An Experimental Study of Dimuons

Produced in High Energy Neutrino Interactions

by

Karol Lang

Submitted in Partial Fulfillment
of the

Reguirements for the Degree

Doctor of Philosophy

Supervised by Arlie Bodek
» Department of Physics and Astronomy
College of Arts and Sclences

University of Rochester

Rochester, New York

1985

i1

Curriculum Vitae

Karol Lang, born 21 May 1955 in Warsaw, Poland, graduated
from the XIV Warsaw High School in 1974. He attended the
Department of Physics and Astronomy of the Warsaw
University, Warsaw, Poland, and graduated in 1979 with the
degree Master of Science. In 1979-1981 he worked in the High
Energy Physics group of the Institute of Nuclear Research in
Warsaw, Since 1981, he has been a graduate student at the
University of Rochester in Rochester, New York, where he has
done research in high energy neutrino physics and received

the degree of Doctor of Philosophy.



Acknowledgments

All high energy physics experiments are efforts of teams
of people. All members of CCFRR collaboration (full list in
Appendix A) are warmly acknowledged for their contributions
to both E616 and E701 experiments.

The results presented in this work are culmination of the
three yvear efforts of my close collaborators : Arie Bodek,
Frank Merritt, Frank Sciulli, Mike Shaevitz and Wesley
Smith., Without their help and support the task would have

not been achlieved.

My special thanks go first to Wesley Smith whose'

tremendous enthusiasm and contribution in all stages of the
analysis will be always for me an example difficult to
follow, I have benefitted enormously from often discussions
with Mike Shaevitz. His clear overview of the analysis and
clarity of argumentation always made things easier.

My advisor Arie Bodek at all times provided me with
solutions to encountered problems. I have Dbeen always
impressed by his deep physical Insight and have learned a

lot from frequent discussions.

Tom Ferbel and Adam Para are Kkindly acknowledged

their good will in helping me start my studies at

iv

for

the

University of Rochester. Tom and Barbara Ferbel's help at

the very beginning enabled me to painlessly overcome
adjustment problems,
I am grateful to my parents for their support
encouragement throughout my entire academic carrier.
Finally, I want toc thank my wife, MaZgorzata, for
constant support, patience and sacrifice over the past
years. The short whiles of my free time shared with her

our daughter Marta made my effort possible.

all

and

her

few

and



Abstract

Results on production of dimuon events {n high energy
neutrino interactions are presented.

The 18 observed 1like sign dimuon events with muon
momentum cut of 9 GeV/c¢c have a calculated background of
11.822,.2 events, This yields an average rate for prompt like
sign dimuon production of (1.010.7):10_n per charged current
event. Some of the distributions of the kinematical
variables indicate that not all observed events originate
from the hadron shower background.

The opposite-sign dimuon signal Is consistent with the
charm production model in which the second muon originates
from the production and semileptonic decays of charm
particles., The rate for such a process rises with energy and

reaches a value of (9.0+1.1)x10 3

at Ev-200 GeV.,
The opposite-sign dimuon data were used for the
extraction of the strange sea fraction in the nuclecon

expressed by the parameter k=2s(x)/(u(x)+d(x)).The data

+0.13

yield x=0.42h0.10

over the full neutrino energy range

vi

30-230 GeV, where errors Include uncertainties due to
statistices, hadron shower background subtraction, and charm
quark mass and fragmentation,

These parameters were unexpectedly found to be

energy dependent : x=0.19tg’:§ in 30-100 GeV energy range,

L7

a4 k=0.52"0
an K . _0.15

in 100~230 GeV range.

The opposite~sign dimuon data were also used to measure
the semileptonic branching ratio of neutrino produced charm
particles decaying into muons, The measured value of

+0.022

B1=0:093.5.020

is conslstent with the results extracted

4 -
from the e e and v~emulsion experiments.



vit
Table of Contents
page
Chapter 1: Introduction....ueiesesesevasosssnnncooscannsnnsal
1.1 Deep Inelastic Neutrino Scattering 5
1.2 Neutrino Cross-Secticn 7
1.3 Neutrino Induced Dimuon Cross-Section 9

Chapter 2: Neutrino Beam and ApparatuS.....vieeeeenrenansslb

2.1 Neutrino Beam 15
2.2 Neutrino Detector 21
Chapter 3: Event Reconstruction and Data Sample....... .. 29
3.1 Event Reconstruction 33
3.1.1 Hadron Energy Determination 33
3.1.2 Muon Energy Determination 35

3.2 Dimuon Selection and Reconstruction 36
3.3 Cuts 39
© 3.3.1 Cuts on the Beam 39
3.3,2 Cuts on Events 40

3.4 Acceptance Corrections 4y
3.5 Final Data Set and Its Characteristics 51
3.5.1 1up Charged Current Data 52
3.5.2 Dimuon Data 57
Chapter 4: Background Calculation.. ... o' et isnaronranansns 64
4.1 Fragmentation Functions from BEBC 69
4,2 Relative Fragmentation Functions from EMC 71
4.3 Lund Monte Carlo Calculations 74
4.4 Muon Rates from the Fermilab Experiment E379 80
4.5 Interaction and Decay Lengths of Primary Hadrons 84
4.6 Outline of the Background Calculation 86
4,7 Systematic Errors on the Background Rate 95

viii

Chapter 5: Neutrino Charm Production Monte Carlo..........97

5.1 Single-Muon Charged Current Monte Carlo ) 99

5.2 Monte Carlo for Production of
Opposite-Sign Dimuons 106
5.2.1 The Fragmentation Function of Charm Quarks 108
5.2.2 The Semileptonic Branching Ratio Bl(c—>ux) 113

5.2.3 Outline of the Charm

Monte Carlo Calculation 116
5.3 Outline of the Background Monte Carlo 119
Chapter 6: Results on Like=-5ign DimuonsS...ceeeeceraseenasl2l
6.1 Like-Sign Dimuon Rates 125%
6.2 Like-Sign Dimuon XKinematics 135
Chapter 7: Results on Opposite~Sign Dimuons.......v.c....159
7.1 Rates of Opposite-8ign Dimuons ’ 161
7.2 The Fraction of the Strange Sea in the Nucleon 171

7.3 The Determination of the Semileptonic Branching
Ratio of Charm=->Muons in Neutrino Interactions 174

7.4 Energy Dependence of « 175
7.5 Effect of a Semileptonic Branching Ratio,

Charm Quark Mass, and Fragmentation 178

7.6 Effect of Like-Sign Dimuons on the Extraction
of the Strange Sea 187
7.7 Kinematics of Opposite-Sign Dimuons 189
7.8 Conclusions 195
References 197

Appendix A: Participants in the CCFRR Collaboration 203
Appendix B: Parametrization of the BEBC

Fragmentation Functions 205
Appendix C: Multiplicities Used in the
Background Calculations 207
Appendix D: Muon Rates from E379 209
Appendix E: Decay and Interaction Lengths
of Pions and Kaons 217
Appendix F: Mean x Values Used in the
Background Calculations 220
Appendix G: Final Tables and Fits of the Muon Rates
from Neutrino and Antineutrino Showers 221

Appendix H: Like~Sign Dimuon Sample 245



Table
Table
Table
Table
Table
Table
Table
Table
Table
Table
Table
Table
Table
Table
Table
Table
Table
Table
Table
Table
Table
Table
Table
Table

Table
Table

Table

Table
Table

Table

Table

Table

Table

P T

-

.

« e 5 € x

.

-
[ R PP PV R e e S A R S

WO~ W = O

.

»

L Lad L L Lo L L Lo WO W W0 W W e e o ol ws Wwo o

3.22

ix

List of Tables

page

Definitions of energy bins used in the analysis 51
Number of 1y Events {(CLASS 1, v) 53

Number of 1y Events (CLASS 1, anti-v) 53
Number of 1u Events (CLASS 2 & 3, v) 53
Number of 1y Events (CLASS 2 & 3, anti-v) 53
Characteristics of 1y Events (CLASS 1, v) 54
Characteristics of tu Events (CLASS 1, anti-v) 54
Characteristics of 1y Events (CLASS 2,3, v) 55

Characteristics of 1y Events (CLASS 2,3, anti-v)55
Mean neutrino energies (CLASS 1) 56
Mean antineutrino energies (CLASS 1) 56
Mean neutrino energlies (CLASS 2 & 3) 56
Mean antineutrine energies (CLASS 2 & 3) 57
Number of 2p neutrino events{(p>4.3GeV/¢) 57
Number of 2y antineutrinoc events (p>4.3CeV/ec) 57
Number of 2y neutrino events (p>9CeV/c) 58
Number of 2y antineutrino events (p>9GCeV/c) 58
Number of like~sign dimuons (p>9GeV/e) 58
Characteristics of neutrino 2u (p>4.3 GeV/c) 59
Characteristics of antineutrinoc 2u (p>4,3GeV/c)60
Characteristics of neutrino 2u (p>9GeV/c) 61
Characteristics of antineutrino 2u (p>9GeV/ec) 62
Characteristics of like-sign 2u (p>4GeV/c) 63
Number and mean energies of 1y and u u

- events 122

Kinematics of 1y and p u events 123
Comparison of the like-sign dimucn data

from several experiments 125
Proposed mechanisms for u u production

and experimental limits 126

Rates of like~sign dimuons from CCFRR 121

Comparison like-sign dimuons from
several experiments 133

Means of kinematics of like-sign dimuon data,
hadron shower background, and hadron shower
background with c-¢ 136
Comparison of kinematics of opposite-sign
dimuons with p > 9 GeV/¢c and charm

Monte Carlo 151
Number of background events for opposite-sign
dimuons with p > 4.3 GeV/c 160

Calculation of opposite-sign dimuon rates
from neutrino interactions 165

Table

Table

Table
Table
Table
Table
Table

Calculation of opposite-sign dimuon rates
from antineutrino interactions
Rates of opposite-sign dimuons corrected for
slow rescaling with m =1.0,1.%,and 1.9 GeV/c¢c
Energy dependence of &
Effect of c¢~¢ contamination on «
Effect of charm quark mass on «
Effect of fragmentation function on «
Effect of fragmentation function in

the form &§(z-0.68) on «

2

165

168
175
177
182
185

186



Figure

Figure
Figure

Figure
Figure

Figure
Figure

Figure

Figure
Figure

Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure

Figure
Figure

Figure
Figure

Figure
Figure

Figure

xi

List of Figures

page

Schematic deep inelastlc neutrino

scattering from a nucleon 4
Diagram for opposite-sign dimuon production 10
The layout of the Fermilab neutrino narrow

band beam 16
The flux of neutrinos at the Fermilab Lad E
detector from 200 GeV/¢ primary beam 18
The separation of pion and kaon neutrino

events 19
Overview of the Lab E detector 23
The detailed structure of the Lab E target

cart 24
The structure of the target and spectrometer

of the Lab E detector 25

The ET701 configuration of the Lab E detector 27
A computer display of a dimuon event with

both muons momentum analyzed 31
A computer display of a dimuon event with

the second muon ranging out 32
Distribution of © 1 45
Distribution of 9“2 46
Illustration of tﬁe geometric acceptance
calculation 48
Illustration of the hadron shower development
as a source of the second muon production 67
EMC fragmentation functions 72
BEBC and Lund MC fragmentation functions 76
Charged kacns fragmentation functions from

Lund MC and fits to the BEBC/EMC data 77
Neutral kaon fragmentation functions compared
with five measurements 79

Muon rates from E379 81~82
Total probability of a muon production from
neutrino induced hadron showers 89-9¢
Total probability of a muon production from

antineutrino induced hadron showers 91~-92

Compariscn of muon rates from E379 and

the calculation 93-94
and xF_ structure functions 100

Tge X dis%rlbutlons of valence and sea

quarks 101

Distribution of measured neutrino energy

in 1y charged current events 102

Figure
Figure

Figure

Figure
Figure
Figure

Figure
Figure

Figure

Figure
Figure

Figure
Figure

Figure

Figure
Figure
Figure
Figure
Figure

Figure
Figure

Figure

6.4

xii
Distribution of measured hadron energy
in 1y charged current events 103
The Bjorken x distribution as measured in
single-muon c¢harged current events 104
Distribution of y from single-muon charged
current events 105
Distribution of w2 as measured in single-~
muon charged curregf events 110
Fragmentation of D mes3on as measured by
the ARGUS collaboration 111
Proposed diagrams for like=sign dimuon
production 127129
Like~sign dimuon rates 134
Distributions of several kinematic

quantities from like~sign dimuons and
nadron showgr background events

é%rlbu ns o?zsevgral k?nema%%c
quantlties from like-sign dimuons and
background gvents from hadron shower and c-¢
1 ) 144~149
s%ribu@ion of“missTn% energy 1n 1u events 150
Dlstributions of several kinematic
quantities from opposite-sign dimuons and
charm Montezcarlo

137~142

) 152-157
Les o? opp051Ee sign dim % ns 1%
neutrlno interactions 162
Rates of opposite~sign dimuons in
antineutrino interactions 163

Rates of opposite~sign dimuons corrected
for slow rescaling with 2

m =1.0, 1.5, and 1.9 GeV/c 167
ngosite-sign neutrino dimuon rates from

CCFRR and CDHS collaborations 169
Opposite-sign antineutrino dimuon rates from
CCFRR and CDHS collaboratigns 170
1,2,3 o contours in K‘Bl X Pplane 173
Correlation «-B 179
Corre%atxon K= Bl for m0=1.0, 1.5, and 1.9

GeV/e 180
Correlation «x-B, for €=0.09, 0.19, and 0.29 183
Correlation x~B for 8(z-0.68) charm
fragmentation function 184

The x distribution of oppesite-sign dimuons
and charm Monte Carlo 190


http:6(z-0.68

xiii

The ¢ distribution of opposite-sign dimuons

and chdarm Monte Carlo 191
The =z distribution of opposite-~sign dimuons
and chfrm Monte Carlo 192

The missing energy distribution of
opposite-sign dimuons and charm

Monte Carlo 193
The distribution of transverse second muon
momentum with respect to the hadron shower
direction 194

Chapter 1

Introduction

The first observation of neutrino interactions with two
muons of opposite sign in the final state occurred in the
summer of 1974, The two reported events [1.1] could not be
explained by processes known at that time. The origins of
neutrino dimuons events were understood only after charm
particles were discovered [1.2], and significant data
samples were collected [1.2].

