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Abstract

This thesis describes an experimental study of the decay K+ — utv,y, which can
proceed via two distinct diagrams. The first, called Inner Bremsstrahlung, is simply
a radiative version of the familiar K*—puty, decay. Its branching ratio can be
readily calculated in the Standard Model, and it has been well measured. The second
diagram, called structure dependent, involves the emission of a photon from internal
hadronic states, and is therefore much more difficult to calculate.

Observing decays due to this diagram would give important information on the
structure of the K+ and test models of low-energy QCD such as Chiral Perturbation
Theory. Structure dependent decays may be distinguished from Inner Bremsstrahlung
by the different spectra they produce, but to date, no structure dependent compo-
nents have yet been observed. The previous best limit on the “SD*" component was
BR(SD%) < 3.0 x 1073,

Using the E787 experiment at Brookhaven National Laboratory, which was de-
signed to search for K* — n*v¥, we have observed a structure dependent component

in K*— pty,v for the first time. Our branching ratio measurement is BR(SD%) =

iii
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(1.331 £ 0.120 £ 0.181) x 1073, where the first error is statistical and the second
systematic. This corresponds to a measurement of the associated form factors of

|Fv + F4| = 0.165 &+ 0.007 £ 0.011.

iv

i

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Acknowledgments

My wife, Wendy, is the one person who is most responsible for my finishing this thesis.
Her patience and faith have been a constant source of strength and inspiration for me
and I could not have done it without her. I hope someday to repay this mountainous
debt of support, but with her competence and determination, I somehow doubt she’ll
ever need it.

The support of an incredible group of colleagues, whom I also call my friends, has
likewise been essential. Peter Meyers always seemed to have the right idea at the
right time. Stew Smith inspired through his sheer level of energy and enthusiasm.
Mark Ito taught me about statistics as applied both to Physics and to Texas Hold
‘'em. Frank Shoemaker and Dan Marlow showed me the beauty of a well-designed
instrument.

The time I’ve spent with my fellow students, Rob McPherson, Jesse Stone and
Mehran Ardebili will, I'm sure, be what I remember most about Graduate School.
While working on E787 is not quite akin to going to war, I think the feeling of

camaraderie it engenders between its “foot soldiers” may be much the same.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



I'd also like to thank the guys in the EP lab, who routinely went “beyond the
call” on the Straw Chamber project. A lesser bunch could never have finished it.

Finally, I'd like to thank the rest of my family — my Mother, for holding an
opinion of me that I hope someday to live up to; my Father, for teaching me to “do
it right”; and my sisters, Kris and Linda, for telling me what I needed to know when

I needed to know it.

We shall not cease from exploration, and the end of all our exploring will be to arrive

where we started and to know the place for the first time. ~ T.S. Eliot

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Contents

Abstract
Acknowledgments

1 Introduction
1.1 Theoretical Considerations . . . . .. .. ... .. ...........
1.1.1 MuonDecay. ... .. ... . ... .. ...
1.12 TheDecay K*—puty, .. .. ... ... .. .. ... ...
1.1.3 The Decay K* —pu*v,y . . . .. ... oL
1.1.4 Form Factor Calculation— Chiral Perturbation Theory .
1.2 Current Experimental Information on Kt —pu*y,y .. ... ... ..

1.3 Measuring K, (SD+) . . . . ... . ..

2 The E787 Experiment

2.1 ET87T Overview . . . . . . . o v v i i e,

vii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

ifi

13

15

17

20



2.3 Beam Line Instrumentation . .. ... .. .. ... ... ... .... 27

2.4 The K* Stopping Target . . . . . . e e e e e e 29
2.5 Charged Track Measurement . . . . . . . ... ... .......... 32
2.5.1 The Drift Chamber . . . . .. ... ... ... ... ..... 32
2.5.2 The RangeStack . ............ e e 35

2.6 Photon Measurement . . . . . ... .. . ... ... 37
26.1 TheBarrel Veto. . . . .. ... .. ... .. ... ... .... 37
26.2 TheEndcaps . . ... ... ... ... 38
2.6.3 Other Photon Vetoes . . . . . ... ... ... .. ....... 39

2.7 Trigger . . . . . . . .. e e e 39
271 The Ky, Trigger . . . . . . . ... o o L 40
2.7.2 Monitor Triggers . . . . . . . . . .. e 43

2.8 Data Acquisition . . .. ... .. .. ... oo 44
29 TheData .. ... ... ... ... 44
2.10 Simulation . . . . . ... ... e e 45
3 Event Reconstruction 48
3.1 Reconstruction Overview . . . . . . ... ... ... .......... 49
3.2 Beam Reconstruction . . . . . ... ... ... ... .. L. 51
3.3 Reconstruction of the Charged Track . . . ... ............ 92
3.3.1 The Drift Chamber . . . . . .. .. ... .. ... ... ..., 52

viii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



332 TheRangeStack ... ........... ... ...... 53

333 TheTarget ... ...... [ 56
3.3.4 Integration of ‘Charged Track Information . .......... 58

3.4 Photon Reconstruction . . . . . .. ... .. .... .. ........ 60
3.4.1 Barrel Veto Z Measurement . . . ... ... .......... 61
342 Clustering . . . . . . . . . . e e 65

3.5 Final Kinematic Calibration . . . . . ... ... ... ........ 67
3.6 Charged Track Consistency . . ... ... ... .. ... ....... 71
3.7 Muon/Photon Kinematics . .. ... ... ............... 72
3.8 KinematicFitting . . . . . ... ... ... ... ... ... 73
3.81 SettingtheErrors. . .. ... .... ... ... ........ 75
3.82 Checking with Kro . . . . .. .. ... ... ... ... .. 75

39 Photon Vetoing . .. ... ... ... .. . .. ... ... ... ... 77
4 Background Rejection 80
4.1 Cut Definitions . . ... .. ... ... ... ... o 81
4.2 Background Study Organization . . . . ... ... ... ........ 81
4.3 Background Sources in the K,,, DataSet . ... ........... 88
4.4 Accidental Background Study . .. ................... 91
44.1 Accidental Tagging . . .. ... ... ... ... .. ...... 92
4.4.2 Accidental Rejection . .. . ... ... .. ... .. ...... 95

ix

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



443 Accidental Spectrum . . . .. ... ... ... L. 100

4.5 =° Background Studies . . . . . . e 101
46 No-Overlap Background Study . . . . . ... .. ... .. ... . ... 103
46.1 Photon Vetoing . . . ... .. ... ... .. ... ... ... 103
4.6.2 Endcap Tagging —ECIN.REQT .. ... ... ... ...... 107
4.6.3 Barrel Veto Tagging—BV_REQT . . .. ... ... ...... 108
46.4 Mis-Tagging . . . .. ... ... .. .. ... .. ... 109
46.5 No-OverlapRejection. . . . .. ... .. ... .. ....... 110
46.6 No-Overlap Spectrum . . . . . ... ... .. ... ....... 114

4.7 Overlap Background Study . . . . . ... ... ... ... ....... 116
471 Overlap Tagging . . ... ... ... ... .......... 117
472 Mistagging . . ... ... ... ... 122
473 OverlapRejection . . . . . . .. .. ... ... ... ... ... 123
474 OverlapSpectrum. . .. ... ... ... ... . ....... 123
475 An AmusingAside — K . . .. . ... ... .. 125

4.8 Final Photon Energy Cut . . . .. ... ... ... ... ....... 128
4.9 Summary of Background Studies . . ... ............... 128
4.10 Detailed Background Study Charts . . . . ... ............ 129
5 Spectrum Analysis 138
5.1 Constructing the Final Spectrum . . ... ... ............ 139

X

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5.2 Opening Angle Fitting . . . . . .. ... .. ... ........... 141

5.3 Two Dimensional Fitting . . . . . [ 146
5.4 Check of Inner Bremsstrahlung Branching Ratio . . . . .. ... ... 153
5.4.1 Calculation of N Ky » - nnrmmm e .. .. 155
5.4.2 Calculation of A K pumc and AjgumMc - - - - - e e o e 157
5.4.3 Check of Prescale Factor . . . . .. .. ... .......... 158
5.4.4 Calculationofe, .. ... ... ... ... ... .. ... ... 158
5.4.5 Calculation of IB Branching Ratio. . . . . . ... ... .... 159
5.5 Systematic Error . . . .. ... ... ... o o 162
55.1 Charged Track .. ... .. ... ... . ........ ... 162
5.5.2 Photon Analysis .......................... 169
5.5.3 Background Subtraction . . .. ... ... ... ........ 173
554 Binning . ... ... ... ... ... 177
5.5.5 Photon Energy Cutoff . . . . ... ............... 178
5.5.6 Summary of Systematic Errors. . . .. ... .. .. ...... 179
56 Conclusion . . . . ... ... ... 180
5.7 Detailed Cut Lists . . ... ... . ... ... ... .......... 181
xi

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



List of Tables

2.1

2.2

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

Prescale factors and total number of events recorded for each of the
three triggers used in the K,,,, analysis. Prescale factors include the
“hardware” prescale of 16 applied in the prescale boards. . . . . . . .
The number of Monte Carlo events generated and the number that
passed the K,,., trigger for each component of K,,,. . . ... . ...
Definitions of beam variables saved in the n-tuple. . . . . . ... . ..
Definitions of drift chamber variables saved in the n-tuple. . . . . . .
Definitions of Range Stack variables saved in the n-tuple. . . . . . . .
Definitions of Target variables saved in the n-tuple. . . . . ... . ..
Definitions of variables saved in the n-tuple from analysis combining
results from the three charged track measuring detector components.

Definitions of variables saved for re-constructed Barrel Veto photons.

Kinematic correction factors for data and Monte Carlo. The smearing
factor c is only applied to Monte Carlodata. . . . .. ... ... ...

Table of peak positions and resolutions for data and umc. . . .. ..

xii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

45

46

51

93

56

58

60

66



3.9 Definitions of variables saved for the kinematics of the u* and photon.

3.10 Definitions of measured variables and their errors used in kinematic

fitting. . . . . . . ..
3.11 Definitions of variables saved from kinematic fitting. . . . . .. .. ..
3.12 Definitions of second photon energy sums. . . ... . ... ... ...

4.1 List of all cuts used in background rejection. The section in which the

72

74

75

79

n-tuple variables involved in each cut are discussed is listed under “Ref.” 82

4.2 List of tags used in background studies and cuts used in other parts
of the analysis. The section in which the n-tuple variables involved in
each cut are discussed is listed under “Ref.” . .. ... ... ... ..

4.3 Definitions of the four spectral regions and some of the sources of events
in thoseregions. . . . . ... ........ e e e e e e

4.4 Numbers inferred from Figure 4.5 . . . . . .. ... ... ... ....

4.5 Results from rejection branch of accidental background study. The
number of events measured in each spectral region is shown. The
expected number in each region after all cuts have been applied is
obtained by multiplying by the Ng/N, normalization. Regions do not
sum to “Pre-spectrum” total, because events with EREG < 90MeV are
not included in any of the regions. The “Reference” gives the table

number in which the number was calculated. . . . . . .. .. ... ..

xlii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

83



4.6 Results from tagging branch of No-Overlap background study. . . .. 109
4.7 Results from mis-tagging study performied with K,2(1) events including

an estimate of the number of K., events that will be mis-tagged and

willend upintheregions land4.. . .. ... ... ... ... .... 111
4.8 Results from kinematic branch of No-Overlap background study. For

each type of tagging the number of tagged events in each spectral region

is shown. The expected number in each region after all cuts have been

applied is obtained by multiplying by the Ng/N, normalization. . . . 115
4.9 Results of CTEX tagging efficiency study . . . . . .. ... ... ... 122
4.10 Results from mis-tagging study performed with K (1) events including

an estimate of the number of K, events that will be mis-tagged. . . 123
4.11 Results from kinematic branch of overlap background study. For each

type of tagging the number of events in each spectral region is shown.

The expected number in each region after all cuts have been applied is

obtained by multiplying by the Ng/N, normalization. . . . . . . . .. 126
4.12 Summary of all background studies. . ... ... ........... 129
4.13 Setup cuts run on K,,,., triggers for all studies unless noted. Cuts are

mostly of the “fiducial volume” type. . . .. ... ... ... ..... 130
4.14 NOTPROMPT cut used to tag events where photon was not in time

with charged track. The result is Nygggec - - - - - o - o oo o 0oL 130

xiv

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.15

4.16

4.17

4.18

4.19

4.20

4.21

4.22

4.23

4.24

4.25

4.26

5.1

Cuts applied in rejection branch of Accidental study. Includes all cuts
up to final spectrum cut. The result is’ Npre—specace: -+ - » = -« - - - 131
Cuts applied for setup of “tagging” branch of No-Overlap study. Kx2(2)
triggers were used. The resultis N,. . ... ... ...... .. ... 132
Cuts applied to determine photon veto rejection. The result is Np. . 132
Setup cuts for No-Overlap mis-tagging study. K,»(1) triggers are used.
The result is N Kupasetup =+ =+ - =0 o n e 133
Accidental Photon Vetolosses. . . . . . .. ... ............ 133
Cuts applied for setup of “rejection” branch of No-Overlap study. They

are applied for both the Endcap and the Barrel Veto studies. The result

1S Nothersous = + « ¢+ v oo e e e e e e e e e e e 134
Pre-spectrum cuts for Endcap tagging. . . ... ... ... ... ... 134
Pre-spectrum cuts for Barrel Veto tagging. . . . . .. ... ... ... 134

Setup cuts applied to UMC events for Overlap tagging branch. Monte

Carlo K, and K3 events are used. The result is Nyetypov. - - - - . - 135

Setup cuts applied to K,5(1) events in Overlap mis-tagging study. . . 136

Cuts applied to tag overlap events. The result is Nyggg. . . . . . . . 137

Pre-spectrum cuts applied to CTEX_REQT tagged events. . . . . . .. 137

Constants used to convert fitted v to SD* branching ratio. . . . . .. 145
XV

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5.2 COSOP Fitting Numbers. Note that BR(IB) is the theoretical value

which is used as a normalization. . . ... ... ... ......... 146
5.3 C and N, numbers used in two-dimensional fit. . .. ... ... .. 150
5.4 Numbers extracted from the two-dimensional fit of Figure 5.8. . . . . 152
5.5 IB branching ratio calculation. . . . . . .. ... ... ... ... 161

5.6 Measured SD* branching ratio for several different choices of binning
of the final EREG_FIT vs. ETOT_TR histogram. The top entry is the
nominal binning used in the branching ratio calculation. . . ... .. 177
5.7 Summary of systematic errors. . . . . . .. .. . ... ... 180
5.8 Cuts applied to produce final sample. The last two cuts are the fi-

nal spectrum cuts in the photon energy EREG and the muon energy

ETOT_TR. . . . . . o e e e e 182
5.9 Cuts applied to produce final UMC IB spectrum. . . . . .. .. .. .. 183
5.10 Cuts applied to produce final uMmc SD* spectrum. . . . . ... .. .. 184
5.11 Cuts applied to produce final uMC INT™ spectrum. . . ... ... .. 185
5.12 Cuts applied to produce final uMc INT* spectrum. . . ... ... .. 186
5.13 Cuts applied to K,o(1)monitors. The result is NV Koo - 187

5.14 Cuts applied to UMC K),» events that passed the K2(1) trigger. The
result is N K qUMC- =+ - @ s s 188

5.15 Cuts applied to K,2(2) monitor triggers for the photon efficiency check. 189

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5.16 Cuts applied to UMC K, events that passed the K, o(1) trigger for the

photon efficiency check. . ... ... [ 189
5.17 Effect of EREG2 cut on K, sampleindata. . ... ... ... .. .. 189
5.18 Effect of EREG2 cut on K, samplein UMC. . . . . . .. ... .... 190
5.19 Effect of all photon cuts on K, sampleindata. . . . . ... ... .. 190
5.20 Effect of all photon cuts on Krp sample in UMC. . .. ... ... .. 190

5.21 Cuts applied to K, data as part of range counter thickness study. . 191

xvii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



List of Figures

1.1 Feynman diagrams for K* —7tv7. The loop structure and the spec-
tator role of the up quark areshown. . . . . . ... ... . ... ..
1.2 Feynman diagram for charged muondecay. . . . . . .. ........
1.3 Proposed Feynman diagram for the decay K*—p*y,. .. ... ...
1.4 Diagram for the decay K*—putvy,. . ... . ... ... ... ... ..
1.5 Diagramsfor K*—u*y,y. . . . .. ... o oo
1.6 Spectral shapes of K* — ptv,y components. The normalizations are
arbitrary. . . . . .. L. e e e e e
1.7 Theoretical muon momentum spectrum for different components of
K,,, and for K,;. Photon energy has been integrated up from 100
MeV. The relative normalization of the K,,, components is set by
assuming Fy + F4 = Fy — F4 = 0.15. The K3 spectrum has been

greatly suppressed. . . . . . . . . ... ... ...

xviil

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

(1]

12



1.8

2.1

2.2

2.3

24

2.5

2.6

2.7

2.8

2.9

Photon energy spectrum for different components of K,,,,. u™ energy
has been integrated from 137.0 MeV to 152.5 MeV. Normalization of
components is set by assuming Fy + F4 = Fy — F4 =0.15. . . . . ..
Side (a) and end (b) views of the E787 detector. Only the top half of
the detector is shown; it is actually azimuthally symmetric. . . . . . .
An end view of a typical K, event in the E787 detector. . . . . . ..
Side view of E787 detector. . . . . . . . . .. ... ...
Layout of the C4-LESBIII beamline. . . ... ... ... .......
Schematic side view of Cerenkov counter. The path of light emitted
by incident #*’s and K*’sisshown. . . . . .. .. ... ... ... ..
End view of the K* Stopping Target. The locations of the I- and V-
counters are also shown. ... ... .. e e e e e e e e
Event display of typical event in the target. The first picture shows the
energy measured in each fiber (in MeV) and the second picture shows
the time measured in each fiber (in ns). Fibers belonging to the K*
and p* are readily distinguishable. . . .. ... ... ... ......
Side view of the Target, I- and V- counters. The K+ beam enters from
the left and charged decay products may exit the target through the
I-counters. The active length of the I-counter is only 24.2 cm.

