Particle Identification

ICFA 2001 Faure, South Africa, March 28, 2001 Jürgen Engelfried^1 (Instituto de Física, Universidad Autónoma de San Luis Potosí, Mexico)

Outline

• Introduction • Transition Radiation Detectors • Ring Imaging Cherenkov Detectors – RICH • Summary

1jurgen@ifisica.uaslp.mx, http://www.ifisica.uaslp.mx/~ jurgen

Tom Ypsilantis 1928-2000

Introduction

In this class: Only identification of charged particles

What is Particle Identification?

Two major applications:

1. Beam Particle Identification (Fixed Target) 2. Identification of decay products

In both cases the momentum of the particle is known

1. By beamline elements (only small momentum bin) 2. Measured by a magnetic spectrometer (wire chambers)

=⇒ Particle Identification reduces to measure the velocity (this class) or the total energy (calorimetry class) or specific energy loss (dE/dx).

Reconstruction of Λ+c

• Λ^+_c consists of (udc) quarks • Mass m_0 = 2.285 GeV/c^2 (remember: proton 0.938 GeV/c^2) • Lifetime: τ = 2.1 · 10�^{13} sec • Decays to Λ_c → pK�π^+ in 4.4 % of the time.

• Only in 1 out of 1000 collisions a charm quark gets produced. Special Theory of Relativity: E = m · c^2 m = m_0 · γ γ = 1 √ 1 −^{v2}_{c2} = E · c^2 m_0 p = m · v ≈ m_0 · γ · c Time dilation: t = t_0 · γ Mean flight path: L = c · τ · γ

=⇒ A Λ^+_c with momentum 200 GeV/c flies on average 5.4 mm =⇒ Do a Fixed Target Experiment But even there we cannot observe a Λ_c directly_{Jürgen@ICFA2001 28Mar01. 4}

What do we do?

• Measure type, direction, momentum, and charge of all decay products • Apply momentum and energy conservation to ”interesting” decay vertex and calculate energy and momentum of hypothetical mother particle • Transform into rest system of mother particle to obtain rest mass • Do this for a lot of events, fill histogram with results

Measuring direction and decay vertex • Use silicon microstrip detectors

Measuring momentum and charge • Deflection in magnetic field, measure track angles before and after with wire chambers

Measuring type (is it a proton?)

• Measure total energy in calorimeter, calculate mass • Measure velocity with Cherenkov effect

Jürgen@ICFA2001 28Mar01. 6

“Simple” Methods of Particle Identification Time–of–flight (TOF)

• Put two Scintillation Counters at a known distance • Measure time difference between the two signals

Extremely good time resolution: 150 psec.

Maximum distance: ≈ 10 m (detector), ≈ 100 m (beamline). =⇒ Can measure difference between Kaons and Pions up to a few GeV/c Also has problem at higher rate and/or multiple particles hitting the same scintillator

Transition Radiation Detectors (TRD)

Radiation is emitted by a charge particle if:

1. v > c/n: Cherenkov radiation (see later) 2. ⃗v/c_{ph} = ⃗v · n/c changes

(a) |⃗v| changes: Bremsstrahlung (b) direction of ⃗v changes: Synchrotron radiation (c) n changes: Transition Radiation

Transition Radiation: Reformation of particle field while traveling from medium with ϵ = ϵ_1 to medium with ϵ = ϵ_2.

Energy of radiation emitted at a single interface S = αh̄Z^2 3 (ω_1 − ω_2)^2 ω_1 + ω_2 γ α = 1/137, ω_1, ω_2 plasma frequencies, γ = E/mc^2. Typical values: Air ω_1 = 0.7 eV, polypropylene ω_2 = 20 eV

Spectral and angular dependence of Transition Radiation:

d^2 dϑdω = 2e^2 πc ϑ γ�^2 + ϑ^2 + ω^2_1/ω^2 − ϑ γ�^2 + ϑ^2 + ω^2/ω^2 2

=⇒ Most of radiation in cone with half angle 1/γ: forward in particle direction.

Jürgen@ICFA2001 28Mar01. 10

From figure:

1. Large photon energies ω > γω_2 ≈ 20 − 30 KeV: large drop of intensity ∝ γ^4/ω^4 2. Medium energies γω_1 < ω < γω_2: Logarithmic decrease with ω 3. Small energies ω < γω_1 ≈ 1 KeV: intensity almost constant

Probability to emit a KeV photon ≈ 10�^2 =⇒ Need a lot of interfaces: stack of radiator foils. Consequences:

• Need minimum foil thickness so particle field reaches new equilibrium • Transition ω_1 → ω_2 and ω_2 → ω_1 equal =⇒ Interference effects (min and max in fig) • Equally spaced foils: Interference between amplitude of different foils • Finite thickness of foils: re-absorption of radiation (∝ Z^5): Low Z materials.