Production of dimuons in neutrino interactions was
expected within the framevwork of a four quark mecdel. The

second muon originates from the production and subseguent

semileptonic decay of a heavy charm quark [1.4, 1.5].



Initially, other competing mechanisms such as production
of a new heavy neutral lepton [1.6], production of a weak
intermediate vector or scalar boson [1.73, or charm
production through the right-handed currents [1.8] were
proposed. These "exotic” models were later ruled out by high
statistics experiments, which established the interpretation
of the observed u-u+ events in terms of charm particle
production [1.9,1.10,1.11,1.3fF,1.3g],

Additional confirmation of the semileptonic decay of
charm particles as the source of copposite~sign dimuons came
from the observation of an opposite~-sign muon-electron {(ue)
pair in neutrino interactions in bubble chamber experiments
[1.127,

The origin of opposite-sign dimuons is fairly well
understood. Dimuons of the same sign, however
[1.13,1.10,1.11], have stimulated a 1lot of interest since
they c¢ould possibly originate from an unknown process.
Experimental data reported s0 far are not conclusive; most
reported results quote a 2 standard deviation prompt signal
above the background at a level of 10—& to 10“3 of the
single muon rate. The situation regarding the production of
like-sign pe pairs in Dbubble chambers (which may originate
from the same source as like-sign dimuons) is similarly

inconclusive [1.14].

At present, there is no theoretical model which predicts
a level of prompt like-sign dimuons at such high rates,

This work reports results on neutrino dimuon production
from an experiment performed at Fermilab by the Columbia -
Chicagoe ~ Fermilab =~ Rochester =~ Rockefeller ( CCFRR )
collaboration ( the full 1list of participants is given in
Appendix A }. Neutrine production of prompt like-sign
dimuons is discussed. Studies o¢f charm particle production
leading to opposite=-sign dimuons, and information about the
extraction of the fraction of the strange sea in the nucleon
are presented.

A brief introduction of deep inelastic neutrino
scattering is given in Chapter 1. The neutrino beam and
neutringe detector are presented in Chapter 2. The collected
data sample and 1its main characteristics are given in
Chapter 3. Details about hadron shower Dbackground
calculation are outlined in Chapter k. A description of
Monte Carlo «calculations of opposite-sign dimuons through
charm quark production is given in Chapter 5. Prompt like-
sign dimuon production is discussed in Chapter 6, and the
results on the strange sea in the nucleon, and conclusions

are presented in Chapter 7.
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N
(nucleon)

(final state
hadron system)

Figure 1.1 Schematic deep inelastic neutrino scattering
from a nucleon,

11 Deep Inelastic Neutrino Scattering

Fig.1.1 schematically depicts a charged current neutrino
interaction. The 4-momenta of the incident neutrino (k), the
outgoing muon (k'), the target proton (p), and the final

state hadron system (p') are:

k = (Ev.O,O,EV) (1.1.1a)
k'= (E , sind cos¢ siné cosd cosd 1.1.1b

( 2Py " 0Py u ut Py u) ( )
p = (M0,0,0) (1.1.1¢)

L = - = -
p ptq p+(k=-k') (M+Ev Eu’

-p s8ing cosd ,-p sin® cos¢é¢ ,E ~p cosd (1.1.14d
Py U u' Py u p' =Py u) )

here q = k~k' is the U-momentum transferred to the nucleon,
Ev is the neutrino energy in the 1lab, Eu and pu are the
energy and momentum of the outgoing muon, and ep and ¢u are
the polar and azimuthal angles of the muon (in the lab) with
respect to the neutrino direction. The Lorentz invariant
quantities often used are:

the center of mass energy:

s = (p+k)? = MZ + 2ME_  2ME_ (1.1.2)

the neutrino energy loss in the lab :

v = qp/M = EV-EU ; (1.1.3)



the square of ld-momentum transfer:

2 2 2 2
= - ~ =(k~k"' = 2E E - 2E [ 353 - m =
Q q ( ) uBy WPy eu

M
= 2E E (1-cos8 ) = 4E E sin28 2/2 H (1.1.4)
VM u AU} M
the square of the mass of the system recoilling against the

lepton ( = invariant mass of the hadronic system):

Nz = p'2 = (p+q)2 - M2 + 2Mv - Q2 ; (1.1.5)
the Bjorken variable x:
x = Q%/2My ; (1.1.6)

and the fraction of the neutrino energy lost in the lab:

y = qp/kp = v/EV . (1.1.7)

In the quark-parton model the variable x (or xBj) is the
fraction of the target nucleon's momentum carried by the
struck quark. For the case where the struck quark has

negligible mass but the outgoing quark has a significant

mass m :
q
(q*X’p>2 - qu , (1.1.8)
and therefore:
-q2 + 2Mux' + x'2M% - qu . (1.1.9)

Neglecting the ternm x‘2M2 yields

x' o~ Q%/2My + mq2/2Mv , (1.1.10)
or

2
t =
X Xp 5 + mq /2Mv. {(1.1.11)

In the —case of heavy quark production the fractional
momentum carried by the struck gquark is x', as given by
(1.1.11), This redefinition carries the name of slow

rescaling [1.15].
1.2 Neutrino Cross Section

In a simple scaling model the high energy cross section
of neutrinos interacting with an isoscalar target (equal
number of neutrons and protons) can be expressed as :

dzoV st v — 2
mmme e ===[g (%) + Q@ U(x){1=y)C + 2k(x)(1-y)] (1.2.1)
dxdy 2m

and for antineutrinos:

2 v 2
d o s 5 2 -3
---~ = ===[g (x)(1-y)"+q (x) + 2k(x){1-y)] (1.2.2)
dxdy 2w
where q(x)dx=qu(x)dx is the distribution in fractional
momentum x, multiplied by x, of spin-1/2 constituents in the

nucleon (and &(x) their antiparticles), and k{x) denotes

spin~0 type constituents.



Within the framework of the quark=-parton model (with 4
quarks) tne nucleon spin-1/2 constituents are identified
with Quarks and antiquarks ( the four quarks being: up (u)
(charge=+2/3); down (d) {(charge=-1/3), strange (s)
(charge=~1/3); charm {(¢) (charge=+2/3) ). The definitions of

quark distributions in the nucleon are:

ql{x) = u{x) + d{x) + s(x) + c(x) (1.2.3a)
a(x) = alx) + d(x) + s(x) + o(x) (1.2.3b)
and

qV=q(x)-c(x)+s(x)=ulx)+d(x)+2s8(x) (1.2.4a)
g =q(x)*c(x)-s(x)=u(x)+d(x)+2¢c(x) (1.2.4b)
gV=q(x)+c(x)=s(x)=ul(x)+d(x)+2c(x) (1.2.4¢)
a’=q(x)-c(x)+s(x)=ulx)+d(x)+25(x) (1.2.4d)

In this language the structure functions of the nucleon are:

Fo(x,0%) = alx) + a(x) + 2k(x) (1.2.5)
2xF (x,Q%) = a(x) + q(x) (1.2.6)
xF3(x.o2) = q(x) - q(x) (1.2.7)

and the measure of spin-0 constituents is:

R'(x,Q%) = 2k(x)/(q(x)+a(x)) (1.2.8)

The F2 structure function is therefore a measure of all spin

0 and 1/2 constituents in the nucleon, 2xF1 i1s a measure of

spin-1/2 constituents, and xF3 represents valence apin-1/2
components. The ¢ross section written in terms of structure

functions is:

y -
------ --m=¥ [ (1mys === )Y (0,07 ¢ = 2nr YV, 07)

{(1.2.9)
1.3 Neutrino Induced Dimuon Cross Section

The dominant socurce of the second oppositely charged muon
in neutrino (antineutrino) interactions with two muons in
the final state 1s the semileptonic decay of a charm
particle. This requires that a charm (anticharm} quark is

produced in the neutrino (antineutrino) scattering.
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Figure 1.2 Diagram for opposite~sign dimuon production
through charm quark production and its semileptonic decay.

Fig.1.2 illustrates this process, The production of a
charm quark by neutrinos can occur only on s or d quarks,
and production ¢f an anticharm quark on s or d antiquarks.
In the absence of threshold effects (assuming negligible
charm quark mass) the cross section for charm production can

be expressed as:

do”(charm) GZMEV 2 2
---------- = —===% [{u(x)+d(x))sin 6, + 2s(x)cos®e ]
dxdy 2w ¢
(1.3.1)
do”(charm)  G°ME_  _ _ ) _ 5
—————————— = —=-~=¥ [{U(x)+d(x)]sin b, * 2s(x)cos ec]
dxdy s
(1.3.2)

where ec is Cabibbo angle (sin290=0.053; c03290=0.9M7) which
reflects the weak interaction selection rules.

The significant charm guark mass (expected to be of the
order of 1.5 GeV/cz) requires the slow rescaling
substitution (1.1.8-1.1.11}):

X -> x' = X + m02/2Mv (mc-charm quark mass).

This procedure naturally Iintroduces threshold effects for

heavy quark production.
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The full expression for dimuon production has to contain
a factor for charm quark fragmentation into c¢harm particles,
and the semileptonic decay branching ratio of charm
particles into muons (Bl(charm -> ux)f For an lisoscalar
target the neutrino cross section to produce opposite-sign
dimuons can be written in the following form [1.15, 1.16,

1.17, 1.18, 1.19]7.

ot PME .
————————— = —-==2 [x'(u(x')+d(x"'))sin 8, *
dx'dydz 2n
2
2 Mg
+ 2s{x')cos ec][I— ------ }D(ZD)Bl(charm ~> uX)
2ME x'

(1.3.3)

Here the fragmentation of charm quark 1is described by the

(0<z,.<1) 1s the ratio of the

function D(zD), where zy D

momentum of the charm particle {( predominantly D mesons ) to
the maximum possible momentum of this particle in the

W~boson - nucleon center of mass:

* *

z2p = Py /Pray (1.3.4)
where
L 2 2
Pmax = W°/4 My {(1.3.5)

13

MD is the charm particle mass, and HZ is defined by (1.1.5)
Details of the assumptions about structure functions,
fragmentation functions, and semileptonic branching ratios
used in the Monte Carlc model of dimuon production are
discussed Iin Chapter 5.
The primary physics gocal of studies of neutrino induced
opposite=-sign dimuons Is the determination of the strange

sea content of the nucleon. The commonly used parameters

that can be extracted from the data are:

« = 2s(x)/(u{x)+d(x)) (1.3.6)

and a quantity which I3 closely related to the measured

dimuon and single-muon cross sections:

ng = 25/(U+D) (1.3.73

where

1 1 1

S = [s{x)dx, D = fd{x)dx, and U = fu{x)dx. (1.3.8)

0 0 0



The extraction of the strange ‘sea is done under
assumption that, aside from the relative normalization,
shape of the sea components (us(x). ds(x), and s{x}) are
same. Results for «x and n from this experiment

s
discussed in Chapter 7.

14

the
the
the

are

Chapter 2

Neutrino Beam and Apparatus

The Fermilab neutrino narrow band beam (NBB) has been
described in detail in several publications [2.1-2.6]. The
neutrino detector used for this experiment has also been
presented previously [2.7,2.4,2.5]. Therefore, only brief
description necessary to understand the nature of the

experimental set-up is glven.

2.1 Neutrino Beam

Fig.2.1 shows the layout of the Fermilab narrow band

neutrino beam.

15
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Figure 2.1
beam.
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The 400 GeV primary proton beam with intensities of about
1x1013 protons per spill (monitored by Secondary Emission
Monitor, inductive toroid, and RF cavity) was focused on a
beryllium target producing secondary particles.

The secondary beamn {mostly pioens and kaons) passed
through a magnetic train (system of dipole and guadrupole
magnets on rails), which selected particles with the desired
charge sign and momentunm. In this experiment the train was
set to select particles with charge/momentum of +100, 120,
+140, 2165, 2200, and 1250 GeV/c. The RMS momentum spread of
the accepted secondary beam was 10%.