Design of the Ultra Thin Chamber. . . . . .. .. ... ... ... ..

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

19

22

24

25

26

28

30

31

33



2.10 End view of a typical track in the UTC. The small circles represent the

isochrones of the anode wire hits. The large arc represents the best fit

track tangent to each of the isochromes. . . . . . . .. ... ... ... 34
2.11 Schematic view of an RSSC. . . . . ... .. ... .. ... ... .. 36
2.12 Layout of CsI crystals in the Endcap Photon Veto . . . . . . .. . .. 38
3.1 Diagram illustrating search order used in RD_TRK track finding. . .. 54

3.2 Diagrams describing SWATH Target analysis. Figure (a) shows use of

the drift chamber track (shown as heavy curved line) to define a swath

(shown as light curved line). Fibers identified as belonging to the K+

are marked “K” and those belonging to the charged track are marked

“r.” Figure (b) is a “blow-up” of the K* stopping region. The K*

fibers at extreme clockwise and counter-clockwise positions, yet within

the swath, are indicated by dots. . . ... ... ... ... ...... a7
3.3 Illustration of the type of cosmic ray events used to measure the speed

of light in the Barrel Veto. . . . . ... ... .. ... ......... 62
3.4 End-to-end time difference measured in the Barrel Veto for cosmics of

the type shown in Figure 3.3. . . ... ... .. ... ... ...... 63

3.5 Measured 2 position of photons from K,; in UMC and in data. . . . . 64

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.6 Event picture illustrating the BV cluster-finding procedure. The hatched
counters have been grouped together .into a cluster because they are
contiguous. The unhatched counter has been left out of the cluster.

The numbers indicate the visible energy in MeV in each counter. . . . 66

3.7 Line shapes of kinematic variables after final kinematic calibration.

Note change in scale for K, photon energy. . ... ........ .. 69

3.8 Kinematic fitting histograms for fits of K, events. The first histogram
shows the measured photon energy spectrum of the events that were
used. The middle histogram shows the confidence level of the fit. The
last histogram is a scatter-plot of the expected vs. measured ¢-position
of thesecond photon. . . . . . ... . ... .. ... ... ... ... 76

3.9 Event picture showing special excluded region in the Range Stack.
Photon energy in the hatched region is added separately so that small
amounts of splash back energy from the BV photon do not cause the
event tobevetoed. . . . .. ... ... Lo L 78

4.1 The simplest form of background study where one has two independent

sets of cuts for rejecting the background. . . . ... ... .. ... .. 84

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.2 Block diagram of “tagging” type background study. Study is com-
posed of two branches — one finds tl;e rejection for tagged events and
the other finds the efficiency and rejection associated with the tagging
method. . . .. ... L 86
4.3 Flow chart defining background studies for K., analysis. . . . . . . . 89
4.4 Comparison of photon time distribution measured relative to the charged
track time for K, triggers and for lightly selected K2(2) . A large
accidental component is visible in the K|, triggers. The cuts defining
the prompt window areshown. . . . ... ... ... ......... 92
4.5 The structure of the Accidental Background Study. Plot (a) shows
the “rejection” branch of the study in which events tagged by NOT-
PROMPT are used to measure the rejection of the rest of the cuts. Plot
(b) shows the calculation of the efficiency of NOTPROMPT and the re-
jection of PROMPT. Single-hatched region indicates events that would
be tagged by NOTPROMPT, and double-hatched indicates those that
would not be cut by the PROMPT cut. . . ... ... ... ...... 94
4.6 The time of a second beam particle measured in the Beam Wire Cham-
ber shown relative to the charged track time and relative to the photon

time. Cut positions are shown on the second plot. . . . . .. ... .. 96

xxii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.7 Scatter plot of photon energy vs. photon z-position for events tagged

as accidentals and passing Beam Wire Chamber cuts. . . . . . .. .. 97
4.8 Histograms of photon shape variables used to distinguish accidentals

from real photons. To be compared to Figure 4.9. The arrows show

the cut positions. . . . . . ... ... L. L 98
4.9 Histograms of photon shape variables for real photons from K;2(2)

triggers. The arrows show the cut positions. While we do not know

that the ZREG distribution will be the same for K, as for K3, we

can at least see that there is a difference between real photons and the

fake ones in Figure 4.8 . . . . . . .. .. .. ... ... .. 99
4.10 Histogram of kinematic fit probability for tagged accidentals. Zero bin

has been reduced to show other bins. Actual zero bin content is much

higher. . . . . . . . . . 100
4.11 Final spectra of surviving tagged events in the accidental background

study. The first plot shows the charged-track kinetic energy and the

second plot shows the photon energy versus the charged-track kinetic

BIEIEY. - = - v v v et e e e e e e e e e e e e e e e e e e e e 101
4.12 Chart describing No-Overlap background study. There are actually two

independent studies being performed simultaneously — one employing

an Endcap tag and the other a Barrel Vetotag. .. ... ... .. .. 104

xxiii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.13 Minimum possible photon energy is plotted as a function of momentum

of the 7° that produced the photon. . . . . . . . .. ... . ...... 105
4.14 Energy and time of hits recorded in photon veto sub-systems for raw

K, triggers. Positions of time and energy windows are indicated. . . 106
4.15 Histograms of kinetic energy and momentum for EC tagged events.

Note the cutoff at ETOT_TR=134 MeV and large momentum tails. . 113
4.16 Histograms of confidence level for momentum energy comparison and

for kinematic fitting for EC tagged events. . . . .. ... .. ... .. 113
4.17 Final Spectra of surviving tagged events for the No-Overlap back-

ground using Endcap tagging. . . . . . . .. ... ... ... ... 114
4.18 Final Spectra of surviving tagged events for the No-Overlap back-

ground using Barrel Veto tagging. . . . . ... ... ... ... .... 115
4.19 Event picture showing charged track excluded (CTEX) region. The

unhatched counters show the charged track region, as determined by

the RD_TRK algorithm and the hatched region indicates the CTEX

region associated with it. In this event there was some energy in the

CTEX region and so the event would be tagged by the CTEX_REQT

Xxiv

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.20 Chart describing Overlap background study. Overlap events are tagged

by requiring energy in the CTEX region.- The efficiency of this tag and

the rejection obtained by vetoing on energy in the CTEX region is

measured with Monte Carlo. . . . . . ... ... ... .. ....... 119
4.21 Histograms of the two variables used in overlap tagging. CTEX_ENER

is the energy in the CTEX region and CTEX_TIME is the average time

ofthisenmergy. . . . . . . . . . . .. ... 120
4.22 Spectra of tagged events in overlap background study. . . . . . . . .. 121
4.23 Histograms of variables with high rejection for CTEX tagged events.

PHO_CHISQ measures deviations form the expected %f- pattern within

a charged track. PRB_COM compares the momentum and kinetic en-

ergy measurements. PRB_MGN is the confidence level of a fit to a K,

hypothesis. Cut positions are indicated.. . . . . ... .. .. ... .. 124
4.24 Histograms of PHO_CHISQ, PRB_COM, for K »(1) events. To be com-

pared to Figure 4.23. . . . . . . ... ... ... .. L. 124
4.25 Final spectrum from overlap background study. ... .. ... .. .. 125
4.26 Momentum spectrum at different stages of the K., analysis. Last his-

togram shows prominent Ko peak. . . . . ... ... .. ....... 127

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.27 Measurement of threshold of BVHI trigger bit as a function of the mea-

sured photon energy. The arrow indicates the position of the EREG_FIN

cut, which is set so that the BVHI bit is fully efficient. . . . . . .. .. 129
5.1 Event sample after applying all cuts except the final spectrum cuts. . 140
5.2 Cosine of opening angle between muon and photon (COSOP) for umc

simulated IB and SD* components of K, in spectral regions 1 and 4. 142
5.3 COSOP distributions for raw data, the sum of the backgrounds, and

background subtracted data. . . . . ... .. .. ... oL 142
5.4 Fits of the data COSOP distribution to UMC generated distributions.

The first plot uses only the Inner Bremsstrahlung component. The

second plot uses both an IB and an SD* component. . . . ... ... 144
5.5 COSOP distributions generated by uMc for SD* and INT™. Distribu-

tions are quite similar in appearance. . . . . . . ... ... ... ... 147
5.6 EREG.FIT vs. ETOT_TR distributions for UMC generated IB, SD™,

INT™ and INTY components. . . .. ... ... ... ...o...... 148
5.7 EREG.FIT vs. ETOT_TR distributions for background subtracted data,

No Overlap background, Accidental backgrcund and Overlap back-

XXVi

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5.8 x? contours for the two-dimensional fit. The first plot is of the whole

range of plausible values of the form factors. Each contour represents

50 units of x2. The second plot narrows the focus to the x? minimum.

In this plot, each contour corresponds to one unit of x>. The one

standard deviation uncertainty for Fy + F4 and the 90% confidence

limit for Fy ~Fqareshown. . . . . . .. ... ... ... ...... 151
5.9 Comparison of data spectrum to one composed of K,,., components

weighted by the values of Fyy — F4 and Fy + F4 found in the fit to the

EREG_FIT vs. ETOT_TR spectrum. In each case the solid histogram is

the background-subtracted data and the dots are the K,,,, spectrum. 153
5.10 Structure of IB branching ratio calculation. . . . . . . .. ... .. .. 156
5.11 Study of relative efficiency of photon cuts as a function of energy. The

first column shows raw EREG_CALC histograms for uMC and data. The

second column shows the efficiency of the photon cuts as a function of

EREG_CALC for uMC and data. The last plot in the first row compares

the uMc EREG.CALC variable with the true photon energy in UMC.

The last plot in the second row compares the efficiency of the photon

cuts in UMC and data. The cuts are found to be 7.4 % less efficient in

data than in UMC. . . . . . . . . . . . . e 160

xxvii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5.12 Plot (a) shows relative efficiency for three different decay modes as a
function of range counter thickness. Plot (b) shows the stopping layer

distribution for the three decay modes for a counter thickness of 1.90

5.13 Measured SD* branching ratio as a function of range counter thickness. 166
5.14 Stopping layer distribution for real K, events compared to UMC gen-
erated K,»’s at different range counter thicknesses. Solid histogram
is data. First plot shows whole range of thicknesses checked. Second
narrows down to region around 1.90 cm. All histograms are normalized
tounitarea. . . . .. . ... ... e 168
5.15 Similar plots as in Figure 5.14 but with the additional requirement
that the K stop position be near the center of the Target. . . . .. 169
5.16 Illustration of EREG_.RAN technique of simulating a disagreement be-
tween UMC and real photon efficiency. The first plot shows the def-

inition of € for positive values and the second shows it for negative
5.17 The first plot shows the measured SD* branching ratio as a function

of the photon spectrum shaping parameter ¢. The second shows the

x? of the fit to the spectrum as a functionofe.. . . . . .. ... ... 171

xxviii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5.18 Estimation of ¢ parameter. EREG_FIT is plotted for K, events in data
and in uMC. The third plot is the normalized data histogram divided
by the normalized UMC histogram. . .. .. .. ... ... .. .... 172
5.19 Sensitivity of measured SD* branching ratio to background weights. . 175
5.20 Systematic error associated with calculation of Accidental background
weight. Expected number of accidental events in the prompt (hatched)
region is calculated using a flat and parabolic extrapolation. . . . . . 176
5.21 Measured SD* branching ratio using a2 number of different values for

the minimum value of EREG. Note the suppressed zero of the y-axis. . 179

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 1

Introduction

As the study of Particle Physics enters its second century, ! we find that the state of
our understanding of fundamental particle interactions is at once stunningly complete
and yet still unsatisfying. The “Standard Model” of particle interactions can accom-
modate all observed phenomena, yet requires many more arbitrary parameters than
one would hope would be needed by a truly fundamental theory. As experimenters,
our charge is to study the phenomena of particle interactions with ever increasing pre-
cision with the hope of finding phenomena that the Standard Model cannot explain.
In this way, we hope to shine light on what lies beyond, or beneath the Standard
Model.

It is hard to think of a technique that has been more successful in this regard than
the study of Kaon decays. Kaons are mesons consisting of one strange quark and one

“light” quark — an up or a down and therefore come in charged (K* and K~) and

1 Taking the discovery of the electron as its starting point.
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neutral versions (K and K9). As the lightest of the flavored mesons, Kaons are easier
to produce and their decays are simpler to intefpret than their heavier cousins. These
advantages have allowed their decays to be studied with unprecedented precision and
this has led to numerous invaluable insights bearing directly on the Standard Model.

One of the most important of these insights involves the suppression of decays
requiring “Flavor Changing Neutral Currents” (FCNC), such as K*—7*uv¥ and
K9 — putyu~. Historically, attempts to explain this suppression led to the GIM mech-
anism and the prediction of the charmed quark [1]. Currently, we take advantage of
this suppression to study second order processes. Since the GIM mechanism forbids
FCNC completely at first order and only partially at second order, studying decays
that require FCNC allows us to study the loops of second order diagrams without fear
of contamination from the first order. The diagrams for the K* — n*v¥ are shown in
Figure 1.1. Since these loops contain very massive particles, such as the top quark,
we can essentially study very high energy phenomena using only comparatively low
energy tools.

K* 5 7tuT is an especially interesting FCNC decay because it involves only the
heavy gauge bosons, which, due to their high mass, operate over distances short
compared to the typical meson radius. This allows us to study the strange quark
directly — the up quark only participates as a spectator. Calculation of the rate

for the decay is thus free of uncertainties involved in including the effects of other
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Figure 1.1: Feynman diagrams for K+ —ntvv. The loop structure and the spectator
role of the up quark are shown.

quarks. The price of this clean access to second order processes, however, is steep. The
expected branching ratio for K+ — 77 is very small — O(107'9) in the Standard
Model.

About 10 years ago, the E787 experiment [2] was begun at Brookhaven National
Laboratory (BNL) to look for K+ —n*tv¥. This experiment would take advantage of
the high flux of K* mesons available from the AGS to search for K* — vy at levels
approaching the Standard Model prediction. E787 has published a 90% confidence
level upper limit of BR(K+ —n*vv) < 2.4 x 107° from data taken in the years 1989
to 1991 [3]. It has also taken enough data to lower this limit by an additional factor
of five in the years 1995 and 1996. This data is currently being analyzed.

While E787 was designed to study K+ — n*uD, its capabilities are general enough
and its K+ flux is high enough to allow the study many other interesting decays of

the K*[4, 5]. For this thesis, I will use data from the E787 detector. But, rather than
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1.1. Theoretical Considerations ] 4

studying the strange quark directly, I will back up a step and look at the structure
of the K* meson. I will do this through the study of the decay K+ — p*v,~y, which
I will call K,,.. The spectral shape of this decay will depend on the K* structure
and therefore on the low energy structure of Quantum Chromodynamics (QCD).
While such calculations are notoriously difficult, Chiral Perturbation Theory (xPT)
has recently shown great promise in providing a framework within which different
low energy processes may be related to one another. The decay K., with its non-
hadronic final state, provides an especially clean testing ground for yPT or any other
theory that purports to predict low energy hadronic processes.

The rest of this chapter will contain a theoretical discussion leading to predictions
of the shape of the spectrum of K., as well as a description of general experimental
considerations bearing on how one might‘go about measuring this spectrum. Sub-
sequent chapters will describe the experimental apparatus of E787, and the data

analysis that was applied to measure the K., spectrum.

1.1 Theoretical Considerations

1.1.1 Muon Decay

As an introduction to the structure of weak decays, we can consider the simplest

example — charged muon decay (u~—e~v,7). 2 This decay illustrates many of the

?References [6] and [7] are used throughout this discussion.
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1.1. Theoretical Considerations 5

Figure 1.2: Feynman diagram for charged muon decay.

features common to all weak decays. The Feynman diagram for the decay is shown
in Figure 1.2.
Using the Feynman rules as established for weak decays, the matrix element of

this decay can be written:

g - q*q"/miv) [—ig _

—tg
M= [t m (= vo)um] (T ™ ) [ e (1~ 20)m |

where @,,, Um, @, and v, are spinors for the v,, u~, e~ and 7,; ¢* = p} + p; ; and
mw is the mass of the W+ boson.
In muon decay, ¢ is much less than m?, and so the propagator can be greatly

simplified

2 2 "

(gl\o' — qud/m%V) Y gAa
g — miy My

The matrix element then becomes

Gr _ _
M= 7;—11.,,,7;(1 — ¥5)tyTe? (1 = ¥s) Ve,
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1.1. Theoretical Considerations 6

with Gr = v/2¢2/8M3%,. 3 This has the form of a current-current point interaction

—_ Gr At
M - ﬁjml\Jg ’

where Jma = Ty, 7a(1 — 75)um is the “weak current” associated with the u*. This
is identical to an earlier form of the weak interaction suggested by Feynman and
Gell-Mann, before the existence of the W+ was even established.

Once the matrix element has been determined, the calculation of the branching

ratio and spectrum are straightforward if somewhat involved.

1.1.2 The Decay K" —puty,

We now wish to extend the ideas of the previous section to the decay K*—u*v,,
called K. * Since we know that a K is composed of one 5 quark and one u quark,
it is tempting to use a diagram such as the one in Figure 1.3 and calculate in analogy
with the previous section. Such a procedure would be incorrect, however, because
the quarks in a K are not free particles and cannot be represented by free-particle
spinors. Rather, they are bound in the K* and are subject to the non-perturbative
strong forces which bind them.