Typical values used in TRDs:

Thickness: 30 μm, distance: 300 μm, materials: mylar, CH_2, carbon fibers, lithium.

Detection of Transition Radiation

X-rays emitted under small angle to particle track =⇒ X-ray detector sees X-rays and particle dE/dx together.

Typical dE/dx in gas detectors: some KeV/cm and Landau distributed =⇒ Signals from dE/dx and X-ray similar

Detector: Use “thin” MWPC, with Xenon or Krypton, several (10) radiator / chamber units to beat Landau

Two identification methods: Charge integration, Cluster counting_{Jürgen@ICFA2001 28Mar01. 12}

Jürgen@ICFA2001 28Mar01. 13

Jürgen@ICFA2001 28Mar01. 14

Jürgen@ICFA2001 28Mar01. 15

Cherenkov Radiation

A charged particle with a velocity v larger than the velocity of light in a medium emits light.

Angle of emmission: cos θ_c = 1 β n = 1 v c n Number of photons:

d^2N dEdl = α h̄c 1 − 1 (βn)^2 = α h̄c sin^2 θ_c

d^2N dλdl = 2πα λ^2 sin^2 θ_c

First (obvious) application: Threshold Cherenkov Detectors

For fixed momentum and only 2 particles to separate (beam line)

More than 2 particles and/or wider momentum range: Several counters at different thresholds

Jürgen@ICFA2001 28Mar01. 17

Jürgen@ICFA2001 28Mar01. 18

Ring Imaging Cherenkov – The Basics

cos θ_c = 1 β · n r = F · θ_c = R 2 · θ_c

N_{ph} = N_0 · L · sin^2 θ_c

θ_c: Cherenkov angle β: velocity n: refractive index r: Radius of ring on focal surface R: Radius of curvature of spherical mirror(s) F : Focal length (F = R/2) L: Radiator length (usually L = F )

Parallel particles have the same ring image r = R 2 2 − 2 n 1 + m^2c^2 p^2

SELEX RICH: Particle Id negative tracks

Short History of RICHes

First Generation: Beginning of 1980’s.

Examples: Omega RICH (WA69, WA82), E653 RICH. Second Generation: End-of 80’s beginning of 90’s.

Examples: Upgraded Omega RICH (WA89, WA94), Delphi, SLD–GRID, CERES. Third Generation: Mid-End 90’s.

Examples: SELEX RICH, Hermes, Hera-B. New Generation: BaBar–DIRC, PHENIX, CLEO–III Future: ALICE, LHC–B, BTeV, CKM, . . .

RICH – The Reality

• Center of ring depends on track angle =⇒ large detector surface (up to square meters) • good resolution of photon position =⇒ large number of “pixels” (up to 100000 or more) • Spectrum of Cherenkov photons dN dλ = 2πα λ^2

L sin^2 θ_c =⇒ Ultraviolet • refractive index n = n(λ) =⇒ Chromatic dispersion • Detection of UV-photons: convert photon in electron (photoeffect)

1. small (up to a few thousand) number of pixels: Photomultipliers 2. large number of pixels or area: Time Expansion Chambers with TEA or TMAE • When using TEC: particle pass through the chambers: dE/dx • When using TEC: response (memory) time limit rate

Jürgen@ICFA2001 28Mar01. 24

RICH – The Reality

• Center of ring depends on track angle =⇒ large detector surface (up to square meters) • good resolution of photon position =⇒ large number of “pixels” (up to 100000 or more) • Spectrum of Cherenkov photons dN dλ = 2πα λ^2

L sin^2 θ_c =⇒ Ultraviolet • refractive index n = n(λ) =⇒ Chromatic dispersion • Detection of UV-photons: convert photon in electron (photoeffect)

1. small (up to a few thousand) number of pixels: Photomultipliers 2. large number of pixels or area: Time Expansion Chambers with TEA or TMAE • When using TEC: particle pass through the chambers: dE/dx • When using TEC: response (memory) time limit rate

Jürgen@ICFA2001 28Mar01. 26

RICH – The Reality

• Center of ring depends on track angle =⇒ large detector surface (square meters) • good resolution of photon position =⇒ large number of “pixels” (100000) • Spectrum of Cherenkov photons dN dλ = 2πα λ^2

