EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

CERN-EP/98-87 May 28, 1998

Observation of neutrino induced diffractive D^�+_s production and subsequent decay D^�+_s ! D+_s ! τ+ ! μ+

The CHORUS Collaboration

Abstract

We report on the first direct observation of a neutrino induced charged-current interaction with two subsequent decays of short-lived particles close to the interaction vertex. This rare double-kink signature in the CHORUS emulsion target is interpreted as a D�+_s production followed by the decay chain D�+_s ! D+_s γ, D+_s ! τ+ντ ,

τ+ ! μ^+νμν̄τ . The event is characterised by small Q^2 and small four-momentum transfer squared t to the target

nucleon, which indicates a diffractive production mechanism. A complete analysis of the event is presented.

Submitted to Physics Letters B

The CHORUS Collaboration

P. Annis^{a,1)}, S. Aoki^{b)}, A. Artamonov^{c)}, E. Barbuto^{d)}, A. di Bartolomeo^{d)}, D. Bonekämper^{e)}, C. Bozza^{d)}, G. Brooijmans^{f,2)}, J. Brunner^{g)}, A. Bülte^{h)}, S. Buontempo^{i)}, A. Capone^{j)}, F. Cassol^{k)}, M.G. Catanesi^{k)}, M. Chikawa^{l)}, A. Cocco^{i)}, D. Cussans^{g)}, N. D’Ambrosio^{i)}, R. van Dantzig^{m)}, G. De Lellis^{i)}, D. De Pedis^{j)}, E. Di Capua^{n)}, U. Dore^{j)}, R. El Aidi^{a)}, A. Ereditato^{i)}, D. Favart^{f )}, R. Ferreira^{g,3)}, G. Fiorillo^{i)}, D. Frekers^{e)}, J. Goldberg^{o)}, P. Gorbunov^{c)},G. Grégoire^{f )}, G. Grella^{d)}, T. Hara^{b)}, J. Hérin^{f,2)}, K. Hoshino^{p)}, G. Iovane^{d)}, Y. Ishii^{†,q)}, M. de Jong^{m)}, T. Kawamura^{q)}, A. Kayis^{r)}, M. Kazuno^{q)}, V. Khovansky^{c)}, K. Kodama^{s)}, M. Komatsu^{p)}, J. Konijn^{m)}, Y. Kotaka^{p)}, T. Kozaki^{p)}, M. Litmaath^{g)}, P.F. Loverre^{j)}, L. Ludovici^{j)}, H. Meinhard^{g)}, O. Melzer^{m)}, M. Messina^{i)}, P. Migliozzi^{g)}, M. Miyanishi^{p)}, M.T. Muciaccia^{k)}, K. Nakamura^{t)}, M. Nakamura^{p)}, T. Nakano^{p)}, E. Niu^{g)}, K. Niu^{p)}, K. Niwa^{p)},Y. Obayashi^{p,4)}, S. Ogawa^{q)}, T. Okusawa^{t)}, R.G.C. Oldeman^{m)}, G. Onengüt^{r)}, H. Øverȧs^{g)}, V. Palladino^{i)}, J. Panman^{g)}, I.M. Papadopoulos^{g)}, I.G. Park^{u)}, E. Pesen^{g,5)}, G. Piredda^{j)}, C.A.F.J. van der Poel^{m)}, E. Radicioni^{k)}, S. Ricciardi^{g)}, P. Righini^{v)}, G. Romano^{d)}, D. Rondeshagen^{e)}, G. Rosa^{d,6)}, D. Saltzberg^{g,7)}, B. Saitta^{v)}, R. Santacesaria^{j)}, O. Sato^{p)}, Y. Sato^{w)}, A. Satta^{j)}, V. Shamanov^{c)}, H. Shibuya^{q)} S. Simone^{k)}, J.S. Song^{u)}, S. Sorrentino^{i)}, P. Strolin^{g,8)}, I. Tezuka^{w)} , V. Tioukov^{i)}, P. Tolun^{x)}, T. Toshito^{p)},R. Tsenov^{g,9)}, J.W.E. Uiterwijk^{m)}, N. Ushida^{s)}, M. Vander Donckt^{a,10)}, B. Van de Vyver^{a,11)}, P. Vilain^{a,12)}, J.L. Visschers^{m)}, L. Vivolo^{k)}, Ch. Weinheimer^{g,13)}, G. Wilquet^{a,12)}, K. Winter^{h)}, T. Wolff^{e,14)}, H. Wong^{g,15)}, C.S. Yoon^{u)}, M.T. Zeyrek^{x)}, P. Zucchelli^{n)}. ——— a) Inter-University Institute for High Energies (ULB-VUB) Brussels, Belgium b) Kobe University, Kobe, Japan c) Institute for Theoretical and Experimental Physics, Moscow, Russian Federation d) Università di Salerno and INFN, Salerno, Italy e) Westfälische Wilhelms-Universität, Münster, Germany f ) Université Catholique de Louvain, Louvain-la-Neuve, Belgium g) CERN, Geneva, Switzerland h) Humboldt Universität, Berlin, Germany i) Università Federico II and INFN, Naples, Italy j) Università La Sapienza and INFN, Rome, Italy k) Università di Bari and INFN, Bari, Italy l) Kinki University, Higashiosaka, Japan m) NIKHEF, Amsterdam, The Netherlands n) Università di Ferrara and INFN, Ferrara, Italy o) Technion, Haifa, Israel p) Nagoya University, Nagoya, Japan q) Toho University, Funabashi, Japan r) Çukurova University, Adana, Turkey s) Aichi University of Education, Kariya, Japan t) Osaka City University, Osaka, Japan u) Gyeongsang National University, Jinju, Korea v) Università di Cagliari and INFN, Cagliari, Italy w) Utsunomiya University, Utsunomiya, Japan x) METU, Ankara, Turkey † deceased ——— 1)Supported by Regione autonoma della Sardegna, Italy.

