ℓ̃ → ℓG̃. The distinguishing event topology involves a high energy photon or lepton and significant missing energy due to the undetected gravitino. Such topologies have been studied at LEP [3] and the Tevatron [4, 5]. No significant deviation from the SM was found. In these studies R-parity (R_p) was assumed to be conserved. An investigation of R_p-violating (R_p/ ) SUSY in a GMSB scenario is performed in this analysis. A search for R_p/ resonant single neutralino production χ̃^0_1 via t-channel selectron exchange, e^±q → χ̃^0_1q^′, is performed in e^+p and e^−p collisions. It is assumed that the χ̃^0_1 is the NLSP and that the decay χ̃^0_1 → γG̃ occurs with an unobservably small lifetime and dominates over R_p/ neutralino decays. Feynman diagrams of the analysed processes are depicted in Fig. 1. The resulting experimental signature is a photon, a jet originating from the scattered quark and missing transverse momentum due to the escaping gravitino. The main SM background arises from radiative charged current (CC) deep inelastic scattering (DIS) with a jet, a photon and a neutrino in the final state.

PSfrag replacements

PSfrag replacements

Figure 1: Dominant diagrams for neutralino production via R_p/ selectron exchange in e^+p and e^−p scattering, with subsequent neutralino decay into a gravitino and a photon.

Resonant squark production in R_p/ SUSY has been investigated previously at HERA in models in which the LSP is either a gaugino [6] or a light squark [7]. Squark mass dependent limits on various R_p/ Yukawa couplings have been derived. In contrast, the process considered in this analysis is completely independent of the squark sector.

The data correspond to an integrated luminosity of 64.3 pb^{−1} for e^+p collisions recorded in 1999 and 2000 and 13.5 pb^{−1} for e^−p collisions recorded in 1998 and 1999. The energy of the incoming electron^1 is E_e = 27.6 GeV and the energy of the incoming proton is E_p = 920 GeV. Thus the electron-proton centre-of-mass energy is 319 GeV.

2 The Supersymmetric Model

This analysis considers a supersymmetric model where the gravitino is the LSP and in which R_p is not conserved – a scenario which has been used e.g. in [8] and has been considered before in the context of dark matter [9]. R-parity is a discrete multiplicative symmetry which can be written as R_p = (−1)^{3B+L+2S} , where B denotes the baryon number, L the lepton number and S the spin of a particle. The most general supersymmetric theory that is renormalisable and gauge invariant with respect to the SM gauge group [10] contains R_p/ Yukawa couplings between the supersymmetric partner of the left-handed electron ẽ_L, a left-handed up-type quark u^j_L and a right-handed down-type anti-quark d̄^k_R, where j and k denote generation indices. The corresponding part of the Lagrangian reads

LR_p/ = −λ^′_{1jk}ẽ_Lu^j_Ld̄^k_R + h.c. (1)

At HERA, the presence of couplings λ^′_{1j1} and λ^′_{11k} could lead to neutralino production in e^+p and e^−p collisions, respectively, via t-channel selectron exchange (see Fig. 1). The search presented here is performed under the simplifying assumption that one of the couplings λ^′_{1j1} (j = 1, 2) or λ^′_{11k} (k = 1, 2, 3) dominates^2. If the initial state lepton is a positron the dominant hard scattering process at the large Bjorken x values relevant here involves a down quark from the proton (see Fig. 1, left). If the initial state lepton is an electron mainly up quarks are probed (see Fig. 1, right). For a given R_p/ coupling, the χ̃^0_1 production cross section for an initial electron is roughly a factor of two larger than that for an initial positron, reflecting the different parton densities for valence up and down quarks in the proton. Due to the contribution of diagrams involving antiquarks in the initial state (not shown in Fig. 1), the cross section for χ̃^0_1 production in e^+p (e^−p) collisions via a λ^′_{111} coupling is larger than that for production via a λ^′_{121} (λ^′_{112}) coupling of the same strength. The relative difference amounts to at most 15% (8%) for e^+p (e^−p) processes, for low masses of the produced neutralino. The cross sections of the e^−p processes induced by λ^′_{112} and λ^′_{113} are the same within a few percent.

