A DISORIENTED CHIRAL CONDENSATE SEARCH AT THE FERMILAB TEVATRON

by MARY ELIZABETH CONVERY

Submitted in partial fulfillment of the requirements for the degree of Doctor of Philosophy

Thesis Adviser: Prof. Cyrus Taylor

Department of Physics CASE WESTERN RESERVE UNIVERSITY May, 1997

A DISORIENTED CHIRAL CONDENSATE SEARCH AT THE FERMILAB TEVATRON

Abstract by MARY ELIZABETH CONVERY

MiniMax (Fermilab T-864) was a small test/experiment at the Tevatron designed to search for disoriented chiral condensates (DCC) in the forward direction.

Relativistic quantum field theory treats the vacuum as a medium, with bulk properties characterized by long-range order parameters. This has led to suggestions that regions of “disoriented vacuum” might be formed in highenergy collision processes. In particular, the approximate chiral symmetry of QCD could lead to regions of vacuum which have chiral order parameters disoriented to directions which have non-zero isospin, i.e. disoriented chiral condensates. A signature of DCC is the resulting distribution of the fraction of produced pions which are neutral.

The MiniMax detector at the C0 collision region of the Tevatron was a telescope of 24 multi-wire proportional chambers (MWPC’s) with a lead converter behind the eighth MWPC, allowing the detection of charged particles and photon conversions in an acceptance approximately a circle of radius 0.6 in pseudorapidity–azimuthal-angle space, centered on pseudorapidity η ≈ 4. An electromagnetic calorimeter was located behind the MWPC telescope, and hadronic calorimeters and scintillator were located in the upstream antiproton direction to tag diffractive events.

The use of standard Monte Carlo simulations for high-energy collisions of elementary particles (PYTHIA) and for interactions of particles in the detector (GEANT) is described, along with the simulation created by the MiniMax Collaboration to generate DCC domains.

A description of the data analysis software is given, including detailed studies of its performance on data from the simulations.

A set of robust observables is derived. These are insensitive to many efficiencies and to the details of the modeling of the parent pion production mechanisms, yet have distinguishable values for DCC and generic chargedneutral distributions. Simulations show that the robust observables are insensitive to detector efficiencies and to systematic errors in the data analysis software.

The resulting values for robust observables for approximately 1.5 × 10^6 events are shown to be consistent with production by only generic mechanisms. Results from samples of diffractive-tagged events and of high-multiplicity events also show no evidence for DCC.

To all those who believed in me, especially Jim and Aimeé Convery, Ken Del Signore, Robert Brown, and Cyrus Taylor.

Acknowledgments

I owe many thanks, of course, to all my fellow MiniMax collaboration members: T. C. Brooks, W. L. Davis, K. W. Del Signore, T. L. Jenkins, E. Kangas, M. G. Knepley, K. L. Kowalski, C. C. Taylor, S. H. Oh, W. D. Walker, P. L. Colestock, B. Hanna, M. Martens, J. Streets, R. Ball, H. R. Gustafson, L. W. Jones, M. J. Longo, J. D. Bjorken, A. Abashian, N. Morgan, and C. A. Pruneau. I have learned much from all my collaborators, and have especially benefited from working with Bj (James Bjorken), Cyrus Taylor, Ken Kowalski, and Tom Jenkins.

Special thanks go to Jon Streets for all his help with computing, to Ken Del Signore for help with the tracker, and to Travis Brooks for many useful conversations.

I am eternally grateful for the opportunity to earn my graduate degree at CWRU which I owe to Robert Brown and Cyrus Taylor.

This work would not have been possible were it not for the support of the Timken Foundation and the CWRU Physics Department.

Contents

1 Introduction 1 1.1 Physics motivation . . . . . . . . . . . . . . . . . . . . . . . . 1 1.1.1 Disoriented Chiral Condensates . . . . . . . . . . . . . 1 1.1.2 Centauro/anti-Centauro . . . . . . . . . . . . . . . . . 4 1.1.3 Multiplicity distributions . . . . . . . . . . . . . . . . . 7 1.2 Conceptual design of MiniMax . . . . . . . . . . . . . . . . . . 8

2 MiniMax 15 2.1 The MiniMax environment . . . . . . . . . . . . . . . . . . . . 15 2.2 The MiniMax detector . . . . . . . . . . . . . . . . . . . . . . 17 2.2.1 MWPC telescope . . . . . . . . . . . . . . . . . . . . . 17 2.2.2 Converter . . . . . . . . . . . . . . . . . . . . . . . . . 21 2.2.3 Trigger scintillator . . . . . . . . . . . . . . . . . . . . 22 2.2.4 Electromagnetic calorimeter . . . . . . . . . . . . . . . 27 2.2.5 Upstream tags . . . . . . . . . . . . . . . . . . . . . . . 28

