Physik-Institut Wissenschaftlicher Jahresbericht April 2011 - März 2012

Winterthurerstrasse 190, CH-8057 Zürich/Schweiz

Physik-Institut Wissenschaftlicher Jahresbericht April 2011 - März 2012

Winterthurerstrasse 190, CH-8057 Zürich/Schweiz

Front picture: after many years of preparations, LHC started to produce physics results; Nicola Chiapolini and Marco Tresch of our LHCb group (see Sec. 10) so far find good agreement with the Standard Model predictions.

Sekretariat 044 635 5721 secret@physik.uzh.ch Prof. C. Amsler 044 635 5784 amsler@cern.ch 022 767 2914 Prof. L. Baudis 044 635 5777 lbaudis@physik.uzh.ch Prof. H.-W. Fink 044 635 5801 hwfink@physik.uzh.ch Prof. H. Keller 044 635 5748 keller@physik.uzh.ch Prof. J. Osterwalder 044 635 5827 osterwal@physik.uzh.ch Prof. A. Schilling 044 635 5791 schilling@physik.uzh.ch Prof. U.D. Straumann 044 635 5768 strauman@physik.uzh.ch

The annual reports are available on the internet: http://www.physik.uzh.ch/reports.shtml.

Begleitwort

Die Grundlagenforschung am Physik-Institut der Universität Zürich zeigt eine eindrückliche Vielfalt. So werden physikalische Aspekte biologischer Systeme ebenso intensiv untersucht, wie der Frage nachgegangen wird, wo wohl die Grenzen des Standardmodells der Teilchenphysik liegen mögen. Das Jahr 2011 hat erstmals eine relevante Zahl von Kollisionsereignissen am Large Hadron Collider hervorgebracht: drei Gruppen am Physik-Institut konzentrieren sich auf den Betrieb der Detektoren und die Analyse der gewonnenen Daten. Weitere Forschungsgruppen widmen sich quantenmechanischen Effekten an Oberflächen kondensierter Materie oder vertiefen das physikalische Verständnis der Supraleitung. Neuartige bildgebende Techniken mit Hilfe von niederenergetischen kohärenten Elektronen werden entwickelt. Damit sollen einzelne biologische Moleküle abgebildet werden. Bei den Untersuchungen der Zusammensetzung der dunklen Materie wurden neue Rekorde in der Sensitivität erreicht.

Neben dem Aufbau und Betrieb der experimentellen Apparaturen in unserem Institut nutzen die Gruppen intensiv die zur Verfügung stehende internationale Forschungsinfrastruktur. Zum Beispiel werden Untersuchungen der magnetischen Eigenschaften kondensierter Materie und der Struktur der Oberflächen am Paul- Scherrer-Institut (PSI) durchgeführt (MuSR, SLS). Ebenfalls liefern wir Beiträge zu zwei Teilchenphysik-Experimenten am PSI. Am Cern in Genf werden zwei Experimente am LHC unterstützt, aber auch verschiedene kleinere Aktivitäten. Ein Experiment zum neutrinolosen Doppelbetazerfall findet im untergrundarmen Labor Gran Sasso bei Rom statt, wo ebenfalls die erwähnte Forschung an dunkler Materie durchgeführt wird.

Die tägliche Forschungsarbeit wird hauptsächlich von den 35 Doktorierenden, 19 Post-Docs und 20 wissenschaftlichen Mitarbeitenden geleistet. Ihre Forschungsresultate wurden im Berichtsjahr in über 170 Publikationen veröffentlicht und in mehr als 100 Beiträgen an internationalen Konferenzen vorgestellt. Diese experimentellen Forschungsarbeiten sind nur möglich dank der Unterstützung der Gruppentechniker und der Mitarbeiter der sehr gut ausgerüsteten mechanischen und elektronischen Werkstätten und der Informatik. Dank deren grosser Initiative und der hervorragenden Zusammenarbeit auf allen Stufen können Apparaturen von höchster Qualität entwickelt, konstruiert und betrieben werden.

Die klassische Verknüpfung von Forschung und Lehre ist an unserem Institut sehr ausgeprägt. Fast alle der 103 Angestellten unseres Instituts sind in direkter oder indirekter Form an der Lehre beteiligt. Neben den etwa 140 Studierenden im Hauptfach Physik betreuen wir noch den elementaren Physikunterricht für Studierende der Medizin (292), Veterinärmedizin (87), Biologie (152), Chemie (90) und anderer Studienrichtungen (39) in Form von Vorlesungen, Demonstrationsexperimenten, Übungen und Praktika.

Des weiteren leisten verschiedene Mitarbeitende einen grossen Einsatz für die Öffentlichkeitsarbeit. In gesamthaft 21 Veranstaltungen im Rahmen von Scientifica, European masterclass for particle physics, Technikwochen, TecDays an Gymnasien, Kinder-Universität, Führungen von Schulklassen und verschiedenen Studieninformationstagen wurden fast 900 Arbeitsstunden eingesetzt, um den entsprechenden Personenkreisen die Faszination der Physik und ihrer Forschungsresultate zu vermitteln.

Allen Mitarbeitenden möchte ich an dieser Stelle für ihren uneigennützigen Einsatz, ihre Eigeninitiative und die gute Arbeitsstimmung am Institut herzlich danken.

Zürich, im Mai 2012

Prof. Dr. Ulrich Straumann

Dieser Jahresbericht wie auch die Jahresberichte früherer Jahre sind auch auf der Website des Physik- Instituts (http://www.physik.uzh.ch/reports.shtml) veröffentlicht.

Mitarbeiter

Wissenschaftliches Personal

Prof. Christof Aegerter Phys. Systembiologie Dr. Ernest Aguiló CMS Dr. Yves Allkofer AEgIS, DARWIN Prof. Claude Amsler AEgIS, DARWIN, DIRAC, CMS Dr. Jonathan Anderson LHCb Daniel Assmann Phys. Systembiologie Prof. Laura Baudis DARWIN, GERDA, XENON Annika Behrens DARWIN, XENON Giovanni Benato GERDA Markus Bendele Supraleitung & Magnetismus Dr. Angela Benelli DIRAC Dr. Roland Bernet LHCb Saskia Bosma Supraleitung & Magnetismus Olaf Bossen PTM Dr. Angela Büchler LHCb Albert Bursche LHCb Dr. Carlo Canali AEgIS Dr. Luca Castiglioni Oberflächenphysik Nicola Chiapolini LHCb Prof. Vincenzo Chiochia CMS William Creus DARWIN Dr. Huanyao Cun Oberflächenphysik Michel De Cian LHCb Dr. Simon Marie de Visscher CMS Dr. Jan-Hugo Dil Oberflächenphysik Eveline Eisenring Oberflächenphysik Christian Elsasser LHCb Dr. Andreas Engel PTM Dr. Conrad Escher Bio-Physik Carlotta Favaro CMS Dr. Alfredo Ferella DARWIN, GERDA, XENON Prof. Hans-Werner Fink Bio-Physik Dr. Francis Froborg GERDA Arno Gadola CTA Giulia Ghielmetti Phys. Systembiologie Prof. Thomas Greber Oberflächenphysik Roman Gredig CTA, Mu3e Michael Greif Oberflächenphysik Henrik Grundmann PTM Zurab Guguchia Supraleitung & Magnetismus Dr. Kiran K. Guthikonda GERDA

Wissenschaftliches Personal (cont)

Patrick Helfenstein Bio-Physik Adrian Hemmi Oberflächenphysik Dr. Matthias Hengsberger Oberflächenphysik Dr. Ludovic Howald Supraleitung & Magnetismus Ben Huber CTA Kevin Inderbitzin PTM Dr. Lars Jörgensen AEgIS Prof. Hugo Keller Supraleitung & Magnetismus Gaudenz Kessler XENON Mitsuhiro Kimura AEgIS Dr. Alexander Kish DARWIN, XENON Gabriel Landolt Oberflächenphysik Dr. Tatiana Latychevskaia Bio-Physik Dominik Leuenberger Oberflächenphysik Dr. Jean-Nicolas Longchamp Bio-Physik Dr. Haifeng Ma Oberflächenphysik Dr. Alexander Maisuradze Supraleitung & Magnetismus Dr. Aaron Manalaysay CTA, DARWIN, XENON Dr. Teresa Marrodan-Undagoitia DARWIN, XENON Prof. Fumihiko Matsui Oberflächenphysik Barbara Millán Mejías CMS Dr. Katharina Müller H1, LHCb Ulrike Nienhaus Phys. Systembiologie Prof. Jürg Osterwalder Oberflächenphysik Dr. Polina Otyugova CMS Francesco Piastra XENON Dr. Christian Regenfus AEgIS, DARWIN Mirena Ivova Rikova CMS Dr. Peter Robmann CMS, H1, π → eν, Mu3e Silvan Roth Oberflächenphysik Mirna Saliba Bio-Physik Christophe Salzmann LHCb Prof. Andreas Schilling PTM Michael Schindlberger Phys. Systembiologie Thomas Schluck Phys. Systembiologie Dr. Alexander Schmidt CMS Dr. Marc Schumann DARWIN, XENON Dr. Nicola Serra LHCb Bartosz Slomski Oberflächenphysik Dr. Hella Snoek CMS Dr. Olaf Steinkamp LHCb Evelyn Stilp Supraleitung & Magnetismus

Wissenschaftliches Personal (cont)

Dr. James Storey AEgIS, CMS Prof. Ulrich Straumann H1, LHCb, CTA, Mu3e Michal Tarka GERDA Dr. Mark Tobin LHCb Dr. Salvatore Tupputi CMS Dr. Andries van der Schaaf π → eν Mauro Verzetti CMS Dr. Achim Vollhardt Elektronik, LHCb, CTA Fabian von Rohr PTM Manuel Walter DARWIN, GERDA Dr. Rasmus Westerström Oberflächenphysik Dr. Stephen Weyeneth Supraleitung & Magnetismus Flavio Wicki Bio-Physik

Technisches und administratives Personal

Renata Bernasconi Sekretariat Kurt Bösiger Werkstatt Tiziano Crudeli Zeichnen Denis Dürst Werkstatt Daniel Florin Elektronik Dario Gabrielli Werkstatt Carmelina Genovese Sekretariat Ruth Halter Sekretariat Alina Horwege Bio-Physik Andreas James GERDA,XENON Thomas Kälin Oberflächenphysik Hanspeter Koch Vorlesungsbetrieb Bruno Lussi Werkstatt Reto Maier Werkstatt Tizian Naterop Werkstatt Lucien Pauli Vorlesungsbetrieb Jacky Rochet AEgIS, CMS, DIRAC, DARWIN Monika Röllin Sekretariat Dr. Jean-Pierre Ruder CHIPP Sandra Saornil Gamarra LHCb Marcel Schaffner Werkstatt Silvio Scherr Werkstatt Stefan Siegrist PTM, Supraleitung & Magnetismus Peter Soland Elektronik Stefan Steiner CAD, LHCb, CTA

Contents

Physics of Fundamental Interactions and Particles 1

1 Towards a dark matter experiment 1

2 Test of the equivalence principle with antihydrogen 5

3 GERDA: Neutrinoless Double Beta Decay in Germanium 9

4 Cold Dark Matter Search with XENON 12

5 DARWIN: dark matter WIMP search with noble liquids 16

6 Very High Energy Gamma Ray Astronomy with CTA 20

7 Testing lepton universality: the π → eν / π → μν branching ratio 23

8 Study of Coulomb-bound πK pairs 27

9 Particle Physics at DESY/HERA (H1) 30

10 Particle Physics with LHCb 33 10.1 The LHCb detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33 10.2 Physics Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34 10.3 Summary and Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

11 Particle physics with CMS 41 11.1 Study of Λ_b and Σ_b . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41 11.2 Observation of a new strange bottom baryon . . . . . . . . . . . . . . . . . . . . . . . . . 42 11.3 Lifetime of the B_s -meson . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44 11.4 Searches for the Higgs boson in τ^+ τ^− decays . . . . . . . . . . . . . . . . . . . . . . . . . 44 11.5 Improvements to the pixel hit reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . 46 11.6 Studies of B hadron correlations associated to Z^0 bosons . . . . . . . . . . . . . . . . . . 46

Condensed Matter Physics 49

12 Superconductivity and Magnetism 49 12.1 Pressure Effects in Iron-Chalcogenides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49 12.2 Magnetic torque study of single-crystal Rb_x Fe_{2− y} Se_2 . . . . . . . . . . . . . . . . . . . . . 50 12.3 Anisotropic magnetic order in EuFe_{2− x} Co_x As_2 single crystals . . . . . . . . . . . . . . . . 52 12.4 μSR study of the magnetoelectric coupling in Cu_2 OSeO_3 . . . . . . . . . . . . . . . . . . . 54

13 Phase transitions and superconducting photon detectors 56 13.1 Superconducting nanowire single-photon detectors . . . . . . . . . . . . . . . . . . . . . . 56 13.2 Experiments on Ba_{3− x} Sr_x Cr_2 O_8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58 13.3 LC -circuit calorimetry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

14 Surface Physics 62 14.1 The unit cell of graphene on ruthenium . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63 14.2 Rashba effect in Pb quantum well states . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65 14.3 Electron dynamics in a quasi-one-dimensional topological metal: Bi(114) . . . . . . . . . . 67

15 Physics of Biological Systems 69

16 Physical Systems Biology and non-equilibrium Soft Matter 74 16.1 Localization of light . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74 16.2 Three dimensional microscopy in turbid media . . . . . . . . . . . . . . . . . . . . . . . . 77

Infrastructure and Publications 81

17 Mechanical Workshop 81

18 Electronics Workshop 85

19 Publications 88 19.1 Elementary particles and their interactions . . . . . . . . . . . . . . . . . . . . . . . . . . 88 19.2 Condensed matter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

1 Towards a dark matter experiment

Y. Allkofer, C. Amsler, W. Creus, A. Ferella, C. Regenfus, J. Rochet, and M. Walter.

We report on our research progress on liquid argon (LAr) which is part of the DARWIN design study [1] for a next generation dark matter facility using noble liquids. More details and references to earlier work can be found in a recent publication [2]. LAr has the potential to be used as a large and sensitive target to detect nuclear recoils from Weak Interacting Massive Particles (WIMP) interactions. WIMPs would produce nuclear recoils which can be detected and isolated in noble liquids through their characteristic excitation and ionization patterns. The uncertainty in the signal calibration of nuclear recoils in LAr is large since only scarce information on the scintillation efficiency can be found in literature. In fact, the complex microscopic processes which lead to the scintillation and charge signals are not well understood at low energies.

The energy dependent light yield Y_{nr} of nuclear recoils is described by the relative scintillation efficiency L_{eff} which compares the light yield of electrons to that of nuclear recoils (by convention L_{eff} is measured at zero electric field). Its value is determined by the product of two quenching processes. Towards low energies, an increasing fraction of the recoil energy is lost to heat (nuclear quenching). The density of the excited or ionized states produced during the stopping process depends on their interaction (luminescence quenching). The light yield of electrons is not affected by nuclear effects and is proportional to the energy deposit above some tens of keV. The relative scintillation efficiency is expressed as L_{eff} = E_{ee} /E_r , where E_{ee} stands for the energy of an electron producing the same amount of light as a recoiling nucleus with energy E_r . In contrast to xenon, a separation of the scintillation signal in fast ( τ_1 = 6 ns) and slow ( τ_2 = 1.6 μs) components is possible in LAr. This effect is exploited to reduce background in LAr dark matter detectors.

Cryo-cooler

Neutron shield

Collimator

Reaction chamber

Neutron emission point °

LAr cell

5” liquid scintillator

Top PMT

LAr level

Active volume

Bottom PMT

Dewar

0.73 m 1 m

Fig. 1.1 – n − Ar scattering experiment with neutron generator, shield and zoom on the LAr cell.

We present an overview of the experimental method to determine L_{eff} and show first results from data recorded under neutron, α and γirradiation in LAr at zero electric field. The experimental setup is shown in Fig. 1.1. We induce nuclear recoils in the LAr cell by 2.45 MeV neutrons from a deuterium-fusion-generator (from NSD-Fusion, Germany). It delivers up to 2 × 10^6 isotropically emitted monoenergetic neutrons from the two-body reaction dd →^3 He + n. The fusion rate in the deuterium plasma is controlled by an electrical DC field generated by an adjustable constant current HV supply. The environment is shielded from neutron and X-ray radiation by a 1600 kg polyester cylinder with 2 mm Pb cladding. A polyethylene collimator with square cross section restricts the emission of neutrons in a solid angle of about 0.2% of 4 π. Liquid scintillator counters (LSC) detect the scattered neutrons at various angles.

The cryogenic cell is shown in the inset. Two tetraphenyl-butadiene (TPB) coated 3” PMTs (Hama-

1

0 0.2 0.4 0.6 0.8 1 1.2

-150 -100 -50 0 50 0 50 100 150 200

Signal time in LAr cell before trigger [ns]

Prompt light fraction fp

Entries per 1 ns

IPH > 50 pe

cosmic muons elastic peak

selected events neutron energy from TOF [MeV]

1 1.5 2 2.5

inelastics

accidentals

IPH < 50 pe

~-45ns

Fig. 1.4 – Prompt light fraction f_p vs. signal time in LAr and projection on the time axis for neutrons triggering the liquid scintillator counter.

into account the integral over the stopping range. We have determined the energy scale for α -particles by assuming a linear relation between CR and the energy transfer [2]. A value of L^α_{eff} = 0.74 ± 0.04 was found for the mean relative scintillation efficiency for α -particles in LAr in the range 0.18 – 2.5 MeV (Fig. 1.3). The light loss of ≃ 25% is entirely due to luminescence quenching.

We now present the data taken with the neutron generator. A 5” liquid scintillator (LSC) was positioned at 30, 40, 50, 60 and 90^∘ , at 1 m from the target, corresponding to 16, 28, 43, 60 and 120 keV recoil energies, respectively. The neutron flux (typically 2× 10^5 n/s into 4 π) was chosen so that accidental background induced by bremsstrahlung was kept at an acceptable level. About 1 n/min scattered off an argon nucleus in the active volume and was detected in the LSC. The direct line of sight between the exit of the collimator and the LSC was obstructed by a 20 cm thick sheet of polyethylene. Background rates were around 5/min, originating mainly from cosmic muons saturating the LSC, and accidental coincidences between diffusively scattered neutrons and bremsstrahlung. Events in the LAr cell were accepted whenever both PMTs showed signals above 0.2 photoelectrons (pe) in a 50 ns time coincidence. A trigger was generated by a LAr signal within a window of [-150, +50] ns

Ar recoil energy [keV]

Relative scintillation yield

Lindhard

Mei et al.

0 50 100 150 200 250 0

0.1

0.2

0.3

0.4

0.5

Warp This work

McKinsey

Fig. 1.5 – L_{eff} from this work compared to theory and previous data.

around the arrival time of a neutron in the LSC.

Figure 1.4 shows the prompt light fraction f_p vs. the time difference between the signals in the LAr cell and the LSC for the 30^∘ data (19k events). Here f_p is the ratio of the scintillation light yield in the first 50 ns to the total light. The time projection is shown in Fig. 1.5. The distribution of signals ( < 50 pe) is dominated by elastically scattered neutrons around the nominal flight time at -45 ns (brown histogram). Also visible are inelastic scatters from neutrons and a small background from accidental coincidences of diffusely scattered neutrons with bremsstrahlung in the outer LAr volume. Requiring at most 50 pe removes many of these events and also cosmic muons (blue histogram). A 5 ns wide TOF cut then selects elastic scatters ( ∼ 1’000 events, black area). Figure 1.5 shows our measurements at the five angles, together with the data from refs. [6, 7]. Our measurements lead to the average < L_{eff} > = 0.29 ± 0.03 for nuclear recoils above 20 keV (or 6 kev electron equivalent). The data are consistent with a constant value for L_{eff} , in accord with a simple saturation law combined with the Lindhard model [8].

Summarizing, we confirm that scintillation light quenching in LAr by impurities is similar to that in gaseous argon [5]. As in the latter work we use measured lifetimes and component ratios to reconstruct purity independent results. We confirm values for CR monotonically increasing with energy transfer.

3

Dark matter

A CR value of 0.25 close to the one expected from statistically populated singlet and triplet states is observed for electrons in the region of lowest ionization densities. For nuclear recoils we find CR rising from 50% to 75% between 20 and 200 keV. For α -particles in the MeV range we determine a relative scintillation yield L^α_{eff} = 0.74 ± 0.04. Within present errors our value of the relative scintillation yield L_{eff} is constant for nuclear recoils at energies between 16 and 120 keV, with a mean value of 0.29± 0.03. A refined analysis is in progress [9].

No conclusive results below 16 keV can be drawn from the present analysis. We are upgrading the cell with PMTs of larger quantum efficiency and are improving the cleaning system. An internal electric field will be added to extract the ionization charge from the liquid and to determine field and energy dependences of both light and charge yields in LAr, at working points relevant to dark matter searches.

[1] L. Baudis, arXiv:1012.4764v1 [astro-ph.IM] (2010) and http://darwin.physik.uzh.ch/ [2] C. Regenfus et al. ,

arXiv:1203.0849v1 [astro-ph.IM] (2012). [3] V. Boccone V et al. , J. of Instrumentation 4 (2009) P06001; V. Boccone, PhD-thesis, Universität Zürich, 2010.

[4] M. Walter, Diploma-Thesis, Universität Konstanz, 2011.

[5] C. Amsler et al. ,

J. of Instrumentation 3 (2008) P02001. [6] R. Brunetti et al. ,

New Astr. Rev. 49 (2005) 265. [7] D. Gastler et al. ,

arXiv:1004.0373v2 [physics.ins-det] (2011). [8] D. Mei et al. , Astropart. Phys. 30 (2008) 12. [9] W. Creus, PhD-Thesis, Universität Zürich (in preparation).

4

2 Test of the equivalence principle with antihydrogen

Y. Allkofer, C. Amsler, C. Canali, L. Jörgensen, M. Kimura, C. Regenfus, J. Rochet, and J. Storey

in collaboration with: INFN Bescia - Firenze - Genova - Milano - Padova - Pavia - Trento, CERN, MPI-K (Heidelberg), Kirchoff Inst. of Phys (Heidelberg), INR (Moscow), ITEP (Moscow), Univ. Claude Bernard (Lyon), Univ. of Oslo, Univ. of Bergen, Czech Tech. Univ (Prague), ETH-Zurich, Politecnico Milano, Laboratoire Aimé Cotton (Orsay).

