LSND experiment at the Los Alamos Meson Physics Facility (LAMPF)

Neutrino Source High intensity (1mA) low energy (800 MeV) p beam into stop target Look for νμ → νe oscillation from decay at rest (DAR) neutrino flux and for

ν_μ → ν_e oscillation from decay in flight (DIF) neutrino flux.

• ν_e flux is ν_e /ν_μ (DAR) = 7.8 · 10^{−4} • Oscillated ν_e events have a maximum en-

ergy of 52.8 MeV.

• No electron from ν_e above 36 MeV (ν^{12}_e C → e^{− 12}N ) • No electron with a correlated γ above 20

MeV (ν^{12}_e C → e^−n^{11}N )

DAR FLUXES DIF FLUXES

M. Mezzetto, INFN Padova, Lezioni di Dottorato di Ricerca, Padova, Aprile 2003 3

M. Mezzetto, INFN Padova, Lezioni di Dottorato di Ricerca, Padova, Aprile 2003 4

DATA TAKING

YEAR COULOMBS 1993 1787 1994 5904 First DAR paper: ”Candidate events ..” (PRL 75(1995)2650) 1995 7081 Second DAR paper: “Evidence for ...”, (Ph.Rev.C 54(1996)2685 and PRL 77(1996)3082 ” DIF paper: ” Results on ...”, (PRL 81(1998)1774 and Ph.Rev.C 58(1998)2489) 1996 3790 Water tank substituded with high Z target. 1997 7181 Preliminary results at Neutrino 1998 1998 3154 End of data taking 21 dec 1998

ν_e detected and flux measured by ν_e^{12}C →^{12} N_{gs}e^− and ν_e e^− → ν_e e^− ν_μ flux known at 7% through the results of a subsidiary

experiment.

ν_μ detected and flux measured by ν^{12}_μ C →^{12} N_{gs}μ^−

DAR OSCILLATION SEARCH

prompt positron signal, energy range. ν_e p → e^+n n + p −→_{τ≃186 μs} d + γ(2.2 MeV ) delayed correlated photon.

1. Particle identification through position, direction, #PMT

(e^− calibration through Michel e^− from CR μ decays)

2. CR veto through veto on detector activity before and after the trigger.

3. Correlated γ through likelihood function R (built with CR muons and/or MC) 4. Energy range: 20 ≤ E_e ≤ 60 or

36 ≤ E_e ≤ 60 MeV (golden sample).

Overall ν_e detection efficiency: 22%

EXCESS OF νe EVENTS

BACKGROUNDS

1. Cosmic Rays. Measured in beam off data (beam-off/beam-on≃

13, → good statistical accuracy for background subtraction).

2. Beam interactions with a random γ (measured) 3. Genuine ν_e and ν_μ with a correlated γ. Studied via MC simulations.

Selection Beam-On Events Beam-Off Background ν Background Event Excess Probability

R_γ > 1 205 106.8 ± 2.5 39.2 ± 3.1 59.0 ± 14.5 ± 3.1 7.8 × 10^{−6} R_γ > 10 86 36.9 ± 1.5 16.9 ± 2.3 32.2 ± 9.4 ± 2.3 1.1 × 10^{−4} R_γ > 100 27 8.3 ± 0.7 5.4 ± 1.0 13.3 ± 5.2 ± 1.0 1.8 × 10^{−3}

Events with 20 ≤ E_e ≤ 60 MeV , R_γ > 10:

Analysis Excess Events Oscillation Probability Present Analysis (1993-1998) 87.9 ± 22.4 ± 6.0 (0.264 ± 0.067 ± 0.045)% Previous Analysis (1993-1995) 51.0^{+20.2}_{−19.5} ± 8.0 (0.31 ± 0.12 ± 0.05)%

Excess events fit oscillated event characteristics:

While don’t fit backgrounds:

• Fit the excess with the μ^− back-

ground: it must be multiplied by 8.6 and χ^2 is 2.2 units worse than oscillation fit

• π^− DIF backgrounds studied

with a special trigger during 1995, in order to increase sensitivity to muons associated to small activity: it resulted compatible with the MC predictions.