2.3 Run history . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3 Simulations 49 3.1 PYTHIA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49 3.2 GEANT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51 3.2.1 GEANT NHITS study . . . . . . . . . . . . . . . . . . 54 3.2.2 GEANT trigger rates . . . . . . . . . . . . . . . . . . . 58 3.3 DCC generator . . . . . . . . . . . . . . . . . . . . . . . . . . 59

4 Data Analysis Tools 81 4.1 Tracker . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81 4.2 Track fitter . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84 4.3 Vertexer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87 4.3.1 Matching tracks at the lead . . . . . . . . . . . . . . . 90 4.3.2 Tracks which may be grouped together . . . . . . . . . 92 4.3.3 Tail-less heads as charged tracks . . . . . . . . . . . . . 94 4.3.4 Middle-eight tracks . . . . . . . . . . . . . . . . . . . . 95 4.3.5 Origin of fakes . . . . . . . . . . . . . . . . . . . . . . . 96

5 Generating Function Formalism and Robust Observables 131 5.1 Generating functions for charged-pion–neutral-pion distributions134 5.2 Generating functions for charged-pion–photon distributions . . 137 5.3 Robust observables . . . . . . . . . . . . . . . . . . . . . . . . 138

6 Results 147 6.1 DCC: Calculated factorial moments and robust observables . . 147 6.1.1 Simulations . . . . . . . . . . . . . . . . . . . . . . . . 148 6.1.2 Characteristics of events from lead-in runs . . . . . . . 152 6.1.3 Characteristics of events with diffractive tags . . . . . . 153 6.1.4 Characteristics of events with a pbar multiplicity tag . 154 6.2 Multiparticle analysis . . . . . . . . . . . . . . . . . . . . . . . 155 6.3 Low p_T photons . . . . . . . . . . . . . . . . . . . . . . . . . . 156

7 Conclusions 178

A Uncertainty Calculations 180

B Track fitting code 184 B.1 Track fitter: fit.f . . . . . . . . . . . . . . . . . . . . . . . . . . 184 B.2 Code for correcting tracks with double hits in the non-u chambers: refit.f . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192

C Vertexer code 200 C.1 Vertexer: vertexer.f . . . . . . . . . . . . . . . . . . . . . . . . 200 C.2 Code for classifying vertices as charged tracks or photon conversions: chgam.f . . . . . . . . . . . . . . . . . . . . . . . . . 212

List of Figures

1.1 Binomial and DCC neutral fraction distributions. . . . . . . . 11 1.2 JACEE event . . . . . . . . . . . . . . . . . . . . . . . . . . . 12 1.3 Charged multiplicity distribution dN_{ch}/dη for non-single diffractive inelastic PYTHIA events at √ s = 1.8 TeV. . . . . . . . . 13 1.4 Original design of the MiniMax detector. . . . . . . . . . . . . 14

2.1 The MiniMax detector before compression of the MWPC telescope. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31 2.2 New Tevatron beampipe and abort at C0 and enlarged view of the region from z ≈ 110 − 190 in. . . . . . . . . . . . . . . . 32 2.3 Acceptance in lego space. . . . . . . . . . . . . . . . . . . . . . 33 2.4 MWPC front view. . . . . . . . . . . . . . . . . . . . . . . . . 34 2.5 MWPC top view. . . . . . . . . . . . . . . . . . . . . . . . . . 35 2.6 Pieces of apparatus including pbar and alphabet scintillator, chamber stands, and the original calorimeter. . . . . . . . . . 36 2.7 ADC spectra from some of the trigger counters. . . . . . . . . 37

2.8 TDC spectra from some of the trigger counters. . . . . . . . . 38 2.9 Electromagnetic calorimeter cells in lego space. . . . . . . . . . 39 2.10 A view of the detector including the upstream region. . . . . . 40