2)Institut Interuniversitaire des Sciences Nucléaires.

3)On leave of absence from LIP, Lisbon.

4) Now at Kamioka Observatory, Institute for Cosmic Ray Research, University of Tokyo, Gifu, Japan. 5)On leave of absence from METU, Ankara, Turkey.

6)Now at Università La Sapienza and INFN, Rome, Italy.

7)Now at U.C.L.A., Los Angeles, USA.

8)On leave of absence from University of Naples ”Federico II”, Naples, Italy.

9)On leave of absence from Sofia University, Bulgaria, with support from the Bogazici University, Centre for Turkish-Balkan Physics Research and Applications.

10)Fonds pour la Formation a la Recherche dans l’Industrie et dans l’Agriculture. 11)Nationaal Fonds voor Wetenschappelijk Onderzoek.

12)Fonds National de la Recherche Scientifique. 13)Now at University of Mainz, Mainz, Germany.

14)Supported by a grant from Deutsche Forschungs Gemeinschaft.

15)Now at Academia Sinica, Taipei, Taiwan.

1 Introduction

The CHORUS experiment aims primarily at the observation of charged-current (CC) interactions ν_τ N → τ^−X from ν_μ → ν_τ oscillation in the CERN SPS wide-band neutrino beam. It is a hybrid experiment with an emulsion target and an electronic tracking system opening the possibility to study the production and decay of short-lived particles (cτ ∼ 100 − 300 μm) with a three dimensional spatial resolution of ∼ 1 μm. We studied a subsample of dimuon events for diffractive and deep inelastic D^{(∗)}s production with low multiplicity at the primary vertex. In the selection we concentrated on the purely leptonic decay cascade D_s → τ → μ that results in a clearly identifiable double decay (also called ‘double-kink’) signature.

Small Q^2 interactions with small four-momentum transfer squared t to the nucleon or nucleus play an important role in exploring the regime between deep inelastic scattering and diffractive processes. In particular, neutrino induced diffractive production is interesting, as there is only a small number of particles in the final state that reflect the structure of the weak current.

In this paper we report on the observation, analysis and interpretation of a candidate event for diffractive D^∗_s production with a double-kink signature.

2 Experimental setup and event selection

The CHORUS detector consists of 770 kg of nuclear emulsion acting simultaneously as a neutrino target and a high resolution tracking detector, followed by scintillating fibre trackers, a hadron spectrometer, a calorimeter and a muon spectrometer for kinematic reconstruction of the final state. The detector is described in detail in [1].