SIGNAL PLOT

• Global ν_μ − ν_e and ν_μ − ν_e analysis (DAR +

DIF).

5697 candidate events with 20 < E_ν < 200 MeV.

• 3600 bins in 4 variables: the energy, the likeli-

hood R_γ , the angle respect the beam direction

(cos θ_b) and the path length L • Systematics included: neutrino flux × detection

efficiency = 10%.

• Bidimensional (sin^2(2θ), Δm^2) grid, selecting Δχ^2 = 2.6(90%) and 4.5(99%) above the

minimum.

• The other exclusion curves in the plot are built

with several different statistical methods!.

KARMEN EXPERIMENT

Performed at ISIS neutron spallation facility at RAL.

The detector (56 t), is at 17 m, 90^0, from the beam stop. Beam current is 0.2 mA. The time structure of the beam permits a separation between neutrinos from μ^+ DAR and those from π decay (both DAR and DIF).

KARMEN 1: 1990-1995, 9120 Coulombs. Seen 171 events, expected 140 from cosmic rays and beam backgrounds.

Beam excess = 31±17 (2.4σ), delayed event seen but prompt positron do not exhibit time and energy distribution from oscillations. A lower limit on oscillation probability:

P (ν_μ → ν_e ) < 4.25 · 10^{−3} (90%CL) was set.

Also performed a search for ν_μ → ν_e oscillation, with a 90% CL limit of 2 · 10^{−2} on the probability.

UPGRADE (KARMEN 2): new 300 m^2 active veto layer surrounding the iron blockhouse (4λ)

• throughgoing or stopping muons can be off-line vetoed • Cosmic background suppression reduced by a factor 43.

M. Mezzetto, INFN Padova, Lezioni di Dottorato di Ricerca, Padova, Aprile 2003 11

M. Mezzetto, INFN Padova, Lezioni di Dottorato di Ricerca, Padova, Aprile 2003 12

M. Mezzetto, INFN Padova, Lezioni di Dottorato di Ricerca, Padova, Aprile 2003 13

M. Mezzetto, INFN Padova, Lezioni di Dottorato di Ricerca, Padova, Aprile 2003 14

M. Mezzetto, INFN Padova, Lezioni di Dottorato di Ricerca, Padova, Aprile 2003 15

M. Mezzetto, INFN Padova, Lezioni di Dottorato di Ricerca, Padova, Aprile 2003 16

M. Mezzetto, INFN Padova, Lezioni di Dottorato di Ricerca, Padova, Aprile 2003 17

M. Mezzetto, INFN Padova, Lezioni di Dottorato di Ricerca, Padova, Aprile 2003 18

ν_μ → ν_τ search at the CERN Wide Band Beam

In the mass scale above 1 eV , inspired by Dark Matter scale The first dedicated exploration of the νμ ↔ ντ oscillation parameter space

γcτ ∼ 1 mm

Kinematical signature

CERN Wide Band Beam (WANF)

Distance of detector from target ∼ 800m. Effective neutrino flight path ∼ 600m.

Flavour Rel. Flux ⟨E_ν ⟩ (GeV )

ν_μ 1 23.5 ν_μ 0.061 19.2 ν_e 0.0094 37.1 ν_e 0.0024 31.3 ν_τ flux is negligible (less than 0.1 expected interac-

tions in 4 years).

Chorus detector

Chorus target and target tracker

Fibre tracker: ∼ 10^6 scintillating fibers

of 500 μm in diameter.

Resolutions: 2 mrad and 150 μm.

Emulsion Target: (4 × 200 Kg) Spatial resolution ∼ 1μm, grain density ∼ 300/mm. Ideal to detect the τ decay kink.