What is done instead is to use a diagram of the type shown in Figure 1.4. Where

the “blob” represents the hadronic interactions leading to the emission of a virtual

3Experimentally, Gr = 1.16639 x 10~5 GeV~?
4This theoretical analysis was first developed for the decay n+ — utv, but it applies equally well
to K* — u*v, with only minor modifications.
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1.1. Theoretical Considerations 7

Figure 1.3: Proposed Feynman diagram for the decay K+ —u*v,.

W+. We then return to the “current-current” interaction of the previous section.

G
M = =TT

where, as before, Jmy = 7, 7A(1 — ¥5)Um, and J: represents the “hadronic current.”
We do not a priori know the form of this current, but we do know that it has to be a
vector or axial-vector, since the matrix element must be a Lorentz scalar. The only
four-vector available in the problem is ¢ — the four-momentum of the K*. So, we

can write the hadronic current as
T = VasF(¢*)q* = Vio Fid,

where F(g?) is some function of the only available scalar — g2. ¢? is just the Kt mass,
though, so F(g?) is called the K* decay constant Fx. The CKM matrix element Vg,
which reflects the mixing of the mass eigenstates into the weak-interaction states, is
separated from the decay constant by convention.

After squaring the matrix element and including the phase space factor, we find

that the rate for the decay is given by
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1.1. Theoretical Considerations 8

Figure 1.4: Diagram for the decay K+ —pu*v,.

2072 2,2
e = Vs GFF2m m2(1 - T
Kuy2 = 8T K'eK oy m%( :

By itself, this expression is not very useful, since we don’t know the value of Fg. ®
We can, however, check the validity of the expression by noting that the only change
necessary to calculate the rate for the process K+ —etv,, called K,,, is substitution

of m, for m,. We can then take the ratio of the rates for the two processes

Ik, BR(K») _ (r_n_f_)z(mf( - m?

2
= = = 2.449 x 1075
Tk,, BR(Ky) my,/ \m% — mﬁ)

Experimentally, this ratio is found to be (2.45 % 0.11) x 1073, in excellent agreement

with the theory [8].
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Figure 1.5: Diagrams for Kt — u*y,y.
1.1.3 The Decay K™ —pu*v,y

We now turn to the decay of interest for this thesis. The decay K* —u*y,vy can
proceed by either of the diagrams in Figure 1.5. The first diagram is called Inner
Bremsstrahlung and is simply a radiative correction the K*— u*v, decay. It is
completely calculable within the framework of Quantum Electrodynamics (QED).
The second diagram, called structure dependent, involves the emission of a photon
from internal hadronic lines and is therefore not directly calculable.

However, we can return to the idea of a hadronic current from the previous section
as a way to analyze it. We will again construct a hadronic current from the available
4-vectors. In this case we have considerably more freedom in constructing the current
than we did for K* — ptv,. The available 4-vectors are the K* momentum (pf%),

the ¥ momentum (k#) and the photon polarization (¢#). The only scalar available is

SIn fact, this expression could be taken as a definition of Fx. Using the experimental value of
Tk,, = 3.379 x 10717 GeV, one finds Fx = 159.8 + 1.4 & 0.44 MeV, where the first error is due to
the uncertainty on |V,,] [8).
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1.1. Theoretical Considerations 10

g* = (px — k)? It can be shown that the most general hadronic current does not

contain arbitrary combinations of these vectors, but rather has the form [9, 10]

Vus x a, e v 174
Ti = in,( & [Fv(g*)e” P praks + iFa(@®) (9™ (pk - k) — K D)),

where Fy/(q?) and F4(q?) are two form factors related to the vector and axial part of
the current. While in principle they can depend on ¢?, I will treat them as constants
for simplicity’s sake. As we will see in the section 1.1.4, there is good theoretical
reason to believe they should be approximately constant.

The structure dependent matrix element can then be written as before

G
= ‘\/_g‘jmz\-z;\

G Vus «f— vo : v v
= K)fu[vuu%\(l = ¥s)um][Fv€“*praks + iFa(g™ (pk - k) — kD).

Msp

e——

V2m

This matrix element is then added to the one for Inner Bremsstrahlung to form

the total matrix element for K+ — u*v,y
./\/f}‘{,w7 = Mg+ Mgsp.

Then, squaring the matrix element, summing over polarizations and integrating
phase space leads to the following expressions for the differential rate for K+ — p*v,y

in the K'* rest frame [11]: ®

d’T

dzdy A fie(z,y) + Asp[(Fv + Fa)?fsp+(z,y) + (Fv — Fa)?fsp-(z, y)]

+AnT[(Fv + Fa) finr+ + (Fv ~ Fa) finr-],

8We use the convention of the Particle Data Book, where the form factors Fy and Fy are
dimensionless.
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where

[ l—y+r ]
Xz +y—-1+7)

x[:1:2+2(1-—1:)(1 -r)—

fre(z,y)
2zr(1 — 1)
z+y—-1-r)

fopr = [z+y-1-rlz+y-1)(1~-1z)~r],

fsp- = [1—y+r)[(1-2)(1-y)+T1],
fivre = [ |- =2~y +1),
fINT" [x(xi-;y_‘:r__ 7_)]|::I"2 - (1 - .'II)(]. -I- y) - T],

9E,
I = —M-;,
9E,
y = FI(-,
2
- [
Mg
(67 1
Aip = Ko T )"
Aer = a 1 [M,z(]2
Sb 7 “Raegrr(1—r)2lFx ]’

a 1 M:
Aine = FK“’%———(I-TPE(—'

Note that the IB component contains no unknown factors. The spectral shape and
the absolute rate are completely predicted. The structure dependent components, on

the other hand, contain the unknown form factors Fy and F,4 and so the absolute

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.1. Theoretical Considerations 12

(MeV)

ET
g 8

50
25
SR R R N B P 0 I S N R | L
'% g (MeV) ° 0 E, (Mev)
fSD+ SD-
> a2 =
= 200
>
A W y7g
E E N4 1
150 = 150 —
125 z—— 125 ;—
100 - 100 -
756 =
so F- 50 -
E \ E
25F- 25
Ey g by e by e b N
% 50 100 ) % 50 100 1
Ell (Mevio E, (Me\fio
leT-r leT-

Figure 1.6: Spectral shapes of K*-— pu*v,y components. The normalizations are
arbitrary.

rate is not predicted. If one neglects ¢°> dependence of the form factors, however, the
spectral shape of each of the components is predicted. Figure 1.6 shows these spectral
shapes frg, fsp+, fsp-, fint+ and fiyp- The IB component is strongly peaked at
high u* and low v energy, while the SD*component is peaked at high u* energy and

high v energy.
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1.1. Theoretical Considerations 13

1.1.4 Form Factor Calculation— Chiral Perturbation Theory

While the above analysis is quite general and depends only on very well accepted
principles, such as Lorentz Invariance and conservation of electromagnetic current, it
offers no prediction of the form factors Fyy and F4. Chiral Perturbation Theory (xPT)
provides a framework within which these form factors may be related to parameters
of other processes. An effective Lagrangian of O(p*) is defined that contains 12
undetermined coefficients L7, ..., L],. The coefficients may be pinned down using a
set of previously measured processes and then used to make predictions about other
processes.

At O(p*) of perturbation theory, there is no g*> dependence of the form factors
and no dependence on the mass of the sirange quark. The predicted values of Fy
and F are therefore the same for K* — u*vy,v as for 77— e*v.7, up to a factor of
the meson mass. The form factors for K,,, can be written in terms of renormalized

versions of the L-coefficients (L) as {12]:

AM
Fp = - FWK(LB'*'L,I-O)
Mg
Fro= —47r2F,,
F
Ny = ﬁ=327r2(Lg+qu).

Fy contains no unknown quantities, and v has been measured in 7t — e*v.y and

found to be [8] 7

"This makes use of the Conserved Vector Current prediction Fy = 0.0259 + 0.0005
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1.1. Theoretical Considerations 14

Yoo, = 0.45 £ 0.06

We therefore have

Ly+ Ly = (1.42+0.19) x 1073

The O(p*) predictions for the K ,,, form factors and for the branching ratios of

the associated components of K,,., are therefore

Fy = -0.095+0.000
Fy = -0.043 £0.006
Fy+F, = -0.137+0.006
F,-F4, = -0.052+0.006

where the errors shown come solely from errors on the experimental input. 8 The

corresponding branching ratios for each of the components are

BR(IB,E, > 20MeV) = 297 x 1073
BR(SD*,E, > 20MeV) = 9.22 x 1078
BR(SD™,E, > 20MeV) = 1.33 x 1078

BR(INT*,E, > 20MeV) = 1.40 x 107°

8The errors shown are in fact somewhat smaller than are usually shown in theory papers, since
they often include an estimate of the size of the corrections that will be found at higher order.
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BR(INT™,E, > 20MeV) = -3.74x107°

Note that for negative values of Fyy — F,, the INT™ contribution to the differential
rate is negative and the interference is destructive. This component could be said to
have a negative branching ratio. For the INT component, on the other hand, the
spectral shape frnr+ is negative throughout phase space, therefore for negative values
Fy + F4, the INT* causes constructive interference.

At higher order in perturbation theory, dependence on ¢? and m, should appear.
O(p%) calculations have been completed for Fys [13], but not for F,4. These should be
available soon, however, and the corrections coming from them could be as large as
30% [14]. The O(p*) calculations should therefore be considered only a first approx-

imation.

1.2 Current Experimental Information on K™ — 7,y

Akiba et al. [11] have measured the branching ratio for K*— u*v,y going down
to very low v energies — a measurement which is therefore dominated by the IB

component. The result is

BR(K* —putv,v,214.5 < p, < 231.5MeV/c) = (3.02 £0.10) x 1073
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1.2. Current Experimental Information on K+ — p*v,y 16

This agrees very well with the prediction for the IB component
experiment/theory = 0.991 + 0.013(stat) % 0.03(syst)

Several experiments have tried to measure Structure Dependent K+ — ptv,y [11,
15]. But so far, due to insufficient statistics, none has been successful. The best limits

come from [11] which reports

BR(SD*)<30x107%  BR(SD™ +INT )< 13x107?

In terms of these form factors, the limit becomes

Mg |Fv + F4] <0.23; ~253 < Mg(Fy ~ F4) <03

The related decay, K+ — ety has also been studied [16, 17]. The PDB reports

a combined result for the form factors of [8]

MKIFv+FA| =0.148 £0.010; MKIFV‘"FAI < 0.49

In the absence of ¢ dependence of the form factors, these should be directly

comparable to those measured in the K+ — u*v,y decay.

|
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1.3. Measuring K, (SD+) 17

1.3 Measuring K,,,(SD+)

While we would like to measure all of the form’ factors, including their signs, we are
severely limited by background from other decays such as K+ —n%u*v, (called K ,3).
Since the 7° in K3 will immediately decay to two photons, the final state will appear
similar to the final state of K,,,. The branching ratio of K3 is 0.0318 compared to
O(107°) for the structure dependent K|, components and so K3 can represent a
significant background.

As can be seen in Figure 1.7, K3 has an endpoint at a ¥ momentum of 215.1
MeV /c, corresponding to a kinetic energy of 134.0 MeV. If we restrict our attention to
the region above this endpoint, we will get a large amount of rejection for K,3. Of the
structure dependent components, the SD* component is the most prominent in this
high momentum part of the spectrum and will therefore be the easiest to observe.
The INT™ and INT* components also extend into this region, but are somewhat
smaller than the SD* component and are thus harder to identify. As we will see in
later chapters, our sensitivity to these components is not nearly as good as for SD*.
Since SD* depends on (Fy + F,)?, the only information we can hope to get about
the form factors from this component is the absolute value of the sum Fy + Fj4.

Another source of potential background is a K,; decay accompanied by an acci-
dental photon. This background is potentially severe and in previous attempts to find

the structure dependent components it has caused experimenters to narrow the search

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.3. Measuring K,,,,(SD+) 18

3 ¢

05 - 1B
8 o, £
c ~
= -
e 15 INT
g -
£ 1 .
< = SD
2 =
E 0.5 ;

-LLLLlLllllllllllliJJJJJJJJlll llILLLL

0
150 160 170 180 190 200 210 220 230
Muon Momentum (MeV/c)

Figure 1.7: Theoretical muon momentum spectrum for different components of K,
and for K,3. Photon energy has been integrated up from 100 MeV. The relative
normalization of the K,,,, components is set by assuming Fyv + F4 = Fy — F4 = 0.15.
The K3 spectrum has been greatly suppressed.

region to the region between the K3 endpoint and the K, peak [11]. Nonetheless,
we will find that for our search we are able to use the region of phase space all the way
up to the kinematic limit of the muon momentum. This is especially advantageous
for measuring the SD* component since it peaks at that point.

Assuming that we can distinguish the K+ — pt*v,vy events from all background
sources, we will still have the problem of distinguishing the SD* component from the
IB. This will be possible due to the higher photon energy of the SD* spectrum. This
can be seen in Figure 1.8 which shows the photon spectrum for different components
of K* — utv,vy when the u* energy is integrated from a kinetic energy of 137.0 MeV

to the kinematic limit at 152.5 MeV.
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Figure 1.8: Photon energy spectrum for different components of K ,,,. u* energy has
been integrated from 137.0 MeV to 152.5 MeV. Normalization of components is set

by assuming Fy + Fa = Fy — F4 = 0.15.
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Chapter 2

The E787 Experiment

The E787 experiment was designed to search for the rare decay K+*—ntvo. As
we will see, however, it is also quite well suited to study K*— u*v,vy. Since the
expected branching ratio for K+ —n*vv is O(1071%) times smaller than that of the
backgrounds, the design of the experiment is driven by the need to reject these copious
backgrounds while still maintaining reasonable efficiency for Kt —ntuv.

The two main sources of background to K* — n*u¥ are the decays K* — p*v, and
K*—>7*n° (called K,;). Both decays produce mono-energetic charged particles in
the K™ rest frame — the K, at a momentum of 235.5 M;eV/ c and the K+ —»7tn0 at
205.1 MeV/c. Rejection of both of these backgrounds can be achieved by restricting
the search for K+ —7*u¥ to the kinematic region between the two peaks. Redun-
dant measurement of the charged-track kinematics, i.e. its momentum, range and
kinetic energy, gives information on the identity of the charged particle and protects

against spurious measurements. Using a cylindrically symmetric geometry and only

20
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measuring charged tracks in the “central region,” greatly simplifies the construction.
Since the 7% decays immediately to two photons, further rejection of K, background
can be achieved by vetoing on any energy arising from photons.

These considerations suggest the following set of guidelines for the design of E787:

e Maintain the mono-energetic nature of the K, and K, backgrounds by bring-

ing the K* beam to rest at the center of the detector.

e Measure the momentum, range and kinetic energy of the charged decay products

in a 27 solid angle central region.
e Surround the central region with a highly-segmented 47 photon detector.

These guidelines turn out to be almost exactly the same as one would follow
were one to build a detector to study K,,,. The stopped K* requirement and the
redundant measurement of the charged-track kinematics are effective in maintaining
a clean endpoint for K3 decays. The 47 photon detector is useful both for measuring
the single photon from K., and for vetoing on second photons from events containing
n%s. These features, combined with the high data rates of which E787 is capable,

make the E787 experiment an ideal place to study K,,.,.
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Figure 2.1: Side (a) and end (b) views of the E787 detector. Only the top half of the
detector is shown; it is actually azimuthally symmetric.

2.1 E787 Overview

Figure 2.1 shows schematic side and end views of the E787 detector. As an intro-
duction to the E787 detector, let me briefly discuss each of the components shown in
those views.

The K* beam enters from the left of Figure 2.1(a). Its direction defines the z axis
of the cylindrically symmetric detector. The properties of the beam are measured
by the Cerenkov counter (C) and the B4 counter. The beam is slowed down by the
degrader and finally brought to a stop in the Target.

Charged decay products may then leave the target and those in the “equatorial”
region of the detector pass through the I-counter. They then pass through the Drift

Chamber, where their curvature due to an external magnetic field, and thus their
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momentum, is measured. After the Drift Chamber, they enter the Range Stack, where
almost all charged decay products of K*’s will come to a stop, thus allowing a kinetic
energy and range measurement. The first layer of the Range Stack, called the T-layer,
is shorter than the others and is used in conjunction with the I-counter to define the
central region of the detector where charged tracks are measured. The Range Stack
Straw Chambers (RSSC’s) embedded in the Range Stack help to measure the total
range. Dedicated photon detector systems are located in the Barrel region outside
of the Range Stack and in the Endcap region. In the search for K+ —ntvv these
photon detectors are used solely as photon-vetoes. In the K),,, analysis, however, the
Barrel Veto is used to measure the required photon.

A typical K+ —m* 0 event is shown in Figure 2.2. Figure 2.3 shows a much more
detailed view of the E787 detector, where the locations of the magnet coil and the
phototubes of the various components are shown.

The rest of this chapter will describe the E787 detector in more detail. While this
has been done previously in many different places, [2, 18, 19] the emphasis here will
be on the elements that were important for the K|, analysis. Also, E787 has recently
undergone an extensive upgrade in which many detector elements were replaced and

this will be one of the the first descriptions of the new detector elements.
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Figure 2.2: An end view of a typical K, event in the E787 detector.

2.2 Kaon Production and Selection

The E787 detector sits at the ‘end of the C4-LESBIII beamline of the Alternating
Gradient Synchrotron (AGS) at BNL. The purpose of the beamline is to produce a
beam of K* mesons within a narrow momentum range and of high purity. Figure
2.4 shows the layout of the beam line. The 24 GeV proton beam of the AGS hits
a Platinum production target and produces secondary particles at a wide variety
of momenta and angles. Particles produced in a 12 msr angular region around the
forward direction and in a 4% FWHM “momentum bite” around 800 MeV/c are
brought into the beam line by the D1 magnet.