Next, the beam traversed a 340m long evacuated tube
(decay pipe), where decaying pions and kaons produced a flux
of neutrinos. At the end of the decay pipe the beam was
stopped in iron and earth shields.

Due to the mass difference between plons and kaons the
flux of neutrinos had a dichromatic energy spectrum, i,e,
a high energy band fron kaons (called vK) well separated
from a low energy band from pions (called vn). Kaon 3-body

decays played an insignificant role. The neutrino energy EvD
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Figure 2.2 The flux of neutrinos at the Fermilab Lab E
detector with the c¢entral hadron momentum selected at 200
GeV/c with positive electric charge. The dichromatic nature
of the beam is clear. The small neutrino contamination from
three-body kaon decays 1Is also shown. Low-momentum decays
before momentum selection of the meson beam produced
additional background primarily below 20 GeV., This wide band
contribution can be directly measured by stopping the
dichromatic beam before its entry into the decay region.
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Figure 2.3 The separation of plion and kaon neutrino events
as seen on the scatter plot of measured neutrino energy
versus the radial position of the interaction in the
detector. Plots shown come from the second running period
(E701) with five train momentum settings.
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and its angle & in the lab (and therefore the radial event

location, R, in the detector) are kinematically related as

follows:
E = E (max)/(1+7Y28%) (2.1)
Vv v
and
02 ~ rZ/L? (2.2)
where:

Y is the Lorentz transformation factor, L is the distance
from the decay point (of the order of 1000 m) to the
interaction point in the detector, R is the radial distance
from the beam axis to the interaction vertex in the
apparatus (of the order of 1.0 m), and

Ev(max) - E“’K(l—(mu/m“'K)z) . (2.3)
Here E“’K,m“’x,mu are energies in the lab, and masses of
pion, kaon, and muon respectively. From (2.3):

E "(max) = 0.42E and E K(max) = 0,95E (2.4
N w v K

Fig.2.2 shows an example of neutrino flux produced with the
train set to +200 GeV/c, and passing through the Lab E
apparatus., Fig.2.3 shows the v" and Vg event separation as
seen using the measured energy (Ev) and radius (R) in the

detector.
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The dichromatic beam allows the measurement of missing
energy in dimuon events. The quantity
D
Enis = Ey E, (2.5)
is the difference between the neutrino Dbeam energy
{determined from the event radius) and the measured total

energy in the detector. The average <E > is expected to be

mis
zero for single muon charged current events,

The monitoring system of the secondary beam consisted of
[2.2]: ion c¢hambers, Segmented Wire Ionization Chambers
(SWIC), an RF cavity, and a Cherenkov counter, These
detectors were measuring intensity, composition, and
position of the secondary beam., All the beam monitoring

information was written on magnetic tape along with

assocliated neutrino events.

2.2 Neutrino Detector

The neutrino detector, shown 1In Fig.2.4%, 2.5, and 2.6,
and described in details earlier [2.4, 2.5, 2.7] is located
in the Lab E building, 129%92m from the beginning of the decay
pipe. The apparatus consists of a target calorimeter and
forward muon spectrometer instrumented with scintillation

counters and spark chambers.
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The 690~ton target calorimeter is constructed of 168
3m x 3m x 5¢cm iron plates, 82 3m x 3m liquid scintillation
counters (with a BBQ shifter ©bar readout and located every
10 ¢m of iron), and k2 3m x 3m magnetostrictive readout
spark chambers (located every 20 c¢m of iron). Fig.2.5 and
2.6 illustrate the detector structure.

The muon spectrometer consisted of three 3m long toroidal
magnets (contalining 1.6m of iron each) with a 1.8m outer
radius and a 12.7cm radius hole for the coils. The three
half~toroid gaps were instrumented with 6 1.5m x 3m spark
chambers each (in 3 planes). The space between toroid 1 and
2, and 2 and 3 was filled with four 1.5m x 3m chambers (in 2
planes) and one 3m x 3m spark chamber (total of 3 planes).
After the third toroid there were four 1.5m x 3m (in 2
planes) and two 3m =« 3m spark chambers. The total number of
spark chamber planes was 19, In addition, located after each
toroid iron slab (20cm of iron) were acrylic scintillation
counters constructed of 4 symmetric squares. These were used
to determine which toroid gquadrant the muon passed through.

Some of the important parameters of the apparatus were:

1) the RMS hadron energy resolution: AEH/EH = 0.89//EB(GeV);
2) the RMS fractional muon momentum resolution (from the
toroids): Apu/pu = 0,11;

3) the spatial spark chamber resolution: 500um;
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consisted of 6 target carts and 3 toroidal magnets.
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4) the angular resoclution of the muon track:
aev - 35mrad/pu(GeV/c);
5) the total transverse momentum Kick of the toroids:

pt = 2.4 GeV/c;

Data were collected over two periods of running: in 1979~
1980 (experiment E616), and in 1982 (experiment E701). The
Lab E apparatus was slightly modified for the second run
(for which one of the main goals was the study of neutrino
oscillations using two neutrino detectors)., These changes
included :

1) Only the 4 downstream target carts were used (2/3 of the
previous fiducial volume);

2) The spectrometer spark chamber instrumentation was
changed: there were no chambers 1in half-toroid gaps, but
there were five 3m x 3m chambers after each toroid (total of
15 planes in the spectrometer).

Triggering of the apparatus used characteristic features
of neutrinc interactions. A charged current neutrino
reaction has a characteristic topology consisting of a
neutral incoming neutrino (i.e. no incoming charged
particle) interacting in the target fiducial volume, and

producing a penetrating muon, and a hadron shower.

Figure 2.7
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Charged current events were recorded using two triggers:
1) Trigger 1, called the "MUON TRIGGER", required the
upstream veto counter to be off, at least one well defined
minimum ionizing particle passing through several counters
in the downstream end of the target, and a signal from
trigger counter T2. The T2 requirement ensured that the muon
momentum could be analyzed in the toroid.
2) Trigger 3, called the "PENETRATION TRIGGER", required the
upstream veto counter to be off, a minimum jionizing particle
in the target penetrating at least 16 counter planes (1.6n
of iron), and a deposition of more than U GeV of hadronic
energy. This trigger was desligned to record events with
muons which ranged out or escaped from the target.

For events passing all cuts (cuts are discussed in the
next chapter), the efficiency of the triggers was found to

be >99%.

Chapter 3

Event Reconstruction and Data Sample

The data used IiIn this analysis were collected over itwo
periods of running; the first, from June, 1979 through
January, 1980 ( Fermilab experiment E616 ), and the second,
from January, 1982 through June, 1982 ( Fermilab experiment
E7T01 ). A total of 5.ﬂx1018 and 3.6x1018 400 GeV protons on
target were dellvered during each run, respectively, of
which 2.5x1018 and 1.14::1018 protons were delivered with the
traln set to focus negative secondaries (ylelding

antineutrinos). The remalining running was wlith positive

secondaries (ylelding neutrinos).

29
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Dufing the E616 run data were taken with ten momentum
settings of the train: +250, +200, +165, +140, +120 GeV/c
and -250, -200, -165, -140, -120 GeV/c¢. During the E701 run
the traln was set at the six values of +250, +200, +165,
+140, +100, and =165 GeV/c.

The off-line analysis was carried out on the Fermilab CDC
Cyber 175 and 875 computers., The charged current event
analysis was divided into two stages. The first, a cruncher
stage, contained most of the track finding, and hadron
energy determinatlion. The output of this stage were event
records which also retalned much of the raw detector
information. The second stage, the data summary tape (DST)
writer, produced a summary record for each event which
contalned further processed physics and apparatus
information.

Dimuon events were extracted from the total event sample
by visually scanning a set of computer selected dimuon event
candlidates. All the accepted dimuon events were scanned and
reconstructed using an Iinteractive program.

A series of final cuts were then applled to the single
and dimuon events to produce the data sample used In physies

analyslis.
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3.1 Event Reconstruction

The reconstruction of events detected by the Lab E
apparatus has Dbeen described In detalls iIn number of
publications 2.5, 2.5, 3.1, 3.2). Therefore only a brief
review of the scheme applled to charged current events will
be presented with emphasis on features Important for dimuon

events.
3.1.1 Hadron Energy Determination

In a typical charged current neutrino event, Fig.3.1,
in the Lab E apparatus the target c¢ounters immediately
downstream of the Interaction point exhibited large pulse
height ( assoclated with the hadron shower development), the
counters further downstream displayed pulse helights of
almost constant ( within fluctuations ) level associated
with the passing muon ( a minimum ionizing particle ).

The pulse height values from the pheotomultipliers were
corrected by: a) pedestal subtraction, b) counter gain
shifts ( monitored by flasher system and change of response
to muons ), and ¢) light attenuation in counters ( using a
map of the spatial varilation of counter response Aas

determined from hadronlic showers ). The corrected pulse
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height values were converted to a number of equivalent
minimum ionizing particles.

The hadron energy was proportional to the sum of the
corrected pulse heights in the shower region, defined for
the apparatus as starting with the most upstream counter
with pulse height greater than 0.25 times minimum lonizing,
and ending with the most downstream counter of a seriles of
six counters with pulse height less than 3 times minimum
lonizing. The constant of vproportionality, which converts
this sum into energy in GeV, was obtained by using data
obtained with a hadron calibration beam of known energy.
These calibration data were also used to determine the RMS
hadron energy resolution of the apparatus found to be:

AE /E, = e.sg/wﬁﬂ(cev)

H TH

To correct for the energy deposition of a muon passing
through counters within the hadron shower region, the energy
l10s3 of the minimum lonizing muon was subtracted from the
hadron energy. In the case of a dimuon event, twice this
value was subtracted., For this case the non-leading muon is
considered as a part of the hadron shower , and total

vislble energy transfer to the target, Vyeig® is a sum of the

hadron energy and the energy of the second muon.
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3.1.2 Muon Energy Determination

The trajectories of charged particles passing through the
Lab E apparatus were determined wusing the spark chambers in
the target and the muon spectrometer.

The muon trajectory in the target was a straight line
with deviatlons due to mﬁltiple Coulomb scattering. In the
toreid, the bend in the magnetic fileld was used for the
momentum determination. The fit of the muon momentum and the
production angle utilized an error matrix method which
included the contribution of multiple scattering. The RMS
resolution on the muon momentum was about 11,0%.

The total muon energy was a sum of 1ts target energy loss
and momentum In the spectrometer. The target energy loss was
the total energy loss (dE/dx) in all material downstream of
the neutrino vertex to the beginning of the magnet.

For a muon ranging out or escaping from the target bhefore
reaching the torolid, the muon energy was ¢obtained from the
energy loss only. For muons escaping from the target this
energy was only a fraction of the total muon energy, and
therefore only a lower limit on the energy was determined.

The chambers in the shower region (where there were

many charged particles) had many sparks. Therefore in this



36

region an unamblguous assignment of sparks to the muon
trajectory was usually difficult. Beyond the end of the
shower the number of sparks in the chambers was low, and iIn
most cases the muon tracks were easily determined. For
dimuon events, the track finding was a much more difficult
software task, since it required good track separatlion and
proper track segment (x and y view) matching.

The reconstruction program developed for the Lab E
apparatus had an efficiency of about 95% in successfully
fitting single muon event tracks. For dimuon events the
efficiency was about 20%, This 1nefficiency required the
speclal treatment of dimuon events discussed Iin the

following section.

3.2 Dimuon Selection and Reconstruction

The processing of the dimuen data was divided into two
parts, First, a specially selected subsample of all the data
(containing computer selected dimuon candlidates) was scanned
and candidates for dimuon events sorted out. Next, these
candidate events were closely examined on a high resolution
graphics terminal and, if accepted, an Interactive track

reconstruction was performed.

37

As an 1llustration of the dimuon selectlon further
details on the selection of events are presented for
experiment E701. The E616 events were processed in a very
similar way.

The selection of events for scanning was done by software
requirements. Three independent subroutines were used on all
charged current triggers (triggers 1 and 3).

The first subroutine selected candidates for scanning on
the basis of the number of sparks per chamber view
{downstream of the end of the hadron shower as determined by
the scintillation counters). Events with an average of 3 or
more sparks per view (over a set of at least 4 consecutive
chambers in the target or toroid past the end of the shower)
were selected.

In this subroutine toroid quadrant counter information was
also used. Quadrant bits were set which required 2 out of U4
consecutlive counters (a blt for each half-toroid). All
events in which there were two quadrant blts set In at least
one half-torold were chosen for further scanning.

The second subroutine selected events on the basis of
pulse helights in target counters., All events with long
showers (longer than 17 counters, or -~1.7m of iron) were
selected. In addition, events were selected If any
consecutive set of 8 counters downstream of the shower end

had an average pulse height 2 1.7 times minimum lonizing.
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Events for which the pulse heights displayed a step function
behavior (with a step longer than 8 counters), indlcating a
muon range=-out, were also selected.

The third subroutine processed all the events using an
algorithm developed for the same apparatus Iin the Fermilab
experiment E595 ([H#.6al. The algorithm of searching for
multimuon events in experiment ES595 (through finding steps
in pulse helght) was >99% efflclent, In experiment E595
hadron showers were contained in an additional calorimeter,
and the E616 detector was used as the muon identifier.