Chorus scanning

Scanning speed is dramatically increased:

year views/s 1994 0.5 1995 6 1998 180 2000 1800

Emulsion perpendicular to the beam

Automatic scanning: Track Selector (Nagoya)

M. Mezzetto, INFN Padova, Lezioni di Dottorato di Ricerca, Padova, Aprile 2003 24

Chorus signal definition

One Muon Channel (the golden one) Negative μ track, p < 30 GeV No other primary lepton Kink on muon track p_⊤ > 250 MeV Short flight length < 5 plates (4mm) Background Charm production by antineutrinos (very small)

To check scanning efficiency: Use events with 2 muons in the final state (∼ 2% of the total) scan the emulsion searching for a kink → charm dimuon candidates (D^+ de-

cay).

1995 1996 Expected events 7.4 ± 0.7 15.4 ± 2.2 Events found 8 17

Zero μ channel (Sensitive to τ → ν_τ h^−(nh^0),

τ → ν_τ ν_e e^−, τ → ν_τ ν_μ μ^− where the μ^− is

not identified) Negative non-muon track 1 < p < 20 GeV No primary lepton Kink on negative track Strict flight length cut < 3 planes

Background Charm production by antineutrinos (very small) NC events with a kink-like pion (0.5 events with the present statistic)

M. Mezzetto, INFN Padova, Lezioni di Dottorato di Ricerca, Padova, Aprile 2003 26

M. Mezzetto, INFN Padova, Lezioni di Dottorato di Ricerca, Padova, Aprile 2003 27

M. Mezzetto, INFN Padova, Lezioni di Dottorato di Ricerca, Padova, Aprile 2003 28

M. Mezzetto, INFN Padova, Lezioni di Dottorato di Ricerca, Padova, Aprile 2003 29

The ν_τ search: general principles

Appearance experiment. ν_τ is detected by CC interactions ν_τ + N → τ^− + X

Indirect τ identification through its secondary visible decay prod-

ucts. Analyses are specialized in Low and High Multiplicity events, separated by a cut on the hadronic momentum p_H > 1.5 GeV/c. τ^− → e^−ν_e ν_τ 17.8% h^− (nπ^∘)ν_τ 49.5% π^−π^−π^+ (nπ^∘)ν_τ 15.2% TOTAL 82.5%

Kinematic criteria to extract the signal from background.

Electron decay, the main source of backgrounds are

ν_e CC =⇒ kinematics based on the missing momen-

tum and angular relations in the transverse plane.

Hadronic decays, the main source of background are neutral current =⇒ isolation between the τ visible decay product(s) and the hadronic jet.

Nomad analysis in its maturity

The optimal rejection power is achieved using the full topology of the events, in principle 5 degrees of freedom + internal structures.

A probability density function, pdf L can be defined, describing the probability for an event with a given set of variables X_i to be signal (L_S) or background (L_B).

The global pdf L is subdivided into n-dimensional partial pdf’s with n up to 4 (higher values are not practical given the statistic of the MonteCarlo samples) chosen among the most discriminating internal correlations of X_i.

Event classification is based on likelihood ratio between the signal and background hypotheses: lnλ = ln^{LS}_{LB}

The optimal treatment would be to fit the shape of the tail of lnλ. In practice lnλ is subdivided into bins. The position of the bins is decided exclusively taking into account the sensitivity of the analysis (sensitivity is defined in Cousins & Feldman, Phys. Rev. D57(1998)3873.).

The independent measurements from different decay modes and signal bins are combined within the frequentist Unified Approach.

Three important steps for a solid analysis

DATA SIMULATOR: The large kinematical suppression and the use of likelihood functions exploiting multidimensional

correlations require precise knowledge of the backgrounds down to O(10^{−5}). Not possible to rely only on the MonteCarlo predictions.

• Use identified ν^{CC}_μ in both Data (DS) and MonteCarlo (MCS) samples and replace the leading μ^− by the appropriate

MC particle: ν for neutral currents, τ for the signal, e^− for ν^{CC}_e .

• Compute efficiency for signal and background as ϵ = ϵMC ϵ^{DS}ϵ_{MCS} • In this ratio the systematics of the method itself, of the MC hadronic simulation and of the nucleon Fermi motion cancels.