The GMSB model used here is inspired by [11]. While the gaugino mass spectrum and gauge couplings are derived from this minimal model, the slepton masses are treated as free parameters. The supersymmetric partner of the left-handed electron can be much lighter than the supersymmetric partner of the right-handed one as, for example, in the Hybrid Multi-Scale Supersymmetric Model HMSSM-I [12]. This allows small mass differences Δm = m(ẽ_L) − m(χ̃^0_1).

The GMSB model is characterised by six new parameters in addition to those of the SM:

Λ, M, N, tan β, sign(μ) and √ F . (2)

1In the following electron will be used to refer to both electron and positron unless explicitly otherwise stated. 2The coupling λ^′_{131} is not studied here because the production of a top quark together with a neutralino is suppressed due to the high top quark mass.

The parameter Λ sets the overall mass scale for the SUSY particles, M is the mass of the messenger particles, N is the number of sets of messenger particles, tan β is the ratio of the Higgs vacuum expectation values and sign(μ) is the sign of the Higgs sector mixing parameter μ. The intrinsic SUSY breaking scale is √ F , which also determines the G̃ mass according to m~_G ≃ 2.5 · F/(100 TeV)^2 eV. Furthermore, √ F affects the neutralino decay rate according to Γ(χ̃^0_1 → γG̃) ∼ 1/F^2; low values of √ F thus suppress the R_p/ decays of the neutralino. In the SUSY parameter space considered here, the branching ratio BR(χ̃^0_1 → γG̃) exceeds 95 % if √ F lies in the range between the present experimental limit of 221 GeV [13] and 1 TeV.

Thus, √ F is not varied but it is assumed that the R_p/ decays of the neutralino do not contribute.

In the range considered for √ F the neutralino lifetime is short enough to have no effect on the detection efficiency. The contributions of the heavier neutralinos χ̃^0_i (i = 2, 3, 4) to the considered signal are small and thus neglected.

3 The H1 Detector

In the following the detector components most relevant for this analysis are briefly described. The main components of the tracking system are the central drift and proportional chambers which cover the polar angle^3 range 20^∘ < θ < 160^∘ and a forward track detector (7^∘ < θ < 25^∘). The tracking system is surrounded by a finely segmented liquid argon (LAr) calorimeter [14] which covers the range 4^∘ < θ < 154^∘ and which has an energy resolution of σ_E /E ≃ 12 %/ √ E(GeV) ⊕ 1 % for electrons and σ_E /E ≃ 50 %/ √ E(GeV) ⊕ 2 % for hadrons, as obtained in test beam measurements [15]. The tracking system and calorimeters are surrounded by a superconducting solenoid and its iron yoke instrumented with streamer tubes. The latter are used to detect hadronic showers which extend beyond the LAr and to identify muons. The luminosity is determined from the rate of Bethe-Heitler events (ep → epγ) measured in a luminosity monitor. A detailed description of the H1 experiment can be found in [16].

4 Event Simulation

In order to estimate the expected SM contributions to the signature under study and to determine the detection efficiencies for a possible SUSY signal, complete Monte Carlo (MC) simulations of the H1 detector response are performed. For each possible SM source a sample of MC events is used corresponding to a luminosity of more than 10 times that of the data. For the simulation of the charged and neutral current (CC and NC) DIS backgrounds, the DJANGO [17] event generator is used which includes first order QED radiation as modelled by HERACLES [18]. The parton densities in the proton are taken from the CTEQ5L [19] parameterisation. The direct and resolved photoproduction of light and heavy quark flavours is generated using the PYTHIA [20] program. The SM predictions for ep → eZX and ep → eW^±X are calculated using the leading order generator EPVEC [21] with the next-to-leading order QCD corrections implemented using a reweighting method [22].

3The polar angle θ is measured with respect to the proton beam direction.