During four years of data taking (1994-1997), CHORUS recorded about 840,000 CC interactions. The search for double-kink events reported in this paper, is performed on a subsample of 87,000 CC events from the 1994 exposure.

To find double-kink events from the reactions ν_μN → μ^−D^+_s X or ν_μN → μ^−D^{∗+}_s (→ D^+_s γ)X,

(a) (b)

Figure 1: (a) Global view of the event in the detector with two identified muons of opposite sign. (b) The target area with primary and secondary vertices.

where D^+_s → τ^+ν_τ and τ^+ → μ^+ν_μν_τ , neutrino interactions with two muons of opposite sign are selected. To be sensitive to D^{∗+}_s → D^+_s γ decays, we allow only electromagnetic energy in the calorimeter and veto on hadronic showers by requiring that the energy released in the hadronic calorimeter be less than about 5 GeV.

The procedure of tracing back particle trajectories from the electronic detector into the emulsion has been described in [1]. In the emulsion, track following and vertex location are performed with automatic scanning microscopes [2] and after finding the primary vertex, the event is examined by eye for decay topologies with a double kink signature.

One event fulfills all the requirements of this selection.

3 Reconstruction in the detector

Figure 1 shows the detector display of the candidate event. Two identified muons of opposite sign and electromagnetic activity in the calorimeter, which can be assigned to a secondary vertex in the target region, are observed. The negative and the positive muons have measured momenta of (19.6 ± 3.9) GeV/c and (1.6 ± 0.1) GeV/c, respectively. A visible electromagnetic activity corresponding to an energy of E_{em} = (0.27±0.09) GeV is detected in the calorimeter.

Further, one isolated hit shows up in a module of the hadronic calorimeter located at a distance of 380 cm away from the primary vertex, corresponding to about 1.45 interaction lengths (∼ 24.5 radiation lengths). The isolated hit gives an energy signal of (0.53 ± 0.22) GeV and is probably caused by the interaction of a neutral particle, e.g., the scattering of a neutron.

By following the muon trajectories into the emulsion target, a neutrino interaction vertex is found with the topology shown in Figure 2. Two tracks leave from a single grain (size ∼ 1μm) without any visible charged nuclear fragment. One of these tracks matches the negative muon identified in the spectrometer, while on

Figure 2: The double-kink event with two tracks leaving from a single grain without nuclear break-up at the primary neutrino vertex. The points are the measured position of each emulsion grain with its error. Also indicated is the borderline between two consecutive emulsion plates.

the other track (identified as positive muon in the detector) two decays are visible. After corrections for shrinkage and local distortion of the emulsion, a grain-by-grain measurement provides a three dimensional view of the vertex, tracks and decay angles. The decay angles are found to be (39.5 ± 2.4) mrad for the first and (87.3±1.2) mrad for the second kink. The distance from the primary vertex to the first kink is 68 μm and that from the first to the second kink 147 μm. The first decay is located close to the surface of an emulsion plate (∼ 16 μm distance).

4 Double-kink scenarios

In view of the measured short flight lengths, momenta and decay angles, we consider that at the primary vertex a charmed meson (D^+ or D^+_s ) is produced by a neutrino. Other hypotheses are either unlikely or exotic.

Therefore, possible scenarios for the emergence of a double-kink signature are:

• A D^+_s → τ^+ν_τ and τ^+ → μ^+ν_μν̄_τ decay. This decay chain has already been observed in a pion emulsion exposure experiment [3].

• Elastic scattering without visible recoil (‘white kink’) of a D^+_s or D^+ charmed meson and subsequent decay into μ^+ν_μX^0. This process has never been observed for heavy mesons and for quantitative estimates we rely on pion data [4].

• A D^+_s or D^+ meson with subsequent decays into K^+X^0 and K^+ → μ^+ν_μ.

The probabilities for the different scenarios to happen and to be detected in CHORUS have been studied quantitatively with a Monte Carlo simulation of the beam, the interactions and the detector response. The nuclear emulsion target is segmented such that a double-kink signature can be detected, provided that both decays occur on average within half of an emulsion stack (14.2 mm) from the primary interaction vertex.

To calculate the number of expected events, we have taken into account detector and location efficiencies and have used the production rates described in the next section. Probabilities and expected event rates for the different scenarios are summarised in Table 1.