Search for τ + candidates: Given the beam composition and the published limits no τ^+ signal is expected → Search for τ^+ in the data and demonstrate that background predictions agree with data.

Blind Analysis To avoid ANY bias in selecting the events, define a “signal” region (box) and never look at the data there.

Robust prediction of backgrounds must be demonstrated before opening the box. The choice between different analyses in each decay channel is made according to their sensitivity, before opening the box

τ → eν_τ ν_e (νe CC are 1.5% of νμ CC).

Electrons from ν_e CC Discriminated by a 4D likelihood function mainly based on the topology in the transverse plane: L_{CC} = [[q_{lep}, ρ_{xvis} , ρ_H ], p^m_T , M_T , E_{vis} ]

Electrons and γ from Neutral Currents

• Select well measured electrons with tight

identification criteria.

• Exploit the excellent performance of the de-

tector (at signal efficiency ∼ 20%):

– e^−/π^− rejection: O(10^6) – e^−/π^∘ rejection: O(10^4)

The remaining neutral current background is rejected by a 3D likelihood function mainly based on the isolation of the candidate electron from the hadronic jet:

L_{NC} = [[[θ_{νT} , θ_{νH} ], θ_{min}, Q_T ], M_T , E^{xvis} ]

Events are classified in the plane defined by the 2 likelihood functions

The selected (blind) region is further subdivided in 6 bins.

τ → eν_τ ν_e, final results

Analysis Bin # Tot bkgnd Data N_τ

τ^− → eνν I 0.85^{+ 0.26}_{− 0.16} 2 134 (E_{vis} > 12 GeV) II 0.46^{+ 0.23}_{− 0.12} 1 128 III 0.18^{+ 0.18}_{− 0.08} 0 639 IV 1.85 ± 0.22 2 535 V 0.78 ± 0.15 0 389 VI 0.16 ± 0.08 0 1388 (E_{vis} < 12 GeV) I+IV+V 0.77 ± 0.26 0 247

II+III+VI 0.27 ± 0.13 0 650 N_τ = N_μ/ε_μ × σ_τ /σ_μ × ∑ i (ϵ_i × BR_i) =number of

oscillated events in case of P (ν_μ → ν_τ ) = 1.

Very good agreement between Data and Background Monte Carlo.

τ → h^−(+nπ^0)ν_τ inclusive (B.R. = 49.5%)

A new analysis scheme that unifies the selection of the 1 prong hadronic decays.

1) τ daughter candidate tag maximizing λ_{cand} = L^τ_{cand}/L^{random}_{cand} 2 γ events π^∘ candidate L_π∘ = [M_π∘ , θ_{γγ} , E^{max}_γ /E_{vis}] ρ candidate L_ρ = [L_π∘ , M_ρ, θ_π−_π∘ , E_π∘ /E_{vis}] τ daughter candidate L_{cand} = [L_ρ, I_G, Y_{BJ} , θ_{ρH} ]

1 γ events:

ρ candidate L_ρ = [M_ρ, θ_π−_π∘ , E_π∘ /E_{vis}] τ daughter candidate L_{cand} = [L_ρ, I_G, Y_{BJ} , θ_{ρH} ]

A cut on λ_ρ = L^τ_ρ/L^{BKGND}_ρ is subsequently made for the 1γ and 2γ topologies.

0 γ events:

τ daughter candidate L_{cand} = [I_G, Y_{BJ} , θ_{πH} ]

L_{cand} distributions for the right and the random choices

of the τ daughter in the τ MC sample.

τ → h^−(+nπ^0)ν_τ inclusive (continue)

2) Jet consistency: In the background events the choice of the candidate is mostly made inside the hadronic jet. It is

essential to check the quality and structure of the remaining jet after the candidate selection.

3) Lepton Veto A three step procedure: • No identified lepton at the primary vertex • A most likely lepton candidate tag based on kinematical criteria.