The signal topology is simulated using the SUSYGEN generator [23]. The parton densities are evaluated at the scale of the Mandelstam variable −t. Efficiencies are determined by interpolation between calculations at different points in the parameter space, where the neutralino mass m(χ̃^0_1) is varied from 50 GeV to 140 GeV and the selectron mass m(ẽ_L) from m(χ̃^0_1) to 200 GeV, both in steps of typically 15 GeV.

5 Search for the Process e^±q → χ̃^0_1q^′ → γG̃q^′

5.1 Event Preselection

The process e^±q → χ̃^0_1q^′ → γG̃q^′ is characterised by missing transverse energy, a jet and an electromagnetic cluster in the calorimeter. The events used in this analysis are triggered by the LAr system with an efficiency of typically 95 % for the chosen kinematic region. Background events not related to ep collisions are suppressed by requiring a primary interaction vertex reconstructed within ±35 cm in z of the nominal vertex position, by using topological filters against cosmic and proton-beam related background and by requiring an event time which is consistent with the bunch crossing time.

Events are selected if the missing transverse momentum determined from the energy deposits in the calorimeter is greater than 25 GeV. The events are required to contain at least one hadronic jet in the range 10^∘ < θ_{jet} < 145^∘ and an identified photon with a polar angle θ_γ greater than 10^∘, both with transverse momenta greater than 5 GeV. Hadronic jets are reconstructed from energy deposits in the calorimeter using a cone algorithm in the laboratory frame with a radius √ (Δη)^2 + (Δϕ)^2 = 1, where η = − ln tan θ/2 is the pseudorapidity and ϕ denotes the azimuthal angle.

Photons are identified using a shower shape analysis of energy deposits in the LAr calorimeter. For θ_γ > 20^∘ an electromagnetic cluster is only accepted as a photon candidate if it is not associated with a charged track in the central tracking system. In addition, the photon must not lie within the cone of any reconstructed jet with p_{T,jet} > 5 GeV.

5.2 Systematic Uncertainties

The systematic errors on the SM background expectation are evaluated by considering the following uncertainties.

• The uncertainty on the electromagnetic energy scale of the calorimeter varies from 0.7 % to 3 % depending on the calorimeter region [24].

• For the jet transverse momenta selected in this analysis (typically above 20 GeV) the uncertainty on the hadronic energy scale is 2 % [25].

• The uncertainty on the track reconstruction efficiency is 2 %.

• An uncertainty of 10 % is attributed to the SM cross sections for CC and NC DIS as implemented in the MC simulation which arises mainly from the parton densities of the proton at high x.

• The measurement of the integrated luminosity has a precision of 1.5 %.

Furthermore, the following uncertainties related to the modelling of the SUSY signal are taken into account.

• The theoretical uncertainty of the signal cross section due to the uncertainty of the parton densities, which is typically a few percent and does not exceed 7 % for e^−p scattering or 17 % for e^+p scattering anywhere in the parameter space studied.

• Choosing either the invariant mass of the final state particles or the transverse momentum of the final state quark instead of the square root of the Mandelstam variable −t as the hard scale at which the parton distributions are evaluated yields an additional theoretical uncertainty of up to 10 % at large selectron and neutralino masses.

• A relative uncertainty of 10 % is attributed to the signal detection efficiencies, resulting mainly from the interpolation between the neutralino and selectron masses.

All systematic errors are added in quadrature separately for the signal and the background. The resulting uncertainties are between 11 % and 22 % in both cases.

5.3 Final Selection and Results

After the preselection, described in Section 5.1, 12 candidate events are selected in the complete e^±p data sample and 11.5 ± 1.5 events are expected from SM background processes, predominantly from radiative CC DIS (95 %). The distributions of the polar angle θ_γ and the transverse momentum p_{T,γ} of the photon candidates are shown in Fig. 2 (a) and (b), respectively. Fig. 2 (c) shows the transverse momentum p_{T,h} calculated from the hadronic energy deposits in the calorimeter. The sum of the E − p_z of all measured particles is presented in Fig. 2 (d). The distributions illustrate the good understanding of the SM processes. For comparison, a simulated SUSY signal for a χ̃^0_1 mass of 125 GeV is also shown.