The first subroutine was used on all events., If a given
event was not selected, It was processed by the second one,
and then through the third.

Out of 190000 neutrino triggers 1 or 3, about 47000
events were selected for scanning. Out of 19000 antineutrino
triggers 1 or 3, about 2500 events were sorted out. Most of
selected events were ordinary charged current events chosen
by the very loose selection requirements., The scanning of
events (displayed on a paper printout) was fast and
relatively effortless at a rate of about 2000 events per
day. The scanning resulted in about 4500 neutrino dimuon
candidates and 500 antineutrino dimuon candidates.

As a check of the selection efficlency a raw subsample of
about 25000 events was scanned and checked for dimuon

candlidates which were missed by the three software
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algorithms, No such events were found. The scanning
inefficlency was also estimated by triple scanning a part of
selected data (about 25000 events). The inefficlency was
found to be smaller than 1% and therefore negligivle.
Candidate dimuon events were then carefully examined on
plotter plectures and on a high rescolution graphics terminal.
An event was selected as a legitimate dimuon candidate if
both tracks were visible for a distance longer than ~-2.2 m
of dron (corresponding to 11 spark chambers). Accepted
events were reconstructed wusing an interactive program by
assigning sparks to two muon tracks. The rest of the
reconstruction proceeded in exactly the same way as for the

single muon charged current data sample.

3.3 Cuts

Several cuts were applied to the data in order to assure
efficient reconstruction. Additional cuts were applied on
the Iinformation from the beam monitoring devices.

3.3.1 Cuts on the Beam

Only beam pulses with good steering parameters were

accepted (i.e. when the secondary beam in the decay pilpe was

aimed at the «center of the apparatus)., This was done by
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looking at the split plate 1lon chambers read-outs and
requiring that:
(left-right)/(left+right) < 0,1
(top-bottom)/(top+bottom) < 0.1
These reguirements ensured a properly steered neutrino beam,

centered to within +4 Inch square at the neutrino detector.

3.3.2 Cuts on Events

Dimuon events were divided into three classes

1) Class 1: opposite~sign dimuons with momenta > 4.3 GeV/c,

This class contains: 1) events with both muons analyzed in
the spectrometer (Fig.3.1); 2) events with second muon
ranging out in the target or toroid and whose s3ign 1s not
determined (Fig.3.2); 3) =events where the second muon
escaped the calorimeter, but had a minimum visible energy of
at least 4.3 GeV (leaving 1ts total energy and sign
unknown). About 10% of events for which slign of the second
muon is unknown are really same sign events from the
hadronic shower background. This ©background and background

subtraction are discussed in the next chapters.

2) Class 2: opposite-sign dimuons with momentum > 9§ GeV/c

and both muons analyzed in the spectrometer (Fig.3.1). This
class contains only dimuons for which both muons have known

sign and momentum.
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3) Class 3: like-sign dimuons with momenta > 9 GeV/c and
both muons analyzed in the spectrometer. Appendix H contalins
a complete list and computer displays of all accepted like-
sign dimuon events,

Data events were selected by applying geometrical and
kinematical cuts. In general, the criteria wused 1in the
structure function analysis as described in [3.1, 3.2] were
closely followed. However, some cuts were loosened In order
to increase the statistical sample.

A, Fiducial volume cuts:
1)Longltudinal fiduclal volume: To ensure full shower
containment In the calorimeter and to track the muon outside
of the hadron shower a length of -~1.7m of Iron before the
forward spectrometer was required, Therefore, all events
from class 2 and 3, ©occurring between counter number 17
(downstream) and 80 {(upstream), have been accepted. For
experiment E701 (having a shorter active target) the cut was
17 (downstream) and 54 (upstream). A more stringent cut for
events of class 1 was required. The requirement of a visible
muon energy of at least 4.3 GeV implies that a muon must
traverse more than about 3m of iron. If neutrino
interactions are required to occur upstream of counter 28,
the muon would then traverse at least 3.2m of iron
equivalent material (11.49 ocm iron equivalent per mean

distance between centers of the two consecutive counters)
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before entering the toroid. Otherwise, absorption in the
toroid might lead to an ambiguity in the minimum muon energy
for low energy muons,., In summary, the following longitudinal
cuts which are expressed In terms of counter number. ( Note
that the counter 1 is the most downstream counter., )
E616 ET01
class 1: 28-80 28-54 (wu pu>h.3 GeV/c)
class 2: 20-80 17-54 (p uw = pu>9.0 GeV/c)

class 3: 17-80 17-54 (T TR pu>9'0 Gev/c)

2) Transverse {iducfal volume: Cuts were imposed to ensure
the transverse containment of hadronlc showers. In addition,
because of the sensitivity of the neutrino flux at large
radius to uncertainties in beam dlspersion and steering,
more stringent transverse flducial volume cuts were imposed.
The cuts were different for interactions of neutrinos
originating from pion and kaon decays. Both, a transverse

vertex cut, which was a square c¢entered on the apparatus

(for energy containment), and a radial cut centered on the

beam axis (toc reduce the flux uncertainty) were applied. The
following cut values were used:

CLASS 1: (p u P >4.3 Gev/e)

RADIUS CUT SQUARE CUT
pion v 30.0in -60.01in - +60.0in

kaon v 50.0in -60.0in - +60.01in
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CLASS 2 & 3: (u u' p,>9CeV/c and W P, >9CevV/ec)
RADIUS CUT SQUARE CUT
plon v 30.04in ~60.0in - +60.0in

kaon v 60.01in ~60.0in - +60.01n

Note that less stringent cuts were applied to the llke-sign
dimuon data sample in order to Increase the statisties.

B. Geometric cuts: To ensure good quality event
reconstéuction additional geometrical cuts were imposed:
1) the straight line extrapolation of the leadling muon track
in the target had to intercept the front face of the torold
at radius smaller than 64,0in (the toroid radius was
69.0in); 2) the same straight line extrapolation through the
first toroid was required to be outside the coll hole for
more than 70% of its toroid path (the radius of the torolid
hole was 5.0in). 3) the straight line extrapolation also had
to intercept the active area of the T2 counter at the rear
face of the first toroid within 58in in the x and y views.
Since all leading wmuons were focussed by the toroidal
magnet, these cuts ensured a geometrical acceptance which is

independent of the muon mcmentumn.
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Cf Angle cuts: For class 1 events (pu>u.3GeV/c) leading
muons with angles < 0.150 mrad (see Fig.3.3) and second
muons with angles < 0.350 mrad (see Fig.3.4) with respect to
the incident neutrino direction were accepted. For class 2
and 3 (pu>96eV/c) both muons were regquired to have angles
< 0.250 mrad and momentum analyzed in the toroid.

D. Kinematic cuts: For comparisons with the quark-
parton model, only single muon events with hadron energy
EH(=V+M} > 2 GeV were accepted. These cuts did not remove
any dimuon events f{rom the sample. In addition, only events

with a properly reconstructed leading muon were used.
3.4 Acceptance Corrections

The extractlion of single muon and dimuon production cross
sections from the data sample requires corrections for
geometric and momentum acceptance, as well as for kinematic
cuts (Pu > uf3 or 9.0 GeV/c, EH > 2 Ge’v’)t These acceptance
corrections were calculated wusing a Monte Carlo progran,
which is discussed in detail in Chapter 5. However, some
geometrical contributions to the acceptance corrections can

be checked by using the observed data directly. These checks

are described below.
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Due to the finite size and geometry of the detector not
all neutrino Interactions occurring within the fiduclal
volume can trigger the apparatus. In particular, because of
the square geometry of the trilggering system, the acceptance
depends on the azimuthal angle of the muon {(or muons) and
the transverse vertex position. In addition, the solid angle
of the spectrometer as viewed from the Interaction vertex
depends on the longitudinal position of the vertex.

(a) Single muon events: The geometrical correction for
single-muon events can be calculated directly from the data
sample. The principle of the calculation Is {llustrated in
Fig.3.5. For given x,y, and z position of an Interaction the
azimuthal acceptance of the event 1Is equal to ¢/2w. The
event was then translated along the target from the
beginning to the end of the longitudinal fiducial volume in
small steps. The fraction of the translated events which
pass all the geometric cuts yields the 1longitudinal
acceptance. The combined ¢ and the longitudinal acceptance
is the average acceptance of an event. The analysls of Monte
Carlo generated events (for which the number of events in
the fiducial volume is known) show that the procedure fully
corrects for geometrical acceptance., This geometric
acceptance was used only for comparisons between the two

sets of data (E616 and E701).
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Corrections for kinematlic cuts were obtained from the
Monte Carlo program directly.

(b) Dimuon events: Accepted dimuon events with momentum
> .3 GeV/c (eclass 1) were corrected for the acceptance of
the leading muon wusing +the above method. The geometrical
efficiency for detecting a second muon with pu > 4.3 GeV/e
was determined by a ¢ rotation of each event about the 2
axls {neutrino beam direction). The ¢ acceptance was the
fraction for which the second muon could traverse 3m of iron
(4.3 GeV range) before 1leaving the target. The analysis of
the Monte Carlo events {n the same way shows that this
procedure fully corrects for geometrical acceptance for
muons with eu < 350 mrad. The angular distribution of second
muons indicates that most of them have much smaller angles
(see Fig.3.4)., The corrections for missing second muons with
0<pu<u.3 GeV/c was obtained from a charm Monte Carlo model
{(see Chapter 5).

(e} Momentum analyzed muons {class 2 and 3): Momentum
analyzed muons wWere corrected by translating each dimuon
event to every single-muon vertex location and determining
if at this new locatlon the translated event c¢an be
reconstructed (requiring momentum at the front face of the
toroid to be > 2.5 GeV/c, and momentum at the rear face of
the first toroid to be > 300 MeV/c¢c). The analysis of the

charm Monte Carlo events In the same way I{ndicates that this
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procedure does not correct for dimuon events with a large
opening angle between two muons. The additional corrections

for these events (~20%) was obtained from the charm Monte

Carlo.
In summary, the geometrical acceptance corrections for
single~muon events and dimuon events were used for

comparisons between the two sets of data (E616 and E701).
Rates of dimuon events was <calculated by applying Monte

Carlo corrections to raw data events passing standard serles

of cuts:
(2w MC moael]fiducial v, cuts:
[2u d-bkg]cutS ““““““““““““““““““““““““““
[2u MC model]cuts
RAte(2n/TH) = = o m o e e e e e
[1u MC modellyyyicial v. cuts
[1u d]outs ““““““““““““““““““““““

[1u MC model]cuts

(3.4.1)

where d=data, bkg=dimuon background events, For opposite-
sign dimuon rates the charm quark production model was used
(detalls are presented in Chapter 5). For like-sign dimuon
rates (whose origins are not fully understood) 3 different
models were used: the showver background model, the 0-5

production through the gluon bremsstrahlung model, and the
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0—50 mixing model. Detalls are ©presented in Chapters 5,6,

D
and 7. Extraction of the fraction of the strange sea in the
nucleon was obtained by comparison of raw data and raw Monte

Carlo dimuon events passing a series of standard cuts,

3.5 Final Raw Data Set and its Characteristics

In this section the number of raw events passing cuts and
their baslc characteristics are given. Events are presented

in bins of measured neutrino energy as defined in Table 3.1.

Table 3.1 Definitions of energy bins used in the analysis.
For CLASS 1: (pu > 4,3 GeV/e )

< 70.0 GeV
> T0.0 GeV
< 180.0 Gev
> 180.0 GeV

low energy pion v E
high energy pion v : E
low energy kaon v E
high energy kaon v E

For CLASS 2 & 3: (py > 9 GeV/c spectrometer analyzed)
all energy pion v all pion neutrino energles
low energy kaon : E < 200.0 GeV
high energy kaon v : E™ > 200.0 GevV

<

The measured varlables are expressed in the following
units: the measured neutrinoc energy (Ev)‘ the measured

hadronic shower energy (EH)’ and the missing energy Emis

(see eqn.2.5) are in GeV; the measured muon momenta (pu1 and

pu2) are In GeV/c, and the four momentum transfer Q2 is in

Gevz/cz. The invarilant hadronic mass H2 Is In Gevz/cu, the
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polar muon angles (8u1 and epz) are In radians, the

azimuthal angle between two muons, in degrees, and the

¢12.
transverse momentum of the second muon with respect to the

hadron shower direction Is in GeV/c. The fragmentation

Pr
variable z, = puz/Ev , Bjorken x, and variable y are
dimensionless, The abbreviation <corr> s for the mean

geometrical acceptance correction for each subsample.

3.5.1 1ty Charged Current Data

Tables 3.2-3.13 show the number of single-muon charged
current events (passing cuts described previocusly)
corresponding to the 3 classes of dimuon events and thelr
mean characteristics. The data shown are broken into the
classes of events described above, and are also presented
separately and together for the two data runs (experiment
E616 and E701). The numbers in parenthesis are the
statistical errors only. HNote that the neutrino beams in
experiments E616 and E701 were not identical due to changes
in specific magnet locations and exact energy settings.
Also, since the fliduclal cuts for the two experiments were
not the same, the mean characteristics are expected to be
different.