The particles then pass through a number of focusing and bending magnets, colli-
mators, and two electrostatic separators. These separators use an electrostatic field,

which causes different deflections for particles with the same momentum but with
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Figure 2.3: Side view of E787 detector.
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Seperator #1

Production
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Figure 2.4: Layout of the C4-LESBIII beamline.

different mass. A “mass slit” follows each separator to select particles with the K+
mass. [n this way, it is possible to reject the much more copiously produced n*’s and
protons and to produce a relati.vely pure beam of K*’s, which is then delivered to
E787.

The AGS acceleration and extraction cycle takes approximately 3.4 seconds. Pro-
tons are delivered to the experiments during a 1.3 second “spill.” While the beamline
is capable of accepting up to 2.0 x 10'3 protons per spill, thus delivering about 107
K*’s to the experiment, the data for this thesis was taken at a somewhat lower rate
of 7 x 10'2 protons per spill resulting in about 1.2 x 106 K*’s delivered to the ex-
periment. The purity of the beam was excellent — approximately 5 K*’s for every

.
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2.3 Beam Line Instrumentation

Although the beam is quite pure by the time it passes into the detector, it is still
necessary to ensure that a given particle coming down the beam is a K*. It is also
desirable to detect any second particles that come down the beam line in coincidence
with the primary K*. These are the functions of the beam line counters, which are
arranged between the last quadrapole magnet (Q10) and the stopping target where
the K*’s are brought to rest. The configuration of the beam counters can be seen in
Figure 2.3.

The first counter, at the far left of Figure 2.3 is the Cerenkov, which is used
to determine whether an incoming particle is a K* or a «*. Figure 2.5 shows the
operation of the counter schematically. The angle 6= at which Cerenkov light is

emitted from a charged particle is given by

cosf = —
pn

where 8 is the velocity of the charged particle and n is the index of refraction of
the material. The angle for particles of a given momentum therefore depends on
the mass of the particle. The index of refraction of the radiator is chosen such that
Cerenkov light from 7+’s at the beam momentum is totally internally reflected and
is transmitted efficiently to the Photomultiplier tubes (PMT’s) labeled “r PMT.”
Cerenkov light from K*’s at the beam momentum is not totally internally reflected

and is guided towards the “K PMT.” By counting the number of struck tubes in each
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L

Figure 2.5: Schematic side view of Cerenkov counter. The path of light emitted by
incident 7*’s and K*’s is shown.

¥
Conical Paraboiic
Mirror Mirror

ring, one can unambiguously identify an incoming particle as 7+ or K*.

After the Cerenkov counter, the beam passes through two separate beam wire
chambers (BWPC'’s), one located just after the Cerenkov counter and one located
just before the degrader. Each of these chambers has three planes of wires at different
orientations. The fine pitch of the wires allows one to identify events where there was
an extra particle in the beam in coincidence with the primary K+.

The beam then passes through the degrader, where the energy of K*'s is reduced
by ionization energy loss to a low enough energy that they will stop in the relatively
short stopping Target. The degrader is compased of two parts. This first is made
of Beryllium Oxide, a relatively dense material (3.0 g/cm?), but with a low average

atomic number to minimize multiple scattering. The second part is made of Lead

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.4. The K* Stopping Target 29

Oxide doped glass. This is instrumented with PMT’s to allow detection of Cerenkov
light. In principle, this can be used either to detect 7+’s in the beam or to look for_
4’s coming from the K+ decay, although it is used for neither purpose in the K.,
analysis. The B4 counter, a scintillator hodoscope located just after the degrader, is
used in the trigger to detect those K*’s that made it through the degrader. Only

about 20% of the K*’s that go through the Cerenkov make it into the Target.

2.4 The K* Stopping Target

After the B4 counter, the K*’s enter the stopping Target. The Target is made of
413 square scintillating fibers, 5mm on a side. There are also a small number of
smaller fibers filling in the gaps around target edge, so that the overall shape is
roughly circular. Scintillation light, produced in the fibers both by the stopping K™
and any charged decay products, travels down the length of the fibers and outside
the magnet. There, an array of PMT’s detects the light, yielding time and energy
information about each struck fiber. Figure 2.6 shows an end on view of the Target.
Figure 2.7 shows a typical event in the target. The fibers struck by the stopping
K™ have relatively large amounts of energy and occur at times close to 0. ! Charged
decay products, on the other hand, deposit energy at later times and, since they are

lightly ionizing particles, at low energy. The analysis of the target data is described

1This time is taken relative to the Cerenkov and is calibrated so that K*’s appear near t = 0.
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Figure 2.6: End view of the K+ Stopping Target. The locations of the I- and V-
counters are also shown.

in Section 3.3.3.

The I-counters surround the Target and are used primarily to define a fiducial
region in z within which K*’s are allowed to decay. As shown in Figure 2.8, the
I-Counters have an active length of only 24.2 cm. Seeing an I-Counter hit, therefore,
ensures that the charged track is coming from the fiducial region of the target. The
time of the charged track in the I-counter is used in the “Delayed Coincidence,” which
is a requirement that the time of the charged track be delayed from the time of the
Kby at least 2 ns. Applying this requirement ensures that the K+ came to a stop
before decaying. Since the I-counters are rigidly attached to the Target, they are

considered part of the Target system.
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Figure 2.7: Event display of typical event in the target. The first picture shows
the energy measured in each fiber (in MeV) and the second picture shows the time
measured in each fiber (in ns). Fibers belonging to the K* and u* are readily

distinguishable.
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Figure 2.8: Side view of the Target, I- and V- counters. The K+ beam enters from
the left and charged decay products may exit the target through the I-counters. The
active length of the I-counter is only 24.2 cm.
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2.5 Charged Track Measurement

After charged decay products exit the Target, >they may enter central region of the
detector, which covers about half of the solid angle. In this region, the momentum,
energy and range of the charged particles are measured. The redundancy of these
measurements may be used to identify the type of particle and to provide protection

against spurious measurements.

2.5.1 The Drift Chamber

The first detector that charged decay products encounter after leaving the Target is
the Drift Chamber, which measures the curvature of charged tracks in the 1 Tesla
magnetic field provid;d by the coil. The chamber, called the Ultra Thin Chamber
(UTC), is composed of 5 superla&ers separated by very thin (25 um) metallized kapton
“foils,” which form concentric cylinders about the z-direction [20]. Figure 2.9 shows
the design of the chamber. Three of the superlayers — the inner, the middle and
outer — are “active” and are filled with an Argon/Ethane/Ethanol gas mixture. The
other two are filled with a light, inert gas such as Nitrogen, to minimize multiple
scattering. Each layer is held at a slightly lower pressure than the one inside of it,
thus holding the foils rigid.

The active layers contain four layers each of drift cells. Each cell contains a 20

pm anode wire at its center and 100 um cathode wires arranged so that the field
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Figure 2.9: Design of the Ultra Thin Chamber.
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Figure 2.10: End view of a typical track in the UTC. The small circles represent the
isochrones of the anode wire hits. The large arc represents the best fit track tangent
to each of the isochrones.

at the anode is approximately radial. Ionization caused by charged particles passing
through the active layers of the chambers drifts at an approximately constant velocity
toward the anode wires unde'r the inﬂueﬁce of the radial field. Near the anode wire,
the high electric field causes an avalanche multiplication of the charge resulting in
a gas gain of approximately 10°. The relatively large signals thus induced on the
anode wires are amplified and their time measured. A circular track can then be fit
to the roughly circular “isochrones” representing the distance of closest approach of
the track to each struck wire. Figure 2.10 shows such a fit for a typical event in the
chamber. The radius of the fit track then measures the component of momentum in
the plane perpendicular to the z-axis.

In order to measure the track in the z-direction, cathode strips are etched into the
foils, on which the avalanches at the anode wire induce signals. The strips form helices

centered around z-axis, and so knowledge of which strips were “hit” and which anode
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wires caused the hit gives a measurement of the z-position of the track. A track can
then be fit to the 6 z-measurements (one from each foil), and the dip-angle measured.
This dip-angle is then combined with the radius of the fit track to give the measured

momentum in the Drift Chamber.

2.5.2 The Range Stack

After the Drift Chamber, charged decay products enter the Range Stack (RS), which
is composed of flat plastic scintillator counters. The counters are arranged in a cylin-
drical array with 24 sectors in the azimuthal direction and 21 layers in the radial
direction. This segmentation can be seen in Figure 2.1. Each of the counters is
approximately 1.90 cm thick and 182 cm long, except for those in the first layer (T-
counters), which are 52 cm long and 0.64 cm thick. The T-counter length defines
the accepted angular region for charged tracks and they are kept thin to minimize
photon conversions in the first layer. The RS is thick enough that almost all charged
decay products come to a stop in it, which allows for a “calorimetric” measurement
of the kinetic energy of charged particles. The total range of the charged particles
is also measured and gives, together with momentum and kinetic energy, a third
measurement of the charged-track kinematics.

Scintillation light is piped out the ends of each counter and through the endplates

of the magnet where it is detected by a PMT on each end of each counter. The
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Figure 2.11: Schematic view of an RSSC.

signals from the PMT’s are recorded using both 500 MHz Transient Digitizers (TD’s)
and integrating Analog to Digital Converters (ADC’s). For the K, analysis, the
pulse-area from the ADC'’s is used to measure the energy deposited in each counter,
and TD’s are used only to measure the leading-edge time.

The Range Stack Straw Chambers (RSSC’s) are embedded in each sector of the
RS, after the 10th and 14th scintillator layers. The purpose of the RSSC’s is to give
a measurement of the position of the charged track, both in ¢ and in =z, to aid in the
measurement of total range. These chambers were designed to have very low mass, so
that the amount of dead material that the charged particles see is minimized. Figure

2.11 shows a schematic view of the an RSSC.
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2.6 Photon Measurement

The photon measuring system is composed of two major parts — the Barrel Veto (BV)
and the Endcaps (EC). These systems were optimized for photon vetoing rather than
for precisely measuring photon energies. However, in this analysis, we will find that

the BV is also quite suitable for measuring photons.

2.6.1 The Barrel Veto

The BV lies just outside of the RS and is segmented into modules which are orga-
nized into 4 layers and 48 sectors, as shown in Figure 2.1. Each layer is made up of a
lead-scintillator sandwich with approximately twenty layers of each in each module.
The total thickness is equivalent to approximately 15 radiation lengths. Essentially,
the lead serves to convert photons to electron pairs and wvice versa, thus causing an
electromagnetic shower. The scintillator “samples” this shower, and gives a measure-
ment of the total energy in the shower. The resolution of this measurement, however,
is limited by “shower fluctuations.” Most of the energy of the shower is deposited
in the lead, so one must apply a correction to convert from energy observed in the
scintillator to true measured energy. This “visible energy fraction” is about 0.3. 2
Light from the scintillator is piped through the magnet in a similar way as for

the RS, and detected with PMT’s, one on each end of each module. Each PMT

2See Section 3.5 for more details
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Figure 2.12: Layout of Csl crystals in the Endcap Photon Veto

is instrumented with ADC’s and TDC’s to allow measurement of pulse-area and

leading-edge time.

2.6.2 The Endcaps

The two Endcaps abut the ends of the Drift Chamber as shown in Figure 2.1, and
are composed of pure Cesium Iodide scintillating crystals [21]. The crystals in each
endcap are arranged into four rings as shown in Figure 2.12. Since the radiation length
of Csl is quite short (1.86 cm), the Endcaps require no extra converter material (e.g.
the lead in the BV), and are therefore 100 % active. Rather than piping the light out
of the magnet, “Fine-Mesh” PMT’s are directly coupled to the crystals of the EC.
Each of the PMT’s is instrumented with a 500 MHz transient recorder made with a

Gallium Arsenide Charge Coupled Device (CCD).
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2.6.3 Other Photon Vetoes

Photons coming from decays of K*’s in the t;u'get can also convert and be detected
in the Target or the Range Stack. Though these elements are designed for measuring
charged tracks, they also detect photons with high efficiency. Since they are both
highly segmented, the fibers or counters that were struck by the charged track can

usually be distinguished from any that were struck by photons.

2.7 Trigger

In order to get to the desired levels of sensitivity to rare decay modes in a reasonable
amount of time, it is necessary to examine several hundred thousand K* decays per
spill. However, it is only possible to write to tape the data from several hundred
events per spill. What is needed then, is a way to reject the vast majority of events
before reading out their data. This is the role of the trigger. For K* —n*vv, with
its poor experimental signature, a very sophisticated trigger with multiple levels is
required. For K., however, it is possible to get sufficient rejection using only the
“Level 0” trigger.

For the Level 0 trigger, signals from the PMT’s of the RS, the BV, the EC, and
the beam system are “split” and a fraction of the charge is sent directly to the trigger.

Another part of the charge goes through 375 ns delay lines before reaching the ADC'’s.
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The Level 0 trigger decision based on the trigger signals must be made before the
delayed signals reach the ADC'’s, and this sets a very stringent limit on the amount
of time available for the this decision. The information available is therefore limited
to discriminated PMT signals, which are presented as “trigger bits.” These bits can
then be logically combined in any desired combination to form a trigger for a specific

physics process.

2.7.1 The K,,, Trigger

For the K,,., trigger, the signal process has a high energy muon, a high energy photon
and no other photons in the event. The muon is required to be in the central part
of the detector and fhe photon is required to be in the Barrel Veto. The trigger is
thus designed to have high efficiency for these type of events and low efficiency for all
potential backgrounds.

The first trigger bit requires that a K+ has come down the beam line and entered
the target. This is known as the KB bit, and is formed by ANDing signals from the
Cerenkov (CK), the B4 counter (B4) and the stopping Target (TTSum).

Next is the Delayed Coincidence bit (DC), which ensures that the K* came to a
stop before decaying. It is formed by requiring that the I-counter came at least 2 ns
later than would be expected from a prompt decay. This is done by comparing the

I-counter time to the Cerenkov counter time after calibrating the I-counters so that
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prompt events come at t = 0 ns.

The next two bits have to do with the charged track. The T e 2 bit is set when
there is a hit in the T-layer and in the second layer of the RS within one RS sector.
This ensures that the charged track entered the Range Stack and is thus in the fiducial
volume for charged track measurement. The charged track (CT) region of the RS is
defined as the T e 2 sector plus the next two clockwise sectors. This allows for track
curvature in the RS. Note, however, that only clockwise curving, i.e. positive, tracks
are properly treated by this. Each of the CT bits then indicates whether a given layer
within this region was struck. For example, 9¢r indicates whether any of the layer
9 counters in the CT region were struck. For the K, trigger, CT bits 6 through
16 were all required, which means that the charged track must penetrate at least to
layer 16 of the RS, and is thus quite high energy. #*’s from K, only rarely go this
deep, and only the highest energy part of thg K3 spectrum can go this far.

Analog energy sums are formed in each of the photon veto systems. The pulse
height of this sum then roughly corresponds to the total energy deposited in that
system. For the K+ —n*u¥ trigger, these signals are discriminated at quite low
equivalent energy levels (= 5 MeV visible in the BV) and used as vetoes. 3 For the
K., trigger, however, we require a photon in the Barrel Veto, so we discriminate
the BV energy at a somewhat higher level (=~ 20 MeV visible) and use this as a

requirement called BVHI.

3Recall that only about 30% of the energy deposited in the BV is “visible.”
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We also wish to veto on any extra energy in the BV, such as would come from
a second photon from a 7% Essentially, we wish to count the clusters of photon
energy in the BV and veto if there is more than one. We first sum the energy of
adjacent BV sectors pair-wise and discriminate these signals at levels corresponding to
approximately 10 MeV visible energy. This gives us 24 “sector-pair” signals which are
put into a special “cluster counter” module (LeCroy MALU 4413). This module then
gives a signal corresponding to the number of clusters of energy. If two neighboring
sector-pairs are hit, it counts as only one cluster. If however, there are two non-
adjacent sector-pairs hit, it counts as two clusters. The trigger bit NG2 is true if
there were two or more clusters, and we veto on this occurrence.

Other bits used in the K+ — utv,vy trigger include the EC bit which vetoes on
energy in the Endcaps; the HX bit which vetoes on energy in the RS outside of the
one- or two-hextant charged track region. A veto is also applied when there is any
energy in the last layer of the Range Stack (layer 21). This bit, called 21 vetoes K
events where the u* passes all the way through the RS, stops in the BV and thus
satisfies the other trigger bits single-handedly.

The definition of the K,,., trigger thus reads

—— e

KB-DC-Te2-EC-HX-6cr — 16¢cr - BVHI - NG2 - 21

In a Monte Carlo simulation, the acceptance of the trigger was found to be 6.4%

for K*— p*v,v(SD*) and 1.7% for the IB component with E, > 60MeV and E, >
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100MeV. In contrast, the acceptance for K,3 was 0.028%.

2.7.2 Monitor Triggers

In addition to the triggers designed to find the rare K+ decay of interest, it is also
useful to take data using simpler combinations of the trigger bits, called “monitor
triggers.” The triggers are designed to give events which mostly come from a single
one of the common decay modes of the K, such as K,5. The data samples produced
by these triggers are much purer samples of events of known origin than are produced
by the rare decay triggers and are very useful for understanding the performance
of the detector. For example, K., events can be used in assessing the photon veto
efficiency. Since the branching ratios of the decays selected by the monitor triggers
are known quite well, they can also be used as normalizations for the rare decays.
For the K, analysis, the most important of the monitor triggers are K,(1),

Ki2(1) and K,2(2), defined as

Kypo(l) = KB-Te2:(6cr+7ct) - (19¢ct + 20cr + 21c7)

Ki2(l) = KB-Te2-(6cr+T7ct): (19ct + 20c7 + 21c7)

Ke(2) = KB-IC-DC-Te2-(6ct+7cr) - (19¢ct + 20cT + 21c7) - HX - L1.1

where the + indicates the logical OR of a number of conditions; IC is an I-counter

requirement in addition to that already in the DC requirement; and L1.1 is a higher
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level trigger which uses the Transient Digitizers to identify #¥’s in the final state. As
the names indicate, K,2(1) selects mostly K,; events and Kro(1) and Kr2(2) select

mostly K, events.