To reduce the CC DIS background, p_{T,γ} > 15 GeV and E − p_z > 15 GeV are required for the final selection. These cuts are also depicted in Fig. 2. No candidate event is found in the e^+p data set, to be compared with 1.8 ± 0.2 expected from SM processes. In the e^−p data sample, 1 candidate event is found while the SM prediction is 1.1 ± 0.2. The SM expectation arises predominantly from CC DIS (90 %) with small contributions from NC DIS and the production of W and Z bosons where the final state electron is misidentified as a photon. With all cuts applied, the final selection efficiency for the signal ranges between 10 % for low and 35 % for high neutralino masses. The largest contribution to the inefficiency arises from the missing transverse energy requirement.

Assuming that the massless gravitino is the only non-interacting particle in the event, its kinematics are reconstructed by exploiting the conservation of transverse momentum and the

(a) (b)

(c) (d)

Figure 2: Distributions of the polar angle (a) and transverse momentum (b) of photon candidates, hadronic transverse momentum (c) and the sum of the E − p_z of all measured particles (d) after preselection. The complete e^±p data set is compared with the SM prediction. The signal expected for a neutralino with a mass of 125 GeV is shown with arbitrary normalisation (dashed histogram). The arrows indicate additional cuts applied on p_{T,γ} and E − p_z in the final selection.

constraint (E −p_z)+(E~_G −p_{z,}~_G) = 2E_e. The four-vector of this particle is then added to that of the photon to reconstruct the invariant mass m of the decaying neutralino. The data and the SM expectation for this distribution are shown in Fig. 3. From the simulation of the SUSY signal, also shown in Fig. 3, the mass resolution is determined to be around 10 GeV. The candidate event has a reconstructed invariant neutralino mass of 36 ± 4 GeV.

6 GMSB Model Interpretations

As no significant deviation from the SM is observed, constraints on GMSB models at the 95 % confidence level (CL) are derived using a modified frequentist approach based on likelihood ratios, which takes statistical and systematic uncertainties into account [26]. For a given neutralino mass m(χ̃^0_1), the limits are obtained by counting the number of observed and expected events in a certain mass interval. In the investigated range of 50 GeV < m(χ̃^0_1) < 140 GeV,

Figure 3: Distribution of the invariant mass of the photon candidate and the reconstructed missing particle in the final selection. The complete e^±p data set is compared with the SM prediction. The signal expected for a neutralino with a mass of 125 GeV is shown with arbitrary normalisation (dashed histogram).

a mass interval of ±2 standard deviations, varying linearly between ±16.5 GeV and ±30 GeV around m(χ̃^0_1), is chosen.

For the interpretation of the results, the GMSB parameters tan β, N and sign(μ) are fixed. The neutralino mass is scanned by varying Λ at fixed M/Λ, the masses being calculated using the SUSPECT program [27]. The mass of the supersymmetric partner of the left-handed electron is taken as a free parameter. All other sfermions are assumed to be heavy. Two example scenarios are considered. In the first, the masses considered correspond to a scan of the parameters in the range 30 TeV ≤ Λ ≤ 100 TeV taking M/Λ = 2 for tan β = 2 and N = 1 with negative μ. In the second scenario, tan β = 6, N = 2, μ < 0 and the parameter range is 20 TeV ≤ Λ ≤ 50 TeV with M/Λ = 10^3. For a given neutralino mass, a variation of N has only a minor effect on the cross section, whereas the cross section decreases significantly with increasing tan β.

In Fig. 4, upper limits on the cross sections are shown as a function of m(χ̃^0_1). The limits become less stringent at low neutralino masses due to the reduced signal detection efficiencies. The GMSB cross sections for different values of the couplings λ^′_{121} and λ^′_{112} are also shown for a mass difference Δm = m(ẽ_L) − m(χ̃^0_1) = 10 GeV.