3.1 Pseudorapidity distribution dN/dη for charged pions, all charged particles, and photons. . . . . . . . . . . . . . . . . . . . . . . 62 3.2 Energy deposited in scintillator and chambers in minimum bias events. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63 3.3 Energy deposited in scintillator and chambers by single charged pions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64 3.4 Mean number of wire hits per chamber: real and GEANT with beam supports, etc. . . . . . . . . . . . . . . . . . . . . . . . . 65 3.5 Distribution of NHITS: real and GEANT with beam supports, etc. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66 3.6 Pulse height distributions for chambers 1-4, 9-12, real and GEANT. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67 3.7 Pulse height distributions for chambers 21-24: real and GEANT. 68 3.8 Mean number of wire hits in each chamber and with the beampipe removed. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69 3.9 Mean number of wire hits in each chamber and with the abort pipe removed. . . . . . . . . . . . . . . . . . . . . . . . . . . . 70 3.10 Mean number of wire hits in each chamber and with the chamber frames removed. . . . . . . . . . . . . . . . . . . . . . . . 71

3.11 Mean number of wire hits in each chamber and with the beampipe, abort pipe, and chamber frames removed. . . . . . . . . . . . . 72 3.12 Charged-particle multiplicity dN_{ch}/dη for non-diffractive PYTHIA and HERWIG. . . . . . . . . . . . . . . . . . . . . . . . . . . 73 3.13 Momentum (GeV) of DCC pions: p_x and p_y in lab frame, p_z in DCC rest frame, and p_z in lab frame. . . . . . . . . . . . . 74 3.14 Location of the DCC pions in lego space. . . . . . . . . . . . . 75 3.15 Distribution of fraction of DCC pions which are neutral (N_π0 /N_π) and total number of DCC pions (N_π). . . . . . . . . . . . . . . 76 3.16 Number of charged vs number of neutral DCC pions: total number produced, and the number which enter the MiniMax acceptance. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77 3.17 Number distributions of pions produced generically (by PYTHIA). 78

4.1 Event display of a clean charged track. . . . . . . . . . . . . . 103 4.2 Event display of a straight-through charged track and a charged track which bends in the lead. . . . . . . . . . . . . . . . . . . 104 4.3 Event display of a photon with three conversion tracks. . . . . 105 4.4 Event display of two clean photon conversions. . . . . . . . . . 106 4.5 Display of an event with two charged tracks and a photon, and typical NHITS. . . . . . . . . . . . . . . . . . . . . . . . . . . 107 4.6 Display of an event with a large NHITS. . . . . . . . . . . . . 108 4.7 Entries in the dst for the events shown in Figs. 4.1 and 4.3. . . 109

4.8 Entry in the dst for the event shown in Fig. 4.5. . . . . . . . . 110 4.9 Histograms of χ^2 for the fit in v and of |θ_0 − θ| /σ_θ for re-fitted tails and good tails. . . . . . . . . . . . . . . . . . . . . . . . . 111 4.10 Distance in u and v between photon conversion tracks at the lead when there are two conversion tracks in GEANT. . . . . . 112 4.11 Pointing in u for heads and tails of charged tracks, and for single photon conversion tracks (lead-out run 1093). . . . . . . 113 4.12 Pointing in u for heads and tails of charged tracks, and for single photon conversion tracks (lead-in run 1092). . . . . . . . 114 4.13 Values of log^{χ2}_2 for head-tail, head-head, and tail-tail matches at the lead. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115 4.14 Display of the event shown in Fig. 4.6 for tracks kept by the vertexer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116 4.15 Efficiencies for finding charged tracks as a function of energy and transverse momentum. . . . . . . . . . . . . . . . . . . . . 117 4.16 Efficiency for finding photons as a function of photon energy. . 118 4.17 Efficiency for finding photons as a function of photon transverse momentum. . . . . . . . . . . . . . . . . . . . . . . . . . 119 4.18 Efficiency for finding charged tracks and photons as a function of total multiplicity into the acceptance. . . . . . . . . . . . . 120

4.19 Efficiency for finding charged tracks as a function of charged multiplicity into the acceptance, efficiency for finding photons vs photon multiplicity. . . . . . . . . . . . . . . . . . . . . . . 121 4.20 Mean number of fake charged tracks and photons found per event with a given multiplicity. . . . . . . . . . . . . . . . . . 122 4.21 Efficiency for finding charged tracks and photons as a function of NHITS of the event. . . . . . . . . . . . . . . . . . . . . . . 123 4.22 Mean number of fake charged tracks and photons found per event with a given NHITS. . . . . . . . . . . . . . . . . . . . . 124 4.23 Efficiencies for finding charged tracks, photons at a given η. . 125 4.24 Efficiencies for finding charged tracks, photons at a given ϕ. . 126 4.25 Location of tracks at the lead in phase space (u, θ_u). . . . . . . 127 4.26 PYTHIA charged-track and photon multiplicity distributions, mean multiplicities vs NHITS for all lead-in GEANT events and for non-vetoed events. . . . . . . . . . . . . . . . . . . . . 128 4.27 Observed photon multiplicity distribution for all events and for non-vetoed events. . . . . . . . . . . . . . . . . . . . . . . 129