(AEgIS Collaboration)

The AEgIS experiment [1] will measure for the first time the gravitational acceleration of antimatter ḡ using a beam of antihydrogen ( H̄ ) atoms. Previous attempts to measure ḡ with positrons and antiprotons failed due to stray electric or magnetic fields. From attempts to unify gravity with the other forces the possibility that ḡ ≠ g = 9.81 m s^{− 2} cannot be excluded [2]. Many arguments have been put forward to rule out any difference between g and ḡ, and correspondingly many rebuttals have been published [3]. The validity of the weak equivalence principle (WEP) for antimatter thus rests on experimental evidence.

The goal of AEgIS is to measure ḡ with an initial precision of 1%. First we need to produce H̄ -atoms at ∼ 100 mK. A promising technique [4] uses the interaction between the antiproton and the highly excited Rydberg state positronium (Ps*) in which the bound positron is captured by the antiproton and an electron is released (Ps^∗ + p → H^∗ + e^− ). Figure 2.1 shows a sketch of the apparatus. The process begins with the production of positronium (Ps) by accelerating 10^8 positrons from a Surko type accumulator onto a nanoporous material. The ortho-Ps emitted from the target is then brought to the Rydberg state Ps* by two-step laser excitation. Some of the Ps* atoms diffuse across a Penning trap in which 10^5 antiprotons from the CERN antiproton decelerator (AD) have been stored, producing H̄ through the charge exchange reaction. An electric field is then applied along the beam axis to accelerate the H̄ -atoms to ∼ 400 m/s. This

Fig. 2.1 – Sketch of the AEGIS apparatus.

The H̄ -atoms are produced in the p̄-trap in a 1T field. Not shown are p̄- and e^+ - capture traps in the 5T magnet at the entrance of the apparatus.

5

Fig. 2.2 – Conceptual design of the Fast Annihilation Tracking (FACT) detector (see text).

technique has already been demonstrated by members of the AEgIS collaboration with hydrogen atoms [5]. A Moiré deflectometer consisting of two gratings and a position sensitive annihilation detector is used to measure the deflection of the H̄ beam in the gravitational field. The downward (or upward!) shift of the Moiré intensity pattern at the detector due to gravity needs to be combined with time of flight and be measured with a vertical precision of σ ≃ 10 μm. The Zürich group is designing and building (i) the annihilation detector and its readout to characterize the p̄/H̄ cloud in the Penning trap and (ii) the position sensitive detector to measure the Moiré pattern.

The AEgIS apparatus, less the Moiré deflectometer, will be installed for the AD runs in 2012. Objectives are to produce H̄ -atoms, measure their temperature and demonstrate the production of the H̄ -beam by means of Stark acceleration. The goal of our group is to commission the Fast Annihilation Cryogenic Tracking (FACT) detector designed and constructed in 2011/2012.

Depending on temperature, a large fraction of the H̄ -atoms annihilate by hitting the confinement walls within ∼ μs. The detector must therefore be very fast, but only needs to be active for 1 ms every 100 s between AD pulses. The operating conditions are challenging as the detector occupies a cylindrical volume around the trap with an inner radius of 78 mm and outer radius of 103 mm in a 1T magnetic field, and must operate at 4K. A further complication is the strong 511 keV γ background produced by positrons hitting the positronium target. This occurs a few μs before the first H̄ annihilations.

We have opted for a scintillating fiber detector with silicon photomuliplier readout. The FACT detector consists of four layers of 1 mm diameter scintillating fibers^1 coupled to clear fibers of the same diameter which direct the optical signal from the cryogenic region onto arrays of 1 mm diameter silicon photomultipliers (MPPC)^2 . Each layer consists of 200 scintillating fiber loops aligned orthogonal to the beam axis. A sketch is shown in Fig. 2.2. A vertex resolution along the longitudinal axis of 2.5 mm is expected from simulations, which is sufficient for our requirements.

The readout electronics for the 800 fibers must be fast enough to measure the speed (temperature) of the H̄ -atoms. The output of the MPPCs is sampled continuously. The principle is shown in Fig. 2.3 for a single channel. The MPPC is connected to a linear amplifier and a fast discriminator feeding the FPGA. The latter controls the MPPC voltage and threshold levels, samples the output of the comparators with a time resolution of ∼ 10 ns, and transfers the data to the DAQ system through a USB connection. A single FPGA manages several channels (upper part of Fig. 2.3). The FPGA can be programmed to perform a fast and

1 Kuraray SCSF-78M multi-clad scintillating fibers [6]. 2 Hamamatsu silicon photomultipliers MPPC S10362-11-100C [7].

6

Fig. 2.3 – Electronics layout for the fiber readout (see text) and readout for one scintillating fiber.

Fig. 2.4 – MPPCs inside the vacuum region connected by feedthroughs to the readout electronics.

Fig. 2.5 – Equipment used to measure the performance of scintillating fibers at cryogenic temperatures.

smart real time readout of all channels. The MP- PCs are located inside and the readout electronics outside the AEgIS apparatus (Fig. 2.4).

The scintillating fibers must operate at 4K. Since no data exist we have tested the performance of scintillating fibers with cosmic rays at cryogenic temperatures. The test apparatus consisted of 3 layers of 1 mm diameter Kuraray scintillating fibers arranged in loops at the bottom of a liquid helium cryostat (Fig. 2.5). The light from the scintillating fibers was detected by 3 MPPCs, the outputs of which were amplified and digitized by a LeCroy Wavepro 7100 10 GS/s oscilloscope. The oscilloscope was triggered when the signal of two of the three fibers exceeded 4 photoelectrons and we counted events with a coincidence observed in the third fiber, corresponding to the passage of a cosmic ray through the three fiber layers. The cryostat was filled with liquid helium immersing the fibers for 4 hours during which the detection efficiency was monitored, followed by warm-up to ambient temperature. The rate of events as a function of temperature is shown in Fig. 2.6. We observed a small ( ∼ 15%) decrease in light yield from room to liquid helium temperature.

We are also investigating (in collaboration with the Albert Einstein Center in Bern) the possibility to use photographic emulsions of the OPERA type to reconstruct more accurately the interference pattern in the gravitation experiment. We would measure the annihilation points of H̄ - atoms on the vacuum exit window behind the Moiré de-

0.20

0.15

0.10

0.05

0.00

Trigger Rate (Hz)

300 250 200 150 100 50 0 Temperature (Kelvin)

Fig. 2.6 – Trigger rate of a scintillating fiber from cosmic rays as a function of temperature (see text).

7

Fig. 2.7 – R.m.s. position resolution on annihilation tracks as a function of thickness for a titanium vacuum window in which the H̄ -atoms annihilate.

flectometer, using two or more annihilation pions. The emulsion stack would be placed immediately behind a very thin window separating the UHV vacuum from normal vacuum. The time-of-flight and the approximate track positions would be determined by a silicon or scintillating fiber detector located outside the vacuum enclosure and stored for offline analysis. The emulsions would then be removed periodically and processed in Bern. Figure 2.7 shows the expected vertical resolution on the annihilation point due to multiple scattering as a function of window thickness (neglecting distortions and alignment errors). The Monte Carlo simulation indicates that r.m.s position resolutions of 3 μm could be achieved on the annihilation vertex, much better than the required 10 μm, thus allowing a more accurate measurement of ḡ.

However, technical issues such as the performance of emulsions in vacuum (in particular dehydration) need to be investigated first. Also the background rate in the AD hall due to muons from the antiproton production target and from annihilation pions in the AEgIS apparatus need to be measured to assess the frequency at which emulsions would need to be changed. In 2012 we will commission the FACT detector and perform several test with photographic emulsions to plan for the first measurement of ḡ after the 2013 maintenance of the CERN accelerators.

[1] Proposal: http://doc.cern.ch/archive/electronic/cern/preprints/spsc/public/spsc-2007-017.pdf [2] E. Fischbach and C.L. Talmadge,“The Search for Non-Newtonian Gravity”, Springer (1999). [3] M. M. Nieto and T. Goldman, Phys. Rep. 205 (1991) 221. [4] M. Charlton, Phys. Lett. A 143 (1990) 143. [5] E. Vliegen F. and Merkt, Phys. Rev. Lett 97 (2006) 033002. [6] Kuraray, http://www.kuraray.co.jp/en/ [7] Hamamatsu Photonics, http://www.hamamatsu.com/

8

3 GERDA: Neutrinoless Double Beta Decay in Germanium

L. Baudis, G. Benato, F. Froborg, A. Ferella, K. K. Guthikonda, M. Tarka and M. Walter

in collaboration with: INFN Laboratori Nazionali del Gran Sasso LNGS, Institute of Physics, Jagellonian University Cracow, Institut für Kern- und Teilchenphysik Technische Universität Dresden, Joint Institute for Nuclear Research Dubna, Institute for Reference Materials and Measurements Geel, Max Planck Institut für Kernphysik Heidelberg, Università di Milano Bicocca e INFN Milano, Institute for Nuclear Research of the Russian Academy of Sciences, Institute for Theoretical and Experimental Physics Moscow, Russian Research Center Kurchatov Institute, Max-Planck-Institut für Physik München, Dipartimento di Fisica dell Università di Padova e INFN Sezione di Padova, Physikalisches Institut Eberhard Karls Universität Tübingen

(GERDA Collaboration)

Neutrino oscillations, well established by now, demonstrate that neutrino flavours mix (so lepton flavor is not conserved) and thus that neutrinos have mass. In attempts to explain these observations it is crucial to establish whether neutrinos are Dirac or Majorana particles [1], i.e. , whether they exist both as particles and anti-particles or not. The latter option is possible for neutral particles only and even total lepton number would be violated.

The Majorana nature of neutrinos can be tested by studying the neutrinoless double beta decay ( 0ν2β) which can take place in all isotopes which undergo the allowed double beta decay ( 2ν2β). Neutrinoless beta decay results in the emission of two monoenergetic electrons sharing the Q-value of the reaction. The decay 2ν2β, at the other hand, results in a continuum energy spectrum. Present lower limits on the 0ν2β half lives are of the order 10^{22} years.

GERDA will search for the 0νββ decay in^{76} Ge (Q = 2039 .006 ± 0.050 keV) enriched material which provides at the same time the source and the detector with an energy resolution of 0.1− 0.2% FWHM at 2 MeV. The construction and commissioning phase of GERDA, located 1400 m underground at the Gran Sasso National Laboratory (LNGS) in Italy has been completed in late 2011. Bare germanium diodes are operated in a 65 m^3 cryostat filled with liquid argon (LAr) and surrounded by a 3 m water Cherenkov shield. Figure 3.1 gives a schematic view of the experiment.

A physics run with eight existing enriched^{76} Ge detectors corresponding to 15.2 kg of^{76} Ge started in November 2011 and is continuing smoothly. With a background level of 0.017^{+0 .007}

− 0.003 counts /(keV·kg·y)

in the region of interest, GERDA has reached its goal of reducing the background by a factor 10 with respect to the previous experiments which will allow us to scrutinize an earlier claim of a signal [2] using a larger total detector mass and a lower background. First results are expected to become available by the end of this year.

Fig. 3.1 – Mock-up of the GERDA experiment located underground at LNGS. The physics run with all phase I detectors started in November 2011.

9

Fig. 3.2 –

Energy resolution (FWHM) at 583 keV as function of time for the GERDA enriched detectors.

Our group participates actively in the following tasks:

- Detector calibration

A new calibration system was constructed, installed and commissioned during the summer of 2011 and it is working as expected. A fully automatic analysis program for the data calibration was made available to the collaboration. One of the aims of the weekly energy calibrations is to test the stability of the detectors and the electronics chain in time. We developed an online database, in which properties such as energy resolution, calibration function, linearity, etc of all detectors are stored and can be displayed as a function of time. As an example, Fig. 3.2 shows the energy resolution at 583 keV at FWHM for all enriched detectors in the period between December 2011 and May 2012.

- Energy spectrum analysis We aim to fully characterize the background of the experiment and determine the half life of the 2ν2β decay. This is a necessary step towards the 0ν2β analysis. We analyze the full energy spectrum (see Fig. 3.3) and compare it with Monte Carlo simulations (MC) of the various potential background sources. A crucial task is the estimation of the active volume of each detector, which is performed by comparing dedicated calibration data to MCs. Since the start of the physics run a 40 keV wide region around the Q-value has been blinded, in order to avoid an unconscious bias. Once all the known background contributions have been identified and quantified, the signal region will be uncovered.

Fig. 3.3 –

Energy spectrum measured by the GERDA detectors in the period November 2011 - April 2012. The 2ν2β decay contribution is clearly visible, as well as the beta spectrum induced by^{39} Ar decays and several gamma peaks. The blinded region is indicated. Energy [keV]

0 500 1000 1500 2000 2500 3000

Counts

1

10

210

310 Ar 39

Ge 76

Ar 42 K^{40}

Tl 208

Blinded Region

PRELIMINARY

10

- Detector pulse shape discrimination We are developing a pattern recognition algorithm, based on “Support Vector Machine” (SVM), to distinguish between so-called single site events (SSE) and multi site events (MSE). The two electrons in a double beta decay stop within a short range in the germanium diodes, and thus belong to SSE. On the other hand, a γ-ray depositing the 0ν2β energy in a single germanium detector makes several Compton scatters at well separated locations, yielding a MSE. SSE and MSE have only marginally different pulse shapes and are difficult to distinguish in the present coaxial germanium detectors. Our algorithm is in its test phase, where samples of each type, obtained from calibration data are being used. The goal is to decrease the background in the energy region of interest by a factor 2 - 4.

- New germanium detectors

We are active both in the production and the characterization of novel, so-called Broad Energy Germanium detectors (BEGe). About 20 kg of enriched germanium material was supplied to Canberra to grow three first crystals at the end of 2011. The seven BEGe’s made out of this batch are currently characterized in the Hades underground laboratory in Mol, Belgium, with the aim of understanding their intrinsic background and pulse shape discrimination performances. They will be inserted in the GERDA cryostat within a few months from now.

- LAr instrumentation for Phase II A further background reduction can be achieved with the help of the LAr around the diodes. Besides its shielding properties and its use as a coolant for the Ge crystals, LAr is an efficient scintillator. This property will be exploited by installing a light readout system around the argon. The cylindrical side surface will consist of a reflector foil whilst the top and bottom surfaces would be equipped with ultra-low radioactivity photomultiplier tubes. The wavelength of the LAr scintillation light is 128 nm and it has to be shifted to larger values to better match the photomultipliers. The wavelength shifting is usually performed by a tetraphenyl butadiene (TPB) coating on the reflector. Since current coatings are known to be mechanically unstable, and long term stability is crucial for GERDA, we are searching for an alternative. For this purpose, a liquid argon cell was built in our lab in Zurich, it is currently under commissioning. A first set of reflector foil samples was produced and a preselection has been performed using a fluorescence spectrometer at the MPIK in Heidelberg. These foils will be tested in our LAr cell together with the PMT planned for use in GERDA.

[1] E. Majorana,

Il Nuovo Cimento B 14, 171-184 (1937). [2] H.V. Klapdor-Kleingrothaus et al. , Phys. Lett. B 586, 198-212 (2004).

11

XENON1T

XENON1T will use about 2.4 tons of LXe in total with 1 ton in the fiducial volume. The xenon tank will be surrounded by a cylindrical 9.6 m× 10 m water Cherenkov shield to reduce the muon induced neutron background to negligible levels. The raw background rate will be 1 × 10^{− 4} events/(keV kg day), hundred times below the one of XENON100 [9] and the sensitivity to the WIMPnucleon cross section will be pushed to 10^{− 47} cm^2 .

The XENON1T technical design report was submitted to LNGS in 2010 and in 2011 the project was approved to be installed in Hall B. The design is presently being finalized and construction is expected to start this year.

Our group is responsible for data acquisition and electronics, material screening, design and manufacturing of the inner detector structure, the photosensor calibration system and the tests of new, low-radioactive photomultiplier tubes (PMTs). We are also conducting Monte Carlo simulations targeted at the optimization of the detector design by minimizing the backgrounds from the intrinsic radioactivity of the components, and by improving the light collection efficiency and the vertex resolution. Together with Hamamatsu, the collaboration has developed a new 3-inch low-radioactivity PMT, R11410. Four units are currently being tested in our laboratory for their performance at room and liquid xenon temperatures. Figure 4.4 shows the stability of the gain for one unit over two months of operation in liquid xenon.

Fig. 4.4 – The gain of one R11410 PMT at liquid xenon temperature measured during two months. The blue lines represent ± 2 % variation.

Material screening

To screen and select materials for XENON1T, we employ the following techniques:

- Inductively Coupled Plasma Mass Spectrometry (ICP-MS), available at LNGS with a sensitivity down to a few tens of μBq/kg for^{238} U, 232 Th and^{40} K,

- Neutron Activation Analysis (NAA), available at the Paul Scherrer Institute and at the Johannes Gutenberg University Mainz, with a similar sensitivity as the ICP-MS for the same isotopes,

- High Purity Germanium (HPGe) gamma spectrometers, available both at LNGS (with a sensitivity down to tens of μBq/kg for^{226} Ra, 228 Ra,^{228} Th and^{60} Co) and at the Max Plank Institut für Kernphysik (MPIK) (with a sensitivity of ∼ 1mBq/kg for^{226} Ra,^{228} Ra,^{228} Th and^{60} Co),

-^{222} Rn emanation essaying with ultra-low background proportional counters, available at the MPIK Heidelberg.

Our group operates the Gator facility [10] at LNGS, and has access to the ICP-MS and NAA techniques. These are complementary to gamma-ray spectroscopy as they detect the early parts of the 238 U and^{232} Th chains. Gator contains at its core an ultra-low background, 2.2 kg HPGe detector with a relative efficiency of 100.5%, and a measured energy resolution of ∼ 3 keV FWHM at 1332 keV. It was extensively used to screen and select materials for XENON100 [3]. A selection of results for XENON1T materials is shown in Table 4.1. Titanium is considered as a material for the cryostat, while torlon is planned to be used inside the TPC, in a small amount. The R11410-10 PMT, with a quantum efficiency of > 35 % at the 178 nm LXe scintillation light wavelength, will be used for the light sensor arrays.

14

Tab. 4.1 – Results from the radioactivity screening of the XENON1T samples.

Material Technique isotope Unit

238 U^{226} Ra^{228} Ra^{228} Th^{40} K^{60} Co Ti grade 1 HPGe 30(10) 1.2(4) < 1.1 < 0.71 < 2.8 < 0.17 mBq/kg Ti grade 4 HPGe < 42 < 1.2 2.1(6) 9(1) < 4.9 < 0.29 mBq/kg Ti grade 2 HPGe 40(10) < 0.81 1.9(6) 3.1(3) < 2.9 < 0.25 mBq/kg Ti grade 1 NAA < 650 – < 110 – – – mBq/kg Ti grade 1 ICP-MS 25(4) – < 8.1 – < 1600 – mBq/kg R11410-10^a HPGe < 18 < 1.4 < 2.9 < 2.0 17(3) 4.3(4) mBq/PMT Torlon HPGe < 33 < 2.6 < 5.5 3(1) < 26 < 11 mBq/kg Torlon ICP-MS 4.9(4) – 0.49(4) – 11.5(1) – mBq/kg

a 3” PMT

[1] G. Bertone, D. Hooper, J. Silk,

Phys. Rep. 405, 279 (2005). [2] B.W. Lee and S. Weinberg,

Phys. Rev. Lett. 39, 165 (1977). [3] E. Aprile et al. ,

Astropart. Phys. 35 , 43 (2011). [4] E. Aprile et al. , (XENON100),

Astropart. Phys. 35, 573 (2012). [5] E. Aprile et al. , (XENON100),

Phys. Rev. Lett. 107, 131302 (2011). [6] D. Tucker-Smith and N. Weiner,

Phys. Rev. D 72, 063509 (2005). [7] E. Aprile et al. , (XENON100),

Phys. Rev. D 84, 061101 (2011). [8] C. Savage, G. Gelmini, P. Gondolo and

K. Freese, JCAP 04, 010 (2009). [9] E. Aprile et al. , (XENON100),

Phys. Rev. D83, 082001 (2011). [10] L. Baudis et al. , JINST 6, P08010 (2011). [11] L. Baudis et al. , JINST 6 (2011) P08010.

15

5 DARWIN: dark matter WIMP search with noble liquids

L. Baudis, A. Behrens, A. Ferella, A. Kish, A. Manalaysay, T. Marrodán Undagoitia, M. Schumann, M. Walter

in collaboration with: ETHZ, INFN, University of Münster, Subatech, Weizmann Institute, University of Mainz, MPIK Heidelberg, Rice University, University of Bologna, Nikhef, Karlsruhe University, Columbia, UCLA, Princeton

(DARWIN Consortium)

Astrophysical observations show that 83% of gravitating matter in our universe is non-luminous and non-baryonic. The dark matter might be in the form of neutral, weakly interacting, stable or longlived elementary particles, so-called WIMPs , which have eluded direct observation so far. Produced in the early universe, WIMPs would naturally lead to the observed dark matter abundance [1] and are predicted to exist in extensions to the Standard Model of particle physics [2]. Galactic WIMPs may be detected via scatters off atomic nuclei in deep underground experiments [3]. Since expected signal rates are below one interaction per kilogram of target material and year and momentum transfers are around 10 - 100 MeV [4, 5], large detector masses, low energy thresholds and ultra-low backgrounds are essential experimental requirements to directly observe these hypothetical particles.

Experiments using xenon [6–9] and argon [10] as a homogeneous detection medium in a time projection chamber have reached sensitivities of ∼ 10^{− 44} cm^2 for the spin-independent scattering cross section on nucleons. While a factor of five improvement is predicted with data already in hand [8], ton-scale experiments under commissioning [11] or construction [12] will likely probe the region down to ∼ 5× 10^{− 47} cm^2 . Notwithstanding this remarkable leap in sensitivity, and assuming local density and velocity distributions inferred from astronomical observations, significantly larger detectors are requisite to determine WIMP properties, such as its mass, scattering cross section and possibly spin [13]. To proof the dark matter interpretation of a signal, a measurement of the interaction rate with different target materials is compulsory.

Technologies

The DARWIN study [14–16] is focused on a multiton liquid argon and/or xenon experiment rooted in the noble liquid time projection chamber (TPC) technique. The TPCs will record the prompt scintillation light^3 created when a particle interacts in the active detector volume along with the few liberated electrons after drifting in a strong electric field^4 towards the vapor phase residing above the liquid. The prompt light signal will be observed by an array of photosensors immersed in the liquid, the electrons will be detected either directly, or indirectly via proportional scintillation in the gas phase with a second array of photosensors. The time difference between the prompt and delayed signals is determined by the z-position of the primary interaction, the spatial coordinates of the delayed signal reveal its x − y-position. The relative size of the charge and light signals, as well as their time structure will be used to distinguish nuclear recoils, as expected from WIMP scatters, from electronic recoils, which make the majority of the events. The spatial resolution allows to select an inner, low-background region and to reject fast neutrons, which – in contrast to WIMPs – tend to scatter more than once^5 .