It can be seen that the decay chain D_s → τ → μ is clearly favoured. Furthermore, the measured decay angles and momenta of the event are consistent with this hypothesis. Therefore, the most probable explanation is that the observed double kink signature originates from the decays D^+_s → τ^+ν_τ and τ^+ → μ^+ ν_μν̄_τ .

5 Production scenarios

Given that the decay of a D^+_s is at the origin of the double kink, it is plausible that the energy measured in the electromagnetic part of the calorimeter can be associated with the conversion of a photon seen as the secondary vertex in the target region. These two observations lead to the hypothesis of a D^{∗+}_s production with an immediate radiative decay D^{∗+}_s → D^+_s γ.

At the primary vertex no additional charged hadronic fragments are visible. Therefore, two conceptually different models could explain the D^{∗+}_s production:

• Deep inelastic charm production without charged fragments The charm production rate per CC interaction is (5.0^{+0.7}_{−0.6}) % [5], with a relative D^+_s content of (7 ± 4) % [6]. In a Monte Carlo simulation based

Possible double-kink scenarios Probability for the signature Expected number of within 14.2 mm events in 1994 data D_s → τ → μ 0.96 ± 0.01 0.6 ± 0.3 D_s → white kink → μ 4 × 10^{−3} 3 × 10^{−3} D → white kink → μ 4 × 10^{−3} 4 × 10^{−3} D_s → K → μ (2 ± 2) × 10^{−4} (3 ± 3) × 10^{−4} D → K → μ (9 ± 2) × 10^{−4} (1 ± 1) × 10^{−4}

Table 1: Possible scenarios to generate a double-kink signature within half of an emulsion plate (14.2 mm). Note: The ‘white kink’ probabilities reflect an order of magnitude estimation.

on string fragmentation models [7] adjusted to experimental data [8], we find that in at most ∼ 2% of the events no other charged particles are produced at the primary vertex besides the D^+_s . In total, we expect a D^+_s production rate of less than 7× 10^{−5}/CC from deep inelastic processes with this signature.

• Diffractive production of a D^{∗+}_s meson The diffractive production mechanism for ν_μN → μ^−D^{∗+}_s N is shown schematically in Figure 3. This process has been reported in [9] with a measured production rate of (2.8 ± 1.1) × 10^{−3}/CC. In charged-current interactions, the W can ‘fluctuate’ into a charmed meson. The D^{∗+}_s production is Cabibbo favoured by a factor of �_{Vcs} V_{cd} �_2

≃ 20 over the D^{∗+} meson.

The on-shell meson is produced by scattering off a nucleon or a nucleus without breaking up the recoiling partner and without changing the quantum numbers (sometimes called ‘Pomeron exchange’).

Small t and small Q^2 are indicative of events described by the diffractive production model (see for instance [10]). A review of neutrino induced diffractive production of light mesons can be found in [11].

Figure 3: Diagram for neutrino induced diffractive D^{∗+}_s meson production

6 Kinematic reconstruction

In addition to the μ^− and the D^{∗+}_s observed at the primary vertex, we assume that a recoil neutron escapes the target nucleus and interacts in the calorimeter, leaving a visible energy of (0.53 ± 0.22) GeV. This energy deposition, the topology of the event and the kinematic constraints limit the neutron momentum to a range of about 0.7 GeV/c≤ p_n ≤ 1.8 GeV/c. A cross-check has been performed by a full detector Monte Carlo simulation of neutrons with momenta in the same range and in ∼ 74% of the events a similar signature was reconstructed.

Conservation of transverse momentum at the primary vertex allows the determination of the momentum p_D�+_s = (1.7 ± 0.6) GeV/c. Taking into account the kinematic constraints in this event, we reconstruct the neutrino energy E_ν = (24.9 ± 2.2) GeV and the transferred momentum Q^2 = (0.8 ± 0.1) (GeV/c)^2. The assumption that the neutron is at rest before the interaction, yields a four-momentum transfer squared t = (1.1 ± 0.4) (GeV/c)^2. The Fermi motion of nucleons is small compared to the measured momentum transfer. Even if the neutron is completely neglected in the kinematic reconstruction, these values of Q^2 and t (although computed differently [11]) remain of the same order.