In Fig. 5, excluded regions are presented in the plane spanned by Δm and m(χ̃^0_1) using data from e^+p and e^−p collisions for various values for the respective R_p/ coupling. The excluded domains, obtained for λ^′_{1j1} (j = 2) and λ^′_{11k} (k = 2, 3), conservatively apply also in the case of a λ^′_{111} coupling. For tan β = 2, N = 1 and λ^′_{1j1} = 1.0, the e^+p results exclude neutralino masses up to 112 GeV for small Δm. For large Δm and small neutralino masses, selectron masses up to 164 GeV are excluded. In e^−p collisions, for tan β = 2, N = 1 and λ^′_{11k} = 1.0, neutralino masses up to 98 GeV for small Δm and selectron masses up to 118 GeV for large Δm are ruled out.

Figure 4: Upper limit at the 95 % CL on the cross section as a function of the neutralino mass for example GMSB scenarios (solid lines). For comparison, the GMSB cross sections for different R_p/ couplings λ^′_{121} and λ^′_{112} are superimposed for a mass difference of Δm = m(ẽ_L)−m(χ̃^0_1) = 10 GeV (dashed and dashed-dotted lines).

Apart from the coupling λ^′_{111}, which is tightly constrained by searches for the neutrinoless double beta decay of nuclei [28], values of λ^′_{1jk} = 1 ((j, k) ≠ (1, 1)) are not excluded by indirect measurements when the squark masses are very high^4. The limits on the λ^′_{121}, λ^′_{112} and λ^′_{113} couplings obtained in this analysis are the first constraints which depend only on the slepton and neutralino masses. For instance, for masses of the χ̃^0_1 and ẽ_L close to 55 GeV, couplings λ^′_{1j1} > 0.3 (j = 1, 2) and λ^′_{11k} > 0.5 (k = 1, 2, 3) are ruled out for tan β = 2 and N = 1.

The range of neutralino masses which is excluded by this analysis for R_p/ couplings of the order of one is comparable with that which is probed at the Tevatron [5] and at LEP [3]. It should be stressed, however, that our results are complementary to those derived at the Tevatron where the dominant contributions to the cross section are from the production of the lightest charginos (χ̃^+_1 χ̃^−_1 ) and chargino-second neutralino pairs (χ̃^0_2χ̃^±_1 ). They are also complementary to those obtained at LEP since the process e^+e^− → χ̃^0_1χ̃^0_1 → γG̃γG̃ is mainly sensitive to the supersymmetric partner of the right-handed electron.

7 Conclusions

Events containing a photon, a jet and large missing transverse momentum are analysed in data from e^±p collisions at a centre-of-mass energy of √ s = 319 GeV using the H1 detector at HERA. Within the SM this topology is mainly produced by charged current processes with

4For example [29], searches for atomic parity violation allow couplings λ^′_{1jk} = 1 if the supersymmetric partner of the left-handed up-type (right-handed down-type) quarks are heavier than 3.5 TeV (5 TeV).

Figure 5: Excluded regions at the 95 % CL in the Δm = m(ẽ_L) − m(χ̃^0_1) and m(χ̃^0_1) plane for various values of λ^′_{1j1} (j = 1, 2) and λ^′_{11k} (k = 1, 2, 3).

photon radiation. Such events also arise in gauge mediated SUSY breaking models with Rparity violation (R_p/ ). The data analysis reveals no deviation from the SM. Constraints on GMSB models are derived for different values of the R_p/ coupling. For small mass differences between the neutralino χ̃^0_1 and the supersymmetric partner of the left-handed electron ẽ_L, neutralinos with m(χ̃^0_1) up to 112 GeV are ruled out at the 95 % CL for R_p/ couplings λ^′ = 1. Similarly, for large mass differences, masses m(ẽ_L) up to 164 GeV are excluded. For masses m(χ̃^0_1) and m(ẽ_L) close to 55 GeV, λ^′_{1j1} Yukawa couplings of electromagnetic strength are excluded. These are the first constraints from HERA on SUSY models which are independent of the squark sector.