The comparison of distributions with Monte Carlo

calculation Is given in Chapter 5.
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TABLE 3.2: The number of 1u charged current neutrino events
for CLASS 1.

E616 E701 E616+E701
1 low = 19826 15137 33963
2 high = 12483 5812 18295
3 low K 11633 8094 19727
y high K 13311 5450 18761
5 all =« 32309 19949 52258
6 all X 2h9hy 13544 38488
7 TOTAL 57253 33493 90746

TABLE 3,3: The number of 1y charged current antineutrino
events for CLASS 1.

E616 E701 E616+ETO1
1 all = 6310 2336 8646
2 all K 1582 695 2277
3 TOTAL 7892 3031 10923

TABLE 3.4: The number of 1y charged current neutrino events
for CLASSES 2 and 3.

E616 E701 E616+E701
1 all = 37643 ZE1ET 66090
2 low K 20397 17530 37927
3 nigh K 8980 4ok2 13022
i all K 29377 21572 50949
5 TOTAL 67320 49719 117039

TABLE 3.5: The number of 1u charged current antineutrino
events for CLASSES 2 and 3.

E616 E701 E616+E701
1 all = 7296 3274 10570
2 all K 1854 1142 2996
3 TOTAL 9150 4y16 13566
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TABLE 3.6: Characteristlies of 1y charged current neutrino TABLE 3.8: Characteristies of 1u charged current neutrino
data for CLASS 1: data for CLASSES 2 and 3.
E616 E701 E616+ET701 E616 E701 E616+E701 .
1 <E > 115.6(0.3) 102.7(0.4) 110.9(0.2) 1 <ED 115.7(0.3) 105.8(0.4) 111.5(0.2)
2 <EH> 45.8(0.2) 42.2(0.3) 4y, 5(0.2) 2 <EH> 46.5(0.2) §3.3(0.2) ¥5,.1(0.1) .
3 <P 70.2(0.2) 60,8(0.3) 66.7(0.2) 3 <pu> 69./6(0.2) 62.7(0.3) 66.6(0.2)
y Q> 15.8(0.1) 14.3(0.1) 15.3(0.1) 4 «@®> 16.7(0.1) 16.1(0.1) 16.4(0,1)
5 <w®> 70.9(0.3) 65.5(0.4) 68.9(0.3) 5 <we> 71.2(0.3) 65.8(0.3) 68.9(0.2)
6 <xaj> 0.207(0.001) 0.209(0.001) 0.208(0.001) 6 <xBJ> 0.212(0.001) 0f220(0‘001) 0.215(0.00?)
7 <y> 0.385(0.001) 0.403(0.001) 0.392(0.001) 7 <y> 0.389(0.001) 0.399(0.001) 0.394(0.001)
8 <Gu> 0.047(0.001) 0.054(0.002) 0.050(0.001) 8 <@u> 0.049(0.001) 0.055(0.001) 0.052(0.001)
9 <corr> 1.264(0.003) 1.185(0.002) 1.236(0.002)
TABLE 3.9: Characteristics of Tu charged current
antineutrino data for CLASSES 2 and 3:
TABLE 3.7: Characteristics of Tu charged current
antineutrino data for CLASS 1:
E616 ET01 E616+E701
E616 ET01 E616+E701 1 <E > 82.2(0.6) 79.3(0.8) 81.2(0.5)
1 <Ep 82.2(0.7) 79.3(1f0) 80.3(0.6) 2 <Ey> 26.0(0.4) 25.0(0.5) 25.6(0.3)
2 <EH> 26.0(0.14) 25.0(0.6) 25.3(0.3) 3 <PU> 56.6(0.5) 58.6(0.7) 55.9(0.4)
3 <Pv> 56.4(0.5) 52.6(0.8) 55.4(0.5) 4 <02> 8.1(0.2) 8.2(0.2) 8.1(0.1)
y o <Q®> 7.7(0.2) 7.8(0.3) 7.7(0.1) 5 <w> 41.6(0.6) 39.6(0.8) 40.9(0.5) i
5 (W2> 41.6(0.7) 38.5(1.0) 40.7(0.5) 6 (xej> 0.203(0.002) 0.211(0.003) 0f206(0‘002)
[ <xBJ> 0.199(0.002) 0.209(0.004) 0.202(0.002) 7 <y> 0.310(0.002) 0.316{(0.004) 0.312(0.002) P
T <y> 0.311(0.003) 0.318(0.005) 0.313(0.002) 8 <eu> 0.043{(0,001) 0.047(0.001) 0.045(0.001)
8 <o > 0.043(0.001) 0.045(0.001) 0.044(0.001)

g <corr> 1.178(0.006) 1.114(0.006) 1.161(0.005)


http:0.212(0.00

56

The following tables present the measured mean total
energies and measured mean hadron energles for the bins

previcusly defined:

TABLE 3.10: Mean neutrino and hadron energies for 4 bins of
1u charged current neutrino events for CLASS 1.

E616 ET01 E616+ET701

Ev EH Ev EH Ev EH
1 low w: 56.7 20.5 52.0 19.9 54,7 20.2
2 high u: 80.9 31.5 TT1 31.8 79.7 31.6
3 low K: 151.9 60.2 143.7 59.0 148.5 59.7
4 nigh K: 204.3 8.4 200.6 86.1 203,2 84.9

TABLE 3.11: Mean antineutrino and hadron energles for 2 bins
of 1u charged current antineutrino events for CLASS 1.

E616 ET01 E616+ET01

Ev EH Ev EH Ev EH
1 all w: 62.3 19.4 56.1 17.8 60.6 19.0
2 all K: 159.7 51.3 144,48 k5.5 1565.0 49,5

TABLE 3.12: Mean neutrinoc and hadron energles for 3 bins of
1u charged current neutrino events for CLASSES 2 and 3.

E616 E701 E616+ET01

E, E, E, E, E, By
1 all w: 66.1 25.0 60.1 23.7 63.5 24,5
2 low K: 163.8 66.7 154.0 63.1 159.3 65.0
3 high K: 215.9 91.0 2141 93.9 215.4 91.9
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TABLE 3.13: Mean antineutrino and hadron energies for 2 bins
of 1y charged current antineutrino events for CLASS 2 and 3.

E616 ET01 E616+ET701

EI\J EH Ev EH Ev EH
1 all m: 62.5 19.4 56.6 18.0 60.7 18.9
2 all K: 159.6 51.9 IEL I §5.1 153.7 49.3

3.5.2 Dimuon Data

Tables 3.14-3.23 show number of dimuon events (passing
cuts previously deflned) In all 3 classes of events and

their most Important characteristics.

TABLE 3.14: The number of neutrino dimuon events with p >
4.3 GeV/c (CLASS 1). s

E616 ET01 E616+ET701
1 low 7 CE:! 28 76
2 high = 34 25 59
3 low KX 73 58 131
] high K 122 k9 171
5 all =« 82 53 13%
6 all K 195 107 302
7 TOTAL 277 160 437

TABLE 3.15: The number of antineutrino dimuon events with
pu > 4.3 GeV/e (CLASS 1).

E616 E701 E616+ET701
1 all = 10 6 16
2 all K 10 5 15
3 TOTAL 20 " 31
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TABLE 3.16: The number of neutrino opposite-sign dimuon
events with both muons momentum analyzed in the torold and
pu > 9 GeV/c {(CLA3S 2).

E616 E701 E616+E701
1 all = 18 23 LB
2 low K 50 58 108
3 high K 33 17 50
y all K 83 75 158
5 TOTAL 101 98 199

TABLE 3.17: The number of antineutrino opposite-sign dimuon
events with both muons momentum analyzed In the toroid and
pu > 9 GeV/¢ (CLASS 2).

E616 E701 E616+E701
1 all 2 2 4
2 all K 8 5 13
3 TOTAL 10 7 17

TABLE 3.18: The number of neutrino like-sign dimuon events
with both muons momentum analyzed Iin the toroid and p > 9
GeV/c (CLASS 3). H

E616 E701 E616+E701
1 all = 2 0 2
2 low K 6 5 11
3 high K 2 3 5
4 all K 8 8 16
5 TOTAL 10 8 18
Tables 3.19-3.23 show the mean values of the most

important characteristics of dimuon events (passing all the

analysis cuts). The  missing energy ( <Emis> } and the

transverse momentum of the second muon with respect to the

hadron shower direction ( <pg> ) are given only for kaon-

neutrino ( v } events for which these Qgquantities are

K
unambiguously determined,.

TABLE 3.19:

events with pu

corrected for the corresponding

1 <E >
2 (EH>
3 <P >
ul
5y <%
5 <Wo>
6 <xBj>
7 Ly>
8 <6
ul
9 <Pu2>
10 <®u2>
11 <9y,
12 Lz >
u
13 <pT>
14 <Emis>
15 <eorr>

> b3

E616
138.6(3.4)
59.2(2.5)
67.7(2.6)
19.6(1.2)
112.7(4.5)
0.17(0.01)
0.42(0,01)
0.051(0.002)
11.7(0.8)
0.076(0.003)
129.2(2.6)
0.21(0.01)
0.54(0.02)
19.2(1.7)

1.264(0.003)

GeV/c

(CLASS 1),

E701
13375(h.6)
58.2(3.5)
64.1(3.6)
19.5(1.7)
110.5(6.2)
0.17(0.01)
0.43(0.02)
0.055(0,003)
11.2(0.8)
0.078(0.004)
125.0(3.7)
0.21(0.01)
0.54(0.,03)
10.7(2.4)

1.185(0.002)
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Characteristics of neutrino opposite~sign dimuon
Missing energy is

1y off-set values.

E616+4E701

136.7(2.7)
58.8(2.0)
66.4(2.1)
19.5(1.0)
111.9(3.6)
0.17(0.01)
0.42(0,01)
0.052(0.002)
11.5(0.6)}
0.077(0.002)
127.6(2.1)
0.21{0,01)
0.54(0.02)
16.701.4)

1.236(0.002)
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TABLE 3.20: Characteristics of antineutrino opposite~sign

TABLE 3.21: Characteristliecs of neutrino opposite~sign dimuon

dimuon events with P, > 4,3 GeV/c (CLASS 1). Missing energy

events analyzed in the toroid and with pu > 9 GeV/e (CLASS

-

mis

is corrected for the corresponding 1u off-set values. 2). Missing energy 1s corrected for the corresponding 1u
* of f=set values,
E616 E701 E616+ET701

2 <Ep 39.1(5.8) 29.1(3.3) 35.5(3.9) 1 <E > 155, 4(5. 2) 1457,8(5.1) 151.6(3.7)
3 (Pu1> 56.6(6.5) 55.5(877) 56.2(5.2) 2 <EH> 68.6(4,0) 61.2(3.7) 64.9(2.7)

2
booan 9.9(2.6) 12.4(4. 8) 10.8(2.4) 30 < 63.7(3.8) 61.9(3.8) 62.8(2.7)
5 <w> 80.9(11.9) 58.8(7.3) 73.0(8.3) i < 23.8(2.2) 20.6(2.5) 22.2(1.7)
6 <xgy 0.13(0.03) 0.17(0.05) 0.14(0.03) 5 <wd> 147.8(7.3) 140.4(7.0) 144.2(5.0)
Ty 0.37(0.03) 0.33(0.03) 0.35(0.02) 6 <xgy 0.15(0.02) 0.12(0.02) 0.14(0.01)
8 <o > 0.042(0.005) 0.052(0.011) 0.046(0.005) 7 <y 0.43(0.02) 0.41(0.02) 0.42(0.01)
9 <Pp? 9.6(1.4) 9.0(1.5) 9. 4(1. 1) 8 <o, > 0.054(0.003) 0.049(0.003) 0.052(0.002)
10 <eu2> 0.076(0.013) 0.077(0.012) 0.077(0.010) 9 <pp2> 23.1(1.7) 2uf7(1.3) 23.9(1,1)
T <y 134.2(9.1) 143.7(9.5) 137.6(6.8) 10 <o > 0.045(0.002) 0.043(0.003) 0.044(0.002)
12 <z > 0.24(0.02) 0.24(0.03) 0.24(0.02)

" 1 <oy, 135.5(4,2) 135.3(4.3) 135.4(3.0)
13 <pyp 0.47(0.09) 0.48(0.14) 0.48(0.07) 12 <z 0.29(0.02) 0.32(0.02) 0.31(0.01)
14 <Emis> 20.0(5.9) 19.1(7.7) 19.7(4.7) 13 <pT> 0.62(0,04) 0.65(0.04) 0.63(0.03)
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TABLE 3.22: Characteristics of antineutrino opposite-sign
dimuon events analyzed {n the torold with P, > 9 GeV/e
(CLASS 2). Missing energy Is corrected for the corresponding

1y off~set values.