2.8 Data Acquisition

Once the trigger has indicated that a given event is to be recorded, the Data Acqui-
sition system reads out the individual digitizing modules (ADC'’s, TDC's, TD’s, etc.)
and writes the data to 8mm magnetic tape [22]. For this data set, three data tapes

were written in parallel for an output bandwidth exceeding 1 MByte/s.

2.9 The Data

The data for this thesis was taken during a very short run from July 22 to July 24,
1994. For this data set the K, trigger was active as were several monitor triggers.
The monitor triggers were prescaled by a large factor before being written to tape,
since otherwise they would dominate the data stream. It is advantageous to record
the monitor triggers at the same time as the rare decay triggers. That way, when
they are used to assess the detector performance, any time-dependent changes will
be automatically accounted for. The K;5(1) and K,2(1) data was taken at the same

prescale throughout the run. Through an oversight, however, the K,4(2) trigger was
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Trigger | Prescale Factor | Events Recorded
K, 1 : 1517733
K»(1) 20160 95115
Ki2(1) 80000 17118
Kz2(2) 640 34304

Table 2.1: Prescale factors and total number of events recorded for each of the three
triggers used in the K, analysis. Prescale factors include the “hardware” prescale
of 16 applied in the prescale boards.

not turned on until about half way through the run. Due to the very short duration
of the run, this is not expected to cause any serious problems.

The number of each type of trigger recorded during the K., run is shown in
Table 2.1. The run numbers were in the range 15865 to 15962, and the tape numbers
were in the range 10177 to 10197. A total of 19 sets of tapes were used with two K.,
tapes and one tape of monitor events in each set. There was also another data set

taken on July 30 to July 31, 1994, but that data is not used here.

2.10 Simulation

The Monte Carlo program that is used to simulate the E787 detector is called uMC and
is based on the EGS electromagnetic shower package [23]. K* decays with arbitrary
final states can be generated and run through the detector simulation. The desired
trigger is then applied to these events, and those that pass the trigger can be written

to disk and saved. These events can then be run through the standard offline analysis,
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K, Component Conditions # Generated | # Triggers
IB E, > 100 MeV,E, > 20 MeV | 8.390 x 10° 142482
SD* E, > 20 MeV 3.050 x 10° 19343
INT* E, > 20 MeV 4.932 x 10° 50003
INT™ E, > 20 MeV 5.809 x 10° 26536

Table 2.2: The number of Monte Carlo events generated and the number that passed
the K,,, trigger for each component of K,,,.

to be described in the next chapter, and the results compared to what is observed in
real data.

In the K, analysis, the most important application of UMC is the simulation of
the different components of the K, spectrum : IB, SD*, SD~, INT* and INT".
Events of each type were generated according to the spectrum described by the f
functions of Section 1.1.3. After the detector simulation, the K, trigger as described
above was applied and the events that passed written to disk. In Table 2.2 I tabulate
the number of each component of K),,, generated and the number that passed the
trigger. Note that no SD~ events were generated, since that component is very small
in the kinematic region of interest.

The K,,,, spectra were not generated over the whole accessible region of phase
space, but only in the kinematic regions shown in the table. For example, the IB
component was generated in the region £, > 100MeV, E, > 20MeV. It is necessary
to apply a minimum energy to the IB component because the spectrum diverges at

very low 7y energy. The E, condition was applied in order to speed up the simulation.
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The validity of applying this condition was checked by running a large number of
events without it in and verifying that very few events with E, < 100MeV passed
the trigger.

A number of other “speed-ups” were put in place to minimize the CPU time
required by the simulation. The p* track was simulated first and if it did not cause a
Te2, then the event was thrown away immediately without completing the simulation.
This gives a good factor of speed improvement because the p* simulation takes much
less CPU time than the 7. Another speed-up involves throwing away immediately
any events where the K+ does not come to a stop. Even with these speed-ups in
place, the IB data set took more than 30 CPU-days to complete on 200 Mhz R4400
ProCessors.

A K7 stopping distribution based on data taken in 1994 was used and the events
were generated with nuclear and photo-nuclear interactions turned off, as these were

not thought to be important for this analysis.
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Chapter 3

Event Reconstruction

The strategy for analysis of the K|, data is two-fold. First, methods have to be
found to reject “background” events — i.e. those that passed the trigger described in
Chapter 2.7.1, but were nonetheless not really K,,,,. These methods will produce a
list of “cuts” which when applied to the data will yield a sample of events which is free
of background, or at least has understandable backgrounds. Second, the spectrum of
events which are considered genuine K., i.e. those which passed all the cuts, is ana-
lyzed to see if it is consistent with being only Inner Bremsstrahlung, or if a Structure
Dependent contribution is present. In satisfying the first objective, it is important
to keep in mind the second so that the resulting spectrum is not so “damaged” as to
make it difficult to determine whether there is any structure dependent contribution.

In this Chapter, I will describe the methods that are used to reconstruct individ-

ual events and the event variables that are produced. In Chapter 4, [ will describe

48
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3.1. Reconstruction Overview 49

how cuts, based on these variables, are combined into “background studies” to pro-
vide estimates of the remaining backgrounds. Finally, in Chapter 3, I will take up
the analysis of the events that remain after all background rejecting cuts have been

applied.

3.1 Reconstruction Overview

The first step in the analysis of the data is the basic reconstruction of each event.
This involves turning the raw digital data written onto the magnetic tapes during data
taking into quantities useful for analysis such as charged track momentum. Once these
higher level quantities have been calculated for each event, they are saved to disk in
a form called an “n-tuple,” which is a data format defined by the CERNLIB HBOOK
software package. An n-tuple consists of a list of variables describing each event.
These might include things like the momentum and energy of the charged track.
Subsequent analysis is performed using only these n-tuple variables without ever
referring back to the raw data. This style differs from previous analyses of E787 data,
which reduced the data by cutting events in a multi-pass process. The advantage
of the n-tuple method is that the CPU time required to analyze the n-tuple is ap-
proximately a factor of one hundred less than that required to analyze the raw data.
The amount of disk space required to store events in n-tuple form is also approx-

imately 100 times smaller — thus allowing the entire data sample to be stored on
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disk. It takes only about 6 hours ! to run through the entire reconstructed data set.
Background studies can thus be run on the erntire data set rather than on separately
selected data sets as is necessary in the multi-pass style of analysis.

The disadvantage of using the n-tuple method is that some information is neces-
sarily lost in the reduction of the data to an n-tuple. Therefore, one must be careful to
ensure that all of the necessary information is stored in the n-tuple and that the vari-
ables were calculated correctly. The goal of the reconstruction then, is the production
of this n-tuple which represents each event as completely as possible.

The reconstruction is done with the help of a collection of subroutines written by
the E787 collaboration called KOFIA. KOFIA version 2.0 was used for this analysis.
KOFIA routines handle all of the most basic reading of data from tape and unpacking
of data words into FORTRAN arrays. Also included in KOFIA are the reconstruction
routines that were written by the experts on each particular component. These
routines apply the relevant calibrations and do any required analysis before passing
the results onto the user. Selected results are then saved in the n-tuple for later
analysis. This often necessitates a change in the name of the variables. [ will use
the variable names that are used in the n-tuple. I will describe the reconstruction of
the different detector components paying special attention to the variables which are

saved in the n-tuple and are used in later analysis.

!Conveniently, this represents a good night’s sleep for a graduate student.
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Variable | Definition

BWI1TRS | Time of second beanr particle in first BWPC
BW2TRS | Time of second beam particle in second BWPC

Table 3.1: Definitions of beam variables saved in the n-tuple.

3.2 Beam Reconstruction

For the purposes of the K, analysis, the primary use of the beam measuring elements
is to ensure that no extra beam particles came into the detector in coincidence with
the K* decay time. The main weapons that are used to detect this occurrence are
the Beam Wire Proportional Chambers (BWPC’s). The analysis of the chambers is
done by a KOFIA subroutine called ANAL_BM. In each wire chamber, hits in the three
planes are grouped by time to form “sets.” Hits in at least 2 of the 3 planes are
required to form a set. Normally, with only one K in the beam line, there should be
only one set in each chamber. If two or more sets were found in a chamber, then the
set with time closest to the time of the original Kt is removed from consideration.
Of the remaining sets, the one whose time is closest to the to the time of the charged
track in the Range Stack (TRS) is identified with a second beam particle. The time
of this set relative to TRS is saved as BW1TRS for the first chamber and BW2TRS for
the second. Finding a set in time coincidence with the charged track indicates that
the track, or the photon, may have been caused not by the decay of the first K+ but

rather by a second particle.
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3.3 Reconstruction of the Charged Track

The reconstruction of the charged track involves three separate detector components
— the Target, the Drift Chamber (DC) and the Range Stack (RS). Before going into
a more detailed discussion of the reconstruction of each component, it is helpful to
have an overview of the whole procedure. The analysis proceeds by first fitting all the
good tracks in the drift chamber. A single track is then found in the Range Stack and
matched to a single DC track. The track is then extrapolated back into the Target to
aid in the Target reconstruction. Calling of the charged track reconstruction routines
and integration of the information from the three separate components is done by a

routine called SETUP_KINE.

3.3.1 The Drift Chamber

The drift chamber analysis seeks to measure the charged track momentum and di-
rection by fitting a helix to the space points measured on the strips and wires of
the chamber. The first step is to measure tracks in the z — y plane. Raw hits on
neighboring wires in each super-layer are combined into “vectors” which give a rough
estimate of the track direction in each superlayer. These vectors are then “linked” to
try to form a track that passed through all three super-layers. Using the track found
in this step as a seed, a x? minimization procedure is used to find the final z — y track

parameters.
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Variable | Definition

PDC Momentum measured in the drift chamber
COS3D | Dip-Angle of charged track

Table 3.2: Definitions of drift chamber variables saved in the n-tuple.

The z-fit uses the the £ — y track parameters to convert struck foil strips into z
positions. The z positions are then fit to a straight line as a function of the turning
angle of the track. From this fit, the dip-angle of the track can be determined and
the helix of the charged track is defined. The parameters of the track that are saved
in the n-tuple are shown in Table 3.2. It is possible that several good charged tracks
will be found in the drift chamber. For the purposes of this analysis, only one track
is selected in a manner which will be described in the next section and the variables

for that track are saved in the n-tuple.

3.3.2 The Range Stack

The first stage of the Range Stack reconstruction is a pattern recognition program
called RD_TRK. RD_TRK looks for a single track in the Range Stack that follows a
pattern of energy deposition that would be made by a single charged track. The
track starts at the T e 2 closest in time to the Detector Strobe time. The counters
surrounding the 2 counter are then searched for prompt hits and as soon as one is

found, it is added to the track and made the “current counter.” The search order is
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Figure 3.1: Diagram illustrating search order used in RD_TRK track finding.

shown in Figure 3.1, where the counters with prompt hits are shown hatched. The
numbers in the counters indicate the order in which the counter is checked for a
prompt hit. Thus, in this case RD_TRK will first look in the counter labeled “1” for
a prompt hit. Failing to find one it will then look in the counter marked “2.” Again
failing it will look in the counter marked “3,” where it will find a prompt hit and thus
make it current counter. The procedure will then be repeated until no more counters
can be found along the track. Note that this procedure will not put the counter in the
third sector of Figure 3.1 on the track. Note also that the procedure is only capable
of finding positive, i.e. clockwise curving tracks.

The layer of the last counter in the track is called the stopping layer and is saved
as LAY. The energy of each counter is saved in the n-tuple as the array EMOD_RD and
the times of the counters are combined to form a single “track time” (TRS), which is
used as the main time reference for the rest of the analysis.

The Drift Chamber track that best lines up with the single RD_TRK track is
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then selected. This DC track is extrapolated and used in conjunction with precise
measurements of z and ¢ provided by the RSSC’s to calculate the range in each
counter and the total range of the track in the Range Stack. Corrections are made
for dead material in the RS and total energy deposited in the RS, ERST is calculated.

The measured ranges in each layer were used to provide the dz to calculate the
expected energy loss % in each layer (EEXP) via the Bethe-Block equation for ion-
ization energy loss. The EEXP array is then compared to the measured energy in
each layer to reject events where the energy deposition pattern differs from what one
would expect from a p* simply coming to a stop. This could happen, for example, if
a photon overlapped the charged track, thus depositing extra energy.

The comparison was done by adding up the expected and measured energies in
each set of three consecutive layers and then forming a x2 out of their difference. The
error used was proportional to the square root of expected energy in the three layers.
The x? starting at the ith layer is then written:

[TH2EEXP()) — T2 E(5)]

= &=

" TITEEXP()

2

where E(i) is the observed energy in the ith layer, derived from EMOD_RD. The

largest x?; was then saved as an n-tuple variable called PHO_CHISQ.
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Variable Definition

LAY Stopping Layer

ERST RS energy

TRS Time as measured by the RS

NHITRD Number of counters on the RS track
EMOD_RD(NHITRD) | Energy deposited in each counter of the track
PHO_CHISQ Measures deviation from expected %£

Table 3.3: Definitions of Range Stack variables saved in the n-tuple.

3.3.3 The Target

The first step in the Target analysis is to identify each of the struck fibers as coming
from one of three sources: the K, the outgoing charged track, or a photon. The
Target analysis is called SWATH because it uses a “swath” defined by the drift chamber
track to assist in identifying the charged track fibers [24]. SWATH is also given the
time of the charged track in the Range Stack to help identify the charged track fibers.
Figure 3.2(a) shows how the drift chamber track is used to define the swath. A
likelihood analysis is then done on each fiber individually to identify which fibers
were associated with the Kt which with the charged track and which with any

photon. In rough terms the assignments are as follows:

e Fibers with high energy and with times near to zero are identified as coming

from the K.

o Fibers with low energy, in time with the Range Stack time and on the swath

are identified as coming from the charged track.
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Figure 3.2: Diagrams describing SWATH Target analysis. Figure (a) shows use of the
drift chamber track (shown as heavy curved line) to define a swath (shown as light
curved line). Fibers identified as belonging to the K* are marked “K” and those
belonging to the charged track are marked “r.” Figure (b) is a “blow-up” of the K+
stopping region. The K fibers at extreme clockwise and counter-clockwise positions,
yet within the swath, are indicated by dots.

e Fibers in time with the Range Stack track and off the swath are identified as

coming from a photon.

Fibers identified as coming from the K+ are then used in conjunction with the
DC track to determine the K+ stopping position as shown in Figure 3.2(b). The two
Kt fibers whose centers are at extreme clockwise and counter-clockwise positions
along the track, yet are inside the swath are identified. The K* stop position is then
defined as the mid-point of the line joining the two fibers. The Target range is defined
as the distance along the track from the angular position midway between the two
extreme K7 fibers to the edge of the Target. Energy in fibers identified as coming

from a photon is summed and saved as ETGPHO.
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Variable | Definition

TGX,TGY | z and y coordinates of K* stopping position

TIMEPI The time of the charged track as determined by the Target
TIMEK The time of the K+ as determined by the Target

RTGT Charged track range in the Target, corrected by DC dip-angle
ETGT Total energy of charged track fibers in the Target

ETGPHO | Energy identified as coming from photons.

EIC I-Counter Energy

RIC I-Counter Range

Table 3.4: Definitions of Target variables saved in the n-tuple.

Since the Target yields only two-dimensional information, the dip-angle of the DC
track is used to calculate the three-dimensional range. The drift chamber track is also
used to estimate the range of the charged track in the I-counter. The variables saved

in the n-tuple are listed in Table 3.4.

3.3.4 Integration of Charged Track Information

Once the charged track reconstruction has been performed on all of the charged track
measuring sub-systems, the information is combined to give over-all results. The first
of these results is ISKCODE which indicates whether the charged track was sucessfully
reconstructed in all of the sub-systems.

To calculate the total momentum of the charged track, PTOT_TR, we need to
correct the momentum measured in the drift chamber (PDC) for the energy that is

lost in the Target and in the material that the track traverses up to the middle of
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the Drift Chamber. We first convert the drift chamber momentum to an equivalent
range RDC using the integrated Bethe-Block equation. We can then add in the range
measured in the Target (RTGT) and I-counters and correct for various pieces of dead-

material:

RTOT.DC = RDC + RTGT + RIC + RIWALL + 0.5 x RGAS,

where RIWALL and RGAS are the estimated ranges in the inner wall of the drift
chamber and in the drift chamber gas, respectively. Finally we convert RTOT DC back
to momentum PTOT_TR using the inverse of the integrated Bethe-Block equation.

A similar procedure is used to calculate the total kinetic energy, ETOT_TR from
the RS energy ERST. In both cases Target range is used rather than Target energy,
since it was found to give somewhat better resolution.

In order to perform the momentum to range conversions, it is necessary to assume
a particle mass. This will usually be taken to be the u* mass, except in cases where
we are explicitly analyzing n* events. For events where the charged track is assumed
to be a pion, we also subtract an amount of energy equal to that deposited by the p*
in 7t — puty,, since that energy is usually within the ADC gate.

In later analysis, it will also be necessary to know the direction of the charged
particle at the K+ decay vertex. The direction of the drift chamber track at its closest

approach to the K* stopping position is used to approximate this direction and is
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Variable Definition

ISKCODE | Return code of charged track reconstruction
PTOT.TR | Total momentum of charged track

ETOT_TR | Total energy of charged track

VM(3) Direction cosines of charged track at K+ decay vertex
TGZ z coordinate of K+ stopping position

Table 3.5: Definitions of variables saved in the n-tuple from analysis combining results
from the three charged track measuring detector components.

saved in the n-tuple as an array of direction cosines, VM(3). This extrapolation is

also used to find the z-position of the K+ stopping position, TGZ.