3 Photon emission from the decay of exited dimers to their dissociative ground state peaks around 128 nm and 178 nm in liquid argon and xenon, respectively [25].

4 Typical drift fields are 0.5–1 kV/cm, with electron velocities around ∼ 2 mm/ μs [25]. 5 The mean free path of ∼ MeV neutrons is in the range of tens of cm.

16

DARWIN will immensely benefit from the research and development, and from the construction and operation experience gained with XENON10 [17], XENON100 [18], XENON1T [12], WARP [10], ArDM [11], DarkSide [19], and much of the ongoing work is carried out within the framework of these projects. Here we mention a few studies only, some of these are specific to DARWIN . Other work deals with the cryogenic, gas purification, circulation, storage and recovery systems; with the external water Cerenkov shield and its potential extension with a liquid scintillator (depending on the depth of the underground laboratory – the Gran Sasso Laboratory and the Modane extension are under consideration); with material screening, selection and radon emanation measurements; with high-voltage systems, electrodes and field uniformity simulations; with low-noise, low-power electronics, cables and connectors, trigger schemes, data acquisition and treatment; with Monte Carlo simulations of the expected background noise, of the light collection efficiency and position reconstruction capability; with the design of the time projection chamber, of the cryostat and of the calibration system.

- Light and charge response: the light and charge yields of noble liquids when exposed to low-energy nuclear recoils (from neutron or potential dark matter interactions) or electronic recoils (from γ- and β-interactions) are studied by several groups participating in DARWIN . A new measurement of the relative scintillation efficiency L_{eff} in liquid xenon [20] shows an L_{eff} behavior which is slowly decreasing with energy, with a nonzero value at 3 keV nuclear recoil energy, the lowest measured point. A similar measurement is ongoing for liquid argon [21]. A measurement of the liquid xenon scintillation efficiency for electronic recoils down to 2.3 keV is in progress [22]. A preliminary data analysis indicates that the scintillation yield falls with decreasing energy, as predicted by models of scintillation mechanisms in noble liquids [23]. Nonetheless, the scintillation response at 2.3 keV is observed to be non-zero, confirming that liquid xenon experiments will have a finite sensitivity at such low interaction energies. Measurements of the charge yields of LAr and LXe within the same energy regime are being planned.

- Signal readout: the prompt scintillation light is to be observed either with conventional photomultiplier tubes (PMTs) which are low in radioactivity [24] and built to withstand low temperatures and high pressures^6 or with a new, hybrid photodetector (QUPID [26]) , which has an extremely low radioactivity content (< 1 mBq/sensor for U/Th/K/Co) [24] and works both in liquid argon and xenon. The delayed signal can be observed directly, using detectors with single electron sensitivity and high spatial granularity (large electron multipliers [27]), or CMOS pixel detectors coupled to electron multipliers (Grid- Pix [28]), or via proportional scintillation in the gas phase, using gaseous photomultipliers without dead zones ( GPMs [29]), PMTs or QUPIDs .

Backgrounds and physics reach

DARWIN will be an “ultimate” argon and/or xenon dark matter experiment, before the solar and atmospheric neutrinos become the main, possibly irreducible background. It will directly probe WIMP - nucleon cross sections down to ∼ 10^{− 48} cm^2 . These cross sections are compatible with recent LHC results, should the dark matter particle turn out to be the neutralino [30–32]. The external background from gammas, muons and neutrons and the background from detector construction materials will be diminished to negligible levels by external shields, the self-shielding of the noble liquids^7 , and the choice of fiducial volumes^8 . More problematic are intrinsic backgrounds from^{85} Kr and^{222} Rn decays in xenon and from^{39} Ar decays in argon. In xenon, the natural krypton concentration is to be reduced 6 One example is the Hamamatsu R11410/R11065 3”-tube for LXe/LAr, currently tested for its performance, longterm stability and radioactivity levels at several DARWIN institutions.

7 The mean free path of 3 MeV gammas is ∼ 9 cm and ∼ 20 cm in liquid xenon and argon, respectively. 8 The final choice of the size and target materials are part of the outcome of the study, a baseline scenario is 20 t (10 t) total (fiducial) LAr/LXe mass.

17

Fig. 5.1 – Expected nuclear recoil spectrum from WIMP scatters in LXe for a spin-independent WIMP-nucleon cross section of 10^{− 47} cm^2 (solid) and 10^{− 48} cm^2 (dashed) and a WIMP mass of 100 GeV/c^2 (using the standard halo model as in [13]), along with the differential energy spectrum for pp (blue) and^7 Be (red) neutrinos, and the electron recoil spectrum from the double beta decay of^{136} Xe (green), assuming the natural abundance of 8.9% and the recently measured half life of 2.1× 10^{21} yr [34]. Other assumptions are: 99.5% discrimination of electronic recoils, 50% acceptance of nuclear recoils, 80% flat analysis cuts acceptance.

]^2

WIMP Mass [GeV/c

7 8 910 20 30 40 50 60 100 200 300 400 1000

]^2

WIMP-Nucleon Cross Section [cm

-48 10

-47 10

-46 10

-45 10

-44 10

-43 10

-42 10

-41 10

XENON100 (2011)

CDMS-II (2010)

DARWIN (goal)

XENON1T (goal)

XENON100 (goal) DarkSide-50 (goal)

Fowlie et al.

Buchmueller et al.

Strege et al.

Fig. 5.2 – DARWIN’s sensitivity goal for spinindependent WIMP nucleon cross sections, existing limits from XENON100 [8] and CDMS-II [35], future goals and updated theoretical predictions from supersymmetry (closed contours and shaded regions) [30–32].

by cryogenic distillation to < 1 ppt and the radon level in the liquid is to be kept < 1 μBq/kg. Argon gas that is extracted from deep underground wells is depleted in the radioactive^{39} Ar [33]. Still, a background rejection by pulse-shape analysis of > 10^8 is required in the case of a liquid argon detector [14, 15]. Figure 5.1 shows the expected nuclear recoil spectrum from WIMP scatters in xenon together with the background from neutrino-electron elastic scatters of solar neutrinos and from the double beta decay of^{136} Xe.

In Fig. 5.2 we show the aimed sensitivity of DAR- WIN , along with existing best upper limits on the WIMP-nucleon cross section, projections for the future and theoretically predicted regions from supersymmetric models.

DARWIN , which was endorsed in recent updates to the European and Swiss roadmaps for astroparticle and particle physics [36, 37], has officially started in 2010. A rough time schedule is the following: a technical design study is to be ready in spring 2013, leading to a letter of intent and engineering studies towards the proposal of a concrete facility in spring 2014, and a technical design report for detector construction by the end of 2014. The shield and detector construction phase is to start in 2015, commissioning in late 2016 with the start of the first physics run by mid 2017.

[1] B. W. Lee and S. W. Weinberg,

Phys. Rev. Lett. 39 , 165 (1977). [2] J. Feng,

Ann. Rev. Astron. Astrophys. 48 , 495 (2010). [3] M. W. Goodman and E. Witten,

Phys. Rev. D 31 , 3059 (1985). [4] G. Jungmann, M. Kamionkowski, K. Griest, Phys. Rep. 267 , 195 (1996).

[5] J. D. Lewin and P. F. Smith,

Astrop. Phys. 6, 87 (1996). [6] J. Angle et al. (XENON10 Collaboration ), Phys. Rev. Lett. 100 , 021303 (2008).

[7] E. Aprile et al.

(XENON Collaboration ), Phys. Rev. Lett. 105 ,

18

131302 (2010). [8] E. Aprile et al.

(XENON Collaboration ), Phys. Rev. Lett. 107 , 131302 (2011) [9] V. N. Lebedenko et al. (ZEPLIN-III Collaboration ), Phys. Rev. D 80 , 052010, (2009); V. N. Lebedenko et al. , Phys. Rev. Lett. 103 , 151302, (2009); D.Yu Akimov et al. , arXiv:1110.4769 (2011).

[10] R. Brunetti et al. (WARP Collaboration ), Astropart. Phys. 28 , 495 (2008).

[11] A. Rubbia et al. (ArDM Collaboration ), J. Phys. Conf. Ser. 39 , 129 (2006).

[12] E. Aprile et al. (XENON Collaboration ), XENON1T at LNGS, Proposal , April (2010) and Technical Design Report , October (2010).

[13] M. Pato, L. Baudis, G. Bertone, R.

R. de Austri, L. E. Strigari and R. Trotta, Phys. Rev. D 83 , 083505 (2011).

[14] L. Baudis (DARWIN Consortium) ,

PoS(IDM2010)122 (2010), arXiv:1012.4764v1 [astro-ph.IM].

[15] M. Schumann (DARWIN Consortium) , arXiv:1111.6251v1 [astro-ph.IM].

[16] http://darwin.physik.uzh.ch [17] E. Aprile et al.

(XENON10 Collaboration ), Astroparticle Physics 34 , 679-698 (2011).

[18] E. Aprile et al. (XENON Collaboration ), arXiv:1107.2155v1 [astro-ph.IM].

[19] A. Wright (DarkSide),

arXiv:1109.2979 (2011). [20] G. Plante et al. ,

Phys. Rev. C 84 , 045805 (2011).

[21] C. Regenfus,

talk presented at TAUP2011 (2011). [22] A. Manalaysay,

talk presented at TAUP2011 (2011). [23] M. Szydagis et al. , JINST 6 P10002 (2011). [24] E. Aprile et al. (XENON Collaboration ), Astropart. Phys. 35 , 43 (2011).

[25] E. Aprile, A.E. Bolotnikov, A.I. Bolozdynya, and T. Doke, Noble Gas Detectors, WILEY-VCH (2006).

[26] A. Teymourian, D. Aharoni, L. Baudis, P. Beltrame et al. , Nucl. Instr. Meth. A A 654 , 184 (2011).

[27] A. Badertscher et al,

Nucl. Instr. Meth. A 641 , 48 (2011). [28] V. Blanco Carballo et al. ,

JINST 5, P02002 (2010). [29] S. Duval et al. , arXiv:1110.6053 (2011). [30] A. Fowlie, A. Kalinowski, M. Kazana, L.

Roszkowski, Y.-L. Sming Tsai, arXiv:1111.6098v1 [hep-ph].

[31] O. Buchmueller, et al. , arXiv:1110.3568v1 [hep-ph], arXiv:1112.3564v1 [hep-ph].

[32] C. Strege, G. Bertone, D. G. Cerdeno, M.

Fornasa, R. Ruiz de Austri, R. Trotta, arXiv:1112.4192v1 [hep-ph].

[33] D. M. Mei, Z. B. Yin, J. Spaans, M. Koppang, et al. , Phys. Rev. C 81 , 055802 (2010).

[34] N. Ackerman et al. ,

Phys Rev Lett. 107 , 212501 (2011). [35] Z. Ahmed et al. , Science, 1186112 (2010). [36] www.aspera-eu.org/images/stories/roadmap /SAC-Roadmap-Nov-1-2011-final.pdf [37] www.chipp.ch/documents/roadmap.pdf

19

CTA 6 Very High Energy Gamma Ray Astronomy with CTA

D. Florin, A. Gadola, R. Gredig, B. Huber, A. Manalaysay, S. Steiner, U. Straumann, A. Vollhardt

in collaboration with: ETH Zürich, Jagiellonian University Cracow, MPI für Kernphysik Heidelberg, University of Leeds, Universität Tübingen.

The full CTA collaboration consists of 115 institutes from 23 countries.

(CTA)

The Cherenkov Telescope Array (CTA) is a planned next generation array of Imaging Atmospheric Cherenkov Telescopes (IACTs), and is the successor to the current generation of IACTs including MAGIC [1], H.E.S.S [2], and VERITAS [3]. These telescopes are used to detect Very High Energy (VHE) gamma ray photons, in the range of tens of GeV to tens of TeV, emitted from exotic (i.e. non-thermal) astrophysical sources such as quasars, supernovae and their remnants, gammaray bursts, and dark matter annihilations. See our contribution to the previous annual report for further details on the motivation for CTA.

Active Mirror Control

Current and future imaging air Cherenkov telescopes use large primary mirrors that are composed of multiple mirror “facets” pieced together to form a much larger mirror. This design facilitates an easier construction of the primary mirror to high optical tolerances, compared with a single large mirror. Each mirror facet is attached to the telescope structure at three fixation points. Between the telescope structure and each fixation point is a rod of adjustable length. Varying the length of individual rods on a single mirror facet allows the orientation of the facet to be fine-tuned.

We have developed a system of wirelessly controlled mechanical actuators that attach to the mirror fixation points that allow the facet orientations to be adjusted remotely, as part of an Active Mirror Control (AMC) system. A fixed rod is attached to one of the three fixation points, while movable actu-

Fig. 6.1 –

Two UZH AMC actuators mounted on the prototype telescope quarter dish in DESY Zeuthen.

ators are attached to the other two fixation points. Prototype models of the actuators were produced in the middle of 2009 and have been under continuous outdoor tests since then, completing so far nearly three million full cycles of extension and retraction.

The Medium-size Telescopes (MST) planned for CTA will be constructed after a series of two prototype structures. The first prototype is a quarter section of the full telescope, for which construction has already begun at DESY Zeuthen, in Germany. The quarter dish is outfitted with “dummy” mirrors (to simulate the size and mass of the real mirror facets), two of which are attached via UZH actuators. Figure 6.1 shows two of the UZH actuators attached to the quarter dish and powered in Zeuthen, assembled in June of 2011.

A full MST prototype will be constructed in Berlin in late of 2012. For the purpose of this proto-

20

Fig. 6.2 –

AMCs during mass production at UZH, to be used in the full Medium-size Telescope CTA prototype.

type, we have mass-produced 200 AMC actuators. Figure 6.2 shows a sample of these devices during assembly at UZH. Along with the actuators, the rotatable gimbals that fix the actuator to the telescope frame, and the power cables and power distribution system have been produced.

FlashCam

FlashCam is a proposed possible camera design for CTA that focuses on using a fully digital data and trigger pathway. It differs from more traditional

Fig. 6.3 – Prototype of a section of the full Flash- Cam mechanics.

IACT camera designs in that data is digitized continuously, as opposed to having first an analog trigger pipeline that is then used to decide when to digitize the stored analog data. Traditional techniques typically feature an effective sampling rate of around 2 GS/s. However, creating a continuously digitized 2 GS/s pathway is prohibitive both in terms of cost and power consumption for an array of cameras that each consist of thousands of channels. Interestingly, our collaborators at the Max Plank Institute for Nuclear Physics (MPI-K) in Heidelberg, Germany have shown that adequate instrumental and timing resolution can be achieved by using a system that samples at a rate of 250 MS/s. A telescope array of such digitizers is feasible, and is currently being prototyped.

A prototype model is being constructed at UZH that includes the full electronics chain of the real camera, with only twelve pixels. Figure 6.3 shows the mechanical structure of the prototype with two sets of dummy boards and one set of production electronics. Two boards are used in this case; the first board, closest to the photomultiplier tubes (PMTs), contains the high voltage divider and signal preamp. The second board contains the high voltage generation and slow control devices. Figure 6.4 shows the assembled twelve-pixel group from the front, with production PMTs from Hamamatsu Photonics specially designed for CTA. This device allows each PMT to be tested separately.

Fig. 6.4 – Assembled twelve-pixel group of the FlashCam photon detection plane.

21

CTA

Fig. 6.5 – Schematic of the test setup used for measuring the optical properties of the solid light concentrators used in the G-APD camera.

Solid Light Concentrators

Individual pixels of IACT cameras are in general equipped with special light concentrators that focus incident light onto the entrance area of the photosensors. With the aid of light concentrators, the sensitive area per pixel is increased and a nearly borderless full coverage of the full camera area is achieved.

In conjunction with the FACT group at the ETH- Zurich, our group has contributed extensively to

Fig. 6.6 – Installed solid light cones with G-APDs

optically glued to the exit aperture of the cones.

the development of parabolic solid light concentrators made from injection-molded polymethyl methacrylate, and to the assembly of the FACT optical front plane. The light concentration is based on total internal reflection. The exit area is tailored to the sensitive area of commercial 3× 3 mm^2 Geiger-mode avalanche photodiodes (G- APDs). The design and fabrication of these devices has gone through three production iterations, starting from machined Plexiglas to the final injection molded pieces mentioned above. A test setup (Fig. 6.5) has been produced at UZH to measure the optical properties of each prototype design, including transmission efficiency and angular acceptance roll-off. Additionally, the performance of the optical coupling between light concentrator and G- APD has been extensively studied with this setup. The full set of final light cones have been produced and assembled into the optical front plane of FACT, seen in Figure 6.6, which is now in operation.

[1] J. A. Coarasa et al. (MAGIC Collaboration), J. Phys. Soc. Jap. Suppl 77B , 49 (2008).

[2] B. Opitz et al. (HESS Collaboration), AIP Conf. Proc. 1223 140 (2010).

[3] D. Hanna et al. (VERITAS Collaboration), J. Phys. Conf. Ser. 203 012118 (2010).

22

7 Testing lepton universality: the π → eν / π → μν branching ratio

P. Robmann, A. van der Schaaf and P. Truöl

in collaboration with: University of Virginia, Charlottesville, USA; Institute for Nuclear Studies, Swierk, Poland; JINR, Dubna, Russia; PSI, Villigen, Switzerland and Rudjer Bošković Intitute, Zagreb, Croatia

(PEN Collaboration)

The measured value of the π → eν / π → μν branching ratio ( 1.2312(37) × 10^{− 4} [1]), even if 20 years old by now, still gives the best constraint on deviations from the SM assumption of a universal (flavour independent) coupling of W bosons to leptons. Two new experiments [2] are underway which aim at improvements in accuracy by almost one order of magnitude.

Precision measurements of this kind require great care in proper handling of systematic errors. Precise knowledge of the probability density functions (pdf’s) of the various observables entering the likelihood analysis has to be based primarily on the measured data with minimal support by simulation in regions where processes can’t be isolated sufficiently well. Of particular importance in this respect is the low-energy tail of the π → eν positron energy pdf.

Detection efficiencies depend slightly on positron energy, mainly since the mean energy deposited in the MWPC tracking detectors rises with energy in combination with the fixed thresholds of the readout electronics.

Pion beam

PEN took data during the years 2008 – 2010 at the πE1 beam line at PSI and has been working on the analysis ever since [3]. Charged particles produced in the E target by 590 MeV protons are transported to the experimental area by a series of quadrupole and dipole magnets. The beam line can be thought of as two magnetic spectrometers in a row followed by a focusing magnet triplet. The first spectrometer directs particles in the selected momentum band to a 2 mm thick carbon degrader.

AT PMT vac.

MWPC1

MWPC2

PH

wAD BC

CsI pure

π + beam

10 cm

PEN Detector 2008

wAD

(x10)

3.59 m

Fig. 7.1 – PEN as used in the year 2008. The pion beam is focused on beam counter BC and then again 3.59 m further downstream on the active degrader wAD (see inset) which consists of two pairs of wedge-shaped plastic scintillators for a rough position measurement. Decay e^+ ’s emitted from the active target AT are detected in a 240 element 3π Sr CsI calorimeter preceded by two MWPCs and a plastic hodoscope P H consisting of twenty slabs.

Heavier particles lose more momentum than lighter particles so in the focal plane of the second spectrometer the beam is split up depending on the particle mass and with the help of a collimator pions are separated from muons and positrons.

Figure 7.1 shows a cross-section through the PEN setup as used in 2008. For the chosen beam momentum around 75 MeV/c the pions stop 8 ± 1 mm deep inside the active target AT . All beam counters are read out both with highperformance (2 GHz bandwidth and sampling frequency) waveform digitizers and with long-range multi-hit TDC’s which are useful to find extra beam signals in the preceding few μs which give an enhanced probability for accidental coincidences.

23

PEN

Fig. 7.2 – Distribution of energy

loss in the first beam counter ( BC ) versus time delay between BC and the degrader/tracker ( wAD ) situated 3.59 m downstream.

time delay between BC and AD [ns]

12 14 16 18 20 22 24 26 28

BC energy [MeV]

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 Entries 6775108

310

410

e^+ μ^+ π^+

With the help of BC and wAD remaining beam contaminations can be removed (see Fig. 7.2)^9 .

Pions are not only well separated from remaining positrons and muons but the pion velocity (and thus its energy) at the wAD entrance can be determined for each individual event. The trigger for data readout required a delay of 22 – 26 ns characteristic for pions. In order to show all beam contaminations events were selected with at least one additional beam particle. The observed tails in the pion distribution (cut by the trigger) result from pion decay shortly before wAD (see discussion below). Note that ( i) larger π or μ energy loss gives slower particles, ( ii ) pions move with half the speed of light and ( iii ) about half of the π’s reaching BC decay before reaching wAD .

Pion reactions

In the past year the emphasis has shifted from merely isolating the two signal processes to understanding all recorded events. About one third of the data are explained by pion reactions in the target which result mostly in the prompt emission of protons and deuterons with relatively high energies. These events are easily recognized (see Fig. 7.3) and very few enter the final samples.

Fig. 7.3 – Distributions of dE/dx

versus E of prompt processes for the twenty individual P H plastic scintillators. The energy loss has been corrected to result in “horizontal” distributions for protons (the dominant contribution). The correction factor is equal to 1 at 100 MeV kinetic energy. Note at larger dE/dx the deuteron bands and at the low end the μ → eνν and π → eν positrons.