Acknowledgements

We are grateful to the HERA machine group whose outstanding efforts have made this experiment possible. We thank the engineers and technicians for their work in constructing and maintaining the H1 detector, our funding agencies for financial support, the DESY technical staff for continual assistance and the DESY directorate for support and for the hospitality which they extend to the non-DESY members of the collaboration. We would like to thank V. Büscher, K. P. Diener, C. Rembser and M. Spira for valuable discussions.

References

[1] H. P. Nilles, Phys. Rept. 110 (1984) 1;

H. E. Haber and G. L. Kane, Phys. Rept. 117 (1985) 75.

[2] G. F. Giudice and R. Rattazzi, Phys. Rept. 322 (1999) 419 [hep-ph/9801271];

P. Fayet, Phys. Rept. 105 (1984) 21;

M. Dine, A. E. Nelson, Y. Nir and Y. Shirman, Phys. Rev. D 53 (1996) 2658 [hepph/9507378];

S. Dimopoulos, M. Dine, S. Raby and S. Thomas, Phys. Rev. Lett. 76 (1996) 3494 [hepph/9601367];

K. S. Babu, C. F. Kolda and F. Wilczek, Phys. Rev. Lett. 77 (1996) 3070 [hep-ph/9605408].

[3] R. Barate et al. [ALEPH Collaboration], Eur. Phys. J. C 16 (2000) 71;

A. Heister et al. [ALEPH Collaboration], Eur. Phys. J. C 25 (2002) 339 [hep-ex/0203024]; P. Abreu et al. [DELPHI Collaboration], Eur. Phys. J. C 16 (2000) 211 [hep-ex/0103026]; J. Abdallah et al. [DELPHI Collaboration], Eur. Phys. J. C 27 (2003) 153 [hepex/0303025];

G. Abbiendi et al. [OPAL Collaboration], Phys. Lett. B 501 (2001) 12 [hep-ex/0007014].

[4] B. Abbott et al. [D0 Collaboration], Phys. Rev. Lett. 80 (1998) 442 [hep-ex/9708005];

F. Abe et al. [CDF Collaboration], Phys. Rev. D 59 (1999) 092002 [hep-ex/9806034].

[5] V. M. Abazov et al. [D0 Collaboration], “Search for supersymmetry with gauge-mediated breaking in diphoton events at D0”, hep-ex/0408146;

D. Acosta et al. [CDF Collaboration], “Search for anomalous production of diphoton events with missing transverse energy at CDF and limits on gauge-mediated supersymmetry-breaking models”, hep-ex/0410053.

[6] S. Aid et al. [H1 Collaboration], Z. Phys. C 71 (1996) 211 [hep-ex/9604006];

C. Adloff et al. [H1 Collaboration], Eur. Phys. J. C 20 (2001) 639 [hep-ex/0102050]; A. Aktas et al. [H1 Collaboration], Eur. Phys. J. C 36 (2004) 425 [hep-ex/0403027].

[7] A. Aktas et al. [H1 Collaboration], Phys. Lett. B 599, 159 (2004) [hep-ex/0405070].

[8] B. C. Allanach, S. Lola and K. Sridhar, Phys. Rev. Lett. 89 (2002) 011801 [hepph/0111014].

[9] S. Borgani, A. Masiero and M. Yamaguchi, Phys. Lett. B 386 (1996) 189 [hepph/9605222];

F. Takayama and M. Yamaguchi, Phys. Lett. B 485 (2000) 388 [hep-ph/0005214].

[10] S. Weinberg, Phys. Rev. D 26 (1982) 287;

N. Sakai and T. Yanagida, Nucl. Phys. B 197 (1982) 533.

[11] S. Dimopoulos, S. Thomas and J. D. Wells, Nucl. Phys. B 488 (1997) 39 [hepph/9609434].

[12] S. Ambrosanio and A. E. Nelson, Phys. Lett. B 411 (1997) 283 [hep-ph/9707242].