3.4 Photon Reconstruction

The K, trigger requires a single cluster of photon energy in the Barrel Veto and
rejects events with energy i1.1 any of the other photon veto systems. The goal of
the photon reconstruction is to use the information provided by the Barrel Veto to
measure the energy, time and position of the required photon. Each counter is read out
on both ends and so gives a time, measured with TDC'’s, and an energy, measured
with ADC’s, from each end. The time measurement for a counter is obtained by
averaging the two end times. This takes out the effect of the finite light propagation
speed. Similarly, the energy measurement is made by taking the geometric mean of

the energies from the two ends, since this takes out the effect of light attenuation.
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3.4.1 Barrel Veto Z Measurement

Conversely, the effects of finite light propagation speed and finite attenuation lengths
can be used to measure the z position of a photon. The two measurements of z are
defined:

AL A

c
szc—-'z'(Tl—Tz)‘*‘d, Zadc—glogz'l“i”f,

where 77 and 75 are the times in the two ends, A; and A, are the measured energies,
c is a calibration constant which is equal to the speed of light in the counter, A is the
light attenuation length in the counter, d and f are offsets.

The primary calibration that is applied to the Barrel Veto data is aimed only at
measuring the time and energy of energy depositions. It produces time offsets to
align the mean time in each counter and energy scales to align the geometric mean
of energy in each counter. However, it does not calculate the constants needed to
convert the ADC and TDC measurements into z-positions. A three-step secondary

calibration procedure was therefore performed to find these constants:

e Find the speed of light, c in the counters by selecting cosmic ray events that

just clip the corner of the BV.

e Find the offset of the TDC-based 2-measurement by extrapolating K, events

into the BV. The speed of light and offset are assumed to be the same for all

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.4. Photon Reconstruction 62
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Figure 3.3: Illustration of the type of cosmic ray events used to measure the speed of
light in the Barrel Veto.

counters in the system.

e Align the ADC-based z measurement to the TDC-based one in each counter
using a x? minimization procedure. This yields a A and f constant for each

counter.

While the second two steps are self-explanatory, the first step requires a little more
description. This step employs cosmic ray events of a very particular geometry shown
in Figure 3.3. These events have tracks that cross the end of the BV active region,
leaving energy in one or more of the inner layers, but not in one or more of the outer
layers. Events of this type are easily identified by this energy deposition pattern and
are useful because they deposit energy very close to the end of the outermost counter
which they crossed. Since the length of the counters is known, a measurement of the
time difference (At) between the arrival of the light at the near and far ends of the
outermost struck counter can be used to determine the speed of light in the counters.

Distributions of At for cosmics of this type is shown in Figure 3.4 where separate
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Figure 3.4: End-to-end time difference measured in the Barrel Veto for cosmics of the
type shown in Figure 3.3.

plots have been made for each BV layer. Two peaks are observed in each layer, one
coming from tracks crossing the upstream side of the detector and one coming from
tracks crossing the downstream side. In principle, these peaks should be at symmetric
positions about zero. However, a slight offset in the primary time calibration can cause
these peaks to be offset. The time difference (é) between the two peaks was therefore
taken to remove this effect. The speed of light is thus calculated

c= 2L

5

where c is the speed of light in the counter, L is the length of the counter and ¢ is the
difference between the positions of the two peaks. At is taken as the average over all
layers and is found to be 22.2 ns. This yields a ¢ of 17.1 cm/ns which is significantly
higher than the value used in previous analyses of 15.0 cm/ns [25].

The TDC-based offset found by extrapolating K, events into the BV is +2.91 cm.
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Figure 3.5: Measured =z position of photons from K, in UMC and in data.

This is roughly consistent with the value of +4.0 cm that one obtains by centering
the end-to-end time distributions in Figure 3.4. The source of the offset is that that
primary BV time calibration is done assuming that the distribution of photons in the
BV is centered at z = 0. In fact, for this data set, the mean K™ stopping position was
several centimeters downstream of z = 0 and this is reflected in the z-distribution of
photons in the BV and thus in the calibration constants.

As a check of the entire z-calibration procedure, the measured z-position of pho-
tons from K,» events was compared to that observed in Monte Carlo. These distribu-
tions are shown in Figure 3.5 and are found to agree quite well. When the old value
for the speed of light was used the distributions did not agree well. The RMS of the
distribution in data was 32.60 cm, compared to the 36.87 cm which is observed in

UMC.
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It has been found in previous analyses that the best single measurement of z in a

counter is obtained by combining the two measurements as follows [25]:

_ 2tde + Zgde X \/E/IO

fem = T VE/10

where E is the counter energy measured in MeV. It is this combined measurement

that will be used in all further calculations.

3.4.2 Clustering

Once the time, energy and z-position of each struck counter have been determined,
contiguous groups of-such counters are grouped into clusters representing individual
photons. This process is illustrated in Figure 3.6. For each cluster, a number of
quantities are calculated. These include the total energy (EREG), the energy-weighted
time (TREG), energy-weighted ¢-position (PHIREG) and energy-weighted z-position
(ZREG). The direction of the photon is determined by extrapolating from the K+
stopping position in the Target to the measured photon position. The three direction
cosines of the photon are saved in VG(3). The time and energy for each hit in the
cluster are saved as TMOD and EMOD. The variables for the two highest energy

clusters are saved in the n-tuple as shown in Table 3.6.
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Figure 3.6: Event picture illustrating the BV cluster-finding procedure. The hatched
counters have been grouped together into a cluster because they are contiguous. The
unhatched counter has been left out of the cluster. The numbers indicate the visible
energy in MeV in each counter.

Variable Definition |

NHIT Number of counters in the highest energy cluster
EMOD(NHIT) Energy of each module in the cluster
TMOD(NHIT) Time of each module in the cluster

EREG Total energy of the cluster

TREG Energy weighted time of the cluster
PHIREG Energy weighted ¢ position of the cluster
ZREG Energy weighted z position of the cluster
VG(3) Direction of photon

NHIT2, EREG2, ... | Variables for second highest energy cluster

Table 3.6: Definitions of variables saved for re-constructed Barrel Veto photons.
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3.5 Final Kinematic Calibration

While calibrations are performed by system experts on each of the components of the
detector, it is still necessary to do some fine-tuning of the kinematic variables. The
K*—>u*y, and K*—ntn® decays provide mono-energetic peaks in charged track
energy and momentum against which the total momentum and energy measurements
can be checked. Similarly, the sum of the energy of the two photons from the 7°
in K¥—7tn? decay provides a mono-energetic peak which can be used to check
the energy calibration of the Barrel Veto. The measured peak positions of each
kinematic variable are lined up with the known peak positions with a simple linear
relationship. To line up the measured total momentum peaks with their known values

the momentum measured in the drift chamber is adjusted:

PDC =g x PDC + b,

where a and b are calibration constants to be determined.

Likewise, the Range Stack energy ERST is adjusted to bring the measured total
energy peaks into line with the known values. For the Barrel Veto photon energy
measurement, the sum of the energies of the two highest energy photons found in the
BV (EREG and EREG2) is simply scaled to line it up with the K., photon energy

peak. 2

2Scaling the BV photon energy is equivalent to changing the “visible energy fraction,” f,i,. After
calibration f,i = 0.312.
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|| Data | umc

Charged Track | a || 1.031 | 1.015
Momentum | b || -4.928 | -1.536
c - 0.008

Charged Track { a || .9320 | 1.016
Energy b 7973 | -1.767

c - 0.020

Photon a || .9305 | 0.999
Energy c - 0.000

Table 3.7: Kinematic correction factors for data and Monte Carlo. The smearing
factor c is only applied to Monte Carlo data.

EREG = a x EREG

For Monte Carlo data, the kinematic variables are also smeared so that resolutions

match those observed in data:

PDC =axPDC x (1+cxG)+b,

where G is a unit Gaussian random number and c is the additional calibration constant
to be determined.

Table 3.7 gives the calibration constants that were used. Figure 3.7 shows the
kinematic peaks after calibration. Table 3.8 gives peak positions and o for each
variable before and after calibration. The resolution for charged-track momentum is
1.5%, charged-track kinetic energy it is 2.4% and for photon energy it is 13% at the

Kro peak.
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Figure 3.7: Line shapes of kinematic variables after final kinematic calibration. Note
change in scale for K2 photon energy.
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Kt—sa*tn® | Kt —=pty,
Peak | ¢ || Peak | o
Raw Data 204.3 | 2.76 || 233.8 | 3.29
Charged Track | Corrected Data || 205.1 | 2.90 || 235.5 | 3.42
Momentum - Raw uMcC 203.9 | 2.50 {| 233.9 | 2.88
PTOT_TR Corrected uMc || 205.0 | 2.95 || 235.5 | 3.40
(MeV /c) True Value 205.1| - |l2355] -
Raw Data 106.8 | 3.11 || 153.9 | 4.01
Charged Track | Corrected Data (| 108.5 | 2.87 || 152.6 | 3.67
Kinetic Energy - | Raw uMC 108.8 | 1.85 || 152.0 | 1.88
ETOT_TR Corrected uMcC | 108.5 | 2.80 || 152.4 | 3.49
(MeV) True Value 1085 - | 1525 -
Raw Data 263.9 | 33.0 - -
Photon Corrected Data || 245.2 | 30.8 - -
Energy - Raw uMcC 2453 | 29.1 - -
EREG Corrected uMC | 245.8 | 29.0 - -
(MeV) True Value 2456 | - - -

Table 3.8: Table of peak positions and resolutions for data and UMcC.
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3.6 Charged Track Consistency

The Drift Chamber momentum measurement and the Range Stack energy measure-

ment are checked for consistency with a z* mass hypothesis by first forming a x%:

9 (PDC—P;,-t)2+ (ERST—-EN)Z’

Xrit =
fe Op OE

where Ef;; and Py; are related by

Efit = \/Pﬁt-{-mz -’m“

The errors on energy and momentum measurement are assumed to depend linearly
on the measured quantities and are fixed to the values measured at the K, and K,
peaks. We can substitute the above expression for Ey; into the the x%,-t expression
and take the derivative with respect to Py;. We then minimize x%,, with respect to

Py, by numerically solving the equation:

dx?s;
X fit =0
dPs;

X}ix was then calculated at the minimum and converted to a confidence level called
PRB_COM. Additionally, Ps;;, which should be an improved momentum measurement
was saved as PCOM. A total momentum measurement was also produced as in section

3.3.4 and saved as PCOM_TR.
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| Variable Definition
“ COSOP Opening angle between u* and photon

EREG_CALC | Expected energy of BV photon based on COSOP

Table 3.9: Definitions of variables saved for the kinematics of the x4+ and photon.

3.7 Muon/Photon Kinematics

Once the muon and the photon have been fully reconstructed, a number of variables
describing their relation to each other can be calculated. The first is the cosine of the
opening angle between them defined simply as the dot product of the muon direction

vector, VM, and the photon direction vector,VG:

COSOP = VG(1) - VM(1) + VG(2) - VM(2) + VG(3) - VM(3)

Under the assumption that a given decay was K, from a K* at rest, the p*
momentum and the angle between the u* and the photon are enough to completely
constrain the event. We can calculate the expected energy, called EREG_CALC of the

photon in terms of these variables.

M% + M2 — 2Mg/PTOT_TR? + M?

EREG.CALC =
2PTOT_TR - COSOP + 2M — 2,/PTOT.TR? + M?

Table 3.9 gives the definitions of n-tuple variables saved from this part of the
analysis.

EREG_CALC could then be compared to the measured EREG to determine if the
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event was a good fit to a K, hypothesis. A more sophisticated method, however,
which properly accounts for the measurement error of each kinematic variable is called

Kinematic Fitting. 3

3.8 Kinematic Fitting

In the four equations that describe conservation of 4-momentum, there are three
unmeasured quantities which represent the three components of neutrino momentum.
Since there is one more constraint than unknown, the problem is over-constrained (it is
a “1C” problem) and one can fit for the unknown variables and determine a goodness
of fit.

Ideally, we would like to solve for the unknowns and then form a x? between the
measured variables and a set fit variables which are consistent with conservation of
4-momentum, in analogy with section 3.6. We could then find the minimum of this
x* with respect to the fit variables and use this value to measure the goodness of fit
of the K., hypothesis.

A difficulty arises, however, in that the constraint equations are non-linear and so
cannot be solved for the unknowns. Instead, a technique called “Non-Linear Least
Squares Fitting with Constraints” is employed [26, 27]. This method employs La-

grange multipliers to get around the non-linearity of the constraint equations and to

3A third alternative is to calculate the “missing mass,” which should be zero since the missing
particle is a neutrino. This is equivalent to the EREG.CALC comparison.
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Variable | Definition a
P, Muon momentum (PCOM_TR) 0.0164 x P, —0.37
Oy Muon azimuthal angle (derived from VM) 0.025
6, Muon polar angle (derived from VM) 0.034
P, Photon Energy (EREG) 1.676 x \/17.,
®y Photon azimuthal angle (derived from VG) 0.027
0, Photon polar angle (derived from VG) 0.030

Table 3.10: Definitions of measured variables and their errors used in kinematic fitting.

minimize the x? subject to these constraints.

The x? that is formed is of the following form:

__fit\ 2 _fit\ 2 _pfit\ 2
X2 - pmeas pi + pmeas ¢u + gmess gu +
dpz‘neoa U“Tca’ a’g‘r‘neaa

pmeas —P{“ 2 pmeas _¢{it 2 gmeas _0_{“ 2
O,meas + ”o.’,"‘“ + ( Uagyneas

Pa

The definitions of the measured variables and the errors that were used for each
are shown in Table 3.10

After the minimization is done, the minimum x? is converted to a confidence level
called PRB_MGN. The fit also returns fitted values of all of the kinematic variables
of the fit. These values should have better resolution than the directly measured
variables. This is particularly true for the photon energy, where the fitted value
EREG_FIT has a o about half as large as the directly measured value EREG. The
variables that are saved in the n-tuple from the kinematic fitting are shown in Table

3.11
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Variable Definition

PRB_MGN | Confidence Level of fit to K, hypothesis
EREG_FIT | Fitted photon energy

Table 3.11: Definitions of variables saved from kinematic fitting.

3.8.1 Setting the Errors

Setting the errors of the measured variables is an important part of the kinematic
fitting analysis. For the u* momentum, the error is assumed to scale linearly between
the o, found at the K, peak and that found at the K, peak. For the photon energy
the error is assumed to scale as the square root of the energy and is pegged to the value
observed at the K., photon energy peak. The errors of the direction measurements
are taken from UMC K, data, where the measured variable is compared to its true

value and the error taken from the width of the distribution.

3.8.2 Checking with K,

For a fit with many more constraints than unknown variables, one can look at the
“stretch” functions to determine whether the errors have been properly chosen. For
a 1C fit, looking at the stretch functions does not give any information. To check the
procedure, then, a different technique is needed. Ky, events were fit with the 1C fit
technique using only one of the two photons in the event and a #+ mass rather than

a pu* mass. The second photon then takes on the role of the neutrino in a K, fit.
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Figure 3.8: Kinematic fitting histograms for fits of K, events. The first histogram
shows the measured photon energy spectrum of the events that were used. The middle
histogram shows the confidence level of the fit. The last histogram is a scatter-plot
of the expected vs. measured ¢-position of the second photon.

Unlike the neutrino, however, we can measure the energy and direction of the photon
in the BV. Thereforei, we can compare the fitted values with those that are measured.
Since the measured values of the second photon were not used in the fit, this gives a
bias-free way of checking the kinematic fitting. To get a full range of photon energies,
it is necessary to analyze both events twice - once using the lower energy photon as
the “neutrino” and once using the higher energy photon.

Figure 3.8 shows the results of these checks. The confidence level of the fit is flat
outside of a small region near zero, as is expected and the ¢ position of the second

photon is quite well predicted.
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3.9 Photon Vetoing

Once a photon in the Barrel Veto, and a chargéd track in the Range Stack have been
reconstructed, we wish to veto on photon energy anywhere else in the detector. This
will give rejection against 7° containing events, since they will generally have two
photons in the final state.

The photon veto analysis looks for photon energy in five sub-systems capable of
detecting photons — the BV, the RS, the EC, the I-counters and the V-counters.
The regions associated with the the charged track and the highest energy photon
in the BV are excluded from the search. A prompt window around the time of the
charged track (TRS) is defined for each subsystem. Energy within this time window
is summed for each sub-system and saved in the n-tuple. For the RS, BV and EC,
two separate prompt windows are used. This will allow the use of different energy
thresholds for the different time windows.

An additional special excluded region is defined in the area of the Range Stack in
front of the BV photon. This area was often found to have some photon energy that
“splashed back” from the BV photon. The RS excluded area for an event is shown
in Figure 3.9. Energy in that region was summed separately and called RDPE_EXCL.
This will allow a higher energy threshold to be used for this special region.

Table 3.12 gives the definitions of the different regions and time windows for the

energy sums. Note that the Target is also used as a photon veto system through the
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Figure 3.9: Event picture showing special excluded region in the Range Stack. Photon
energy in the hatched region is added separately so that small amounts of splash back
energy from the BV photon do not cause the event to be vetoed.
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Subsystem Window Half-Width | Variable Name
Barrel Veto 2.0 ms BVPE

Barrel Veto 5.0 ns BVPE2
Endcap 2.0 ns E2PE

Endcap 5.0 ns E2PE2

Range Stack 2.0 ns RDPE

Range Stack 5.0 ns RDPE2

RS behind photon 2.0 ns RDPE_EXCL
[-Counters 5.0 ns ICPE
V-Counter 5.0 ns VCPE

Table 3.12: Definitions of second photon energy sums.

variable ETGPHO.
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Chapter 4

Background Rejection

Once the events have been reconstructed and the n-tuple formed, a series of cuts are
applied to the n-tuple variables to remove background events. This produces a final
sample, which will consist of K., events and a small amount of background. To
estimate the number of background events that will remain in this final sample, and
to aid in the setting of the cuts, we perform a series of “background studies.” Each
of these studies employs two separate methods of distinguishing background from
signal. The two methods are applied to the data separately and the results used to
estimate the number of background events that will remain when the two methods
are applied together. In this way we are able to estimate the amount of background
in the final sample before actually producing it.