60 80 100 120 corrected dE/dx [MeV/cm]

2 4 6 8

Entries 257343

60 80 100 120 2 4 6 8

Entries 263674

60 80 100 120 2 4 6 8

Entries 249493

60 80 100 120 2 4 6 8

Entries 266117

60 80 100 120 2 4 6 8

Entries 252832

60 80 100 120 corrected dE/dx [MeV/cm]

2 4 6 8

Entries 243382

60 80 100 120 2 4 6 8

Entries 248172

60 80 100 120 2 4 6 8

Entries 236403

60 80 100 120 2 4 6 8

Entries 250038

60 80 100 120 2 4 6 8

Entries 225461

60 80 100 120 corrected dE/dx [MeV/cm]

2 4 6 8

Entries 263121

60 80 100 120 2 4 6 8

Entries 264956

60 80 100 120 2 4 6 8

Entries 244296

60 80 100 120 2 4 6 8

Entries 262920

60 80 100 120 2 4 6 8

Entries 267653

CsI energy [MeV]

60 80 100 120 2 4 6 8

Entries 260345 1 10 210 310

CsI energy [MeV]

60 80 100 120 2 4 6 8

Entries 264378

CsI energy [MeV]

60 80 100 120 2 4 6 8

Entries 242860

CsI energy [MeV]

60 80 100 120 2 4 6 8

Entries 268951

CsI energy [MeV]

60 80 100 120 2 4 6 8

Entries 237505

9 results presented in this report are from the full 2008 data set only

24

Physik-Institut der Universität Zürich | Annual Report 2011/12

[mm] ez 4 6 8 10 12 14 16

[mm] π 3-peak waveforms z

4

6

8

10

12

14

Entries 2.314073e+07

Entries 2.314073e+07measurement

[mm] ez 4 6 8 10 12 14 16

[mm] πz

4

6

8

10

12

14

Entries 700571

Entries 700571GEANT Michel at rest

[mm] ez 4 6 8 10 12 14 16

[mm] πz

4

6

8

10

12

14

Entries 0

GEANT Michel in flight

[mm] ez 4 6 8 10 12 14 16

[mm] π 2-peak waveforms z

4

6

8

10

12

14

Entries 998006

Entries 998006 [mm]ez

0 2 4 6 8 10 12 14 16 18

[mm] πz

4

6

8

10

12

14

Entries 36207

Entries 36207 [mm]ez

4 6 8 10 12 14 16

[mm] πz

4

6

8

10

12

14

Entries 2026

[mm] ez 4 6 8 10 12 14 16

target energy balance [MeV]

-8 -6 -4 -2 0 2 4 6 8

Entries 8666654

Entries 8666654 [mm]ez

4 6 8 10 12 14 16

target energy balance [MeV]

-8 -6 -4 -2 0 2 4 6 8

Entries 196615

Entries 196615 [mm]ez

4 6 8 10 12 14 16

target energy balance [MeV]

-8 -6 -4 -2 0 2 4 6 8

Entries 969

Fig. 7.4 – Evidence for π → μν decay shortly before the pion would have come to rest. Measured distributions (left) for e^+ final states between 30 and 50 MeV are compared with the corresponding results for simulated π − μ − e sequences (Michel events). The latter are separated in two groups depending on the μ^+ energy at decay (known to the SIMULATOR). Events with muons decaying at rest are shown in the middle, decays in flight in the right panels. The top two rows show events with well separated signals in the target waveform, either three (typical for π − μ − e) or just two (as expected for decay in flight). The bottom row shows all events. z_e : starting position coordinate of the e^+ along the beam line (from MWPCs). z_π : final position coordinate of the π^+ along the beam line (from π^+ energy deposited in the target). The target energy balance is the total target energy minus the predicted energies of π^+ and e^+ . See the text for further explanations.

Pion decay before stopping

Much more problematic are events in which the pion decays shortly before it would have stopped. Such processes can not always be distinguished, in particular when the pion energy at decay time approaches zero, and are thus included in the likelihood analysis. It takes O(0.1) ns for a pion to stop in the active target so a few permille of them decay before stopping. When the resulting muon stops in the target the event may become a π → μν candidate but no π → eν. As illustrated in Fig. 7.4 such events show two peaks rather than three in the target waveform and also exhibit a characteristic tail in the distribution of the target energy balance versus decay location along the beam line. The target energy balance is the observed total target energy corrected for the contributions expected for the incoming pion and the outgoing positron. The energy deposited by the pion can be predicted event by event based on the observed pion velocity over the final 3.59 m and the energy loss observed in the preceding beam tracker wAD . The expected positron signal is based on the path length in the target deduced from the positron trajectory. For π → eν the energy balance peaks at zero, for π − μ − e it peaks at the 4 MeV muon energy. With the help of the simulation π → μν in flight can be accounted for with minimal systematic uncertainties.

As shown in Fig. 7.5 π → eν in flight was observed too which came as a surprise since we hadn’t given it much thought. The process has a weird distribution in the two main observables since energy is Doppler broadened and decaytime is quasi-prompt.

Conclusions

In conclusion we can say that progress has been slow but steady. As so often many complications were “forgotten” in the proposal but so far no real show stopper has been found.

Unfortunately for PEN two key collaborators from Virginia have finished their PhD projects [4, 5] and will move on to post-doc positions elsewhere. This means that the load on the few remaining workers

25

PEN

[mm] ez -5 0 5 10 15

target energy balance [MeV]

-12 -10 -8 -6 -4 -2 0 2 4 6

Entries 8719680

30 - 50 MeV

[mm] ez -5 0 5 10 15

target energy balance [MeV]

-12 -10 -8 -6 -4 -2 0 2 4 6

Entries 83060

above 55 MeV, prompt

CsI energy [MeV]

0 10 20 30 40 50 60 70 80 90

)θ cos(

-0.6

-0.4

-0.2 0 0.2 0.4 0.6

Entries 16092

prompt, not from target

Fig. 7.5 – Evidence for π → eν decay in flight. The left panel shows the π → μν distribution from Fig. 7.4 for comparison. The energy offset has been corrected in this figure. π → eν in flight requires no stopping material and may thus lead to decay vertices in front of the target without any target signal (horizontal band around -10 MeV in the middle panel populated by events without the expected ≈ 10 MeV pion signal). The right panel shows a clean signal of such events for which the e^+ energy shows a dependence on polar emission angle θ characteristic for Lorentz broadening. Additional, mostly forward contributions are from scattered beam (below 20 MeV) and decays of μ^+ stops in the degrader system. The energy region below 50 MeV was pre-scaled 1:64 in the trigger for data readout.

will increase even further. In this respect we are extremely happy to mention the bachelor work of Raphael Nydegger who optimized the reconstruction routines of the mini TPC used as beam tracker after 2008 and managed to improve the position resolution by a factor 2.

[1] G. Czapek et al. , Phys. Rev. Lett. 70 (1993)

17; D. I. Britton et al. , Phys. Rev. Lett. 68 (1992) 3000.

[2] PEN Collaboration, PSI experiment R-05-01

(2005), D. Pocanic and A. van der Schaaf, spokespersons; PIENU Collaboration, TRI- UMF proposal 1072 (2006), D. Bryman and T. Numao, spokespersons.

[3] see previous annual reports for details:

www.physik.uzh.ch/reports.shtml [4] Anthony Palladino Jr.,

Investigating Lepton Universality via a Measurement of the Positronic Pion Decay Branching Ratio , PhD Dissertation (2012), The University of Virginia. http://pen.phys.virginia.edu/ references/palladino_dissertation.pdf [5] Loreto Peter Alonzi III,

Measuring the Pion Substructure with Radiative Positronic Pion Decays , PhD Dissertation (2012), The University of Virginia. http://pen.phys.virginia.edu/ references/alonzi_dissertation.pdf

26

Physik-Institut der Universität Zürich | Annual Report 2011/12

8 Study of Coulomb-bound πK pairs

C. Amsler, A. Benelli, and J. Rochet

in collaboration with: CERN, Czech Technical University, Institute of Physics and Nuclear Physics Institute ASCR (Czech Republic), Laboratori Nazionali di Frascati, Messina University, Trieste University, KEK, Kyoto Sangyo University, Tokyo Metropolitan University, IFIN-HH (Bucharest), JINR (Dubna), Skobeltsin Institute for Nuclear Physics (Moscow), IHEP (Protvino), Santiago de Compostela University, Bern University.

(DIRAC Collaboration)

In 2007 we have observed for the first time electromagnetically bound π^∓ K^± -pairs ( π^∓ K^± -atoms) [1, 2]. The π^+ K^− -atom is unstable and decays through the strong force into π^0 K̄^0 (while π^− K^+ - atoms decay into π^0 K^0 ). The mean life τ, which we intend to measure, is related to the S-wave πK - scattering lengths a_1 and a_3 in the isospin 1/2 and 3/2 states, respectively. The πK -scattering length is of interest to test chiral perturbation theories extended to the s-quark. From the 2007 data sample we reported the observation of 173 ± 54 πK -pairs [1, 2]. This result led to a lower limit for the mean life of πK -atoms of 0.8 fs in the 1s-state, which could be translated into an upper limit of the difference in scattering lengths |a_1 − a_3 | < 0.58 m^{− 1}_π .

The DIRAC experiment was initially designed to study π^+ π^− -atoms. Final results for π^+ π^− have been published recently [3]. From a sample of 21’227 π^+ π^− atomic pairs the difference in the isospin 0 and 2 scattering lengths could be measured with a 4% accuracy, |a_0 − a_2 | = 0.2533 ± 0.0109 m^{− 1}_π . The corresponding mean life is 3.15 ± 0.28 fs. An overview of the DIRAC experiment can be found in ref. [4].

A sketch of the DIRAC spectrometer to collect πK (and also more ππ ) data is shown in Fig. 8.1. Details can be found in previous annual reports and also in ref. [5]. The 24 GeV/c proton beam from the CERN-PS passes through a thin (100 μm) Nitarget. The secondary particles traverse a scintillation fiber detector (SFD) and a ionization hodoscope (IH) with which the opening angle between pairs of secondaries can be measured. The pions and kaons are analyzed in a double-arm magnetic

Fig. 8.1 – Sketch of the upgraded DIRAC-II spectrometer, showing the locations of the Čerenkov counters to identify electrons, pions and kaons. MDC: microdrift chambers, SFD: scintillator fiber detector, IH: ionization hodoscope, DC: drift chambers, VH, HH: vertical and horizontal scintillation hodoscopes, CH: N_2 -Čerenkov counter, PSh: preshower, Mu: muon counters.

spectrometer measuring the momentum vectors of two oppositely charged hadrons. Positive particles are deflected into the left arm, negative ones into the right arm. The spectrometer is slightly tilted upwards with respect to the proton beam. Electrons and positrons are vetoed by the N_2 -Čerenkov detectors and muons by their signals in scintillation counters behind steel absorbers. Kaons are separated from pions and protons by heavy gas (C_4 F_{10} ) Čerenkov counters (which fire on pions) and by aerogel Čerenkov counters (which fire on both pions and kaons, but not not on the more numerous protons). Our group has developed and built the 37 ℓ aerogel Čerenkov counter [6] and the gas system for the C_4 F_{10} counters [7]. The signal from πK -atoms is observed for πK -pairs with a very small relative momentum (typically |Q_L | < 3 MeV/c is the c.m.s system).

27

In 2007 we used only the detectors downstream of the magnet, but the scintillation fiber detector (SFD) was available for the 2008 – 2010 run to determine the interaction point in the production target with much better precision. The SFD (Fig. 8.2) consists of 3 planes of 205 μm scintillating fibers. Two planes ( x- and y-planes) are made of 8 layers each with 480 fibers while the third ( wplane) contains 3 layers of 320 fibers. The fibers are read out in columns of 8, respectively 3 fibers by 30 × 16 Hamamatsu H6568 photomultipliers. The area covered by each plane is about 10 × 10 cm^2 and contributes only 1% radiation length. The timing resolution is 460 ps. Tracks are measured with good resolution ( σ = 60 μm) and high efficiency (98%). This leads to a substantial improvement in the resolution on the transverse momentum Q_T (from 3 MeV/c to 1 MeV/c) and also reduces the background.

During 2010 we tuned the Monte Carlo simulation of the SFD and compared with data. A substantial improvement has been achieved (for more details see ref. [8]). Noise, cross-talk between fibers, efficiency and background tracks have been inserted into the simulation. The simulated data were then submitted to the same analysis code as the experimental data. To study the performance of the SFD we used in turn two planes (e.g. y and w). The reconstructed tracks were then extrapolated to the third plane (e.g. x, see Fig. 8.3) and the measured hits compared with the predicted ones.

The excellent agreement between data and Monte Carlo is illustrated in Fig. 8.4 showing both the probability to find a hit within ± 1 mm from the extrapolated trajectories and the probability to find both hits in the third plane if two tracks are found in the first two planes. The loss in the center is due to a hardware suppression algorithm of fiber cross-talks. The ionization hodoscope can be used to reduce background and select true double hits. From these plots one obtains track resolutions for the 2008-9-10 data of σ = 220 μm for single tracks and 550 μm for double tracks.

Thus the SFD performed as expected from simulations and we could proceed with the analysis of the data using the three planes. We obtain a Q_x

Fig. 8.2 – Sketch of the SFD ( x- and y-planes).

Fig. 8.3 – Measurement of the SFD performance with 2 out of 3 planes.

Fig. 8.4 – a) Probability to find one hit in the xplane around the extrapolated track; b) probability to find both hits for two tracks.

28

Fig. 8.5 – π^− p mass distribution showing the Λ signal.

Fig. 8.6 – π^− K^+ + π^+ K^− events as a function of relative momentum Q.

The enhancement at low Q in the right plot is due to πK atomic pairs.

and Q_y resolution better than 0.5 MeV/c and reconstruct the momentum transfer Q between the kaon and the pion with a resolution of 1 MeV/c. As a calibration tool and momentum resolution measurement we reconstruct Λ decays into π^− p. The mass distribution shown in Fig. 8.5 confirms the correct energy scale, the value for the Λ mass 1115.7 ± 0.5 MeV being fully compatible with the PDG value (1115.683 ± 0.006 MeV).

Clean πK events are selected by the SFD and IH detectors to resolve the ambiguity of single and double tracks in the upstream part of the apparatus (Fig. 8.1). Particle identification is performed using the heavy gas and aerogel Čerenkov detectors. The precise time difference between the two tracks from the atomic candidates pairs is achieved using the VH. Events with muons or electrons are eliminated using the nitrogen Črenkov and muon detectors. We finally select events with relative transverse and longitudinal momenta between the two mesons of Q_T < 4 MeV/c and |Q_l | < 20 MeV/c, repectively. Figure 8.6 (left) shows the preliminary distribution of π^− K^+ + π^+ K^− events as a function of relative momentum Q (points with error bars).

The fit results are shown in red (atomic pairs), blue (Coulomb pairs), magenta (non-Coulomb pairs). The sum of Coulomb and non Coulomb pairs is displayed in black. The contribution from atomic pairs is shown in red in Fig. 8.6 (right). We find 277 ± 52 atomic pairs to be compared with 173 ± 54 from the 2007 run. However, in 2007 our goal was the first observation of πK -atoms and hence a target was chosen (Pt) for which the production cross section was high. The breakup probability for πK - atoms as a function of mean life (53% for 3.7 fs) is flattening off above ∼ 4 fs. Therefore we could only give a lower limit for the mean life of πK -atoms.

In 2008-9-10 we used a Ni-target which produces fewer atoms but for which the dependence between breakup probability and mean life is described by a steeper function, thus allowing a more accurate measurement of the mean life.

The final analysis of the 2008 – 2010 data is in progress. Due to a slow degradation of the light (n = 1.008) aerogel with time (probably due to humidity), we could only use the n = 1 .015 aerogel and had therefore to restrict the maximum kaon momentum to 5.5 GeV/c, thus unfortunately reducing statistics. Also, a recalibration of the preshower detector (Psh) is required to suppress background from electron-positron pairs which is significant in the new data. Data taking for the DIRAC experiment will be completed in autumn 2012.

[1] B. Adeva et al. (DIRAC Coll.),

Phys. Lett. B 674 (2009) 11. [2] Y. Allkofer,

PhD Thesis, University of Zurich (2008). [3] B. Adeva et al. (DIRAC Coll.),

Phys. Lett. B 704 (2011) 24. [4] J. Schacher, CERN courier, March 2012, p. 24. [5] B. Adeva et al. (DIRAC Coll.), Nucl. Instrum.

Methods in Phys. Res. A 515 (2003) 467. [6] Y. Allkofer et al. , Nucl. Instr. Meth. in Phys.

Res. A 582 (2007) 497; Y. Allkofer et al. , Nucl. Instr. Meth. in Phys. Res. A 595 (2008) 84. C. Amsler, Proc. of Science PoS EPS- HEP (2009) 078.

[7] S. Horikawa et al. , Nucl. Instr. Meth. in Phys.

Res. A 595 (2008) 212. [8] A. Benelli,

dirac.web.cern.ch/DIRAC/talk/talk1101.pdf .

29

Particle Physics at DESY

9 Particle Physics at DESY/HERA (H1)

K. Müller, P. Robmann, U. Straumann, and P. Truöl

in collaboration with: C. Grab, Institut für Teilchenphysik der ETH, Zürich; S. Egli, M. Hildebrandt, and R. Horisberger, Paul–Scherrer–Institut, Villigen, and 39 institutes outside Switzerland

(H1 - Collaboration)

Figure 9.1 taken from an article in the April 2012 issue of the CERN-Courier illustrates which domains in the (x, Q^2 ) plane are accessible to the LHC-, HERA- and fixed-target experiments, with Bjorken- x designating the longitudinal fraction of the incoming proton’s momentum that is carried by the interacting parton (quark or gluon), and Q^2 marking the square of the four-momentum exchanged in the hard scattering process. Uncertainties in the parton-density functions (PDFs), i.e. the probability density for finding a parton with longitudinal momentum fraction x at momentum transfer Q^2 in the available kinematic regions dominate the precision of all theoretical predictions of cross sections at the LHC, extending now to next-to-next-to-leading order in QCD. The improved extraction of the PDFs from the HERA data therefore remains a central topic of the ongoing analyses of the data collected until 2007.

The two lines of approach to augment the precision of the PDFs are well documented through the preliminary data presented recently[1, 2]. On the one hand the H1-collaboration fine tunes the analysis in order to reduce the systematic errors of their HERA-II as well as their HERA-I data [3–5]. On the other hand a mixed team from both the H1- and the ZEUS-collaboration continues to combine the data in a systematic way considering correlated and uncorrelated errors, and adds successively also exclusive channels [6, 7].

An example of the former approach is an alternative method to determine the integrated luminosity by using elastic QED Compton scattering e^+ p → e^+ pγ events [5]. This process is characterized by a small momentum transfer at the proton vertex with both the electron and the photon having significant transverse momentum and can be calculated at high precision in perturbative quantum electrodynamics (QED). The results compare favorably with the default measurements of the integrated luminosity using Bethe-Heitler events.

The second approach started in the year 2009 by combining the H1 and ZEUS measurements of the inclusive deep inelastic ep scattering (DIS) cross sections. Both neutral current (NC) and charged current (CC) unpolarized results from the HERA-I period 1994-2000 were considered [8]. The data span six orders of magnitude in Q^2 and x and correspond to twice 63 pb^{− 1} . A next-to-leading order (NLO) QCD analysis was performed which determined a new set of parton distributions, HERA PDF1.0,

Fig. 9.1 – Domains in the (x, Q^2 )-plane accessible to the three experiments Atlas, CMS and LHCb at the LHC in (p, p) collisions, to the two experiments H1 and ZEUS at HERA in (e, p) collisions and to various fixed target experiments. Source: CERN-Courier, April 2012.

30

0.2

0.4

0.6

0.8

1

-410^{-3}10^{-2}10^{-1}10 1

1

HERAPDF1.0 exp. uncert.

model uncert. parametrization uncert.

x xf

2 = 10 GeV 2Q

vxu

vxd 0.05) � xS (

0.05) � xg (

H1 and ZEUS 1

0.2

0.4

0.6

0.8

1

-410^{-3}10^{-2}10^{-1}10 1

1

HERAPDF1.0 exp. uncert.

model uncert. parametrization uncert.

x xf

2 = 10 GeV 2Q

vxu

vxd

0.05) � xS (

0.05) � xg (

H1 and ZEUS HERA I Combined PDF Fit 1

0.2

0.4

0.6

0.8

1

-410^{-3}10^{-2}10^{-1}10 1

1

HERAPDF1.7 (prel.) exp. uncert. model uncert. parametrization uncert.

HERAPDF1.6 (prel.)

x xf

2 = 10 GeV 2Q

vxu

vxd

0.05) � xS (

0.05) � xg (

HERAPDF Structure Function Working Group June 2011

HERA I+II inclusive, jets, charm PDF Fit 1

Fig. 9.2 – Evolution of the PDFs determined from the combined H1- and ZEUS-data, from HERA PDF 1.0, to HERA PDF 1.5 and HERA PDF 1.7 for Q^2 = 10 GeV^2 .

with small experimental uncertainties. As an example the PDFs are shown for Q^2 = 10 GeV^2 in Fig. 9.2. The structure functions F_2 , F_L and F_3 which appear in the general expression for the neutral current cross section ( Y_± are kinematical functions and y is the energy loss of the electron or positron)

d^2 σ^±_{NC} dx dQ^2 = 2απ^2 xQ^4 ( Y_+ F_2 ∓ Y_− xF_3 − y^2 F_L )

are sensitive to the quark (antiquark) q(q̄) and gluon g distribution functions:

F_2 ∝ ∑ i e^2_i (xq_i + xq̄_i )

xF_3 ∝ ∑ i e^2_i (xq_i − xq̄_i )

F_L ∝ α_s × g .

The gluon distribution is obtained either from the scaling violation of F_2 or from F_L at NLO. Similar expressions hold for the charged current cross section yielding a flavor decomposition:

d^2 σ^−_{CC} dx dQ^2 = G^2_F 2π M^2_W M^2_W + Q^2 ( u + c + (1 − y^2 )(d̄ + ¯c) ) d^2 σ^+_{CC} dx dQ^2 = G^2_F 2π M^2_W M^2_W + Q^2 ( ū + ¯c + (1 − y^2 )(d + c) )

The PDF-fits use typically parametrisations such as xu (x) = Ax^B (1 − x)^C (1 + Ex^2 )

for the distribution of the valence up-quarks (A, B, C are different for d, g,ū, d̄, E = 0 for all except u).

In July 2010 the preliminary HERA-II results have been included. The experiments contribute ≈ 500 pb^{− 1} each and were in very good agreement. An example of the resulting PDF-set HERA 1.5 is shown in Fig. 9.2 [6].

Next, jet and charm production cross sections were included in the analysis enhancing the sensitivity to the gluon PDF. The resulting present best set HERA 1.7 (see also Fig. 9.2) is based on 674 NC and CC data points, 41 data points probing the charm content in the proton, 106 inclusive-jet data points and 224 low proton energy data points. The charm quark mass was fixed at 1.5 GeV from a scan and the strong coupling constant at α_s = 0 .119 [7]. The analysis indicates a steeper rise of g(x) and demonstrates the consistency of the HERA-data, even though some input data are still preliminary.

Other subjects which have been addressed in the articles published last year include:

- Extension of the structure function measurements to high inelasticity and direct assessment of the longitudinal component using also data from the runs with lower energy proton beams [9];

- Search for contact interactions, leptoquarks and lepton flavor violation [10–12];

- Heavy flavour photo- and electroproduction [13, 14];

- Various aspects of diffraction studied either inclusively or exclusively (through specific final states) [15–19].