E616+E701

1 <E > 134.1(11.9)

2 <Eg> 49.9(8.3}

3 <Pu1> 63.4(7.0)

¥y <@ 18.3(4.2)

5 <Wo> 115.4(15.7)

6 <x33> 0.15(0.04)

7 <y> 0.35(0.04)

8 <Gu1> 0.0U84(0.006)
9 <Pu2> 21.4(4,0)
10 <eu2> 0.043(0.008)
11 <¢12> 128.6(11.3)

12 <zu> 0.36(0,06)
13 <pp> 0.48(0,06)
14 <Emis> 14.9(4.5)
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TABLE 3.23: Characteristics of neutrino 1like-sign dimuon
events analyzed in the toroild with pu > 9 GeV/e (CLASS 3).

Missing energy is corrected for the corresponding 1u off~-set

values.
E616+E701

1 <E > 151f2(10.1)

2 <Ey> 78.4(9.2)

3 <Pu1> 56.3(8.7)

b <« 39.0(7.6))

5 <W> 133.2(14.6)

6 <xgy> 0.21(0.03)

7 <y> 0.51(0.04)

8 <eu1> 0.087(0.014)
g <Pp2> 17.1(1.3)
10 <@, 0.054(0.005)
11 <¢12> 139.4(9,0)

12 <z > 0.21(0.02)
13 <pp> 0.71(0.14)

14 <E > 17.5(4.5)
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Chapter 4

Background Calculation

The main source of neutrino dimuon events 13 a charged
current neutrino interaction with an additional muon from
the semileptonic decay of a c¢harm particle. Background
dimuon events primarily originate from pion and kaon decays
in the hadron shower cascade. Optical detectors in a
magnetic field, such as high resolution bubble chambers or
nuclear emulsions <can observe individual particles and
follow their tracks throughout the fiducial volume. In
principle, some pion/kaon decays can be observed in a high
resolution detectors by a <change 1in the trajectory or

curvature in a magnetic field. Such detailed information is
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not available in a high density calorimetric apparatus, and
an event-by-~event determination of the origin of the second
muon 1is not possible.

In the Lab E detector, muon tracks can be traced only if
the particle penetrates beyond the end of the hadronic
shower. Muons are the only particles which can traverse a
sufficlent distance in high density detectors to be observed
beyond the range of a typlcal hadron shower.

The final state In an ordinary charged current neutrino
interaction,

v + N =-> u- + hadrons,
includes a muon emerging from the leptonic vertex, and
primary hadrons produced in the fragmentation process of the
scattered quark. Muons are identified as minimum ionizing
particles which propagate through matter undergoing only
multiple Coulomb scattering. Hadrons typically interact with
a characteristic interaction length, but alse a small
fraction can decay. Products of secondary ccllisions may
also decay or re-interact again., The overall plcture
resembles an avalanche with less and less energy in each
subsequent step. Among the products of these secondary
processes there may be an additional muon originating from
a pion/kaon decay or from the production in secondary
interactions. Such processes can lead to two or more muons

in the final state.
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In this analysis, a dimuon event 1Is considered to be a
background event If the second muon 18 produced from a
secondary process in the hadronic shower, e.g. from plon, or
kaon decays, or from meson and nucleon interactions in the
calorimeter., An event-by=~event separation of the background
events from prompt dlmuon events 1s impossible. Therefore
the analysis requlres a statistical subtraction of the
background from the observed data. Detalils concerning the
Monte Carlo calculation of the background are presented in
the next chapter. Here, only the method and assumptions for
the generation of the background dimuon events are
described.

Fig.4.1 schematically shows the shower development, and
serves as an illustration of the «calculation of the
background, Each neutrino interaction can be viewed as a two
stage phenomenon: first, there are "prompt" hadrons coming
from the fragmentation of the primary quark struck by the
neutrino, then, the primary hadrons develop their own
secondary reactlon chain.

In the detector used in this experiment only muons with
momentum greater than about U GeV/c can be observed and

Identified as the individual particles.

67

(secondary ~
interaction) \\v
Figure 4.1 Illustration of the hadron shower development

as a source of second muon production.
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The kinematic distributions of primary hadrons can be
described in terms of fragmentation functions (defined
below). In the analysis, fragmentation functions obtained
with the Lund Monte Carlo Program [4.4] were used and
compared to fragmentation functions measured by Big European
Bubble Chamber (BEBC) collaboration at CERN [¥,1] and
European Muon Collaboration at CERN [4.2].

Extraction of fragmentation functions from available data
(i.e. BEBC and EMC data) wused absolute normalizations
(multiplicities) from the BEBC data and relative
contributions of various particles from the EMC data. This
method was necessary since the experimental information
available from bubble chamber experiments 1is limited. In
particular, neutrons are not observed and charged hadrons

cannot be identified with momenta greater than about 1

GeV/c. In the background calculation the individual

fractions of the total multiplicity due to pions, kaons and
nucleons within the full available ©phase space of the
interaction are important. This information was extracted
from the results of the EMC which studied complete hadronic
final states in deep inelastic muon scattering [4.2]. The
assumption that the particle fractions in muon and neutrino

interactions are similar is discussed on in section 4.2.
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As mentioned, fragmentation functions describe the first
stage of the reasction: primary hadrons. Information about
prompt and non-prompt muons originating from secondaries in
the hadronic shower cascade can be obtained from data with a
hadron beam on & variable-density target. These data were
obtained from Fermilab experiment E379 [4.3].

In the next two sections the extraction of fragmentation
functions from existing data 1is discussed. Section 4.3
presents fragmentation functions obtained with the Lund
Monte Carlo and comparison of both methods. Final results
presented in Chapter 6 and 7 used hadron shower background

calculated with the Lund MC fragmentation functions.

4.1 Fragmentation Functions from BEBC

The BEBC collaboration [#4,1] has studied charged hadron
production in charged current neutrino interactions on
neon., Data were provided in the form of tables for all
positive and all negative fragmentation functions. The

fragmentation function is defined as:

Y= mmmre e (4.1.1)
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where:
h=n,K,p,n,... is a particle type,

and

z = ===lo- (4.1.2)

is the fraction of a total hadron energy carried by a hadron
h with energy Eh;
and
2 2 .2, .
W (=2Mv~Q +M ) is the =square of the invariant mass of

the hadronic final state (notation as in Chapter 1, section

1.1)3

N (Wz) is a total number of events in the given WZ
event

bin; and
th is a number of hadrons of type h observed In

a given z and wZ bin.

The data were binned in 5 w2 values and 10 z bins for
each WE range. These tables were parametrized under the
constraint that the total multipliecity in given w2 bin be
conserved:

1

< nh(wz) s = 1 pMz,w?)dz (4.1.3)
0
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The form of the fit and resulting parameters are
presented in Appendlx B.

The data included information only about all positive and

all negative particles. Individual contributions from

various charged or neutral products of the v-Ne reactlon
were not provided. The separation of pion, kaon (charged and
neutral) and nucleon contributions was done using results

from the EMC experiment.
y.2 Relative Fragmentation Functions from EMC
The European Muon Collaboration at CEBN has studiled

final state hadrons in deep-inelastic muon scattering. In

reference [4.2], results are presented for fragmentation

+ + - - - -
functions for » , K, p, A, ®, K, p, A&, and Ko as a
function of Feynman variable xF for all events in the range
of w2 from 16 GeVZ/cq to 400 Gevz/cn. The mean w2 was about

130 Ge'ﬁ]z/cLl (Fig.4.2).

On the basis of this flgure, relations among pion, kaon,

and proton fragmentatlon functions have been found to be:

+ +
DK (z) = 0.066xexp(2.262)xD“(z) ( 4.2,1 )

.
pP(z) = 0.223xD"(2) ( 4.2.2)

pX (2) = 0.063xexp(1.602)xD"(2) ( 4.2.3)
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pP(z) = 0.101xD"(2) ( b.2.4 )
0 + K™
D (z) = I w (0% (2 DX (2) ) ( 4.2.5 )
An additional assumption was made:
p"(z) = pP(z) and p"(z) = pP(2) ( 4.2.6 )

Several comments should be made about the use of the EMC

data. These fragmentation functions are for u-p scattering

(ideally data from v-Fe interaction should be used).

According to ref.[#.5] forward fragmentation ( x_, > 0 ) in

F

v=p is the same as forward fragmentation of p-p and backward

fragmentation ( Xp <0 ) in wv-p

fragmentation, This can be easily understood in terms of the

is equal to backward u-p

quark model. In both wv~-p and wu~-p collision the forward

fragmentation is dominated by the u~quark while in ;—p and

u-p Iinteraction, the backward fragmentation is dominated by

the wu-d diquark. Therefore u-p and v~p fragmentation
functions should be very similar., The EMC data also
indicates that the fragmentation functions for copper and

carbon are the same (within errors). The py-p data were only

used for the z dependent ratios. The total charged hadron

fragmentation is obtained from the neutrino-necn results. It
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wag assumed that these 2z dependent ratios hold over the
whole range of WZ. It 1is «clear from the error bars in
Fig.h.2 that the relations among various hadrons
fragmentation have considerable uncertainty.

In the calculations, contributions from charged pilons,
charged and neutral kaons, and nucleons were taken into
account, and all other particles (e.g. A,8 etc.) were

neglected. The multiplicities versus WZ are presented in

Appendix C.
4,3 Lund Monte Carlo Calculations

The Lund Monte Carlo Program [H4.4] provides a good
description of many sets of experimental data [4.2,4.9~
4,11]). Fragmentation functions predicted by this progranm
agree with measured functions for many reactions, The
agreement is good over a wide range of the variable z, and
is worse for z > 0.5 [4.8a] (the program predicts too high
values of fragmentation functions), see also Fig.4.2.

Many collaborations wuse Lund MC changing some of its
fragmentation parameters to obtain the best agreement with
itne observed data. This experiment c¢annot "fit" Lund MC

parameters, and therefore, with two exceptions, the default
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version 4.3 of the Lund MC was used. Following recent
suggestions [4.14,4.8a] two parameters were changed:

1f the minimum energy, Emin' above which creation of
gquark-antiquark pair is allowed was set to 0.2 GeV (the
default value is 1.1 GeV);

2., a strangeness suppression parameter, 1, denoting the
ratio of the probability Ys of producing an s; pair to the

probability ¥ (Y,) of oproducing & uu (dd) pair in the

d
fragmentation chain { where Yung due to isospin symmetry)
was set to 0.2 [4.14] (the default value 1is 0.3). This
parameter essentially controls the production of kaons and
therefore is very important for the dimuon background. Since
varlous collaboration use values ranging from 0.1 to 0.3,
the effect of A=0.1 and A=0.3 was studied. This uncertainty
is one the sources of the systematic error on the
background. Values 0.1-0,3 bracket measurements in bubble
chamber experiments (see Fig.4.5). Figure 4.3 shows
fragmentation functions obtained from the BEBC/EMC data and
compared to the Lund MC predictions., Figure 4.4 shows
charged kaon fragmentation functions obtained from the
BEBC/EMC data and compared to the Lund MC predictions with
three values of the parameter A=0.1,0.2, and ¢.3. Figure 4.5

shows Ko fragmentation functions obtalned from the BEBC/EMC

L4
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data and compared to the Lund MC predictions with A=0.1,0.2,
and 0.3. Also shown are measurements from bubble chamber

experiments at corresponding w2 values [4.16-4.20].
b,y Muon Rates from the Fermilab Experiment E379

Fermilab experiment E379 studied muon production by
negative pions using a variable density target [4.3]. The
exlsting data give a probability of observing a muon with
momentum >8.26, >8,45, >9.45, > 15,45, and > 20.45 GeV/c
from showers initiated by 1 beams with energies of 40, 75,
150 and 225 GeV. The sign of the muon was determined except
at the lowest momentum cut of 4,26 GeV/c¢c where the momentum
was determined by range. Experiment E379 took data with two
target densities allowing the separation of prompt and non-

prompt muon rates. These data were used to interpolate the

rates from the E379 target densities (p1 = 6.12 g/cm3,

P2
3.06 g/cm3) to the density of the Lab E detector {(p=

3 3

4,29 g/em” for E616 run and p=4.24 g/cm” for E701 run).

These rates were then parametrized for for all 5 cuts, pcut'

on muon momenta in a simple form (see Appendix D for

details):
: Pout b
PN = 8(1 - ...9.9..) E ( 14.11.1 )
shower P, L
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where a,b are constants, E“, and pw are energy and momentum
of the pion beam. The E379 results are in good agreement
with other data from experiments E595 at Fermilab [4.6a],
and from the CDHS collaboration at CERN [4,6b].

It should be pointed out that the E379 data were obtained
with negative pions only. It was assumed that rates for uP
and u* in a n~ beam are the same as the corresponding u+ and
p“ rates in a n+ beam.

LLacking data on muon production from other beams and
using results from refs. [4.6a] and [4.15] it was estimated
that the muon yield from showers initiated by other
particles c¢an be obtained by correcting pion-initiated
showers, The correcting factors used were:

a) for kaon showers: the pilon~initiated muon rates were
multiplied by a factor FK = (1-f) + Axf/2, where
f=(—1.ﬂ5t0.10)32 + (2.42+0.13)g + (0.03020.030), with
gspcut/EK, and A = Bf?a' Factor f§ reflects differences in
the particle yields from pion and kaon showers, and the
constant A reflects kinematic differences between pions and
kaons {(i.e. difference in the ratic of the decay to
interaction lengths, kint/xdecay (see next section), and

difference in the muon spectrum from a kaon/pion decay). The

factor FK averages in calculations to about 1.8.
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b} for proton showers: the pion-initiated p+ yield was
multiplied by 1.17, and ¥ yield by 0.39.