In this chapter, I will first present a complete table of the cuts that were used
in the analysis. I will then describe each of the individual background studies. The

structure of each study will be presented and the results summarized. Detailed lists

80
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of the precise cuts used in studies and their rejections are collected in the last section

of the chapter.

4.1 Cut Definitions

For reference, I list in Table 4.1 all of the cuts that were used to cut background events.
In many cases, the cut is simply a requirement that one of the n-tuple variables from
the event reconstruction be within a certain range. For these cuts, the name of the
cut is usually the same as the name of the variable and I will simply give the range
that corresponds to the cut. Other cuts involve some further analysis that will be
discussed in this chapter. For both types of cuts, I include a reference to the Section
in which the variables involved in the cut are discussed.

Table 4.2 lists cuts which are used as tags of the different background sources and

in other analyses.

4.2 Background Study Organization

Before going into the specific background studies of the K, analysis, I will discuss
the organization of background studies in general. In the simplest type of background
study, one has two independent sets of cuts for rejecting a particular background

source. For example, the sets of cuts for rejecting a K, event might consist of the set
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Cut Name | Definition Description Ref
ISKCODE ISKCODE =0 Charged track reconstructed OK 3.34
EREG EREG > 10MeV BV photon reconstructed OK 34
TRS 4 <TRS < 50 K*decay occurred within window 3.3.2
COS3D |COS3D| < 0.5 DC dip-angle in fiducial region 3.3.1
TGZ |TGZ — 3.| < 10. K*stop z within fiducial region 3.34
ETGT ETGT >0 At least one CT Target fiber 3.3.3
EIC EIC< 4 IC energy consistent with CT 3.3.3
STLAY 16 < LAY <20 Stopping layer agrees with trigger 3.3.2
PROMPT |TREG — .15| < 2. Photon in time with charged track 3.4
BWI1TRS IBW1TRS +5.] > 20 | No BWPC #1 hit in time with CT | 3.2
BW2TRS |BW2TRS + 5. > 20 | No BWPC #2 hit in time with CT | 3.2
ZREG |ZREG| < 70 Barrel Veto photon z-coordinate 3.4
RSIN RDPE < 1. Range Stack INTIME 3.9
ECIN E2PE < 2. Endcap INTIME 3.9
BVIN E2PE < 2. Barrel Veto INTIME 3.9
VCIN VCPE < 2. V-Counter INTIME 3.9
ICIN ICPE < 2. [-Counter INTIME 3.9
INTIME RSIN - ECIN - BVIN- Shorthand for INTIME cuts 3.9
VCIN - ICIN
INTIME2 RSIN2 - ECIN2 - BVIN2 | INTIME, second prompt window 3.9
RDPE_EXCL | RDPE_EXCL < 5. INTIME in RS excluded region 3.9
ETGPHO ETGPHO < 5. Target photon energy 3.3.3
PRB.COM | PRB.COM > 0.01 CT Momentum/Energy Consistency | 3.6
PRB.MGN | PRB.MGN > 0.05 Kinematic Fit confidence level 3.8
PHO_CHISQ | PHO_CHISQ < 2 RS energy distribution 4.7.3
FRACL FRACL < .9 BV photon shape 4.4.2
PRB.TUS PRB.TUS > .05 BV photon time consistency 4.4.2
EREG_FIN EREG > 90 Photon final spectrum cut 3.4
SPEC14 ETOT_TR > 137 Muon final spectrum cut 3.3.4

Table 4.1: List of all cuts used in background rejection. The section in which the
n-tuple variables involved in each cut are discussed is listed under “Ref.”
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Cut Name Definition Description Ref
NOTPROMPT | |TREG — .15] > 3 Accidental Tag 4.4.1
ECIN_REQT (NE2CO > 1)- - | Second photon tag in EC | 4.6.2
(ITE2CO| < 2)
BV_REQT (EREG2 > 10)- Second photon tag in BV | 4.6.3
(|PHIREG — PHIREG2| > .5)-
(ITREG2| < 3)
CTEX_REQT | (2 < CTEX.ENER < 10)- Overlap photon tag 4.7.1

(|CTEX_TIME]| < 4)
RSIN_CTEX RDPE -~ RDPECTEX < 1 v-veto outside of CTEX 4.7.1

EPHOLAP EPHOLAP > 2MeV Overlap tag for UMC events | 4.7.1
CTEX.CUT RDPECTEX <1 v-veto in CTEX region 4.7.1
PTOT KPI2 197 < PTOT_TR < 212 K12 Momentum 3.34
STLAY_KM2 19 < STLAY <20 K ,2(1) stopping layers 3.3.2
GAM_TRIG EC-HX-NG2 v -veto trigger bits 2.7.1
BVTRIG BV BV « -veto trigger bit 2.7.1

Table 4.2: List of tags used in background studies and cuts used in other parts of the
analysis. The section in which the n-tuple variables involved in each cut are discussed
is listed under “Ref.”

of all kinematic cuts and the set of all photon veto cuts. The first step is to isolate the
background with a series of “setup” cuts designed to remove all but the background
under study. One then applies the two independent sets of cuts for rejecting the
background under study, separately, to this “setup” sample. To determine the total
rejection that the two sets of cuts would have if applied sequentially, one simply
multiplies together the rejections that the two sets had when applied separately. The
expected number of background events can then be calculated by dividing the number
of setup events by this combined rejection. This is shown graphically in Figure 4.1.
This type of study has the desirable feature that only cuts that will actually be used

in the final analysis are needed. No new cuts need to be devised, or efficiencies
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Figure 4.1: The simplest form of background study where one has two independent
sets of cuts for rejecting the background.

calculated.

Despite its advantages, there are a number of ways in which this type of study can
fail. If the rejections of the two sets of cuts are correlated, then the rejection of the
two sets together will be mis-estimated. We study possible correlations and group
the cuts to minimize such correlations. Another potential problem, which is more

relevant for the K, analysis, is the case where there is a large number of “signal”
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events in the sample which will in principle not be rejected by either set of cuts.
These signal events will then “contaminate” the background sample, thus causing an
over-estimation of the background.

We can eliminate this second problem by using a second type of study as shown
in Figure 4.2. Here a “tag” is used to distinguish the background from the signal.
This tag will consist of cuts which will not be used in the final analysis. In fact, the
tag cuts are often inverted versions of cuts that will be used in the final analysis.

In the first branch of this type background study (referred to as the “rejection”
branch) the full data set is run through setup cuts to remove all other sources of
background. The tag is then applied to produce a sample of NV;54 tagged events. All
remaining cuts are then applied except for those related to the tagging method. For
example, if the presence of a photon in the Endcap were being used as a tag, one
could not then apply the Endcap photon veto to the tagged events. This cut would
therefore be removed from the set of cuts applied to the tagged events. The number
of events which pass all the remaining cuts is called N,,,, and the rejection of these

cuts is calculated:

el — xr
Nsurv

In the other branch the efficiency of the tag and the rejection of the cuts related

to the tag is calculated. This branch is usually run on a separate data set which
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Figure 4.2: Block diagram of “tagging” type background study. Study is composed
of two branches — one finds the rejection for tagged events and the other finds the
efficiency and rejection associated with the tagging method.
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does not have the problem of signal “contamination.” For example, to study the
efficiency of an Endcap tag, we could use K, events. A number of setup cuts are
applied to produce a sample of N,etp events. The number of these events that pass
the tagging cuts is calied N, and the number that pass the rejecting cuts is called

Np. The efficiency of the tag and the rejection of these cuts are then calculated:

— N, € R - N, setup
€teg = ' cut = 7
N setup N R

The results of the two branches are then combined to produce an estimate of the

number of background events:

— A 11
Noeg = Nwaemg Reut Ree;

N,
- N surv ‘ﬁf“

This type of study is somewhat more complicated than the first due to the need
to invent new tagging cuts and the need to calculate tagging efficiencies. Nonetheless,
all of the background studies which were done in the K, analysis were of this second
type.

Note that for the purposes of estimating the background it does not matter
whether we put a particular cut into the “Setup” category or into the “Remaining
cuts” for the “Rejectioﬁ” branch of the study. The only number that comes out of

this branch is N, — the number of tagged events that pass all the cuts except those
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related to the tag. It is useful, however, to apply cuts not related to the background
under study before the tag. That way, the tagged events will be a clean sample of the
desired background and cuts can be developed to get rid of these events. In contrast,
it is important that we carefully choose which setup cuts go into the tagging branch
of the study since that can effect the numbers that come out of the study.

It is also not necessary to know the number of “setup” events, Ny and Nsetyp,
since the only numbers that appear in the expression for Ny, are Nyyrv, Np and N..
Nonetheless, it is sometimes useful to know those numbers so that tagging efficiencies
and rejections can be calculated. In cases where it is convenient to do so, I will present

those numbers as well as the ones involved in the calculation of Np,.

4.3 Background Sources in the K, Data Set

In identifying the sources of background for K,,,., analysis, it is useful to consider the
source of the “photon” that satisfied the trigger photon requirement. There are really

only three possible sources of high energy photons in the E787 detector:

e A second event, unrelated to the one that produced the charged track is respon-

sible for the Barrel Veto energy deposition. These are called “accidentals.”

e A 7% decay where the 7% originated from any of several K+ decay modes (Ka,

K,3...) and came from the same event that produced the charged track.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.3. Background Sources in the K,,, Data Set 89

Accidental n0
Does
Y overlap charged
track?
No
Accidental Bkg Study Qverlap Bkg Study No-Overlap Bkg Study

Figure 4.3: Flow chart defining background studies for K., analysis.

e A “radiative” K*decay such as Kroy, K3y OF K0,y

For decays such as Kjo, or K3, the event will also contain a 7% and so it can
be treated together with the other types of decays with a 7%. So, if we are able to
reject events where the photon came from a 7° and those events where the photon
came from an accidental, then we really have left only one source of events — K,.,.
For reasons that will be explained later, it is necessary to treat 7° events where the
photon overlapped the charged track differently from those where it did not. The
overall organization of the background studies is shown in flow-chart form in Figure
4.3.

While each of the background studies produces the number of expected back-

ground events, it also produces a sample — tagged events that pass all the cuts on
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Region Definition Source of Events
1 ETOT_TR > 137TMeV, EREG > 150MeV K, (SD+)
2 ETOT_TR < 137MeV,EREG > 150MeV Kro,Kp3
3 ETOT_TR < 137MeV, 90 < EREG < 150MeV K,..(IB)
4 ETOT_TR > 137MeV, 90 < EREG < 150MeV | K,,,(IB) and K,,,(SD+)

Table 4.3: Definitions of the four spectral regions and some of the sources of events
in those regions.

the “Rejection” side of the study — that can be taken as representative of the shape
of the spectrum of the background under study. After applying the Ng/N, normal-
ization, this spectrum will represent the expected background both in shape and in
magnitude. As we will see in the next chapter this spectrum can be subtracted from
final spectrum to account for the remaining background in a statistical way.

The sample of events which remain after all cuts, ezcept the spectrum cuts will
be called the the “pre-spectrum” sample. To help understand the shape of the back-
ground the phase space is split into four regions as defined in Table 4.3. The SD+
signal should be most prevalent in Region 1, so that is where we will be most con-
cerned about the background. Region 4 will be used to help normalize the amount of
K,.,(IB) in the sample and so it is also important to keep the background low there.
Regions 2 and 3 are less important as they have large irreducible backgrounds from
Kz and K,3.

In the following sections I will describe the structure of each background study and

the cuts that were developed in conjunction with them. I will also present the final
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numerical results and spectra that each study produced. For the detailed numbers
of individual cut rejection, however, I will wait until the last section of this chapter
and compile them all there. This last section could be skipped or read quickly by the

casual reader.

4.4 Accidental Background Study

This study is aimed at rejecting events where the “charged track” and “photon” parts
of the trigger were satisfied by two separate events. The source of the charged track is
usually a K, , but there are a number of potential sources for the energy deposition

in the BV:
o A 7% decay to two photons originating from a second K* decay.

o A particle coming from outside the detector and depositing energy in the Barrel

Veto. This includes cosmics.

o A u* from a previous event which has stopped in the Barrel Veto and decayed.

This is called a “stale” muon.

There are doubtless a number of other sources of random energy deposition in the
BV. Nonetheless, they all share the property that their measured time is uncorrelated

with the time of the charged track.
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Figure 4.4: Comparison of photon time distribution measured relative to the charged
track time for K, triggers and for lightly selected K,2(2) . A large accidental
component is visible in the K, triggers. The cuts defining the prompt window are
shown.

4.4.1 Accidental Tagging

For accidental events, the relative time between the muon and the photon (TREG)
is random. The observed distribution of this time is determined by the trigger re-
quirement that they come roughly within 10 ns of each other. Offline, it is possible
to time much more precisely than this because of the calibrations and the correction
for z-position that can be applied. Real prompt photons appear as a sharp peak
in TREG whereas accidentals appear as a broad roughly flat distribution. This can
be seen by comparing the TREG distribution of raw K, triggers with that of Ky,
events as shown in Figure 4.4. The K|,,, triggers have one component due to the
broad accidental distribution and one due to the narrow prompt photon distribution.

The K, events on the other hand have only the narrow prompt photon component.
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We can therefore cleanly tag accidentals by requiring that TREG lie outside of the
prompt region. This is the basis of the NOTPROMPT tag, defined as [TREG —.15| >
3 ns, where the .15 ns offset was necessary to line up the charged track and photon
timing. NOTPROMPT will be used as the “tagging” cut in Figure 4.2. The PROMPT
cut, defined as {[TREG — .15| < 2 ns, takes on the role of the “rejecting” cuts in the
Tagging branch of the study. Note that the PROMPT cut is somewhat tighter than
a simple inversion of NOTPROMPT.

We now wish to calculate the efficiency of the NOTPROMPT tag and rejection of
the PROMPT cut as discussed in section 4.2. To do this, we need to know the shape
the TREG distribution produced by accidental events. Ordinarily, this type of thing
is done using other cuts to isolate a.clean sample of the background under study.
Accidentals, however, are difficult to isolate except with the use of the NOTPROMPT
cut. So, we use the “sidebands” of the TREG distribution of distribution of raw K,,,.,
triggers, which we know are composed solely of accidentals, to estimate the number of
accidentals in the prompt region. We assume a flat interpolation of the sidebands into
the prompt region as shown in Figure 4.5 (b). We can then calculate the number of
accidentals that would pass the PROMPT cut, Ng 4., and the number of accidentals
that are tagged by the NOTPROMPT tag, N.,.. Table 4.4 shows the numerical

values of these parameters.
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Figure 4.5: The structure of the Accidental Background Study. Plot (a) shows the
“rejection” branch of the study in which events tagged by NOTPROMPT are used
to measure the rejection of the rest of the cuts. Plot (b) shows the calculation of
the efficiency of NOTPROMPT and the rejection of PROMPT. Single-hatched region
indicates events that would be tagged by NOTPROMPT, and double-hatched indicates

those that would not be cut by the PROMPT cut.

Parameter | Value

Np e 9600
Neace 33243
NR,acc/Nc,a,a: 0.2888

Table 4.4: Numbers inferred from Figure 4.5
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4.4.2 Accidental Rejection

The cleanness of the NOTPROMPT tag allows us to use very simple setup cuts on
the rejection side of the study. These consist only of the fiducial-type cuts shown in
Table 4.13. We then apply the NOTPROMPT tag and calculate the rejection of the
other cuts for these tagged accidental events. The other cuts will take advantage of
differences between accidental and signal events, other than the time distribution. In

this section, I will describe the development of these cuts and calculate their rejection.

Beam System Cuts

One clear source of accidentals can be found by looking in the beam system. Events
where a second K *entered the beam system can be identified by looking at the Beam
Wire Chambers. Figure 4.6 shows the time of a second particle in the Beam Wire
Chambers relative to the time of the charged track. The prompt peak shows that
many tagged accidental events have second beam particles. The narrowing of the
time distribution when the time is taken relative to the photon time shows that the
photon came from this second beam particle. Events with a hit between the two
cut positions are removed. Cuts are made both on the first Beam Wire Chamber

(BW1TRS) and on the second (BW2TRS).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.4. Accidental Background Study 96

1800
1600
1400
1200
1000

g8 8§ 8 8

!ll,lllllll)lllll||,ll|,ll|‘l|l‘l”‘lll

o 8 888884888

8 _IIHlll|lllllllllllIll”]llll]””lll”ll”l]l

LLLLLLL!LLLLL 0
-50 0 50 100 -100 -50 0 50 100

Beam Wire Chamber Time Beam Wire Chamber Time - TREG

Figure 4.6: The time of a second beam particle measured in the Beam Wire Cham-
ber shown relative to the charged track time and relative to the photon time. Cut
positions are shown on the second plot.

Photon Shape Cuts

Once two beam particle events have been removed, a second source of accidentals
becomes apparent in Figure 4.7. The band of events at negative z and reaching to
high energy are evidently muons coming from the outside of the detector, travelling
along the z direction and ranging out in the Barrel Veto. The approximately linear
relationship between their energy and measured z-position is what one would expect
for such muons.

The arch shaped band at lower energy is most likely due to “stale” muons or other
delayed energy release processes. The arch is due to the fact that the online trigger
was based on an analog linear sum of energy whereas the offline energy measurement

is based on a geometric mean. Therefore, photons which are located at high || require
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Figure 4.7: Scatter plot of photon energy vs. photon 2-position for events tagged as
accidentals and passing Beam Wire Chamber cuts.

less real (offline) energy to cause a trigger. Most of these are at low photon energies
and so do not present a serious background problem.