31

Particle Physics at DESY

Lastly, new results on normalized inclusive jet, dijet and trijet differential cross sections in DIS have been presented [20]. The regularized unfolding procedure extends an earlier analysis [21]. Detector effects like acceptance and migrations as well as statistical correlations between the multi-jets and the inclusive DIS events are taken into account this way. A phase space of 150 < Q^2 < 15000 GeV^2 and 0.2 < y < 0.7 was covered. The jets are reconstructed in the Breit frame of reference using the k_T jet algorithm within the laboratory pseudorapidity range − 1.0 < η_{lab} < 2.5 and the Breit frame transverse momentum range 7 < P_T < 50 GeV ( 5 < P_T < 50 GeV for di- and trijet), and the invariant mass of the two leading jets larger than 16 GeV. Compared to a previous publication on normalized multi-jet cross sections, the new analysis extends the range in pseudorapidity and reduces the hadronic energy scale uncertainty to 1% . The unfolded cross sections are compared to QCD calculations at NLO and values for the strong coupling α_s (M_Z ) are extracted.

[1] Europhysics Conference on High Energy Physics 2011, Grenoble, France, July 20-27, 2011;

[2] International Workshop on Deep-Inelastic Scattering and Related Subjects (DIS 2012), Bonn, March 26-30, 2012;

[3] Combined Electroweak and QCD Fit of Inclusive Neutral and Charged Current Data with Polarized Lepton Beam presentation 364 by E. Rizvi [1].

[4] High Q^2 Neutral and Charged Current in Polarised Collisions at HERA II presentation 973 by S. Habib [1].

[5] Luminosity Measurement at HERA with Elastic QED Compton Events presentation 109 by S. Schmitt [2].

[6] Combined Measurement and QCD Analysis of the Inclusive ep Scattering Cross Section at HERA (H1 and ZEUS) presentation 993 by V. Chekelian [1].

[7] NLO QCD analysis of inclusive, charm and jet data from HERA (HERA PDF1.7) presentation 35 by K. Nowak [2].

[8] F.D. Aaron et al. [HI,ZEUS], JHEP 1001 (2010), 109.

[9] F.D. Aaron et al. [H1], Eur. Phys. J. C 71 (2011), 1579.

[10] F.D. Aaron et al. [H1],

Phys. Lett. B 701 (2011), 10. [11] F.D. Aaron et al. [H1],

Phys. Lett. B 705 (2011), 52. [12] F.D. Aaron et al. [H1],

Phys. Lett. B 704 (2011), 388. [13] F.D. Aaron et al. [H1],

Eur. Phys. J. C 71 (2011), 1769. [14] Measurement of Inclusive and Dijet D^∗ Meson Cross Sections in Photoproduction at HERA F.D. Aaron et al. [H1], DESY 11 – 248, arXiv:1203.1170 [hep-ex], Eur. Phys. J. C (2012), in print.

[15] F.D. Aaron et al. [H1],

Eur. Phys. J. C 71 (2011), 1771. [16] F.D. Aaron et al. [H1],

Eur. Phys. J. C 71 (2011), 1836. [17] F.D. Aaron et al. [H1],

Eur. Phys. J. C 72 (2012), 1910. [18] Measurement of Dijet Production in Diffractive Deep-Inelastic Scattering with a Leading Proton at HERA F.D. Aaron et al. [H1], DESY 11 – 166, arXiv:1111.0584 [hep-ex], Eur. Phys. J. C (2012), in print.

[19] Inclusive Measurement of Diffractive Deep- Inelastic Scattering at HERA F.D. Aaron et al. [H1], DESY 12 – 041, arXiv:1203.4495 [hep-ex], Eur. Phys. J. C (2012), in print [20] Normalised Multi-jet Cross Sections using Regularised Unfolding and Extractions of α_s (M_Z ) in Deep-Inelastic Scattering at high Q^2 at HERA presentation 163 by D. Britzger [2].

[21] Jet Production at HERA and determination of α_s presentation 987 by A. Baghdasarian [1].

32

10 Particle Physics with LHCb

J. Anderson, R. Bernet, A. Bursche, A. Büchler (until November 2011), N. Chiapolini, M. De Cian, Ch. Elsasser, K. Müller, Ch. Salzmann, S. Saornil, N. Serra, St. Steiner, O. Steinkamp, U. Straumann, M. Tobin, M. Tresch, A. Vollhardt

The full LHCb collaboration consists of 54 institutes from Brazil, China, France, Germany, Ireland, Italy, the Netherlands, Poland, Romania, Russia, Spain, Switzerland, Ukraine, the United Kingdom and the United States of America.

(LHCb - Collaboration)

LHCb is the smallest of the four experiments at the Large Hadron Collider (LHC). Its main goal is the indirect search for New Physics (NP) through precision measurements of CP violating phases and rare heavy-quark decays. The measurements are complementary to direct searches also performed at LHC by CMS and ATLAS. Of particular interest are processes that are strongly suppressed in the Standard Model (SM), such as flavour-changing neutral current b → s transitions. Since CP violating asymmetries are generated by diagrams that involve internal loops with virtual particles, they can be very sensitive to NP contributions.

10.1 The LHCb detector

The LHCb detector[1] is a single-arm forward spectrometer exploiting best the forward peaked bb̄ production cross section at the LHC. The detector covers polar angles between 15 and 300 mrad in the bending plane of the spectrometer magnet and up to 250 mrad in the non-bending plane. This acceptance corresponds to a pseudorapidity coverage in the range 1.9 to 4.5. The detector has an excellent vertex and momentum resolution needed to separate primary and secondary vertices, provides good invariant mass resolution, and is able to trigger on particles with transverse momentum, p_T , down to a few GeV only. Two RICH detectors allow discrimination between pions and kaons over a wide momentum range. The detector and its performance have been described in previous annual reports [2].

10.1.1 Detector performance and operation

LHCb was designed to operate at a centreof-mass energy √ s = 14 TeV, 2622 colliding bunches and an average instantaneous luminosity of 2 × 10^{32} cm^{− 2} s^{− 1} . Under these conditions the events are dominated by a single pp interaction per bunch crossing giving an average number of visible interactions, μ, equal to 0.4. However, the data collected in 2011 was taken at √ s = 7 TeV and luminosities up to 4 × 10^{32} cm^{− 2} s^{− 1} leading to μ ≃ 1.6. These conditions were achieved using a process called luminosity levelling : the luminosity delivered to LHCb was kept constant throughout the length of a fill by gradually reducing the beam separation in the vertical plane around the LHCb interaction point. This automatic procedure allowed LHCb to record most of the data at a luminosity around 4 × 10^{32} cm^{− 2} s^{− 1} which is twice the design value. A total of around 11 billion events were collected in 2011 for physics analysis.

The experiment recorded around 1.1 fb^{− 1} of pp collisions during the 2011 run with a global operation efficiency over 90%. The polarity of the LHCb spectrometer magnet was reversed several times to minimise possible systematic effects due to detector asymmetries. The LHC will run at a higher centreof-mass energy, √ s = 8 TeV, during 2012 and the target integrated luminosity for LHCb is 1.5 fb^{− 1} .

An excellent vertex resolution is required for the high level trigger and for many physics analyses. The LHCb vertex detector has an internal alignment better than 5 μm and a single hit position resolution of 4 μm has been achieved for

33

the innermost readout strips. High momentum and invariant mass resolutions are essential for the suppression of combinatorial backgrounds. Measured spatial resolutions in the tracking system are close to the values expected from simulation. The invariant mass resolution obtained for J/Ψ → μ^+ μ^− decays is 12.7 MeV/c^2 close to the simulated 12.1 MeV/c^2 . The particle identification performance has been studied using tag-and-probe methods on ϕ → K^+ K^− , K^0_s → π^+ π^− and Λ → pπ decays and agrees with the results from the simulation over the full momentum range.

10.1.2 Tracker Turicensis: operation and performance

N. Chiapolini, C. Salzmann, S. Saornil, M. Tobin The Tracker Turicensis (TT) was designed and built at the Physics Institute and has been described in previous annual reports [2]. Modules that originally had a problem with broken bond wires were successfully repaired during the winter shutdown 2010. During 2011 99.8% of the 143360 detector channels were operating which is the highest reliability figure of any silicon tracking detector at the LHC. The continued stable and efficient operation of the TT and the monitoring of its performance including ageing effects are the responsibility of S. Saornil and M. Tobin. The software alignment of the detector is performed by N. Chiapolini and C. Salzmann.

10.2 Physics Results

10.2.1 CP violation in B decays

Mixing in the B_s − B_s system is described by the mass difference Δ m_s , the decay width difference ΔΓ_s , and a single CP violating phase ϕ_s . All three observables can substantially deviate from SM predictions if NP contributes. The LHCb experiment recently extracted the present most accurate values for Δ m_s [3] by studying B_s → D_s (3)π and for the other two parameters from B_s → J/ψϕ [4]:

ΔΓ_s = 0 .116 ± 0.018 ± 0.006 ps^{− 1} ϕ_s = − 0.001 ± 0.101 ± 0.027 rad

in agreement with SM predictions ( ΔΓ^{SM}_s = 0.087 ± 0.021 ps^{− 1} [5] and ϕ^{SM}_s = 0 .036 ± 0.02 rad [6])^{10} . The 5σ deviation of ΔΓ_s from 0 represents the first significant observation of its non-zero value. In addition, a long-standing sign ambiguity in ΔΓ_s has been resolved by separating the S-wave and P-wave contributions to the decay B_s → J/ψK^+ K^− [7].

In the B_d system the mixing phase is sizeable and can be associated with the angle β of the Unitarity Triangle, while the width difference is small. At present there is a striking discrepancy between the measured values of sin 2β using B_d → J/ψK^0_S and the branching ratio B(B → τν) [8, 9]. In the SM these observables can be related through the CKM matrix element V_{ub} . To understand this tension, it will be important to control the contribution of doubly Cabibbo-suppressed penguin diagrams in the B_d → J/ψK^0_S decay. Its U-spin partner, the decay B_s → J/ψK^0_S , can be used to measure these effects. LHCb recently found B(B_s → J/ψK^0_S ) = (3 .29± 0.51± 0.33) × 10^{− 5} [10].

The photon polarisation in b → sγ transitions can be determined by CP asymmetry measurements. This observable probes extensions of the SM involving right-handed currents. Important milestones in this measurement are the determination of the ratio of the branching ratios [11]

B(B_d → K^∗ γ) B(B_s → ϕ^∗ γ)

= 1 .12 ± 0.08^{+0 .11}

− 0.09

and the world’s most precise measurement of direct CP asymmetry in the decay B_d → K^∗ γ [12].

A precise determination of the angle γ of the Unitarity Triangle from tree level decays is another crucial ingredient to test the CKM paradigm. The angle γ is the weak phase between the elements of the CKM matrix V_{cb} and V_{ub} and has been studied by LHCb in the decay B^+ → D^0 K^+ , where the D^0 meson subsequently decays 10 For all the results the first uncertainty is statistical and the second systematic.

34

in CP-eigenstates or where the D^0 meson decays in the Cabibbo-favoured K^− π^+ and in the doubly Cabibbo-suppressed K^+ π^− states. LHCb has observed the doubly Cabibbo-suppressed decay B^+ → (K^− π^+ )_D K^+ with 10σ significance and has established the CP violation in B^+ → D^0 K^+ at 5.8 σ [13].

The angle γ can also be determined from the loop mediated decays B_{d,s} → h^+ h^− , where h stands for a kaon or a pion. A significant difference in the value of γ from tree level and loop dominated decays would be a clear sign of NP. An important milestone in the determination of γ from loop processes is the first measurement of the time-dependent CP asymmetry in the decay B_s → K^+ K^− , leading to the determination of the direct and mixing asymmetries [14]:

A^{dir}_{KK} = 0 .02 ± 0.18 ± 0.04 , A^{mix}_{KK} = 0 .17 ± 0.18 ± 0.05 .

10.2.2 CP violation in Charm

Mixing in the D^0 meson is induced by down-type quarks contributing to the box diagrams, which leads to a strong cancellation; therefore this mixing process is strongly suppressed. Mixing induced and direct CP asymmetries in charm decays are expected to be small, but can be highly enhanced by NP contributions. CP violation in D^0 mixing can be measured by comparing the effective lifetimes of D^0 and D^0 decaying in CP eigenstates. The asymmetry of the lifetimes defines A_Γ . This analysis has been performed with a fraction of the data, leading to the result [15]

A_Γ = ( − 5.9 ± 5.9 ± 2.1) × 10^{− 3} .

For the moment no sign of CP violation in this measurement has been observed. The difference in the CP asymmetry of D^0 → π^+ π^− and D^0 → K^+ K^− has also been measured [16] :

Δ A_{CP} = ( − 8.1 ± 2.1 ± 1.1) × 10^{− 3} ,

which is the first evidence of CP violation in the charm sector. The traditional view that CP violation in these channels does not exceed 10^{− 3} in the

SM has been questioned recently [17–19] and it is not yet clear if this level of CP violation can be accommodated in the SM.

10.2.3 Rare decays

Searches for the total lepton number violating decay B^+ → h^− μ^+ μ^+ , where h is a pion, a kaon or a D meson, resulted in todays world’s best upper limits [20, 21].

The decays B_{s,d} → μ^+ μ^− μ^+ μ^− have branching ratios below 10^{− 10} in the SM but could be enhanced in models involving exotic scalar particles. Searches for these decays have been performed at LHCb for the first time, leading to [22]:

B(B_s → μ^+ μ^− μ^+ μ^− ) < 1.3 × 10^{− 8} B(B_d → μ^+ μ^− μ^+ μ^− ) < 5.4 × 10^{− 9}

at 95% CL. The world’s best limit B(D^0 → μ^+ μ^− ) < 1.3 × 10^{− 8} (95% CL) has also been set [23].

The b → dll transitions are suppressed by a factor |V_{td} /V_{ts} | with respect to b → sll . Transitions b → dll have been observed for the first time at B(B^+ → π^+ μ^+ μ^− ) = (2 .4 ± 0.6 ± 0.2) × 10^{− 8} in agreement with the SM prediction. This is to date the rarest B -decay ever observed.

10.2.4 The very rare decays B^0_s → μ^+ μ^− and B^0 → μ^+ μ^−

A. Büchler, Ch. Elsasser, N. Serra and O. Steinkamp Our group is deeply involved in this key LHCb measurement. In the decays B^0_s → μ^+ μ^− and B^0 → μ^+ μ^− NP contributions might be of the same order of magnitude as the contributions from the SM. Hence, lowering the experimental uncertainties in these branching fractions largely reduces the allowed parameter space in various NP models.

The first LHCb results, based on the 2010 data set [24], came already close to the known upper limits set by CDF [25]. In the case of B^0_s → μ^+ μ^− the limit was still an order of magnitude above the SM prediction (3.2 ± 0.2) × 10^{− 9} [26].

35

pected number of signal and background events. The re- 416 sults for B^0_s → μ^+ μ^− and B^0 → μ^+ μ^− decays, integrated 417 over all mass bins in the corresponding signal region, are 418 summarized in Table I. The distribution of the invariant 419 mass for BDT > 0.5 is shown in Fig. 1 for B^0_s → μ^+ μ^− 420 and B^0 → μ^+ μ^− candidates. 421

422

FIG. 1. Distribution of selected candidates (black points) in the (left) B^0_s → μ^+ μ^− and (right) B^0 → μ^+ μ^− mass window for BDT > 0.5, and expectations for, from the top, B^0_{(s)} → μ^+ μ^− SM signal (gray), combinatorial background (light gray), B^0_{(s)} → h^+ h^{′−} background (black), and crossfeed of the two modes (dark gray). The hatched area depicts the uncertainty on the sum of the expected contributions.

The compatibility of the observed distribution of 423 events with that expected for a given branching frac- 424 tion hypothesis is computed using the CL_s method [15]. 425 The method provides CL_{s+b} , a measure of the com- 426 patibility of the observed distribution with the signal 427 plus background hypothesis, CL_b , a measure of the 428 compatibility with the background-only hypothesis, and 429 CL_s = CL_{s+b} / CL_b . 430 The expected and observed CL_s values are shown in 431 Fig. 2 for the B^0_s → μ^+ μ^− and B^0 → μ^+ μ^− channels, 432 each as a function of the assumed branching fraction. 433 The expected and measured limits for B^0_s → μ^+ μ^− and 434 B^0 → μ^+ μ^− at 90 % and 95 % CL are shown in Table II. 435 The expected limits are computed allowing the presence 436 of B^0_{(s)} → μ^+ μ^− events according to the SM branching 437 fractions, including cross-feed between the two modes. 438 The comparison of the distributions of observed 439 events and expected background events results in a p- 440 value (1 − CL_b ) of 18 % (60 %) for the B^0_s → μ^+ μ^− 441 (B^0 → μ^+ μ^− ) decay, where the CL_b values are those cor- 442 responding to CL_{s+b} = 0 .5. 443 A simultaneous unbinned likelihood fit to the mass pro- 444 jections in the eight BDT bins has been performed to 445 determine the B^0_s → μ^+ μ^− branching fraction. The sig- 446 nal fractional yields in BDT bins are constrained to the 447 BDT fractions calibrated with the B^0_{(s)} → h^+ h^{′−} sam- 448 ple. The fit gives B(B^0_s → μ^+ μ^− ) = (0 .8^{+1 .8}_{− 1.3}) × 10^{− 9}, 449

where the central value is extracted from the maximum 450 of the logarithm of the profile likelihood and the uncer- 451 tainty reflects the interval corresponding to a change of 452 0.5. Taking the result of the fit as a posterior, with a 453 positive branching fraction as a flat prior, the probabil- 454 ity for a measured value to fall between zero and the SM 455 expectation is 82 %, according to the simulation. The 456 one-sided 90 %, 95 % CL limits, and the compatibility 457 with the SM predictions obtained from the likelihood, are 458 in agreement with the CL_s results. The results of a fully 459 unbinned likelihood fit method are in agreement within 460 uncorrelated systematic uncertainties. The largest sys- 461 tematic uncertainty is due to the parametrization of the 462 combinatorial background BDT. 463 In summary, a search for the rare decays B^0_s → μ^+ μ^− 464 and B^0 → μ^+ μ^− has been performed on a data sam- 465 ple corresponding to an integrated luminosity of 1.0 fb^{− 1}. 466 These results supersede those of our previous publica- 467 tion [6] and are statistically independent of those ob- 468 tained from data collected in 2010 [12]. The data are 469 consistent with both the background-only hypothesis and 470 the combined background plus SM signal expectation at 471 the 1 σ level. For these modes we set the most stringent 472 upper limits to date: B(B^0_s → μ^+ μ^− ) < 4.5 × 10^{− 9} and 473 B(B^0 → μ^+ μ^− ) < 1.03 × 10^{− 9} at 95 % CL. 474 We express our gratitude to our colleagues in the 475 CERN accelerator departments for the excellent perfor- 476 mance of the LHC. We thank the technical and admin- 477 istrative sta ff at CERN and at the LHCb institutes, 478 and acknowledge support from the National Agencies: 479 CAPES, CNPq, FAPERJ and FINEP (Brazil); CERN; 480 NSFC (China); CNRS/IN2P3 (France); BMBF, DFG, 481 HGF and MPG (Germany); SFI (Ireland); INFN (Italy); 482 FOM and NWO (The Netherlands); SCSR (Poland); 483 ANCS (Romania); MinES of Russia and Rosatom (Rus- 484 sia); MICINN, XuntaGal and GENCAT (Spain); SNSF 485 and SER (Switzerland); NAS Ukraine (Ukraine); STFC 486 (United Kingdom); NSF (USA). We also acknowledge 487 the support received from the ERC under FP7 and the 488 Region Auvergne. 489

[1] A. J. Buras, M. V. Carlucci, S. Gori, and G. Isidori, 490 Higgs-mediated FCNCs: natural flavour conservation 491 vs. minimal flavour violation , JHEP 1010 (2010) 009, 492 arXiv:1005.5310 . 493 [2] A. J. Buras, Minimal flavour violation and beyond: to- 494 wards a flavour code for short distance dynamics , Acta 495 Phys. Polon. B41 (2010) 2487, arXiv:1012.1447 . 496 [3] DØ collaboration, V. M. Abazov et al. , Search for the 497 rare decay B^0_s → μ^+ μ^− , Phys. Lett. B693 (2010) 539, 498 arXiv:1006.3469 . 499 [4] CDF collaboration, T. Aaltonen et al. , Search for B^0_s → 500 μ^+ μ^− and B^0 → μ^+ μ^− decays with CDF II , Phys. Rev. 501 Lett. 107 (2011) 191801, arXiv:1107.2304 . 502 [5] CMS Collaboration, S. Chatrchyan et al. , Search for 503

Fig. 10.1 – Distribution of selected candidates (black points) in the (left) B^0_s → μ^+ μ^− and (right) B^0 → μ^+ μ^− mass window, and expectations for, from the top, B^0 → μ^+ μ^− SM signal (gray), combinatorial background (light gray), B^0 → h^+ h^{′−} background (black), and cross-feed of the two modes (dark gray). The hatched area depicts the uncertainty on the sum of the expected contributions.

The analysis was repeated on the full 2011 data set which corresponds to 1 fb^{− 1} . Figure 10.1 shows as a result the mass distribution of the selected B^0_s → μ^+ μ^− and B^0 → μ^+ μ^− candidates which gave the following limits at 95% C.L.[27] :

B(B^0_s → μ^+ μ^− ) < 4.5 × 10^{− 9} B(B^0 → μ^+ μ^− ) < 1.0 × 10^{− 9} .

As the results are still in agreement with the SM predictions, they heavily constrain NP models [28].

The main activity of our group in this analysis is the calibration of the di-muon invariant mass which is the main variable distinguishing signal from background. The invariant mass resolution for B^0_s and B^0 was determined by Ch. Elsasser by interpolating between the values for the resonances J/ψ , ψ (2S), Υ(1 S), Υ(2 S) and Υ(3 S) and by considering the resolution of the exclusive B^0_{(s )} → h^+ h^− decays where h^± is a kaon or a pion. These two results are in perfect agreement. An alternative method, which determines an event-by-event invariant mass error was developed by A. Büchler. It propagates the errors on the muon momenta and the opening angle between the two muons obtained from the track and vertex fit to a mass error.

Ch. Elsasser is also determining the effective masses of B^0_s and B^0 as well as the impact of final state radiation on the invariant mass distribution. Finally, exclusive B^0_{(s )} → h^+ h^− decays are also used to estimate systematic uncertainties in a classifier based on kinematical and topological variables, which is used as an alternative discriminator between signal and background.