• Tighter lepton veto criteria, based on ECAL, HCAL and μ chambers information, against the tagged lepton candidate. 4) Final kinematical selection Two likelihood functions are built to separate signal from NC and CC events: L_{NC} = [[[θ_{νT} , θ_{νH} ], θ_{min}, Q_T ], p^m_T , p^H_T ] L_{CC} = [[I_G, P^{lep}_T /p^m_T , θ_{ν,lep}], p^m_T , M_T , E_{vis}] Again the event candidate selection is made in the plane defined by the 2 likelihood functions

τ → h^−(+nπ^0)ν_τ inclusive, final results

Analysis Bin Tot. bkg. Data N_τ

ν_τ h(0γ) I 4.49 ± 1.50 5 425 ν_τ h(0γ) II 3.07 ± 1.17 5 321 ν_τ h(0γ) III 0.05^{+0.60}_{−0.03} 0 274 ν_τ h(0γ) IV 0.12^{+0.60}_{−0.05} 0 1246 ν_τ h(1γ) I 4.47 ± 1.58 5 268 ν_τ h(1γ) II 1.54 ± 0.89 0 227 ν_τ h(1γ) III 0.07^{+0.70}_{−0.04} 0 211 ν_τ h(1γ) IV 0.07^{+0.70}_{−0.04} 0 1037 ν_τ h(2γ) I 2.57 ± 0.91 3 301 ν_τ h(2γ) II 0.66 ± 0.44 0 166 ν_τ h(2γ) III 0.49 ± 0.40 0 77 ν_τ h(2γ) IV 0.11^{+0.06}_{−0.63} 0 197 ν_τ h(overlap) I 1.40 ± 0.77 2 145 ν_τ h(overlap) II 0.17^{+.70}_{−0.08} 0 115 ν_τ h(overlap) III 0.20^{+0.70}_{−0.06} 1 660 ν_τ h(overlap) IV 0.14^{+0.70}_{−0.06} 0 1348

Data and MonteCarlo agreement: LNC distributions

Final results, no evidence for oscillation

FINAL LIMIT ON P(ν_μ → ν_τ ): 2.03 · 10^{−4} FINAL SENSITIVITY ON P(ν_μ → ν_τ ): 2.6 · 10^{−4} Probability to obtain this limit (or smaller): 46%

55.2±5.4 expected events, 58 found. Total N_τ = 14937

NOMAD as a ZERO background experiment

Most of the NOMAD sensitivity is in the bins with a background prediction close to zero:

Analysis Bin Tot. bkg. N_τ Data

ν_τν̄_ee DIS III 0.28^{+0.31}_{−0.09} 903 0 ν_τν̄_ee DIS VI 0.25 ± 0.09 1694 0 ν_τ h(0γ) DIS III 0.05^{+0.60}_{−0.03} 274 0 ν_τ h(0γ) DIS IV 0.12^{+0.60}_{−0.05} 1246 0 ν_τ h(1γ) DIS III 0.07^{+0.70}_{−0.04} 211 0 ν_τ h(1γ) DIS IV 0.07^{+0.70}_{−0.04} 1037 0 ν_τ h(2γ) DIS IV 0.11^{+0.60}_{−0.06} 197 0 ν_τ h(overl.) DIS III 0.20^{+0.70}_{−0.06} 660 1 ν_τ h(overl.) DIS IV 0.14^{+0.70}_{−0.06} 1348 0

1.29^{+1.60}_{−0.18} 7570 1

75% of the final sensitivity comes from the low background bins

M. Mezzetto, INFN Padova, Lezioni di Dottorato di Ricerca, Padova, Aprile 2003 41

M. Mezzetto, INFN Padova, Lezioni di Dottorato di Ricerca, Padova, Aprile 2003 42

M. Mezzetto, INFN Padova, Lezioni di Dottorato di Ricerca, Padova, Aprile 2003 43

M. Mezzetto, INFN Padova, Lezioni di Dottorato di Ricerca, Padova, Aprile 2003 44

M. Mezzetto, INFN Padova, Lezioni di Dottorato di Ricerca, Padova, Aprile 2003 45