Given the small Q^2, the small t, the interaction of a neutral particle in the calorimeter and the absence of any visible nuclear break-up at the primary vertex, we interpret this event as diffractive production of a D^{∗+}_s meson.

Because of the mass difference between D_s and τ, the two-body decay D^+_s → τ^+ν_τ constrains the neutrino mass m_{ντ} even on a single event basis, depending on the observed decay angle. However, the measured decay angles in this event, although consistent with the above interpretation, do not allow to set a better limit than the one obtainable from the mass difference.

7 Summary

In this paper we have presented the observation of a neutrino induced charged-current interaction with two subsequent decays within 215μm. A complete analysis of this event is possible because of the exceptional tracking capabilities of the CHORUS hybrid emulsion detector. Topological and kinematic reconstruction for the complete event are consistent with the production and the decay chain

At the primary vertex no nuclear break-up is observed. Small Q^2 = (0.8 ± 0.1) (GeV/c)^2 and the signal of a recoil neutron (t = (1.1 ± 0.4) (GeV/c)^2) point to a diffractive D^{∗+}_s production. The observation of one event is compatible with the diffractive production rate of (2.8 ± 1.1) × 10^{−3}/CC as measured in [9]

Acknowledgements

One of us (O.M.) would like to thank P. Marage, L.Sehgal and D.Rein for useful discussions on diffractive production.

We gratefully acknowledge the support of all our technical collaborators contributing to the detector construction, operation, emulsion pouring, development and scanning. We thank the neutrino beam staff ensuring the excellent performance of the facility. The accumulation of a large data sample in this experiment has been made possible also thanks to the efforts of the crew operating the CERN PS and SPS. The general technical support from the CERN EP and IT divisions is gratefully acknowledged.

The experiment has been made possible by grants from the following funding agencies: the Institut Interuniversitaire des Sciences Nucléaires and the Interuniversitair Instituut voor Kernwetenschappen (Belgium), the Israel Science foundation (grant 328/94) and the Technion Vice President Fund for the Promotion of Research (Israel), CERN (Geneva, Switzerland), the German Bundesministerium für Bildung und Forschung (grant 057MS12P(0)) (Germany), the Institute of Theoretical and Experimental Physics (Moscow, Russia), the Istituto Nazionale di Fisica Nucleare (Italy), the Japan Private School Promotion Foundation and Japan Society for the Promotion of Science (Japan), the Korea Science and Engineering Foundation and the Ministry of Education through Research Fund (BSRI-97-2407)(Republic of Korea), the Foundation for Fundamental Research on Matter FOM and the National Scientific Research Organization NWO (The Netherlands), and the Scientific and Technical Research Council of Turkey (Turkey).

References [1] E. Eskut et al., CHORUS Collaboration, Nucl. Instr. and Meth. A401 7 (1997) [2] S. Aoki et al.,Nucl. Instr. and Meth. B51 466 (1990) [3] K.Kodama et al., Nuclear Instruments and Methods B93, 340-354 (1994) [4] K.Kodama et al., Fermilab P803 Proposal (1993) [5] N.Ushida et al., Physics Letters B206, 375 (1988) [6] T.Bolton, Preprint KSU-HEP-97-04, hep-ex/970814, (1997) [7] T. Sjøstrand and M. Bengtsson, Computer Physics Communication 43, 367 (1987) [8] P.Allen et al., Nucl. Phys B214, 369 (1983) [9] Asratyan et al., Z. Phys C58, 55 (1993) [10] M.K.Gaillard, S.A.Jackson, D.V.Nanopoulos, Nucl.

Phys B102 326 (1976) Erratum: Nucl. Phys. B112, 545

(1976) C.A.Piketty, L.Stodolsky, Nucl. Phys. B15, 571 (1970) M.S.Chen, F.S.Henyey, G.L.Kane, Nucl. Phys. B118, 345 (1977) A.Bartl, H.Fraas, W.Majerotto, Phys. Rev. D16, 2124 (1977) M.K.Gaillard, C.A.Piketty, Phys. Lett. B68, 267 (1977) [11] B.Z. Kopeliovich, P. Marage, J. Mod. Phys A 8 No.9, 1513 (1993)