L sin^2 θ_c =⇒ Ultraviolet • Refractive index n = n(λ) =⇒ Chromatic dispersion • Detection of UV-photons: convert photon in electron (photoeffect) 1. small (up to a few thousand) number of pixels: Photomultipliers 2. large number of pixels or area: Time Expansion Chambers with TEA or TMAE • When using TEC: particle pass through the chambers: dE/dx • When using TEC: response (memory) time limit rate

Jürgen@ICFA2001 28Mar01. 28

RICH – The Reality

• Center of ring depends on track angle =⇒ large detector surface • good resolution of photon position =⇒ large number of “pixels” (100000) • Spectrum of Cherenkov photons dN dλ = 2πα λ^2

L sin^2 θ_c =⇒ Ultraviolet • refractive index n = n(λ) =⇒ Chromatic dispersion • Detection of UV-photons: convert photon in electron (photoeffect) 1. small (up to a few thousand) number of pixels: Photomultipliers 2. large number of pixels or area: Time Expansion Chambers with TEA or TMAE • When using TEC: particle pass through the chambers: dE/dx • When using TEC: response (memory) time limit rate

Jürgen@ICFA2001 28Mar01. 30

Jürgen@ICFA2001 28Mar01. 31

RICH – The Reality

• Center of ring depends on track angle =⇒ large detector surface • good resolution of photon position =⇒ large number of “pixels” (100000) • Spectrum of Cherenkov photons dN dλ = 2πα λ^2

L sin^2 θ_c =⇒ Ultraviolet • refractive index n = n(λ) =⇒ Chromatic dispersion • Detection of UV-photons: convert photon in electron (photoeffect) 1. small (up to a few thousand) number of pixels: Photomultipliers 2. large number of pixels or area: Time Expansion Chambers with TEA or TMAE • When using TEC: particle pass through the chambers: dE/dx • When using TEC: response (memory) time limit rate

WA89: A Hyperon Beam Experiment at the CERN-SPS Using the Omega Facility Bologna Univ./INFN, CERN, Genoa Univ./INFN Grenoble Univ./IN2P3, Heidelberg MPI, Heidelberg Univ., Mainz Univ., Moscow Lebedev Phys. Inst.

Bologna

A. Forino, R. Gessaroli, P Mazzanti, A. Quareni-Vignudelli, F. Viaggi

CERN

F. Antinori, W. Beusch, J.P. Dufey, B.R. French, P. Grafström

Genoa Univ./INFN

M. Dameri, R.B. Hurst, B. Osculati, L. Rossi, G. Tomasini

Grenoble Univ./IN2P3

D. Barberis, C. Bérat, M. Buénerd, F. Charignon, J. Chauvin, J.T. Hostachy, Ph. Martin, M. Rey–Campagnolle, R. Touillon

Heidelberg MPIfK

E. Albertson, K.-H. Brenzinger, W. Brückner, F. Dropmann, S.G. Gerassimov, M. Godbersen, T. Kallakowsy, R. Michaels, S. Paul, B. Povh, K. Röhrich, A. Trombini, A. Wenzel, R. Werding

Heidelberg Univ.

J. Engelfried, F. Faller, J. Heintze, S. Kluth, S. Ljungfelt, P. Lennert, K. Martens, H. Rieseberg, H.-W. Siebert, A. Simon, G. Wälder

Mainz Univ., Inst. of Nucl. Physics

E. Chudakov, U. Müller, G. Rosner, H. Rudolf, B. Volkemer, Th. Walcher

Moscow Lebedev Phys. Inst.

M.I. Adamovich, Yu.A. Alexandrov, S.P. Kharlamov, L.N. Malinina, N.G. Peresadko, M.V. Zavertyaev RICH Group

Jürgen@ICFA2001 28Mar01. 33

Counting gas: Ethan + TMAE, 1 KV/cm, 5 cm=¯sec

Jürgen@ICFA2001 28Mar01. 35

Jürgen@ICFA2001 28Mar01. 36

Jürgen@ICFA2001 28Mar01. 37

Jürgen@ICFA2001 28Mar01. 38

Jürgen@ICFA2001 28Mar01. 39

Jürgen@ICFA2001 28Mar01. 40

Particle Identification Algorithm

• only discrete particle masses: e, μ, π, K, p, Σ, etc. • Track parameter and momentum known