10.2.5 Other very rare B -decays

Ch. Elsasser, N. Serra and O. Steinkamp Thanks to the high momentum resolution and the efficient particle identification as well as the large number of B -mesons LHCb reaches an unprecedented sensitivity to other very rare B -decays such as B^0_{(s )} → τ^+ τ^− and to Lepton Flavour Violating decays such as B^0_{(s )} → e^± μ^∓ and B^0_{(s )} → μ^± τ^∓ which are practically forbidden in the SM but can be accommodated in several NP scenarios. In the Pati-Salam model [29], for example, leptoquark exchange mediates these decays already at tree level. The decay B^0_{(s )} → τ^+ τ^− is less helicity suppressed than B^0_{(s )} → μ^+ μ^− because of the higher lepton mass.

Our group will study these decay channels, profiting from the experience gained in the B^0_{(s )} → μ^+ μ^− analysis. In a first stage the focus lies on the study of the τ-reconstruction and -selection using Monte Carlo simulations and more frequent decays into τ’s such as Z → τ^+ τ^− .

10.2.6 B^0 → K^⋆ μ^+ μ^−

M. De Cian, N. Serra and M. Tresch The rare decay B^0 → K^⋆ μ^+ μ^− proceeds via flavour-changing neutral currents which makes it of particular interest as its angular distributions and differential branching fraction are sensitive to many potential NP contributions. The forwardbackward asymmetry A_{F B} , described by the opening angle between the μ^− and the B^0 in the μ^+ μ^− rest frame, has attracted special attention. In the SM A_{F B} changes sign at a well defined value of q^2 , the di-muon invariant mass squared. This zerocrossing point is essentially free of hadronic uncer-

36

Physik-Institut der Universität Zürich | Annual Report 2011/12 tainties and can therefore be very well predicted theoretically. With the full 2011 dataset, LHCb performed an angular analysis and a measurement of the differential branching fraction, which yield the worlds most precise results of all observables involved [30] in good agreement with the SM values. The experimental precision is still statistically limited and not yet sensitive to NP contributions.

Our group is responsible for the determination of the zero-crossing point of A_{F B} , which was measured for the first time [30] (see Fig. 10.2). The result was extracted using a novel "unbinned counting" technique which avoids biases introduced by the range in which the zero-crossing point is looked for or by strong assumptions on the shape of A_{F B} . This shape is in good agreement with the result from a simple counting analysis of the same data. The uncertainty on the zero-crossing point was estimated using a data-driven approach. The result is fully compatible with predictions from the SM.

To account for possible biases introduced by detector acceptance and reconstruction effects, a correction procedure was developed. Correction factors are determined using simulated events, which

)^4/c^2

(GeV 2q 2 4 6

FBA

-1

-0.5

0

0.5

1 Theory Counting Experiment Unbinned

Preliminary

LHCb

Fig. 10.2 – A_{F B} as a function of q^2 . The dashed blue line corresponds to the "unbinned counting" experiment, the turquoise band is the theoretical prediction [31]. The data points represent the result of counting forward and backward events showing the statistical uncertainty only. The red hatched region shows the observed 68% confidence interval for the zero-crossing point.

have been corrected for known discrepancies between measurement and simulation. Ch. Salzmann played an important role in evaluating the agreement between measurement and simulation in the kinematically similar decay B^0 → J/Ψ( μ^+ μ^− )K^⋆ . This decay shares the final state with B^0 → K^⋆ μ^+ μ^− but is more abundant by a factor of 50. He studied several techniques to correct the simulated distributions and, together with M. De Cian, also determined efficiencies for particle identification. The measurement of tracking efficiencies using a tag-and-probe approach, which was developed independently, was needed as a further input for the efficiency studies [32].

Due to limited statistics of the 2011 dataset, not all possible observables could be accessed in the angular analysis. The remaining ones can be measured using a technique similar to the one developed for A_{F B} . Our group is investigating how to extract these quantities which are well predicted in the SM.

10.2.7 W , Z and low mass Drell-Yan production

J. Anderson, A. Bursche, N. Chiapolini, and K. Müller Measurements of W , Z and low mass Drell-Yan production in the forward region constitute a test of QCD at LHC energies and will provide valuable input to the knowledge of the parton density functions (PDF) of the proton in a kinematic region uniquely accessible by LHCb. Measurements at LHCb are sensitive to Bjorken- x values as low as 8× 10^{− 6} where x is the momentum fraction carried by the struck quark. Perturbative QCD predictions are available at next-to-next-to-leading order (NNLO).

- W and Z production W and Z production cross sections and their ratios have been measured by LHCb using the W → μν and Z → μμ decay channels. Results have already been presented at conferences and are being published [33].

37

μη 2 2.5 3 3.5 4 4.5

[pb] μη/d_{νμ→W}σd

0 100 200 300 400 500 600 700 800 = 7 TeVsLHCb, _{ν+μ→+W}

stat

Data MSTW08

ν^+μ→ ^+W tot Data ABKM09

ν^-μ→ ^-W stat

Data JR09

ν^-μ→ ^-W tot Data NNPDF21 HERA15 CTEQ6M (NLO)

> 20 GeV/c μ Tp

Fig. 10.3 – Pseudorapidity dependence of the W → μν_μ production cross-section. The dark shaded bands correspond to the statistical uncertainties, the light hatched band to the statistical and systematic uncertainties added in quadrature. The superimposed NNLO (NLO) predictions are displaced horizontally for better presentation.

Our group was largely involved in these measurements by determining the detection efficiencies, estimating background contaminations, and determining theoretical predictions. While the analysis of the Z decaying into two muons is almost background free, there is significant background to the W → μν_μ analysis since only one muon is observed. Backgrounds from semileptonic heavy flavour decays or pions or kaons misidentified through decayin-flight or punch-through (QCD backgrounds) are reduced by requiring the muon to be isolated. Further background arises from electroweak processes. The W → μν_μ signal yield has been determined from fits to the p^μ_T spectra of positive and negative muons.

Figure 10.3 shows the differential W^+ and W^− cross section as a function of the muon pseudorapidity. The inclusive cross-section for W^+ is larger than for W^− , explained by the excess of u over d quarks in the proton. The W cross-sections strongly vary as a function of the pseudorapidity of the charged lepton, and at high pseudorapidities the W^− is larger than the W^+ cross-section as expected from the different helicity dependences. The results are in agreement with theoretical predictions calculated at NNLO with the program Dynnlo [34] with six recent parametrisations for

]^2

Dimuon invariant mass [GeV/c

10^210

)]^2

[pb/(GeV/c μμ /dM μμ →*γσd

1

10

210 = 7 TeVs

LHCb Preliminary,

stat

Data tot Data

LO PYTHIA (CTEQ5L) NLO FEWZ (MSTW08) NLO DYNNLO (MSTW08)

< 4.5 μη 2.0 < > 10 GeV/c μp > 3 (15) GeV/c μ Tp

]^2

Dimuon invariant mass [GeV/c

10^210

Theory/Data

0.5 1 1.5

Fig. 10.4 – Differential cross-section for γ^⋆ → μμ as a function of M_{μμ} . The dark shaded (orange) bands correspond to the statistical uncertainties, the light shaded (yellow) band to the statistical and systematic uncertainties added in quadrature. Superimposed are the PYTHIA predictions and two NLO predictions.

the PDFs. Most systematic uncertainties cancel in the ratio R_W ≡ σ(W^+ )/σ(W^− ) which is measured with a precision of 1.7% which is below the theoretical uncertainty.

The analysis of electroweak boson production is being extended to events containing jets in the final state (A. Bursche). These events are sensitive to the gluon content in the proton. The dominant uncertainty originates in the jet energy scale. The study of jets is new for LHCb and A. Bursche contributed significantly to their definition and calibration.

- Low mass Drell-Yan production Drell-Yan cross-sections are measured in the dimuon channel [35]; the analysis is performed by the Zurich group (J. Anderson, N. Chiapolini, K. Müller). While the high M_{μμ} region is very clean, towards low masses QCD backgrounds set in. At low masses there is an additional contribution from the radiative tail of the Υ . The signal yield is extracted from a fit to the muon isolation distribution which is defined as the fraction of the transverse momentum of the jet which contains the muon, carried by the muon. Whereas templates for the heavy flavour and misidentification backgrounds are extracted from data, the signal and the Υ background shapes are taken from simulation. The signal yield

38

varies between 7% in the lowest and more than 99% in the highest mass bin.

Figure 10.4 compares the measured differential cross-section as a function of the di-muon invariant mass with Monte Carlo predictions from PYTHIA and NLO calculations. The NLO predictions agree well with the measurement but PYTHIA predictions are too low. Using the full 2011 dataset will lead to a large reduction of the systematic uncertainties at low masses.

10.3 Summary and Outlook

The LHCb experiment has performed very well throughout the 2011 LHC run. About 1 fb^{− 1} of data have been recorded, with a data taking efficiency exceeding 90%. Key performance parameters match or are close to expectations from simulation studies. The LHCb detector produces high quality results which is reflected in more than 30 publications and many more conference contributions to various physics topics in the past year. LHCb has already shown some world best and world first measurements of B -hadron branching ratios and considerably reduced the parameter space for many models beyond the SM.

[1] A. A. Alves Jr. et al. [LHCb collaboration], JINST 3 S08005 (2008).

[2] Physik-Institut, University of Zürich,

Annual Reports 1996/7 ff.; available at http: //www.physik.uzh.ch/reports.shtml .

[3] R. Aaij et al. [LHCb collaboration],

Measurement of the B^0_s − B̄^0_s oscillation frequency Δ m_s in B^0_s → D^−_s (3)π decays, arXiv:1112.4311 [hep-ex].

[4] LHCb collaboration, First observations and branching fraction measurements of B̄^0_s to double-charm final states, LHCb-CONF-2012-002.

[5] A. Lenz and U. Nierste, JHEP 0706 (2007) 072.

[6] J. Charles et al. ,

Phys. Rev. D 84 (2011) 033005. [7] R. Aaij et al. [LHCb collaboration], Determination of the sign of the decay width difference in the B_s system, arXiv:1202.4717 [hep-ex].

[8] J. Charles et al. , Eur.Phys.J. C41, 1 (2005). [9] M. Ciuchini et al. , JHEP 07, 013 (2001). [10] LHCb collaboration,

Measurement of the B^0_s → J/ψK^0_s branching fraction, LHCb-CONF-2011-048.

[11] R. Aaij et al. [LHCb collaboration],

Measurement of the ratio of branching fractions B(B^0 → K^{⋆ 0} γ)/B(B^0_s → ϕγ ), arXiv:1202.6267 [hep-ex].

[12] LHCb collaboration,

First observations and branching fraction measurements of B̄^0_s to double-charm final states, LHCb-CONF-2012-004.

[13] R. Aaij et al. [LHCb collaboration],

Observation of CP violation in B^+ to DK^+ decays, arXiv:1203.3662 [hep-ex].

[14] LHCb collaboration, Measurement of timedependent CP violation in charmless two-body B decays, LHCb-CONF-2012-007.

[15] LHCb collaboration, Measurement of the CP Violation Parameter A_Γ in Two-Body Charm Decays, LHCb-CONF-2011-046.

[16] LHCb collaboration, A search for timeintegrated CP violation in D^0 → hh^+ decays, LHCb-CONF-2011-061.

[17] I. Bigi, A. Paul and S. Recksiegel,

JHEP 1106 089 (2011). [18] A. N. Rozanov and M.I. Vysotsky,

(Δ A_{CP} )_{LHCb} and the fourth generation, arXiv:1111.6949 [hep-ph].

[19] H. Cheng and C. Chiang,

Phys.Rev. D85 034036 (2012). [20] R. Aaij et al. [LHCb collaboration],

Searches for Majorana neutrinos in B^− decay, arXiv:1201.5600 [hep-ex].

[21] R. Aaij et al. [LHCb collaboration],

Phys. Rev. Lett. 108 101601 (2012). [22] LHCb collaboration, Search for the rare decays B^0_s → μ^+ μ^− μ^+ μ^− and B^0_d → μ^+ μ^− μ^+ μ^− ,

39

LHCb

LHCb-CONF-2012-010. [23] LHCb collaboration,

Search for the D^0 → μ^+ μ^− decay with 0.9 fb^1 at LHCb, LHCb-CONF-2012-005.

[24] R. Aaij et al. [LHCb Collaboration],

Physics Letters B699 (2011) 330. [25] CDF collaboration, Search for B^0_s → μ^+ μ^− and B^0_d → μ^+ μ^− Decays in 3.7 fb^{− 1} of pp Collisions with CDFII , CDF Public Note 9892.

[26] A. Buras, Acta Phys. Polon. B41 (2010) 2487. [27] R. Aaij et al. [LHCb Collaboration],

Strong constraints on the rare decays B_s → μ^+ μ^− and B^0 → μ^+ μ^− , submitted to Phys. Rev. Lett., arXiv:1203.4493 [hep-ex].

[28] N. Mahmoudi,

Direct and indirect searches for New Physics , Talk at 47th Rencontres de Moriond on Electroweak Interactions and Unified Theories, 10 - 17 Mar 2012, La Thuile, Italy.

[29] J. Pati and A. Salam,

Phys. Rev. D10 (1974), 275. [30] R. Aaij et al. , First observations and branching fraction measurements of B̄^0_s to doublecharm final states, LHCb-CONF-2012-008.

[31] C. Bobeth et al. , More Benefits of Semileptonic Rare B Decays at Low Recoil: CP Violation, arXiv:1105.0376 [hep-ex].

[32] A. Jaeger et al., Measurement of the track finding efficiency, LHCb-PUB-2011-025.

[33] R. Aaij et al. [LHCb Collaboration], Inclusive W and Z production in the forward region at √ s = 7 TeV , accepted by JHEP, arXiv:1204.1620 [hep-ex].

[34] S. Catani et al. ,

Phys. Rev. Lett. 103 (2009) 082001. [35] LHCb collaboration, Inclusive Drell-Yan production in the forward region at √ s = 7 TeV, LHCb-CONF-2012-013.

40

11 Particle physics with CMS

E. Aguiló, C. Amsler, S. de Visscher, M. Ivova, B. Millán Mejías, P. Otyugova, M. Rebero^‡ , P. Robmann, and A. Schmidt,

V. Chiochia, C. Favaro, H. Snoek, S. Tupputi, and M. Verzetti

in collaboration with: the CMS Collaboration ‡ CERN summer student

In 2011 the Large Hadron Collider delivered an integrated luminosity of 5.7 fb^{− 1} at 7 TeV (Fig. 11.1) while at most 1 fb^{− 1} had been expected at the beginning of the run operation back in March. During this long run CMS recorded 5.2 fb^{− 1} of data with its subdetectors performing at an efficiency of 98.5%. The silicon barrel pixel detector, the innermost component of the CMS experiment ,was developed in and commissioned by our group (in collaboration with PSI). It allows a precise reconstruction of charged particle tracks and the identification of secondary vertices from long-lived particles. This device is crucial for our research using b-quarks. Details can be found in earlier annual reports.

More than one hundred refereed journal articles have been published by the CMS collaboration in 2011. One of us (V. C.) co-chaired the B -physics analysis group, that has so far released twelve journal articles on quarkonium, B hadron decays and b-quark production measurements. H. S. convened the pixel calibration and reconstruction group, S. d.V. coordinated the simulation in the standard model (SM) physics group. Here we report on the analysis results achieved by the Zurich group on heavy baryons, B_s decays, Higgs searches in τlepton pairs and bb̄ angular correlations.

11.1 Study of Λ_b and Σ_b

The spectroscopy of b-baryons provides valuable information to test QCD models. Baryon production mechanisms and dynamics of heavy quark decay can be studied from polarization measurements in b-baryon decays. Our group is studying the Λ_b polarization in the decay Λ_b → J/ψ (→ μ^+ μ^− )Λ( → pπ^− ) (Fig. 11.2). To select clean Λ_b candidates large transverse momenta and narrow windows around the Λ and J/ψ masses are chosen, and tight vertex cuts chosen for the daughter particles. The J/ψ Λ invariant mass distribution is

Fig. 11.1 – Integrated luminosity in the 2011 LHC run at √ s = 7 TeV.

Fig. 11.2 – Decay Λ_b → J/ψ (→ μ^+ μ^− )Λ( → pπ^− ) and angles used in the Λ_b polarization analysis.

41

Particle physics with CMS

)^2 mass (GeV/c J/ 5.3 5.4 5.5 5.6 5.7 5.8 5.9 6

)^2

Events / ( 0.008 GeV/c

0 100 200 300 400 500 600

Fig. 11.3 – J/ψ Λ invariant

mass distribution with Λ_b fit (red).

pθ cos -1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Events / ( 0.08 )

0 20 40 60 80 100 120 140 160 180 200 220

+μθ cos -1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Events / ( 0.08 )

0 20 40 60 80 100 120 140 160

Fig. 11.4 – cos θ_p (left) and cos θ_μ (right) distributions in the Λ and J/ψ rest frames with the results of a multidimensional likelihood fit (blue line). The dashed lines show the fits to the Λ_b signal (red) and the background contribution (blue).

shown in Fig. 11.3 from 5 fb^{− 1} of integrated luminosity, leading to 1929 ± 54 Λ_b-baryons.

We use the angles θ_Λ , θ_p and θ_μ , the polar angles of the Λ , the proton and the μ^+ in the respective rest frames of Λ_b, Λ and J/ψ (Fig. 11.2). The Λ_b polarization manifests itself by a slope in the cos θ_Λ distribution that can be extracted by analyzing the angular correlations between the daughter particles [1]. The distortions in the angular distributions due to acceptance and cuts are taken into account by Monte Carlo simulation. Sidebands of the Λ_b mass peak are used to estimate the contamination from background. A maximum likelihood fit is then performed. Figure 11.4 shows for instance a preliminary distribution of cos θ_p and cos θ_μ together with fits. Work on this analysis is in progress [2].

The Λ_b candidates are also used to reconstruct the four states Σ^{(∗)±}_b → Λ_bπ^± where the Σ_b or Σ^∗_b decays strongly at the primary vertex. Tight requirements are applied on the soft pion to suppress the large combinatorial background from other tracks. Figure 11.5 shows the distributions of the Q-values of the decays. The reconstructed candidates can be used to measure Σ_b cross-sections relative to those for Λ_b.

11.2 Observation of a new strange bottom baryon

The Ξ^−_b (5790), a dbs-baryon, and its Ξ^0_b isospin partner, a ubs-baryon, have been observed at the Tevatron [3]. However, there are two other ground state pairs of baryons in the SU(4) classification, the Ξ^′_b with spin 1/2 and the Ξ^∗_b with spin 3/2, which can both be negatively charged (dsb) or neutral ( usb). Theory (e.g. ref. [4])

)^2

Q (GeV/c

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

)^2

Events / ( 0.005 GeV/c

0 10 20 30 40 50 60 70

)^2

Q (GeV/c

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

)^2

Events / ( 0.005 GeV/c

0 10 20 30 40 50 60 70 80

Fig. 11.5 – Q-value distributions for the Σ^{(∗)}_b decays, where Q = M (Λ_bπ) − M (Λ_b) − M (π).

Left: Σ^+_b and Σ^{∗+}_b . Right: Σ^−_b and Σ^{∗−}_b .

42

Physik-Institut der Universität Zürich | Annual Report 2011/12

PV SV_{J/ ψ}

SV_Ξ

SV_Λ

μ^+

μ^− p^+

Ξ^{?0}_b

Ξ^−_b

Ξ^−

Λ^0

J/ ψ π^−_Λ

π^−_Ξ

π^+_{P V}

Fig. 11.6 – Decay chain of the new baryon (marked Ξ^{?0} at the primary vertex PV). Charge conjugation (baryons and antibaryons) is implicitely assumed.

predicts the mass difference between the Ξ^′_b and the Ξ_b to be smaller than the mass of the pion, which forbids the decay Ξ^′_b → Ξ_bπ . In contrast, the Ξ^∗_b would be heavy enough to decay (strongly) into the Ξ_b by pion emission.

We have observed a new usb-baryon decaying into Ξ^−_b π^+ using 5.0 fb^{− 1} of data. We reconstruct the decay Ξ^−_b → J/ψ Ξ^− , with J/ψ → μ^+ μ^− and Ξ^− → Λ π^− , Λ → π^− p (Fig. 11.6). The events were collected with a trigger requiring a secondary vertex (SV) displaced from the primary (PV), from which two muons emerge with transverse momenta larger than 3 GeV/c and invariant mass compatible with the J/ψ (for details on additional selection cuts see ref. [5]). The Λ (or Λ ) decays into two opposite charges. The higher momentum track is assumed to be the proton. The two tracks are required to form a vertex displaced from the beamline. The candidate Ξ^− (or Ξ^− ) is reconstructed by combining the Λ with an additional track. A kinematic vertex fit is performed in which the track is assumed to be a pion and the Λ mass constrained to its known value. Figure 11.7 shows the Λ π^− invariant mass distribution with the Ξ^− signal. The Ξ^− s are then combined with the J/ψ with a kinematic vertex fit, constraining the Ξ^− - and J/ψ -masses to their known values. The resulting J/ψ Ξ^− invariant mass distribution with the Ξ^−_b peak (108 ± 14 events) is displayed in Fig. 11.8 after all selection cuts. The measured mass is in good agreement with the known value.

We then combine the Ξ^−_b baryon with an additional track assumed to be a π and emerging from the PV with charge opposite to the π from Ξ^− (or Ξ^− ) decay, and search for narrow resonances in the mass difference distribution (Fig. 11.9). We observe 29 candidates (with a background of 6.6 ± 2.6) and obtain a mass of 5944.9 ± 2.8 MeV. This state is thus 154 MeV heavier than the spin 1/2 Ξ^−_b . Unfortunately the data sample is too small to determine its spin from the decay angular distributions. According to predictions this new baryon would be the Ξ^{∗0}_b with spin 3/2.

) [GeV]

-π^0Λ(_{inv}M

1.29 1.3 1.311.32 1.33 1.34 1.35 1.36

Events / (0.0032 GeV)

0 50 100 150 200 250 300 350 Ξπ Opposite sign p & Ξπ Same sign p &

Fig. 11.7 – Λ π^− invariant mass

distribution showing the Ξ^− .

) [GeV]

-Ξψ(J/ invM

5.6 5.7 5.8 5.9 6 6.1

Candidates/(0.02 GeV)

0 10 20 30 40 50 60 0.0031 GeV ± = 5.7949 μ 0.0032 GeV ± = 0.0233 σ

Fig. 11.8 – J/ψ Ξ^− invariant mass distribution showing the Ξ^−_b signal with fit.