¢} for neutron showers: the pion-initiated muon yields
(p+ and u-) were multiplied by 0.775.

An additional correction for the dimuon yield was applied by
multiplying the total secondary shower yield by a factor
0.9.

These corrections together result in about 3% decrease in
the total muon yield as compared to the case where secondary
showers from all particles are assumed to be equal to the
pion~initiated yields.

An additional assumption for the data with pu > 4,26

GeV/c (where determination of the sign of a muon was not

possible) was that rates of u~ are equal to rates of u+.
y,5 Interaction and Decay Lengths of Primary Hadrons
The primary hadrons can interact with other nuclel in the

medium or decay to a muon. To find the probability of muon

production it is necessary to calculate the ratio:

Ah
oo --int ( 4.5.1)
A h
d
where kdh is the decay length of a hadron h with energy Eh'
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h? and proper mean lifetime e¢1, and lhlnt is the mean

interaction length of a hadron h in the medium of atomic

mass m

mass A, the two defined as:

E
h h
Ag = YBeT = =25~ . 1 ( 4.5.2 )
h
h A
AT TR ( 4.5.3)

where oh denotes the absorption cross section of hadron h in
the medium, p is the density (in g/om3), and N is Avogadro's
number.

Measurements from reference 4.7 were used for absorption
cross sections of pions and kaons. More detailed information
about calculation of the probabilities r" and rK may be
found in Appendix E. For the mean density of the Lab E

3

detector of 4,27 g/em” it was found:

. -§§3§9- « 1073 for p_> 22 GeV/c
k1
( 4.5.4a )
&
T e 3.730_____ R
Tt TEUTETE TS EIZ ) Py< 22 GeV/e
( 4.5.4b )
k' 3.460.10°° . 1
A +0.212xr"(E = 1 E)) ( 4.5.5 )
rK_= _3;332;1Q:§f + 0.212 p“( E = 1 E
E . x = 2 Ey) ( 4.5.6 )
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The kinematics of the two-body decay of a hadron h,
h = u+ v (h = 7 or K)

ylelds an energy distribution of muons in the range

2 2
(mu /mh )Eh < Eu <Ep -

To obtain the decay probability for the muon with the

momentum cut pcu it is necessary to consider three cases:

t,

= > E
1 Pdecay( pcut’Eh) 0 for Pout h
( 4.5.7 )
no pcut/Eh
R S E_ <R
2. Pdecay( pcut’Eh) r 1 ~R h for pcut< h hPeut
h ( 4.5.8 )
= E >
3. Pdecay( pcut’Eh) r for h thcut
( 4.5.9 )
where 2
" (4 )
PR - .5.10
Rh m2
h

For pions and kaons :

R = 1/1.744 and  =s=--== = 2,344

and

RK‘ 1/21.830 and  ~o--s-=- = 1,048

4,6 Qutline of the Background Calculations

There are two main sources which can produce an
additional background muon in charged current neutrino
interactions: (a) muons from decays of primary hadrons, and

(b) muons from production and decays in re-interactions,
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Contributions from both processes have been included.

The Lund (and BEBC/EMC) fragmentation functions were
parametrized in W2 and z variables. The E379 results for
hadron showers were given as a function of hadron (beam)

energy Eh' According to (4.1.2)

E = Z¥Eh = zE (4.6.1)

h t H
where EH is the total hadron energy of the collision.
As shown in Chapter 1:
W2 o= 2My - @2 + M2 and @ = 2Mux (4.6.2)
hence
WY o= 2My(1-x) + MZ (4.6.3)
and
EH = v + M |
Thus, the energy of a hadron h as a function of z, x, and w2
is:
W2 - M2
E, o= zEy = z(v o+ M) = z( NIy Y M ) ( 4.6.4 )

The total probability of producing a muon from the
hadronic shower in a neutrino interaction may be expressed

in the form:

Pshower(p ,v.x) + P

( v x) - decay
total ' Peut’V’ total cut

total(péut'V'X)
( 4.6.5 )

P
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where
showe ! h 2
Ptotalfpcut'v'x)- E é Dz, W (v'x))Pshower(pcut'Eh(z'v))dz
and ( 4.6.6 )
decay ! h 2
- t 1
Ptotal(pcut'v'X) E é Dz, W (Z'V))Pdecay(pcut'Eh(z'v))dz
{ 4.6.7 )
The quantities pshower and pdecay are defined by formulae

4.4.1 and 4,5.7~4%.5.10. Therefore, the total probability is

a function of two variables, namely the hadron energy v and
1

pcut -~ & and Eh = Eh

4, where A = 0.29 GeV for pions and A = 0.32 GeV for kaons,

the Bjorken x. The variables p*cut
correct for the muon decay point which 1is 1 interaction
length (on average) downstream of the neutrino event vertex.

The probabilities were calculated as a function of v for
the five muon momentum cuts of 4.26, 8.45, 9.45, 15.45, and
20.45 GeV/c in 7 x bins over the range 0 < x < 1. The mean
x for each bin was calculated using the Fz(x) structure
function (details can be found in Appendix F).

The integrals for each x bin and muon momentum cut from
egs. 4.6.5-4,6.7 were evaluated and the results for the

total probability of producing a muon were parametrized.
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The calculation was performed for the five momentum cuts
and 7 x bins ( 35 functions altogether). The final results
were parametrized as a funection of a momentum cut Pout in

the form:

) = & Vv e ( 4.6.8 )

which provided flexibility {in varying the momentum cut
continuously from 4 to 20 GeV/c.

Figs.4.7 - 4.9 show the results of the calculations.
Appendix G contains detailed tables of rates and all the

final fit parameters.

4,7 Systematic Errors on the Background Rate

There are experimental errers in the input data and
theoretical uncertainties 1in the assumptlons used in the
background calculations. The effect of various parameters on
the total probability of muon production in a neutrino-
induced hadron shower was studied.

1. The Lund MC fragmentation functions are generated
for neutrino~nucleon interactions {(with small correction for
non-isoscalar target). It was assumed that they are the same
for neutrinos interacting on iron { v-Fe ). EMC measurements

of fragmentation functions for various nuclear targets
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[4.12] indicate that the uncertainty in this assumption
leads to an error of +15% in the total muon production
probability.

2. A change of A parameter in the Lund MC from 0.2 to
0.3 or 0.7 values leads to the *6% change in the total muon
production probability.

3. The uncertainty of +2% in the decay probability and
interaction lengths for mesons produced in the primary
neutrino reaction leads to 1% systematic error in the total
muon production probability.

L A +10% systematic error on the total muon production
probability is due to a +20% uncertainty in the contribution
of secondary interactions.

5 Parametrizations of fragmentation functions and
final muon rates were obtained with +5% precision leading to
the same uncertainty in the background normalization.

All the above systematic uncertainties added in
quadrature lead to a total systematic error on the

background normalization of 120%.

Chapter 5

Neutrino Charm Production Monte Carlo

One of the main physics goals of the experiment is the
determination of the strange sea fraction in the nucleon.
The extraction of this information from dimuon data requires
a model for opposite~sign dimuon production. The input
parameters to the model can be then compared to the observed
data.

In the standard model of electroweak interactions,
neutrino (antineutrino) events with opposite=sign dimuons in

the final state originate from the production

97
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and semileptonic decay of charm particles (see Filg.1.2).
A background contamination from hadronlc showers (discussed
in Chapter 4) is also expected. Therefore, the
interpretation of the data requires a model for neutrino
charm production, and a model for the production of
background muons in neutrino induced showerst

The input to the background model requires a knowledge of

the rates for production of muons In neutrinc (or
antineutrino) induced showers as a function of the energy of
the hadron shower and final state muon momentum. In
addition, information about the transverse momentum of
background muons (primarily from picon and kaon decays) is
also required.

The charm particle production model in neutrino

interactions requires several Iinput parameters. Aside from
the nucleon structure functions, important quantities are:

1. The strange sea content Iin the nucleon x { as defined
by (1.3.4) ) ;

2. The mass of a charm quark, mc;

3. The fragmentation function of a charm quark into charm
particles, D(zD);

4. The average semiléptonic decay branching ratic of charm
particles into muons Bl(c -> uX).

A detalled discussion of these parameters and the Monte

Carlo 1is presented Iin this chapter.
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5.1 Single~Muon Charged Current Monte Carlo

The construction of a model for neutrino charm production
is based on single-muon charged current events generated by
a Monte Carlo technique.

The neutrinoe beam Monte Carlo which reproduced the

observed distributions in devices monitoring the secondary

beam [2.6] was used as the input to the event Monte Carlo.

Charged current interactions were generated according to
eq.1.2.9. Structure functions were parametrized in a form
suggested by Buras and Gaemers [5.1] with coefficients
obtained from fits to the charged current data from the
first run (experiment E616) [3.1, 3.2].

Generated events were processed through exactly the same
reconstruction program as the data. The same geometrical and
kinematical cuts were applied.

Fig.5.1 shows the structure functions at a four-momentum
transfer (QZ) of 20 Gevz/c2. Fig.5.2 shows the valence and
sea contributions to the structure functions of the nucleon
at the same four-momentum transfer.

There was a good agreement between the Monte Carlo
generated events and the data. Figs.5.3~5.6 show comparison

of few kinematic gquantities,.
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5.2 Monte Carlo for Production of Opposite~Sign Dimuons

As outlined in Chapter
production of opposite-sign
production and semileptonic
Production of charm particles
Fig.1.2 and the cross section

1.3.2.

1, the model for neutrino
dimuons is based on the
decay of charm particles.

oeccurs in a process shown in

is expressed by eqgs.1.3.71 and

Monte Carlo generated single-muon events were used as the

input to the production of
current event was assigned a
the charm production cross

charged current cross section

X, ¥, and EV. This ratio was

dimuon events. Each charged
welght equal to the ratio of
section (eq.j.3.1.) to the
(eq.1.2.1) for its particular

expressed in the form which

used quark distributions parametrized separately for valence

up quarks (uv) , valence down quarks (dv}, and quarks in the

nucleon sea. Equations 1,2.4a-d which express the quark

distributions as "seen" by neutrinos or antineutrinos can be

rewrjitten in the following form:

a) for the single-muon neutrino cross section

v
v

q¥ = sea/(2+x)

qQ = d_ + u, + Sea{1+x)/(2+x) (5.2.1)

(5.2.2)
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and for antineutrinos

v
q = dv *u, Y Sea/{(2+«x) (5.2.3)

g’ = Seal(1+x)/(2+x) (5.2.4)

b} for the charm production neutrino ¢ross—-section

v ¥

L] L3
q = {[dv ru,o Sea /(2*x)]sinzec +

¥
[Sea K/(Z*K)]OOSZBC Y-y + xy/x'}

(5.2.5)
a’ =0 (5.2.6)
and for antineutrinos
9 =0 (5.2.7)
- 1 2 2 t
q = [Sea /(2+«)1[sin 8, * kcos 601{1—y¢xy/x }
(5.2.8)

Quantities U, d , and Sea are functions of x and Q2.

v
Primed quantities are expressed as functions of Q2 and the
slow rescaling variable x' (1.1.11), where x' = X + mc2/2Mv
(mc is a mass of a charm gquark).