=⇒ Calculate ring radius for each hypothesis • “Compare” measured and expected rings for each hypothesis with a maximum likelihood method • for identification, make cuts on likelihood ratios

The SELEX Collaboration

G.P. Thomas Ball State University, Muncie, IN 47306, U.S.A. E. Gülmez Bogazici University, Bebek 80815 Istanbul, Turkey R. Edelstein, S.Y. Jun, A.I. Kulyavtsev^1, A. Kushnirenko, D. Mao^1, P. Mathew^2, M. Mattson, M. Procario^3, J. Russ, J. You^4 Carnegie-Mellon University, Pittsburgh, PA 15213, U.S.A. A.M.F. Endler Centro Brasiliero de Pesquisas Físicas, Rio de Janeiro, Brazil P.S. Cooper, J. Kilmer, S. Kwan, J. Lach, E. Ramberg, D. Skow, L. Stutte Fermilab, Batavia, IL 60510, U.S.A.

V.P. Kubarovsky, V.F. Kurshetsov, A.P. Kozhevnikov, L.G. Landsberg, V.V. Molchanov, S.B. Nurushev, S.I. Petrenko, A.N. Vasiliev, D.V. Vavilov, V.A. Victorov Institute for High Energy Physics, Protvino, Russia Li Yunshan, Mao Chensheng, Zhao Wenheng, He Kangling, Zheng Shuchen, Mao Zhenlin Institute of High Energy Physics, Beijing, P.R. China M.Y. Balatz^5, G.V. Davidenko, A.G. Dolgolenko, G.B. Dzyubenko, A.V. Evdokimov, M.A. Kubantsev, I. Larin, V. Matveev, A.P. Nilov, V.A. Prutskoi, A.I. Sitnikov, V.S. Verebryusov, V.E. Vishnyakov Institute of Theoretical and Experimental Physics, Moscow, Russia U. Dersch^6, I. Eschrich^7, I. Konorov^8, H. Krüger^9, J. Simon^{10}, K. Vorwalter^{11} Max-Planck-Institut für Kernphysik, 69117 Heidelberg, Germany I.S. Filimonov^5, E.M. Leikin, A.V. Nemitkin, V.I. Rud Moscow State University, Moscow, Russia A.G. Atamantchouk, G. Alkhazov, N.F. Bondar, V.L. Golovtsov, V.T. Kim, L.M. Kochenda, A.G. Krivshich, N.P. Kuropatkin, V.P. Maleev, P.V. Neoustroev, B.V. Razmyslovich, V. Stepanov, M. Svoiski, N.K. Terentyev^{12}, L.N. Uvarov, A.A. Vorobyov Petersburg Nuclear Physics Institute, St. Petersburg, Russia I. Giller, M.A. Moinester, A. Ocherashvili, V. Steiner Tel Aviv University, 69978 Ramat Aviv, Israel J. Engelfried^4, A. Morelos Universidad Autónoma de San Luis Potosí, San Luis Potosí, Mexico M. Luksys Universidade Federal da Paraíba, Paraíba, Brazil V.J. Smith University of Bristol, Bristol BS8 1TL, United Kingdom M. Kaya, E. McCliment, K.D. Nelson^{13}, C. Newsom, Y. Onel, E. Ozel, S. Ozkorucuklu, P. Pogodin University of Iowa, Iowa City, IA 52242, U.S.A. L.J. Dauwe University of Michigan-Flint, Flint, MI 48502, U.S.A. M. Gaspero, M. Iori University of Rome “La Sapienza” and INFN, Rome, Italy L. Emediato, C.O. Escobar^{14}, F.G. Garcia^4, P. Gouffon, T. Lungov^{15}, M. Srivastava, R. Zukanovich-Funchal University of São Paulo, São Paulo, Brazil A. Lamberto, A. Penzo, G.F. Rappazzo, P. Schiavon University of Trieste and INFN, Trieste, Italy

Jürgen@ICFA2001 28Mar01. 43

Jürgen@ICFA2001 28Mar01. 44

SELEX RICH Vessel and Gas System

Vessel: 10.3 m long 2.4 m diameter (50 m^3) Gas: Neon @ 1 atm closed volume (⇒ constant refractive index) Filling:

{ purge with CO_2 (≈ 1 day) { freeze out CO_2, replace with Ne { remove remaining O_2 and water { started with 3 ppm O_2 { after 15 months: (20 ± 12) ppm

Jürgen@ICFA2001 28Mar01. 46

Jürgen@ICFA2001 28Mar01. 47