[GeV] +π ) - M

-Ξψ(J/ inv ) - M

+π^-Ξψ(J/ invM

0 0.01 0.02 0.03 0.04 0.05

Candidates/(0.002 GeV)

0 2 4 6 8 10 12 14 16 18

Fig. 11.9 – Q-value distribution of the reaction Ξ^−_b π^+ → J/ψ Ξ^− π^+ showing the new Ξ^{∗0}_b with fits.

43

Particle physics with CMS

Fig. 11.10 – J/ψ ϕ invariant

mass showing the B_s (15’000 events).

Fig. 11.11 – Measured angular distributions. The dark blue line is the fit, the dotted blue line is the CP -even component, the magenta line the CP -odd component. The red curve shows the background contribution.

11.3 Lifetime of the B_s -meson

We are measuring the width difference ΔΓ_s = Γ_L - Γ_H of the two CP -Eigenstates of the B_s -meson, B_L (CP = +1) and B_H (CP = -1) in the decay B_s → J/ψ (→ μ^+ μ^− ) ϕ(→ K^+ K^− ). Three angles are needed to describe this decay. The angles θ and ϕ give the flight direction of the μ^+ in the J/ψ rest frame while ψ is the azimuthal angle of the K^+ with respect to the flight direction of the J/ψ . Since the B_s is pseudoscalar, while the J/ψ and ϕ are vectors, the angular momentum between the two decay products is L = 0, or 2 for B_L and L = 1 for B_H . Hence the angular distributions are different for the two states (for details see e.g. ref. [6]).

During 2011 we collected 15’000 B_s → J/ψ (→ μ^+ μ^− )ϕ(→ K^+ K^− ) events at √ s = 7 TeV with an integrated luminosity of 4.6 fb^{− 1} . Our B_s are “untagged”, which means that we do not distinguish between B_s and B_s . The muons pairs are selected with a trigger on displaced J/ψ decay point with respect to the primary vertex. Various cuts are applied, in particular the muons and kaons are required to have transverse momenta larger than 4, respectively 0.7 GeV/c. An additional cut on the decay length reduces the prompt J/ψ background from the primary vertex. The B_s → J/ψ ϕ peak is shown in Fig. 11.10.

Side band subtraction is applied to determine the contribution from background. Efficiency and acceptance corrections are calculated by Monte Carlo simulation. The results of the likelihood fit taking into account the mass, decay length and angular distributions are shown in Fig. 11.11. The dark blue line is the fit, the dotted blue (magenta) line is the contribution from the CP even (odd) component. Fitted mass and mean life are in excellent agreement with the known values (5366 MeV and 1.43 ps). This work is still in progress [7] and we obtain a preliminary value for^{ΔΓ s}_{Γ s} of 0.107 ± 0.019, where the error is statistical only. This is compatible with the prediction from the SM: 0.147 ± 0.060.

11.4 Searches for the Higgs boson in

τ^+ τ^− decays

An important goal of the LHC physics program is to ascertain the mechanism of electroweak symmetry breaking, through which the W and Z^0 bosons obtain mass, while the photon remains massless. In the SM this is achieved via the Higgs mechanism which predicts the existence of a scalar Higgs boson. The minimal supersymmetric standard model (MSSM) contains two Higgs doublets, giving rise to five physical states: a light neutral CP-even state (h), a heavy neutral CP-event state (H), a neutral CP-odd state (A), and a pair of charged states (H^± ).

A search for the neutral Higgs boson decaying into τ-pairs was performed using an integrated luminosity of 4.6 fb^{− 1} [8]. Three independent τ-pair final states were studied with one (or both) τ-leptons decaying leptonically. The distribution of the τ-pair invariant mass for all channels combined is shown in Fig. 11.12 for the MSSM search. The spec-

44

Particle physics with CMS

/ G e V TP 0 5 0 1 0 0 1 5 0 2 0 0 2 5 0 3 0 0 3 5 0 4 0 0 4 5 0

E f f i c i e n c y

0 0 . 0 5

0 . 1

0 . 1 5

0 . 2

0 . 2 5

0 . 3

0 . 3 5

0 . 4

0 . 4 5

L o o s e C o m b i n e d I s o l a t i o n D B S u m P t C o r r M e d i u m C o m b i n e d I s o l a t i o n D B S u m P t C o r r TightCombinedIsolationDBSumPtCorr VLooseCombinedIsolationDBSumPtCorr

Standard reconstruction Reconstruction with cluster splitting

Dots: Splitting Line: Standard

SUSY M 500-3 prong taus only

Ratio

1 1.2 1.4 1.6 1.8 2

Fig. 11.15 – τ identification efficiency as a function of transverse momentum for Higgs decays. The dots show the improved hit reconstruction based on pixel hit splitting compared to the standard case (histograms). The colors represent the various τ identification procedures. The lower plot shows the relative improvement.

11.5 Improvements to the pixel hit reconstruction

We are developing a novel hit reconstruction technique to improve the spatial disentanglement in a dense charged track environment. The implementation of this technique in the CMS software will affect all analyses that depend on the reconstruction of high energetic jets, such as b or τ jets. A fraction of 65% of the τ decay hadronically. The transverse momentum of the τ being large compared to its mass, the tracks in the jet are close to each other. Therefore, excellent spatial resolution is needed for τ reconstruction.

A significant amount of the hadronic τ decays are produced in three charged tracks accompanied by the (invisible) neutrino. The higher the τ momentum, the more collimated the three tracks, which makes them at some point inseparable. In the innermost pixel layer this effect starts to occur for opening angles between the two trajectories of about 5 mrad. For a typical 3-prong τ decay this corresponds to a transverse momentum of 150 GeV/c. The merging of clusters deteriorates the measurement of the particle trajectories and the reconstruction of the τ-lepton.

The charge measured for each cluster, together with an estimate of the track impact angle, can be used to discriminate merged clusters from isolated clusters. We have developed an algorithm for splitting merged pixel clusters, now deployed in the CMS software. The performance improvement in the τ reconstruction was verified on a simulated sample of 500 GeV MSSM Higgs bosons decaying into τ-pairs. Figure 11.15 shows the τ identification efficiency for 3-prong decays as function of τ transverse momentum. Our algorithm improves the identification efficiency by ∼ 20% for p_T (τ) > 200 GeV/c for the four τ identification procedures in CMS (Fig. 11.15, bottom).

11.6 Studies of B hadron correlations associated to Z^0 bosons

A measurement of the b-quark production associated with a Z^0 /γ^∗ is an important test of QCD and is of great experimental relevance for various searches. The process constitutes a background to the SM Higgs production decaying to bb̄, associated with vector bosons. In addition, in models with extended Higgs sector (such as the two-Higgs doublet models), a discovery channel would be ϕ_1 → Z^0 ϕ_2 with ϕ_2 → bb̄, where ϕ_{1,2} are neutral Higgs bosons. Finally, the description of the b-quark dynamics remains difficult, in particular in the soft-collinear region, where the gluon splitting contribution to qq̄-pairs is not well known.

46

3

dilepton invariant mass (GeV) number of events / (4 GeV)

50 100 150 200 250 300 data DY+b TTbar other DY dibosons MC stat. unc.

= 7 TeV s -1 CMS preliminary, 4.6 fb

MC normalized to data

dilepton invariant mass (GeV)

60 70 80 90 100 110 120 data/MC

0 1 2 dilepton transverse momentum (GeV) number of events / (14 GeV)

20

40

60

80

100

120 data DY+b TTbar other DY dibosons MC stat. unc.

= 7 TeV s -1 CMS preliminary, 4.6 fb

<101 GeV ll 81<M MC normalized to data

dilepton transverse momentum (GeV)

0 20 40 60 80 100 120 140 160 180 200 data/MC

0 1 2

Figure 1: Distribution of the dilepton invariant mass (left) and transverse momentum (right). The muon and electron channels are combined. The CMS data are represented by solid points and the MC simulation by stacked histograms. The red shade represents the statistical uncertainty on the MC prediction. The number of t t events in the signal region is estimated by normalizing the simulation to the data in the background-enriched region defined by M_{ℓℓ} > 120 GeV. The overall simulation is normalized to the data in the signal region.

the distance between the primary vertex (PV) and V_Z is required to be smaller than 200 μm. These requirements select a single PV among the multiple interactions happening in the same bunch crossing (PU collisions). The PV’s are reconstructed from tracks (including lepton tracks) of low 2D impact parameter (significance < 5) with respect to the nominal interaction region.

The secondary vertex (SV) reconstruction is initiated by the identification of ”seed” tracks with a large impact parameter with respect to the selected PV. Additional tracks fulfilling angular and momentum requirements are selected together with the seed tracks, forming secondary vertices. Events are required to have at least two reconstructed secondary vertices. The B candidate four-momentum is calculated as the sum p_{SV} = ∑ p_i over all tracks fitted to that vertex, using the pion mass hypothesis for every track to obtain its energy E_i. The vertex mass m_{SV} is calculated as m^2_{SV} = E^2_{SV} − p^2_{SV}. The IVF technique identifies the charged products from B and B → D + X decays to form merged B candidates. Two B candidates from B → D + X sequential decays are merged into one single B if the angular separation Δ R(SV_1, SV_2) is smaller than 0.4, the invariant mass corresponding to the sum of all tracks assuming the pion mass is smaller than 5.5 GeV, and the cosine of the angle between the four-momenta p_{SV1,2} corresponding to the two candidates is larger than 0.99. More details on the SV and B-candidate reconstruction can be found in Ref. [12].

A B candidate is retained if it has a flight distance significance larger than five, a pseudorapidity |η | < 2, transverse momentum p_T > 8 GeV and a total invariant mass m_{SV} > 1.4 GeV. Finally, only those events which have exactly two B-candidates are retained. 454 (254) events pass all the selection cuts in the muon (electron) channel.

The simulated kinematic distributions of the lepton pair describe the data well, as shown in Fig. 1. The number of t t events in the signal region is estimated by normalizing the simulation to the data in the background-enriched region defined by M_{ℓℓ} > 120 GeV. The overall

Fig. 11.16 – Dilepton invariant mass distribution.

Our group has performed a measurement of the normalized differential cross-section pp → Z^0 /γ^∗ + bb̄ as a function of B -hadron angular separation [10] for an integrated luminosity of 4.6 fb^{− 1} . Leptonic decays of the Z^0 into two leptons (e or μ) of opposite charges are selected (Fig. 11.16). The B - hadron pairs are identified by the Inclusive Vertex Finder (IVF) algorithm, based on the reconstruction of displaced secondary vertices from B decays,

Fig. 11.17 – Event with two displaced vertices from B -hadron decays (red and yellow tracks) and two leptons from a Z^0 boson (blue tracks).

R(B candidates) Δ

RΔ/dσ dσ1/

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Δ 0

0.35 = 7 TeVs -1 CMS preliminary, 4.6 fb

data aMC@NLO

R(B candidates) Δ 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

MC data-MC

-1 0 1

Δ

0 1

Fig. 11.18 – Normalized production cross section as a function of the angular variable Δ R = √ Δ η^2 + Δ ϕ^2 . The measured distribution (solid dots) is compared to aMC@NLOprediction.

independently on jets. This allows to resolve B - hadron pairs even at small opening angles (see Fig. 11.17) for which decay products merge into single jets, the standard b-jet tagging techniques then becoming useless.

The observed distribution is compared to the the NLO expectation obtained with aMC@NLO (Fig. 11.18). The data agree reasonably well with simulation within experimental errors, although data suggest a flatter angular distribution at small Δ R. Additional investigations and larger data samples in 2012 will help establishing which theoretical model provides the best description of the data [11].

We are also working on the implementation of the jet matching techniques for the MADGRAPHMonte Carlo simulation which will allow to efficiently produce exclusive samples of pp → Z^0 /γ^∗ + bb̄ events with additional partons. We are implementing the simulation of massive b-quarks in MADGRAPH.

Our group has furthermore improved the b-jet identification in the High Level Trigger (HLT). The reconstruction of the primary vertex is crucial for the application of b-tagging algorithms. To limit CPU time the standard HLT reconstruction per-

47

Particle physics with CMS

forms only a fast 1D estimate of the primary vertex position in the direction of the beam axis, while the coordinates of the online beam spot are used as estimates for the transverse vertex position. The efficiency of the trigger can be improved with an event-by-event estimate of the 3D vertex position at the trigger level. We have assessed the performance of the 3D primary vertex reconstruction using a simulated sample of jet events and an average event pileup of 10, and have established that the algorithm can be successfully applied at trigger level.

[1] M. Kramer and H. Simma,

Nucl. Phys. B 50 (1996) 125. [2] M. Ivova Rikova, PhD-thesis, Universität Zürich (in preparation).

[3] V. M. Abazov et al. , Phys. Rev. Lett. 99 (2007) 052001; T. Aaltonen et al. , Phys. Rev. Lett. 99 (2007) 052002.

[4] M. Karliner et al. ,

arXiv:0706.2163 [hep-ph] (2007). [5] E. Aguiló,

CMS-PAS-BPH-12-001 (to be published). [6] L. Wilke, PhD-Thesis,

University of Zurich (2009). [7] B. Millán Mejías, PhD-thesis, Universität Zürich (in preparation).

[8] CMS Collaboration, submitted to Phys. Lett.

B, prep. arXiv:1202.4083 [hep-ex] (2012). [9] M. Verzetti, PoS (EPS-HEP2011) 417 (2011). [10] CMS Collaboration,

CMS-PAS-EWK-11-015 (to be published). [11] C. Favaro, PhD-thesis, Universität Zürich (in preparation).

48

Superconductivity and Magnetism

0.1 0.2 0.3 0.4 0.5

0 10 20 30 40 50 60 70

0.9

1.0 1.1

0.9 1.0 1.1 0 10 20 30

0.0 0.5 1.0 0 25 50 75

M

SC

T_N , T_c (K)

Fe content, y

Se content, x

SC + M

Fe_ySe_xTe_{1-x}

(c)

T_N , T_c (K)

Fe content, y

T_N T_c

(b) Fe_ySe_{0.25}Te_{0.75}

T_N

T_c

T_N , T_c (K)

Se content, x

Fe_{1.03}Se_xTe_{1-x} (a)

Fig. 12.2 – Phase diagram of Fe_y Se_x Te_{1− x} as a function of x (a) and y (b).

magnetism and superconductivity are found to coexist microscopically for T < T_c [4, 7]. Interestingly, substitution of Se by isovalent Te in the system Fe_y Se_x Te_{1− x} has a similar effect. First, T_c (x) increases, then superconductivity and magnetism coexist, and finally the material remains magnetic [5]. Recently, it turned out, that the superconducting and magnetic properties of Fe_y Se_x Te_{1− x} not only depend on the Se-Te ratio x, but also strongly on the Fe content y [6, 8]. Upon fixing x = 0 .25 and varying y one is able to tune the system from a coexistence region of magnetism and superconductivity to a state where the system is magnetic only (apart from traces of superconductivity, see Figs. 12.2 and 12.3). It was shown by us, that the

0.1 0.2 0.3 0.4 0.5

0 10 20 30 40 50 60 70

0.9

1.0 1.1

0.9 1.0 1.1 0 10 20 30

0.0 0.5 1.0 0 25 50 75

M

SC

T_N , T_c (K)

Fe content, y

Se content, x

SC + M

Fe_ySe_xTe_{1-x}

(c)

T_N , T_c (K)

Fe content, y

T_N T_c

(b) Fe_ySe_{0.25}Te_{0.75}

T_N

T_c

T_N , T_c (K)

Se content, x

Fe_{1.03}Se_xTe_{1-x} (a)

Fig. 12.3 – Combination of panels (a) and (b) of Fig. 12.2 in a tentative three dimensional phase diagram. M and SC denote the magnetic and superconducting phases, respectively [6].

magnetic correlation length decreases with decreasing amount of Fe. This rises the question whether Fe acts as an isolated moment that destroys superconductivity, or is an electron donor that suppresses superconductivity and induces weakly localized electronic states [6].

[1] Y. Kamihara et al. , J. Am. Chem. Soc. 130 , 3296 (2008).

[2] R. Khasanov et al. , Phys. Rev. Lett. 104 , 087004 (2010).

[3] M. Bendele et al. , Phys. Rev. B 81 , 224520 (2010).

[4] M. Bendele et al. , Phys. Rev. Lett. 104 , 087003 (2010).

[5] R. Khasanov et al. , Phys. Rev. B 80 , 140511(R) (2009).

[6] M. Bendele et al. , Phys. Rev. B 82 , 212504 (2010).

[7] M. Bendele et al. , Phys. Rev. B 85 , 064517 (2012).

[8] R. Viennois et al. , J. Sol. St. Chem. 183 , 769 (2010).

12.2 Magnetic torque study of singlecrystal Rb_x Fe_{2− y}Se_2

A high T_c ≃ 30 K is also observed in the related iron-selenide family A_x Fe_{2− y} Se_2 by intercalating alkali atoms between the FeSe layers [1]. Many reports [2, 3] indicate a coexistence of antiferromagnetism and superconductivity, with the antiferromagnetic domains corresponding to iron vacancy ordering. However, still no consensus for the values of the magnetic penetration depth λ and the magnetic penetration depth anisotropy γ_λ is found in literature.

We performed magnetic torque investigations on a single crystal of Rb_x Fe_{2− y} Se_2 for various

50

Physik-Institut der Universität Zürich | Annual Report 2011/12

0 30 60 90 120 150 180 –8

–4

0

4

8 –6 –4 –2 0 2 4 6 RbxFe2-ySe2 single crystal T = 17 K

� (10-10 Nm)

RbxFe2-ySe2 single crystal μ0H = 1.4 T

(b) 80 85 90 95 100 –1 –0.5 0 0.5 1

(a)

� (degrees)

� (10-10 Nm)

80 85 90 95 100 –1 –0.5 0 0.5 1

�norm �norm

0.2 T

0.4 T

0.6 T

0.8 T

1.0 T

1.4 T

1.2 T

30 K

25 K

20 K

15 K

Fig. 12.4 – Angular dependence of the superconducting component of the magnetic torque of Rb_x Fe_{2− y} Se_2 . (a) Magnetic torque at 17 K for various magnetic fields. (b) Magnetic torque at 1.4 T for various temperatures. The insets in both panels show the evolution of τ_{norm} = τ/τ_{max} close to the ab-plane [4].

temperatures T and magnetic fields H applied with an angle θ with respect to the crystallographic caxis of tetragonal Rb_x Fe_{2− y} Se_2 . A change of the slope of torque near the ab-plane ( θ ∼ 90^∘ ) qualitatively reflects a change of γ_λ . Such a change of slope is evident from the torque data shown in Fig. 12.4, indicating that γ_λ depends on field, but not on temperature.

A detailed analysis of these data yields estimates for γ_λ (T, H ) and the effective magnetic penetration depth λ_{eff} (T, H ). A summary of these results is shown in Fig. 12.5. The extrapolated value of λ_{eff} (0) ≃ 1.8 μm is surprisingly large compared to other iron-based superconductors. However, measurements on the isotropic lower critical field H_{c1} are in good agreement with a rather large magnetic penetration depth in Rb_x Fe_{2− y} Se_2 . Intriguingly, microscopic techniques yield typical values of λ ≃ 300 nm [5]. It is possible that due to phase separation [3] in these materials, macroscopic techniques probing the effective magnetic penetration depth λ_{eff} yield substantially different values for λ than microscopic techniques.

A field dependent γ_λ may be associated with a complex band structure, since in the case of multiple superconducting gaps originating from different bands the superconducting screening currents, related to λ_{ab} and λ_c , may give rise to an unusual behavior of γ_λ . However, if a 2D-3D band scenario were the origin of the field dependence of γ_λ of RbFe_{2− y} Se_2 , it should be temperature dependent as well [6] which is not the case according to Fig. 12.5d.

(c) 0 1 2 3

�

0 0.4 0.8 1.2 (d)

17 K 20 K 25 K 29 K

μ0H (T)

15 20 25 30 1 2 3 4 5 6 7 8 9

T (K)

�eff (1011 m-2) -2

(b)

(a)

1.0 T 1.2 T 1.4 T

0.2 T 0.4 T 0.6 T 0.8 T

RbxFe2-ySe2 single crystal

Fig. 12.5 – Summary of all the results obtained from the torque data of RbFe_{2− y} Se_2 . (a) Temperature dependence of λ^{− 2}_{eff} . The line is a power law fit to the data at 1.4 T. (b) Temperature dependence of γ_λ for various fields, showing that γ_λ is strongly increasing with H , but is almost independent of T. The dotted lines represent the average γ_λ for each field. (c) Field dependence of λ^{− 2}_{eff} for various temperatures. (d) Field dependence of γ_λ for various T. The black line is a guide to the eye [4].

51

Superconductivity and Magnetism

A superconductor coexisting with an antiferromagnetic phase is expected to behave in a peculiar way. Varying the magnetic field can change the domain structure and the coupling between superconducting areas. This could result in variations of the averaged effective anisotropy. As was shown for various iron-based superconductors, the lattice parameters, in particular the pnictogen height in the iron-pnictides, are directly related to superconductivity [7]. Importantly, such scaling also works for the iron-selenide layer [7, 8]. It is possible that magnetostrictive effects, which are expected to increase with magnetic field, may influence the lattice parameters and consequently the anisotropy of the system.

[1] J. Guo et al. ,

Phys. Rev. B 82 , 180520 (2010). [2] V. Ksenofontov et al. ,

Phys. Rev. B 84 , 180508 (2011). [3] A. Ricci et al. ,

Phys. Rev. B 84 , 060511 (2011). [4] S. Bosma et al. ,

Phys. Rev. B 85 , 064509 (2012). [5] Z. Shermadini et al. ,

Phys. Rev. B 85 , 100501 (2012). [6] M. Angst et al. ,

Phys. Rev. Lett. 88 , 167004 (2002). [7] Y. Mizuguchi et al. ,

Supercond. Sci. Tech. 23 , 054013 (2010). [8] A. Krzton-Maziopa et al. ,

J. Phys.: Condens. Matter 23 , 052203 (2011).

12.3 Anisotropic magnetic order in EuFe_{2− x} Co_x As_2 single crystals

Among the iron-based pnictide HTS’s, the family EuFe_{2− x} Co_x As_2 is particularly interesting since Eu^{2+} is a rare-earth ion with a 4 f^7 electronic configuration and a total electron spin of 7/2. This compound is built up by Fe_2 As_2 layers, separated by layers of magnetic Eu^{2+} ions [1]. EuFe_2 As_2 exhibits both a spin density wave (SDW) ordering of the Fe moments and an antiferromagnetic ordering of the localized Eu^{2+} moments below 190 K and 19 K, respectively [1, 2]. In contrast to related systems, where the substitution of Fe by Co leads to superconductivity [3], the compounds containing Eu^{2+} exhibit the onset of a superconducting transition, but seem to be hindered to reach zero resistivity at ambient pressure due to the AFM ordering of the Eu^{2+} spins [4, 5]. It is well established that the SDW state of the Fe moments is suppressed as a result of Co doping. However, at present there is no clear picture how the ordering of the Eu spins develops with increasing Co concentration. Thus, it is important to compare the magnetic properties of the Eu sublattice in EuFe_{2− x} Co_x As_2 without and with Co doping in order to study the correlation between the ordering of the Eu^{2+} moments and the magnetism of the Fe sublattice. This is crucial to understand the interplay between magnetism of localized moments and superconductivity in EuFe_{2− x} Co_x As_2 .