[13] D. Acosta et al. [CDF Collaboration], Phys. Rev. Lett. 89 (2002) 281801 [hepex/0205057].

[14] B. Andrieu et al. [H1 Calorimeter Group], Nucl. Instrum. Meth. A 336 (1993) 460.

[15] B. Andrieu et al. [H1 Calorimeter Group], Nucl. Instrum. Meth. A 350 (1994) 57;

B. Andrieu et al. [H1 Calorimeter Group], Nucl. Instrum. Meth. A 336 (1993) 499.

[16] I. Abt et al. [H1 Collaboration], Nucl. Instrum. Meth. A 386 (1997) 310 and 348.

[17] G. A. Schuler and H. Spiesberger, “DJANGO 6.2”, Proc. of the Workshop Physics at HERA, W. Buchmüller and G. Ingelman (Editors), (October 1991, DESY-Hamburg) Vol. 3, 1419.

[18] A. Kwiatkowski, H. Spiesberger and H. J. Mohring, Comput. Phys. Commun. 69 (1992) 155.

[19] H. L. Lai et al., Phys. Rev. D 55 (1997) 1280 [hep-ph/9606399].

[20] T. Sjöstrand, “PYTHIA 5.7”, CERN-TH-6488 (1992);

T. Sjöstrand, Comput. Phys. Commun. 82 (1994) 74.

[21] U. Baur, J. A. M. Vermaseren and D. Zeppenfeld, Nucl. Phys. B 375 (1992) 3.

[22] P. Nason, R. Rückl and M. Spira, J. Phys. G 25 (1999) 1434 [hep-ph/9902296];

M. Spira, Proceedings “Workshop on Monte Carlo Generators for HERA Physics”, Hamburg, 1998, hep-ph/9905469;

K. P. Diener, C. Schwanenberger and M. Spira, Eur. Phys. J. C 25 (2002) 405 [hepph/0203269];

K. P. Diener, C. Schwanenberger and M. Spira, “Photoproduction of W bosons at HERA: Reweighting method for implementing QCD corrections in Monte Carlo programs”, hepex/0302040.

[23] S. Katsanevas and P. Morawitz, Comput. Phys. Commun. 112 (1998) 227 [hepph/9711417];

N. Ghodbane, S. Katsanevas, P. Morawitz and E. Perez, “SUSYGEN 3”, hep-ph/9909499.

[24] C. Adloff et al. [H1 Collaboration], Eur. Phys. J. C 30 (2003) 1 [hep-ex/0304003].

[25] C. Adloff et al. [H1 Collaboration], Eur. Phys. J. C 25 (2002) 13 [hep-ex/0201006].

[26] T. Junk, Nucl. Instrum. Meth. A 434 (1999) 435 [hep-ex/9902006].

[27] A. Djouadi, J. L. Kneur and G. Moultaka, “SUSPECT: A Fortran code for the supersymmetric and Higgs particle spectrum in the MSSM”, hep-ph/0211331.

[28] R. N. Mohapatra, Phys. Rev. D 34 (1986) 3457;

J. D. Vergados, Phys. Lett. B 184 (1987) 55;

M. Hirsch, H. V. Klapdor-Kleingrothaus and S. G. Kovalenko, Phys. Lett. B 352 (1995) 1 [hep-ph/9502315];

M. Hirsch, H. V. Klapdor-Kleingrothaus and S. G. Kovalenko, Phys. Rev. Lett. 75 (1995) 17; M. Hirsch, H. V. Klapdor-Kleingrothaus and S. G. Kovalenko, Phys. Rev. D 53 (1996) 1329 [hep-ph/9502385].

[29] J. L. Rosner, Phys. Rev. D 65 (2002) 073026 [hep-ph/0109239];

J. S. M. Ginges and V. V. Flambaum, Phys. Rept. 397 (2004) 63 [physics/0309054]; R. Barbier et al., “R-parity violating supersymmetry”, hep-ph/0406039, submitted to Phys. Rept.