5.1 Contour plots of the generating function G(z_{ch}, z_0) and log G(z_{ch}, z_0) from all PYTHIA charged and neutral pions, and from those entering the MiniMax acceptance. . . . . . . . . . . . . . . . . 145

5.2 Contour plots of the generating function G(z_{ch}, z_0) and log G(z_{ch}, z_0) from all charged and neutral pions from the DCC generator, and from those entering the MiniMax acceptance. . . . . . . . 146

6.1 Histogram of (r(i) − ⟨r⟩)/σ_r(i) for groups (i) of 25000 events and Gaussian fit. . . . . . . . . . . . . . . . . . . . . . . . . . 161 6.2 ADC values of the hadronic calorimeters which see anti-neutrons and anti-protons. . . . . . . . . . . . . . . . . . . . . . . . . . 162 6.3 Energy (in MeV) deposited in the pbar counters vs number of charged particles hitting these counters . . . . . . . . . . . . . 163 6.4 PED SUB ADC values (in units of mip energies or, equivalently, number of charged particles) of the pbar counters . . . 164 6.5 Pseudorapidity distribution dN/dη vs η for charged tracks in the data, GEANT, and PYTHIA, uncorrected for efficiencies. 165 6.6 Pseudorapidity distribution dN/dη vs η for photons in the data, GEANT, and PYTHIA, uncorrected for efficiencies. . . . 166 6.7 Histogram of the z of closest approach between all heads, and of the χ^2 of the matching of those pairs in GEANT. . . . . . . 167 6.8 Histogram of the z of closest approach between all heads, and of the χ^2 of the matching of those pairs in the data. . . . . . . 168 6.9 Opening angle between pairs found as window conversion tracks in GEANT, p_T of all primary photons in GEANT, and efficiencies for finding window conversions as a function of p_T . . . . . 169

6.10 Contour plots of the p_T found by bending in the scintillator and by using the calorimeter vs the actual p_T of the converted photon in GEANT, and corresponding p_T distributions. . . . . 170 6.11 Distributions of p_T found by bending in the scintillator and by using the calorimeter for converted photons in the data. . . 171

List of Tables

2.1 Old Tevatron beampipe and abort at C0. . . . . . . . . . . . . 41 2.2 New Tevatron beampipe and abort at C0. . . . . . . . . . . . 42 2.3 Chamber alignment from 2/16/94. . . . . . . . . . . . . . . . . 43 2.4 Chamber alignment from 11/23/94. . . . . . . . . . . . . . . . 44 2.5 Chamber alignment with 11 chambers parallel from 3/19/95. . 45 2.6 Chamber alignment after compression from 3/24/96. . . . . . 46 2.7 Configuration of alphabet counters for runs with the old beampipe, through 1994. . . . . . . . . . . . . . . . . . . . . . . . . . . . 47 2.8 Configuration of alphabet counters during running with the new beampipe from 2/95-7/95. . . . . . . . . . . . . . . . . . 47 2.9 Configuration of alphabet counters during runs with compressed MWPC telescope. . . . . . . . . . . . . . . . . . . . . 47 2.10 Running conditions from some January 1996 runs. . . . . . . . 48

3.1 PYTHIA cross sections and GEANT trigger rates . . . . . . . 79

3.2 NHITS of “Michgan chambers” in GEANT (threshold = 20) for varying pulse-height and scintillator cuts. . . . . . . . . . . 80

4.1 Cuts used by the tracker. . . . . . . . . . . . . . . . . . . . . . 130

6.1 Robust observables r_{i,j} for generic events simulated by PYTHIA and pure-DCC events simulated by the DCC generator, along with predictions for binomial and 1/(2 √ f ) distributions. . . . 172 6.2 Results for varying parameters in the DCC generator. . . . . . 173 6.3 The effect on the r_{i,1} of an admixture of DCC and generic (PYTHIA) events. . . . . . . . . . . . . . . . . . . . . . . . . 174 6.4 Number of events with a given n_{ch}, n_γ. . . . . . . . . . . . . . 175 6.5 Values of r_{i,j} for all lead-in events and for those with diffractive tags. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176 6.6 Mean multiplicities and robust observables for bins of pbar multiplicities each containing 10% of the events. . . . . . . . . 177