A combination of magnetic susceptibility, magnetization, and magnetic torque experiments were performed on single crystals of EuFe_{2− x} Co_x As_2 (x = 0 , 0.2) [6]. The goal of this study is to investigate the macroscopic magnetic properties of the Eu sublattice. Magnetic susceptibility and magnetization investigations provide information on the magnetic structure of a single-crystal sample in magnetic fields applied along the principal axes. In addition, the evolution of the magnetic structure as a function of the tilting angle of the magnetic field and a crystallographic axis can be studied by magnetic torque. The results are summarized in Fig. 12.6 and 12.7. They are discussed in terms of the phase diagram of the Eu^{2+} magnetic sublattice of EuFe_2 As_2 and EuFe_{1.8} Co_{0.2} As_2 for H ⊥ c and H ‖ c. For the parent compound EuFe_2 As_2 four different magnetic phases were identified (see Fig. 12.6a and b): a paramagnetic (PM), an antiferromagnetic (AFM), a canted antiferromagnetic (C-AFM), and a ferromagnetic (FM) phase. The present experiments suggest a C-AFM order of the Eu^{2+} spins in EuFe_2 As_2 in the temperature range

52

0.0 0.4 0.8 1.2 1.6 2.0 0

10

20

30

T (K)

C-AFM

(a) H ⊥ c EuFe_2As_2 PM

AFM μ0Hcr

⊥ (0)=0.85 T

FM

0

10

20

30

μ_0H_{cr}^{| |}(0)=1.5 T

(b) H || c

FM

AFM C-AFM

T (K)

�_0H(T)

PM EuFe_2As_2

0.0 0.4 0.8 1.2 1.6 2.0 0

10

20

30

T (K)

C-AFM

(a) H ⊥ c EuFe_2As_2 PM

AFM μ0Hcr

⊥ (0)=0.85 T

FM

0

10

20

30

μ_0H_{cr}^{| |}(0)=1.5 T

(b) H || c

FM

AFM C-AFM

T (K)

�_0H(T)

PM EuFe_2As_2

0.0 0.4 0.8 1.2 1.6 2.0 0

10

20

30

T (K)

C-AFM

(a) H ⊥ c EuFe_2As_2 PM

AFM μ0Hcr

⊥ (0)=0.85 T

FM

0

10

20

30

μ_0H_{cr}^{| |}(0)=1.5 T

(b) H || c

FM

AFM C-AFM

T (K)

�_0H(T)

PM EuFe_2As_2

Fig. 12.6 – Magnetic phase diagrams of single-crystal EuFe_2 As_2 for H ⊥ c and for H ‖ c. The various phases in the diagrams are denoted as: paramagnetic (PM), antiferromagnetic (AFM), canted antiferromagnetic (C-AFM), ferromagnetic (FM). The spheres and red&white symbols are from the susceptibility and field dependent magnetization measurements, respectively. Solid lines are guides to the eye [6].

between 17 K and 19 K, while below 17 K an AFM structure is proposed. We also propose that at low temperatures the system can be well described by a uniaxial model with an easy plane and A-type AFM order. By applying a magnetic field within the AFM phase, a transition from AFM order via a canted configuration to a FM structure is observed. The corresponding magnetic phase diagrams for Co doped EuFe_{1.8} Co_{0.2} As_2 are shown in Fig. 12.7a and b. The magnetic ordering temperature of ≃ 17 K is only about 2 K lower as compared to the parent compound. However, in the Co doped EuFe_{1.8} Co_{0.2} As_2 , no signatures of a low-field and low-temperature AFM state of the Eu^{2+} moments was found. Only a C-AFM phase (with a FM component in the ab-plane) is present at low fields and low temperatures. The ordering temperature T_{C − AFM} decreases with increasing magnetic field, similar to the parent compound (see Fig. 12.7a and b). The critical magnetic field H_{cr} at which the Eu magnetic ordering is saturated was determined for different temperatures, and the extrapolated zerotemperature values were found to be strongly reduced with Co doping.

0.0 0.4 0.8 1.2 1.6 2.0

T (K)

C-AFM

EuFe_{1.8}Co_{0.2}As_2

μ_0H_{cr}^⊥ (0)=0.43 T

FM

PM H ⊥ c (a)

T (K)

0

10

20

30

�_0H (T) μ_0H_{cr}^{| |}(0)=0.58 T

FM

C-AFM

(b) H || c PM EuFe_{1.8}Co_{0.2}As_2

0

10

20

30

Fig. 12.7 – Magnetic phase diagrams of singlecrystal EuFe_{1.8} Co_{0.2} As_2 for H ⊥ c and for H ‖ c. The meaning of the symbol is as in Fig. 12.6 [6].

53

Superconductivity and Magnetism

The present investigations reveal that the magnetic configuration of the Eu moments is strongly influenced by the magnetic moments of the Fe sublattice, where superconductivity takes place for a certain range of Co doping. This gives rise to a complex and sophisticated interplay of magnetic phases in EuFe_{2− x} Co_x As_2 . A detailed knowledge of the interplay between the Eu^{2+} moments and magnetism of the Fe sublattice is important to understand the role of magnetism of the localized Eu^{2+} moments for the occurrence of superconductivity in EuFe_{2− x} Co_x As_2 .

[1] H. Raffius et al. ,

J. Phys. Chem. Solids 54 , 135 (1993). [2] Y. Xiao et al. ,

Phys. Rev. B 80 , 174424 (2009). [3] A. S. Sefat et al. ,

Phys. Rev. Lett. 101 , 117004 (2008). [4] Y. He et al. ,

J. Phys.: Condens. Matter 22 , 235701 (2010). [5] Z. Guguchia et al. ,

Phys. Rev. B 83 , 144516 (2011). [6] Z. Guguchia et al. ,

Phys. Rev. B 84 , 144506 (2011).

12.4 μSR study of the magnetoelectric coupling in Cu_2OSeO_3

Multiferroic and magnetoelectric materials are in the focus of research activities in recent years [1, 2]. The coupling between magnetic and electric parameters increases the degrees of freedom of the ordered ground state, making these materials good candidates for the study of new phenomena in highly correlated electronic systems. Strong magnetoelectric coupling is rather rare in solid state physics, since usual microscopic mechanisms for magnetic and electric polarization are mutually exclusive. Magnetism requires strong exchange interactions related to a strong hybridization of the transition ion electrons leading to conductivity.

Conductivity, on the other hand, is inconsistent with the presence of an electric polarization in a sample [2]. The presence of large magnetic and electric polarizations is an important condition for strong magnetoelectric coupling, making ferro- or ferrimagnetic materials favorable candidates [1].

The ferrimagnetic magnetoelectric compound Cu_2 OSeO_3 was recently discovered [3], and single crystals were successfully grown soon after [4]. The compound is piezoelectric and undergoes a ferrimagnetic transition below 60 K, exhibiting magnetoelectric coupling as revealed by magnetocapacitance studies on a polycrystalline sample [3]. An abrupt change of the dielectric constant below the ferrimagnetic transition was later confirmed by infrared studies [5, 6].

In this study we investigated the magnetic properties and the magnetoelectric coupling in Cu_2 OSeO_3 by means of zero field and transverse field μSR in combination with alternating electric fields. A careful analysis of the electrostatic and magnetic field distributions in the lattice unit cell allowed us to identify possible muon stopping sites and corresponding local magnetic fields probed by the muon [7]. The obtained μSR spectra were found to be consistent with the ferrimagnetic structure below T_C = 57 .0(1) K [3]. In the low temperature limit an internal magnetic field B_{int} (0) = 85 .37(25) mT was detected at the interstitial muon stopping site. The temperature dependence of the internal magnetic is well described by the relation B_{int} = B (0)(1 − (T/T_C )^2 )^{β̃} with an effective exponent β̃ ≃ 0.39(1) which is close to the critical exponent β ≃ 1/3 for a three dimensional (3D) magnetic system (see Fig. 12.8). Just above T_C the muon relaxation rate follows the power law λ(T) ∝ (T/T_C − 1)^{− ω̃} with ω̃ = 1 .06(9), which is characteristic for 3D ferromagnets. Measurements of B_{int} (T) with and without an applied electrostatic field E = 1 .66 × 10^5 V/m suggest a electric field effect of magnitude Δ B_V = B_V (0 V) − B_V (500 V) = − 0.4(4) mT [7].

54

0

20

40

60

80

0.01 0.1 1 20

30 40 50 60 70 80 90

0 10 20 30 40 50 60 -2 -1 0 1

0 25 50 75 100 390 420 -10 -5 0 5 10

-2 -1 0 1 2

-8 -4 0 4 8

B_1 (mT)

500 V 0 V Cu_2OSeO_3

(c)

(b)

B_1 (mT)

1-(T/T_c)^2

(a)

ΔB_V (mT)

T (K)

ΔB_V’ (mT)

B (mT)

T = 10 K

ΔB_V’ /B_2 (%)

ΔB_V /B_1 (%)

Fig. 12.8 – (a) Temperature dependence of the mean internal B_1 field in single crystal Cu_2 OSeO_3 for zero and applied electrostatic field E . The solid lines are power law fits to the data. The insert shows B_1 vs (1 − (T/T_C )^2 ) on a log-log scale. (b) Electric field shift Δ B_V = B_1 (0 V) − B_1 (500 V) as a function of temperature. The solid red line corresponds to the mean value of Δ B_V ≃ − 0.4(4) mT below 50 K. (c) Electric field shift Δ B^′_V = B̂_2 (0 V) − B̂_2 (800 V) as a function of magnetic field measured by transverse field μSR at 10 K [7].

[1] M. Fiebig,

J. Phys. D: Appl. Phys. 38 , R123 (2005). [2] N. A. Hill,

J. Phys. Chem. B 104 , 6694 (2000). [3] J.-W. G. Bos et al. , Phys. Rev. B 78 , 094416 (2008).

[4] M. Belesi et al. ,

Phys. Rev. B 82 , 094422 (2010). [5] K. H. Miller et al. , Phys. Rev. B 82 , 144107 (2010).

[6] V. Gnezdilov et al. , Fiz. Nizk. Temp. 36 , 688 (2010).

[7] A. Maisuradze et al. , Phys. Rev. B 84 , 064433 (2011).

55

Phase transitions and superconducting photon detectors

13 Phase transitions and superconducting photon detectors

A. Aeschbacher, F. von Rohr, H. Grundmann, O. Bossen, K. Inderbitzin, S. Siegrist, A. Engel and A. Schilling

in collaboration with : University of Bern (K. Krämer), EPF Lausanne (L. Forró), Tohoku University (N. Toyota), McMaster University (H. Dabkowska), Karlsruhe Institut für Technologie (K. Il’in), ETH Zürich (A. Imamoglu), Deutsches Zentrum für Luft- und Raumfahrt (H.-W. Hübers, A. Semenov), FIRST Lab ETH Zürich, ESRF Grenoble (C. Mazzoli), PSI Villigen (M. Medarde).

13.1 Superconducting nanowire single-photon detectors for optical and X-ray photons

In this report period we could demonstrate that it is possible to make fast single-photon detectors from TaN, which show improved detection efficiencies in the infrared spectral range compared to traditional detectors made from NbN. Moreover, in experiments with X-rays ( ≈ 6 – 50 keV) we successfully transferred the detection principle into the keV region while preserving the fast recovery times.

13.1.1 TaN superconducting nanowire singlephoton detectors

In the previous annual report we already reported preliminary results of superconducting nanowire single-photon detectors (SNSPD) sensitive in the optical and near-infrared range made from TaN thin films [1] instead of the common NbN material. These efforts were motivated by the expectation that materials with a lower critical temperature T_c compared to NbN should detect low-energy photons in the infrared with a higher detection efficiency. An extensive and detailed comparison with a similar sized NbN-SNSPD confirmed our expectations [2]. At high bias currents the detection efficiency as a function of the photon wavelength λ shows a well defined plateau extending well into the infrared range followed by the typical roll-off beyond the cut-off wavelength (Fig. 13.1). The improvement compared to a similarly sized NbN SNSPD becomes obvious when the relative detection efficiency DE_{TaN} /DE_{NbN} for equal reduced bias current I_b/I_c is plotted versus λ as shown in

Fig. 13.1 – Detection efficiency of the TaN SNSPD as a function of photon wavelength for different bias currents. In the inset we plotted the relative detection efficiencies for a TaN and NbN detector. The 5 to 6-fold increase of the detection efficiency in the infra-red is clearly visible.

the inset of Fig. 13.1. For λ > 1100 nm the detection efficiency of the TaN detector is 5 to 6 times higher than for the NbN detector.

This improvement has been achieved without compromise in the speed of the detector—its main advantage compared to competing technologies. In Fig. 13.2 voltage traces recorded for both detectors are shown. The pulses are almost identical for both detectors. Especially the rise time is for both detectors ∼ 200 ps, given by the 2 GHz bandwidth of our readout electronics. This is already indicating a very small timing jitter for the detection of photons, important for time-correlation experiments. This was confirmed by time-correlation measurements in a setup in the group of Prof. Imamoglu at ETH Zürich, from which we could determine a timing jitter of ∼ 80 ps, comparable to standard NbN SNSPD.

56

Fig. 13.2 – Amplified and scaled voltage traces of photon counts. In the main figure voltage traces averaged over 24 individual events for a TaN SNSPD (red) and a reference NbN SNSPD (blue) are plotted as a function of time. The rise time of about 200 ps is about the same for both detectors and effectively given by the 2 GHZ bandwidth of our readout electronics. The inset shows a longer time interval for a single trace.

13.1.2 X-ray superconducting nanowire singlephoton detectors

More than a decade before the successful development of SNSPD for the optical and near-IR wavelength range, serious efforts were undertaken to use this detection principle for X-ray photons with keVenergies [3]. However, these preliminary X-ray detectors struggled with problems after photon detection, making it difficult to operate them in a continuous detection mode. Recently, SNSPDs were used in time-of-flight spectrometry of molecules [4]. For this purpose, a SNSPD from 5 nm thin NbN was successfully tested for X-ray detection in a feasibility study [5]. However, the absorptivity of thin NbN films for X-ray photons and therefore the quantum efficiency of the detectors, are low.

In order to enhance the absorptivity of the superconducting detector, we fabricated an X-ray superconducting nanowire single-photon detector (X-SNSPD) from 100 nm thick niobium (Fig. 13.3a). The detector geometry was designed for a kinetic inductance large enough to significantly reduce the above mentioned problem with

0 3 6

−200

0

150

Time (ns)

Voltage pulse signal (mV)

(b)

(a)

2 3 4 Time (ns)

Counts (a.u.)

(c)

0 200 400 Time (ps)

(d)

Fig. 13.3 – (a) Optical image of examined X- SNSPD from 100 nm thick niobium, (b) typical voltage pulses after X-ray photon absorption, (c) pulse length histogram and (d) pulse rise time histogram (time spans between 15% and 85% of voltage minimum)

continuous photon detection, and small enough for ultrafast pulse recovery times. We report on the detection of X-ray photons with keV-energies with an ultrafast pulse recovery time of less than 4 ns (Fig. 13.3b and c) and an average pulse rise time of about 200 ps (Fig. 13.3d), again limited only by our electronics setup. In contrast to optical photondetection in thin-film SNSPDs, X-ray photon detection was possible even at bias currents smaller than 1% of the critical current.

Most remarkably, we observed that the average X-SNSPD signal amplitude depends significantly on the acceleration voltage of the photon emitting X-ray tube. Figure 13.4 shows the corresponding normalized pulse amplitude histograms at different acceleration voltages between 6 kV and 50 kV. Since the detector operates in a single-photon detection mode (inset Fig. 13.4), the variation of the average signal amplitude can be attributed to the variation of the average photon energies at different X-ray tube settings. This phenomenon, which is new for SNSPDs, is explained by the orders-of-magnitude smaller resistance of the normal conducting domains as compared to the situation in thin-film SNSPDs.

Moreover, no dark count events were triggered in over four hours of measurement, even with bias currents very close to the critical current.

57

Phase transitions and superconducting photon detectors

−0.3 −0.25 −0.2 −0.15 −0.1

0.1

1

Voltage pulse minimum (V)

Count rate (normalized at −66 mV)

6 kV 8 kV 10 kV 18 kV 35 kV 50 kV

Fig. 13.4 – Histograms of voltage pulse minima for different X-ray tube acceleration voltages (indicated in the legend). The acceleration voltage determines the maximum energy of the emitted photons. The inset shows that the detector photon count rate is proportional to the photon flux, which was varied by the X-ray tube anode current.

Our results show that ultrafast dark-count-free X-SNSPDs can be fabricated which can operate in a large spectral range. They could find applications where very high count rates, precise timing, a good signal-to-noise ratio and response in a wide spectral range for photon counting are required.

13.2 Experiments on Ba_{3− x} Sr_x Cr_2O_8

We have revived an old idea (see, e.g., JB 2006/07) to examine possibilities to directly prove the existence or the absence of macroscopic phase coherence in a condensate of triplon quasiparticles. We have realized that the time scale for a corresponding measurement is determined by the expected lifetime of phase coherence and was chosen much too long in earlier corresponding magnetic resonance experiments [6].

In an alternative approach we have recently suggested that two interacting triplon condensates with different chemical potentials (i.e. critical fields H_c ) should show an a.c. Josephson effect (similar to that observed in superconducting junctions) if they are placed into a common external magnetic field exceeding both critical fields. This effect would manifest itself in a change in the respective energy spectra. To account for the limited quasiparticle lifetime ( > 10^{− 11} s [6]) we expect a corresponding experiment to be successful in a junction composed of two weakly coupled compounds with critical fields μ_0 H_c differing by at least 0.5 T, and with a low enough intrinsic exchange-interaction anisotropy ( < 4 μeV). As a result of the coupling, certain ESR (electron-spin resonance) active modes should split enough to be observable [6] (i.e., by ω_{a .c.} ≈ 10^{11} s^{− 1} ), which can be investigated in a corresponding high-resolution ESR experiment.

13.2.1 Synthesis of Ba_{3− x} Sr_x Cr_2 O_8 as a prototype material

As a first preliminary study we have attempted to synthesize samples within the solid solution Ba_{3− x} Sr_x Cr_2 O_8 . The reason for this choice is a) the relatively low exchange-interaction anisotropy of Ba_3 Cr_2 O_8 and Sr_3 Cr_2 O_8 (≈ 1 μeV), b) the relatively low critical field of Ba_3 Cr_2 O_8 (μ_0 H_c ≈ 12 T [7], which is accessible in standard superconducting laboratory magnets), and c) the existence of isostructural Sr_3 Cr_2 O_8 with a μ_0 H_c ≈ 30 T [8]. Up to now, the solid solution Ba_{3− x} Sr_x Cr_2 O_8 has not yet been reported in the literature, and our aim was not only to show that it exists, but also to explore its physical properties later on.

These synthesis experiments where carried out by the PhD student Henrik Grundmann at the UZH and at McMaster University in Hamilton, Canada, with the help of Dr. Hanna Dabkowska. Although these experiments in an optical floating zone furnace did not yield strictly single-crystalline samples, the re-solidified material contained several, relatively large, well oriented crystallites, which was confirmed by Laue diffraction experiments.

The lattice constants were estimated from the Debye-Scherrer-spectra of reground crystallites (see Fig. 13.5 for a comparison of simulated Debye- Scherrer spectra for Ba_3 Cr_2 O_8 and Sr_3 Cr_2 O_8 with experimental data for Ba_{1.5} Sr_{1,5} Cr_2 O_8 ). The numerical values listed in Tab. 13.1 are close to what is expected according to Vegards law, based on the lattice constants of Ba_3 Cr_2 O_8 [7] and Sr_3 Cr_2 O_8 [8]. A more precise structural refinement of all prepared compounds is in progress.

58

Tab. 13.1 – Lattice parameters a and c^a of the prepared Ba_{3− x} Sr_x Cr_2 O_8 samples.

material literature value from powder spectra expected from Vegards law a c a c a c Ba_3 Cr_2 O_8 5.742 Å 21.389 Å[7] - - - - Ba_{2.9} Sr_{0.1} Cr_2 O_8 - - 5.709 Å 21.367 Å 5.734 Å 21.350 Å Ba_{1.5} Sr_{1.5} Cr_2 O_8 - - 5.67 Å 20.8 Å 5.5613 Å 20.805 Å Sr_3 Cr_2 O_8 5.562 Å 20.221 Å[8] - - - -

a notation according to Ref. [8]

26 28 30 32 34 36 xray intensity angle in degree measured powder spectrum for Ba1.5Sr1.5Cr2O8 Ba3Cr2O8 theoretical powder pattern (calculated with FullProf) Sr3Cr2O8 theoretical powder pattern (calculated with FullProf)

Fig. 13.5 – Comparison of Debye-Scherrer measurements for Ba_{1.5} Sr_{1.5} Cr_2 O_8 with simulated powder spectra for Ba_3 Cr_2 O_8 and Sr_3 Cr_2 O_8 .

13.2.2 Investigation of the ESR/EPR linewidths

in Ba_3 Cr_2 O_8

In a second preliminary study we wished to examine whether the intrinsic line widths in the highfield EPR spectra of Ba_{3− x} Sr_x Cr_2 O_8 would allow for the detection of the expected line splitting or not. Measurements on powdered Ba_3 Cr_2 O_8 were carried out at the high-field EPR setup in the group of Prof. László Forró at the EPFL, Lausanne. We found that the width of the ESR line corresponding to transitions between neighbouring triplet branches in ν = 210 GHz is smaller than 0.2 T below room temperature (see Fig. 13.6, lowest panel). Therefore, from the instrumental point of view, it should be possible in principle to detect a line splitting of 0.5 T in this material.

However, below T ≈ 80 K, an additional line showed up (see Fig. 13.6, upper panels), with an in-

6 6.5 7 7.5 8 8.5 9 9.5 field in T

EPR signal (different scale for different temperatures)