Knowing that the photon part of the K, trigger is often caused by particles other
than photons traveling from the inside of the detector makes it possible to design cuts
based solely on photon variables. A particle traveling along the z-direction will tend
to deposit most of its energy in one BV layer, whereas a photon traveling essentially
in the radial direction will tend to shower outward into several layers. This is the

basis of the FRACL variable which is defined as follows:

MAX(Ey)

FRACL = EREC

where Ejq, is the photon energy summed by layer. Figure 4.8 shows a histogram of

this variable for tagged accidentals. For comparison, a plot of the same variable for
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Figure 4.8: Histograms of photon shape variables used to distinguish accidentals from
real photons. To be compared to Figure 4.9. The arrows show the cut positions.

Kr2(2) is shown in Figure 4.9.

Another way in which the a particle traveling in the z-direction will look different
from a photon traveling in the radial direction is in the relative timing of the different
BV modules that make up the BV cluster. For a photon showering in the radial
direction, the times in the different counters should agree. For a minimum-ionizing
particle traveling along the counters, the measured times will be different as the
particle passes from counter to counter.

A x? variable which compares the times of counters with more than 2.5 MeV

energy deposited (EMOD) is defined as:

2 1 & N NE
Xrus = = 3 | TMOD() - 3~ TMOD(j)] |

i=1 j=1

where the TMOD array contains the times of indvidual counters making up the BV
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Figure 4.9: Histograms of photon shape variables for real photons from K,,(2) trig-
gers. The arrows show the cut positions. While we do not know that the ZREG
distribution will be the same for K., as for K2, we can at least see that there is a
difference between real photons and the fake ones in Figure 4.8

cluster, and NV is the nubmer of counters with EMOD(i) > 2.5 MeV.

The CERNLIB routine PROB is used to convert this x? with V ~ 1 degrees of
freedom into a confidence level — PRB_TUS, which can be cut on. Figure 4.8 shows
a histogram of this variable for non-beam accidentals— i.e. tagged accidentals after
the BW1TRS and BW2TRS cuts have been applied.

A third way to distinguish non-beam accidentals from photons is by their measured

2-position. A histogram of this variable is shown in Figure 4.8.

Kinematic Fitting

A generic property of all accidentals that can be used to reject them is that the

angle between the muon and photon is random. Thus, they will not fit to a K,
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Figure 4.10: Histogram of kinematic fit probability for tagged accidentals. Zero bin
has been reduced to show other bins. Actual zero bin content is much higher.

hypothesis very well. As was described in Section 3.8, the kinematic fitting produces
a fit probability (PRB_MGN) that can be cut on. Figure 4.10 shows the distribution

of this variable for tagged accidentals.

4.4.3 Accidental Spectrum

In this study, as in the others, it will be useful to apply all the cuts except for the final
“spectrum” cuts on total muon energy and photon energy and then examine this final
spectrum. The spectrum produced by applying all cuts except for the PROMPT cut
is shown in Figure 4.11. The spectrum shows that the muon energy for the accidental
background is peaked at the K, energy as expected.

The normalization calculated in the tagging branch of the study (Ngace/Neacc)

can now be applied to the spectrum and the expected number of events in each of
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Figure 4.11: Final spectra of surviving tagged events in the accidental background
study. The first plot shows the charged-track kinetic energy and the second plot
shows the photon energy versus the charged-track kinetic energy.

the spectral regions calculated. The result of this is presented in Table 4.5.

4.5 7° Background Studies

To study the rejection of events where the BV photon came from a prompt 7°, we
again need a tag to distinguish them from signal events. Since 7%’s decay to two
photons 98.8% of the time, and the trigger only requires one photon, there will usually
be a second photon available to tag. The K,,,, trigger was designed to veto on this
second photon, but many still pass and are visible in the various photon detectors.
Ideally, we would like to make a bifurcated background study where one branch
is based on photon vetoing and the other on kinematic-type cuts. A problem arises

in this proposed bifurcation, however, due to the possibility that the second photon
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NOTPROMPT Tagging Reference
Neag 518431 414
Npgace/Neace 0.2888 4.4
Events Raw (Ng) | Expected (Nikg)

Pre-spectrum 885 255.6 + 8.6 4.15
Region 1 79 228 £ 2.6 -
Region 2 12 35+1.0 -
Region 3 1 0.3 £0.3 -
Region 4 196 56.6 + 4.0 -
Region 1 + 4 275 79.4 + 4.8 -

Table 4.5: Results from rejection branch of accidental background study. The number
of events measured in each spectral region is shown. The expected number in each
region after all cuts have been applied is obtained by multiplying by the Ng/N,
normalization. Regions do not sum to “Pre-spectrum” total, because events with
EREG < 90MeV are not included in any of the regions. The “Reference” gives the
table number in which the number was calculated.

overlaps the chargéd track. Energy from the photon can then contribute to the
measured charged track energy, thereby producing a large correlation between photon
vetoing and kinematic rejection.

We therefore need two separate 7° background studies. The first, called the “No-
Overlap” study, is based on the bifurcation between photon vetoing and kinematics. It
tags events by seeing the second photon in either the Endcaps or in the Barrel Veto.
Such a tag establishes not only that the event had a 7% but also that the second
photon did not overlap the charged track. We can therefore apply the kinematic cuts
to the tagged events without fear that photon energy is contributing to the measured

charged track energy. The second study is called the “Overlap” study and is aimed at

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.6. No-Overlap Background Study 103

events where the photon did overlap the charged track. It requires a separate tagging

method and is described in Section 4.7.

4.6 No-Overlap Background Study

In the No-Overlap study we tag events with a n° by identifying the second photon
in one of the photon veto subsystems. The rejection of the kinematic cuts for tagged
events is then measured. K,,(2) monitor events are used as a source of 7%’s to
measure the efficiency of the tag and the rejection of the photon veto cuts. While
we have removed the possibility of a correlation between the two branches due to
photon energy overlapping the charged track, it is still possible that correlations due
to other sources exist. To check for this possibility, two separate subsystems are used
to tag the second photon: the BV and the EC. These two subsystems tag photons in
quite different areas of the available phase space. A comparison of the results from
the two subsystems will therefore be sensitive to any possible correlation. Figure 4.12

describes the structure of the two studies.

4.6.1 Photon Vetoing

In the K* —n*u¥ analysis, we are used to getting m° rejections of order 10° from
photon vetoing. The rejection in this analysis, however, will be much more modest.

Whereas the K+ — 7*u7 analysis can veto on any photon energy, in the K., analysis
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Figure 4.12: Chart describing No-Overlap background study. There are actually two
independent studies being performed simultaneously — one employing an Endcap tag

and the other a Barrel Veto tag.
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Figure 4.13: Minimum possible photon energy is plotted as a function of momentum
of the 70 that produced the photon.

we can only veto on a second photon. Indeed, this photon will tend to be quite low
in energy since the photon in the barrel is often nearly back-to-back with the charged
track and so has quite a high energy. Nonetheless, we are aided in photon vetoing
by the fact that a 7% in the momentum range of interest cannot produce photons of
arbitrarily low energy. The minimum photon energy for a 7° of given momentum is
shown in Figure 4.13. The maximum 7° momentum from K; is 215 MeV/c, so the
minimum possible photon energy is approximately 20 MeV.

Photon vetoing is done by placing cuts on the energy sums defined in Section 3.9.
Figure 4.14 shows the distribution of energy vs. time of photon energy in each of the
subsystems for raw K, triggers. Superimposed on the plots are the timme windows

and energy thresholds that were used.
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Figure 4.14: Energy and time of hits recorded in photon veto sub-systems for raw
K, triggers. Positions of time and energy windows are indicated.
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To calculate the post-trigger rejection of the photon veto we use a sample of K,5(2)
events as a source of 7%’s. To ensure that the events used are really Ky,, a number
of setup cuts are applied including a momentum cut bracketing the K, momentum
peak. We then exclude the highest energy photon found in the BV from the energy
sums, just as is done K, triggers. The trigger photon vetoes are then applied to
produce a sample of V., events, all of which should have a second photon in them.
The cuts that produced this sample are shown in Table 4.16. The number of these
events that pass all the remaining photon vetoes is called Ng .. The numerical

values of these parameters are given in Table 4.6.

4.6.2 Endcap Tagging — ECIN_.REQT

To tag photons in the EC, one could, in principle, just invert the EC INTIME cut.
However, due to a large accidental rate in the Endcaps, there would be a large num-
ber “fake” tags, which would allow K, events into the background study, thereby
polluting it. What is done instead is to form “clusters” of crystals with more than
2 MeV measured in each and with times within 2 ns of each other. The number of
crystals in the largest cluster is called NE2CO and the the energy weighted time of

the cluster is called TE2CO. The tag ECIN.REQT is then defined as:

(NE2CO > 1) - (| TE2CO| < 2)
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The tag therefore requires a coincidence between two or more crystals, which
greatly reduces the fake tags due to accidentals.

To measure the efficiency of ECIN_.REQT, we use the same sample of IV, events as
was used for the photon veto rejection. The number of these events that are tagged
by ECIN_.REQT is called N gc. The numerical values of these parameters are shown

in Table 4.6.

4.6.3 Barrel Veto Tagging — BV_REQT

Compared to the EC, the BV has the advantage that its accidental rates are lower.
It also has the disadvantage that the trigger has already required one photon in the
BV, thus complicating the detection of a second. Nonetheless, clean second photons
are detectable and can be used in a tag called BV_REQT.

BV_REQT uses the photon cluster variables of the second highest found in the BV
as described in section 3.4. In terms of those variables, the BV_REQT tag is defined

as:

(JPHIREG2 — PHIREG| > .5) - (EREG2 > 10 MeV) - ([TREG2| < 3 ns).

The second photon is required to be separated from the first in ¢ to avoid a
potential source of mis-tagging due to fragmentation of the shower of the first photon

into two separate geometrical regions. While this is potentially dangerous because
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Parameter Value Reference

N Kara(2) 32948 -

. 1677 4.16

Ng 319 4.17
R, = N,/Ng 5.2571 -

EC Tagging | BV Tagging

N, 295 545 -
e = N./N, 0.1759 0.3250 -
Nr/N, 1.0814 0.5853 -
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Table 4.6: Results from tagging branch of No-Overlap background study.

it rules out events where the second photon was close the first, the results from the
Barrel Veto tag can be compared with those of the Endcap tag, so any significant
bias should be apparent.

The sample of N,, events is again used to measure the efficiency of the tag in the
identical way as ECIN_REQT. The numbers extracted from this branch are shown in

Table 4.6.

4.6.4 Mis-Tagging

Before going on to the “Kinematic” branch of the study, it is useful to estimate
the probability that an event will cause a second photon tag, when in fact none
exists. A mis-tag of K, events can lead to an over-estimation of background. This
mis-tag probability is calculated by kinematically selecting clean K, events, then

applying the trigger photon vetoes and then separately applying the the BV_.REQT

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.6. No-Overlap Background Study 110

and ECIN_REQT tags. Since K, events should not have any photons associated with
them, this will give an estimate of the mis-tagging probability. There is a complication
in finding the Barrel Veto mis-tagging probability because that tag normally looks at
the second photon measured in the BV, whereas K, events will not normally have
any. To measure the mis-tagging, the tagging requirements are applied to the first
photon instead.

For a given mis-tagging rate, one can make an estimate of the number of events
in regions 1 and 4 of the final background spectrum that are really mis-tagged K,
events. This is done by skipping ahead in the analysis and taking the number of events
in regions 1 and 4 in the final spectrum, i.e. after all cuts have been applied. Since
the final sample is essentially all K,,,.,, this represents the number of K., events that
pass all the cuts. We then multiply this number by the measured mis-tagging rate to
estimate the number of “background” events that are really mis-tagged K., events.
We can then compare this number of events in the regions 1 and 4 of the background
spectrum, which will be found in the following sections.

The results of the mis-tagging check are given in Table 4.7.

4.6.5 No-Overlap Rejection

Kinematic rejection of K3 events comes largely from requiring that the charged track

kinetic energy lie above the K3 endpoint of 134.0 MeV. This endpoint is also the
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Parameter Value Reference
Ny (2 setup 16287 4.18
EC Tagging | BV Tagging
N tag 91 29 -
€mis = Neag/Np , | 0.559 x 1072 | 0.178 x 1072 -
Mis-tagged K, 15.0 4.8 -

Table 4.7: Results from mis-tagging study performed with K;(1) events including
an estimate of the number of K,,, events that will be mis-tagged and will end up in
the regions 1 and 4.

highest possible energy of a u* coming from a K, where the 7* decayed in flight,
and so is very effective against K, events as well. Other kinematic-type cuts consist
mostly of clean-up of various reconstruction problems to try to make the kinetic

energy cutoff as clean as possible.

Momentum/Energy Consistency Cut —PRB_COM

Under the assumption that the charged particle was a u*, the Range Stack energy
measurement and the Drift Chamber momentum measurement are redundant, and
so can be checked for consistency with a x* mass hypothesis. While K,; events
will mostly be consistent with this hypothesis, K5 events will usually not be. In
UMC studies, it was found that most K, events that passed the trigger did not
come to a stop in the Range Stack normally. Either the n* decayed in flight, or
it had a nuclear interaction, or another non-standard process occured. The decays-

in-flight quite often happen in the Drift Chamber volume thereby compromising the
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momentum measurement, due to the “kink” that the in-flight decay causes. However,
the kinetic energy measurement is still quite reliable. On the other hand, there are a
number of background sources, such as 7#* nuclear interactions in the Range Stack,
which cause an increase in the kinetic energy measurement, yet do not affect the
momentum measurement.

The effect of the decays in flight can be seen in Figure 4.15 where the spectra of
total momentum and total kinetic energy are plotted. The tails of the momentum
distribution are much more pronounced and go far beyond kinematic limit of 235.5
MeV/c due to #* decay in flight disturbing the circle fit. For this reason, the muon
total energy ETOT_TR is used for all spectrum cuts. As described in section 3.6, the
variable PRB.COM can be used as a check of consistency between the momentum
measured in the DC and the energy measured in the RS. A histogram of this variable

for EC-tagged events is shown in Figure 4.16.

Kinematic Fitting — PRB.MGN

The PRB_.MGN cut removes some 7° events, although it is not nearly as effective
against them as it is against accidentals. The angle between the muon and photon
for K,3 events is almost what it would be for a K., event. The only kinematic
difference between these types of event is the extra low energy photon coming from

the 7%. In a K3, the amount of energy this represents can be quite small compared
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Figure 4.15: Histograms of kinetic energy and momentum for EC tagged events. Note
the cutoff at ETOT_TR=134 MeV and large momentum tails.
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Figure 4.16: Histograms of confidence level for momentum energy comparison and
for kinematic fitting for EC tagged events.
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Figure 4.17: Final Spectra of surviving tagged events for the No-Overlap background

using Endcap tagging.

to the energy resolution of the Barrel Veto, which explains the rather low rejection

of this cut for this type of event. Figure 4.16 shows a histogram of PRB_.MGN for EC

tagged events.

4.6.6 No-Overlap Spectrum

The final spectrum for No-Overlap background for Endcap tagging is shown in Figure

4.17 and for Barrel Veto tagging in Figure 4.18. The number of events observed in each

spectral region for each type of tagging is shown in Table 4.8. The expected number

of events in each spectral region is obtained by multiplying the number of survivors

of the Kinematic branch by the Np/N, normalization obtained in the Photon Veto

branch.

In the EC-tagging study the number of background events observed in regions 1
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Figure 4.18: Final Spectra of surviving tagged events for the No-Overlap background
using Barrel Veto tagging.

EC Tagging BV Tagging Reference |

Nother,nau 74373 4.20
Niag 9289 16577 -

Ng/N, 1.0814 0.5853 4.6

Events Raw (N,urv) | Expected (Nu,) | Raw Expected

Pre-spectrum 5225 5650.3 + 78.2 | 9326 | 5458.5 + 56.5 4.22
Region 1 30 324 +£5.9 40 23.4 + 3.7 -
Region 2 4946 5348.6 + 76.1 | 9052 | 5298.1 + 55.7 -
Region 3 209 226.0 + 15.6 213 124.7 + 8.5 -
Region 4 6 6.5 + 2.6 3 1.8 £ 1.0 .
Region 1 + 4 36 38.9 £ 6.5 43 25.2+ 3.8 -

Table 4.8: Results from kinematic branch of No-Overlap background study. For
each type of tagging the number of tagged events in each spectral region is shown.
The expected number in each region after all cuts have been applied is obtained by
multiplying by the Ng/N, normalization.
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and 4 is 36 . In Table 4.7 we saw that the expected number of mis-tagged K., events
in regions 1 and 4 was 15.0 . Apparently, mis-tagging is causing a non-negligible frac-
tion of the background events and so we are somewhat overestimating the background.

As can be seen in the “Expected” columns of the table, the results for the two
tagging methods are quite consistent in the critical region 1. The results in regions
3 and 4 are somewhat less consistent. This is due to a combination of different
mis-tagging rates for the different methods and somewhat different photon energy

distributions for the different tagging methods.

4.7 Overlap Background Study

As mentioned in the Section 4.5, 7%containing events where one of the photons from
the 7 overlaps the charged track will not be properly tagged in previous background
study. They therefore require an entire background study of their own. Some of these
events can be tagged as an overlap by noting extra energy next to the track in the
Range Stack. Such an event is shown in Figure 4.19. There may also be some energy
on the track which will be included in the measured energy and can therefore push the
event above the kinematic limit for 7° containing events and into the signal region.
While the event shown in Figure 4.19 could be rejected by the presence of the extra
energy, there are presumably many other events with an overlapping photon where

all the extra energy is confined to the track counters and so cannot be rejected by
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