For the Monte Carloc calculations a value of 1.5 Ge\‘/c2
for the charm quark mass was assumed. The effect of this
parameter on the final results was studied and is discussed

in Chapter 7.
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- - i
[k=2s(x)/(u(x)+d(x))] Whereas light quark fragmentation into mesons s

A parameter [3 expresses the

. 2
fraction of the strange sea 1in the nucleon in terms of a characterized by a behavior (1-z)"/z , a different shape is

ks .g. charm
ratio of strange sea to non-strange sea. The k=1 corresponds expected for the fragmentation of heavy quar (e g‘ !

to the so called "fully SU3 symmetric sea" (i.e. strange bottom), (see Chapter 4 for the definition of 2z and examples
quarks carry the same momentum fraction of the nucgleon as u of z distributions of plons and kaons as measured by the

and d sea quarks), x=0.5 corresponds to the so called "half- BEBC collaboration). From kinematical considerations, the

SU3 symmetric sea™ (i.e. strange quarks carry half the fragmentation function is expected to peak at large z, as

momentum fraction of the nucleon as u and d sea quarks), «=0 first pointed out by Bjorken and  Suzuki [5.2]. The

means no strange sea in the nucleon. The x parameter was a attachment of a light gquark to a heavy charm guark only

free parameter in the model. The shape and normalization of slightly decelerates the heavy quark in the fragmentation

. -
the x distributions of the dimuon data (with the hadron process. This has been observed experimentally in e e

shower background subtracted) were used to obtain the value collisions [5.3-5.5], and neutrino reactions [1.9, 576]'

For charm hadron production the fragmentation variable z

of x which gives the best agreement between the model and D
the data. The results are discussed in Chapter 7. was used as defined by eq.1.3.4.
| Zp ~ pD*/pmax* (5.2.9)
5.2.1 Fragmentation Function of Charm Quarks where pmax* is the maximum possible momentunm pD* of the
charm particle with mass MD in the W-~boson - nucleon center
The diagram in Fig.1.2 1{illustrates the production and of mass system:
decay of a charm quark. However, free quark states have not Pmax*z - Wi - MDZ . (5f2-10)
been observed. The produced gquarks initially progress The variable Zy corresponds to the fragmentation variable xp
through a stage of dressing to form color-singlet hadrons. defined in the e e reactions (at electron storage rings)

2 2

This process is described by fragmentation functions. X, - Pp/"(E gam ~ Mp ) {(5.2.11)
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Figure 5.7 The measured distribution of the Equare of the
invariant mass of the final bhadron system, W, in single-
muon charged current events. The points with error bars
represent the data, and the histogram represents the Monte
Carlo events.
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Figure 5.8 Fragmentation of DM mesons as measured by the
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Peterson et al. fragmentation function [6.7] with

€=0.19:0.3; the solid curve is the fit to the Kartvelishvili
et al. fragmentation function [5.8] with a=1.520.2,



The mean sz of single-muon events in experiments E616
and E701 is ~9 GeV (see Fig.5.7). Therefore fragmentation
functions from a similar energy region were used. The
fragmentation of charm gquarks to D* meson has Dbeen
investigated in the ARGUS detector at the DCRIS e*em storage

ring at DESY with E 5 GeV [5.61. The ARGUS data have

beam
been compared to two fragmentation models. One is the model

of Peterson et al. [5.7] where:

S==r = e meeeoeoeese (5.2.12)

and the second in the form of Kartvelishvili et al., [5.8]
where:
do
o

g==~ ~ x_ (1 - x) (5.2.13)
dx P P

p
The value of the ¢ parameter was found to be

e = 0.19 * 0.03, (5.2.14)
and the value of the a parameter

a = 1.5 % 0.2. (5.2.15)

Fig.5.8 presents the results of the ARGUS group.

In the dimuon Monte Carlo the fragmentation function

proposed by Peterson et al. was used

D(z ) =~ m=m===mmm=mm—mem oo (5.2.16)

with the value of ¢ = 0,19 as measured by the ARGUS group.
Several other experiments have reported similar charm
fragmentation spectra [5.3, 5.9, 5,10] with mean value of zp
of ~0.6. The extracted parameters € and «, though, have
considerable uncertainties. The effect of changing the

parameter ¢ in the dimuon Monte Carlo is not large, and is

discussed 1n Chapter 7.

5.2.2 The Semileptonic Branching Ratio Bl(charm'>ux)

13

Charm hadrons are short lived particles (~10’ sec.)
and therefore difficult to detect directly. Charm hadrons
decay to strange and non-strange hadrons which have much
longer lifetimes (-10"8 sec.). These decay products can be
more easlly identified in tracking detectors. However, such
hadronic decay modes are not observable in neutrino counter
experiments. In counter experiments charm particle decays

are detected through their semileptonic decays resulting in

dimuon events.,
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Only production of D mesons was considered as the source
of prompt muons in the dimuon charm Monte Carlo. As reported
by the Fermilab experiment E531 [5.11, 5.12] {(which studied
neutrino Iinteractions using a hybrid emulsion spectrometer),
D meson production is the dominant contributor at high
neutrino energy., In particular, D meson production dominates
in the forward xF fragmentation region, and therefore
contributes to energetic muons, Production of charm baryons

AC is important at low neutrino energles, and in the

backward x. region { Xp £ 0).

F

The semileptonic branching fraction of the specific
mixture of charm particles produced in neutrino interaction
is not directly measured. However, it can be determined by
combining data on branching ratios of charm particles into
leptons (from e+e- collisions studied in colliding storage
rings), with the information about composition of charm
particles produced in neutrino interactions (e.g. as
measured by emulsion experiment E531).

The Mark III1 Collaboration at SLAC has recently reported
the following branching ratios [5.13]:

Br(D" ~> e'X) = 17.0 £ 1.9 + 0.7 % (5.2.17)

Br(p® -> e"X) = 7.5 & 1.1 % 0.4 % (5.2.18)
0

and the ratio of D* to D lifetimes:

+ . 0 « 0.5 ¢+ 0,1
T /1 = 2.3 _ 0.8 -~ 0.1 (5.2.19)

The ratio of the number of D* mesons to the number of DO

P’ + - x
mesons produced in e e collisions has been alsc measured

to be [5.14]:

+ 0
Ne /Ne = 0.75 + 0.17
. +
The lifetimes of DO, D, F and Ac hadrons have been also

measured [5.15]

= 9.3 0 Tl a0 (5.2.20)
1,0 = 4.0 ;g «10713 (5.2.21)
T, 22 ’ g:g «10” 13 (5.2.22)
e o= 2.9 0 108 s0713 (5.2.23)

Fermilab emulsion experiment (E531) has observed a total
number of 25 c¢harmnm particles produced in neutrino
interactions with visible energy EV > 30 Gevf In this
sample, there are 12 neutral charm mesons (DO and 50), 10 "
mesons, 3 charm hyperons (2 identified Ac+)'

Using particle fractions from this experiment and the
branching ratios (5.2.17-5.2.18) from e*en reactions the
average branching ratio into electrons of the neutrino
produced mixture of charm particles was calculated to be

Be(charm => eX) = 10.9 + 1.4 % (5.2.24)

If charm baryons are excluded from this calculation, the
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branching ratio results to be t11.4% + 1.7 % ( using

o(Di)/c(Do(ﬁo)) = 0,7 + 0.4 [5.11] ). In the dimuon Monte

Carlo it was assumed that the charm branching ratio into

muons 1is equal to the charm branching ratio into electrons.

A direct measurement of the average branching ratio of
charm particles into muons c¢an also be extracted from
neutrino dimuon interactions at large Bjorken x. The

procedure and results are discussed in Chapter 7.
5.2.3 Outline of the Charm Monte Carlo Calculations

The input to the Monte Carlo model for dimuon production
used generated single-muon charged current events. The deep
inelastic scattering formalism (as described in Chapter 1)
for charm gquark production was applied. The transformation
of charm quarks to charm hadrons 1is by far the least
understood stage in the standard model. Thils transformation
was parametrized using the Peterson et al. fragmentation
function discussed in section 5.2.1, The D mesons were
produced with a distribution of transverse momenta Py with
respect to the direction of the hadron shower of the form

dND/de ~ exp(-apTz).

The value a=1.1 ylelds the best fit of the p.r2 distribution

of the second muon as measured in this experiment., Fermilab

experiment E531 obtained the best fit of exp('3.¥pT2), with
limited statistics [5.11], and the CDHS collaboration used
the form exp(-6(pT2+MD2)1/2) [1.91].

Experiments which study c¢harm production with hadron (ﬂ-)

beams report several parametrizations of the pT

distributions. Fermilab experiment E595 finds that forms
2

exp([-2.0£0.33p), or exp([3.5:0.5](p; +M02]1/2), and

exp(['0.7010.15]pT2) yleld a good description of the data.
The LEBC EHS collaboration at CERN finds the best fit of
exp(-1.1pT2) [6.16]. However, in hadron interactions charm
particles originate from different processes than neutrine
induced reactions. In hadronic¢ collisions charm particles
are produced in pairs and Pr is defined with respect to the.
incident hadron direction.

The semileptonic charm decay, D =-> uvX, was modeled using
the squared matrix element for D =-> K*uv [5.171:

12 - (zppp p(zppp ) - (% - 2m Py(zp p ) (5.2.25)

| M
The mass Mx was a free parameter chosen to be 0165 GeV
[1.17] to provide a reasonable fit to the inclusive D-decay
electron yield measured at the w"(3770) by the DELCO group
at SLAC [5.18].

The semileptonic branching ratio of c¢harm to muons was

assumed to be 10.9 + 1.4 %,
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Using standard Monte Carlo technique, muons from charm

particle decays were propagated with energy loss and 5.3 Outline of the Background Monte Carlo

multiple Coulomb scattering through the Lab E target

calorimeter and the forward muon spectrometer. The The model for the background used the generated values of

the hadron shower energy, E and Bjorken x of single-muon

kinematics of the generated events were smeared with the H'

experimental resolutions and written on data summary tapes. charged current Monte Carlo events. Dimuon events with a

The Monte Carlo events were normalized using the ratio of particular welght and momentum of the second muon, p , were

single-muon Monte Carlo events passing all the analysis cuts generated. The welght was taken as the total probability for

to the corresponding number of single-muon data events producing a muon from neutrino shower as expressed by

passing the same set of cuts, The number of generated dimuon eqs.4.6.5, and 4.6t8 and calculated by the method described

events was about 20% of the number of single~muon data in Chapter 4 (see Figs.4.7-4.9). The momentum of the muon

events. This was a factor of ~20 larger than the number of was generated with the formula

dimuon data events., Therefore, the error bars shown for the pu = pcut - log(Rnd)/g (5.3.1)

Monte Carlo distributions are larger than those for the data where Rnd is a random number O0sRnd3l, and g 1s the

for single- muon distributions, and smaller for dimuon coefficient of the exponent value from eq.4.6.8. It can be

distributions also shown that the momentum of a parent hadron which

produces a muon is generated according to:

Z/m 2
u 1/8g. (573-2)

The processed Monte Carlo events were compared with the
data sample. This comparison between the model and the data Py = ~log[(1-Rnd)e“pug+ Rnde'pumh

was investigated as function of variocus values of Monte
tig et 3 nt The fraction of pion and kaon contributions was taken from

Carlo input parameters {(such as «x, e, m_, B.J}. Results are

¢ 1 calculations described in Chapter 4.

discussed in Chapter 7.
P 7 Missing energy of the background events was obtained by
histogramming neutrinc energy from primary hadrons decays at

the stage of the calculations of the muon rates from hadron

showers., Secondary showers ( re-interactions of primary
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hadrons ) were assumed to result in the same missing energy
distributions. Then, in the Monte Carloc the missing energy
was generated according to thus obtained histograms.

The produced muon was given a based on transverse

Pr
momentum fits to final state hadrons from EMC u-p data
[5.19]. These data are in good agreement with other

measurements using neutrino beams [5.20]. The gaussian

smearing was generated with width:

P, = (0.72 + 0.1225f)1/2 (5.3.3)

where z is a standard fragmentation variable

2 2.1/2
z = ph/(EH W5) (5.3.4)
and
£ = 1.00 + 0.0055W° (W2 < 100 GeVZ/c?) (5.3.5a)
£ o= 1,44 + 0.0011WS (W2 2 100 GeVi/c?) (5.3.5b)

The background events were processed In the same way as
the charm Monte Carlo events ( as described in the previous
section ). The systematic uncertainty on the absolute
normalization of the background was 20% due to© sources
described in section 4.7 1in Chapter 4.

In the analyslis, the distributions of normalized
background events were subtracted from corresponding data
distributions. Charm Monte Carlo event distributions were
then compared to the corrected data. The fit to the strange
fraction of the sea was based on the x distributions.

Detalils and results are discussed in Chapter 7.

Chapter 6

Results on Like=Sign Dimuons

The c¢ross-section for production of 1lilke-sign dlmuon
events is small (~10% of opposite sign dimuon production, or
~0.5% of the charged current cross-section). Therefore,
large data samples are difficult to obtain., In addition, the
hadron shower background is large and comparable to the
observed data [1.13f, 1.10].

The like-slign dimuon sample collected In experiments E616
and E701 contains 18 events, Both muons traverse at least
one toroidal magnet and have momenta greater than 9 GeV/c.
Both muons were required to pass all the single~muon cuts

and have angles less than 250mrad with respect to the beam

121
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axlis (as described in Chapter 3). However, only one of the
muons must satisfy the extrapolation condltion to the muon
trigger counter, In addition, muons must have fitted tracks
which originate {n a common vertex consistent with the
counter pulse helghts, and each track must be visible in the
spark chambers after the first torold., The last condition
allows the determination of the sign of the muon. Appendix H
contains computer drawn pilctures and detalled information of
all 18 events. Tables 6.1 and 6.2 show the number of events
and mean values of Important kinematic quantities for
single~muon and dimuon events passing all cuts (events from

CLASS 3 as dlscussed in Chapter 3).

Table 6.1 Number, mean measured total energy and mean
hadroniec energy of single-muon and dimuon events passing all
cuts of the like-sign dimuon analysis. The events are binned
by the neutrino energy calculated from the event radius. The
errors Iin the means are shown only if they are greater than
0.5 GeV, The hadron energy cut s EH=2GeV.

H Bou
Energy
Bin Events Ev EH Events Ev EH
(GeV) (GeV) (GeV) (Gev) (GeV)
30~-100 66090 64, 25. 2 82+18 51%22
100-200 37927 159, 65. 11 14712 68211
200~230 13022 215. 92. 5 1895 112217
30-230 117039 112. 45, 18 151+10 78x10
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Table 6.2 Kinematic quantities for single-muon and dimuon
events used in the like-sign dimuon analysis.

- - -

Quantity Y Wou

B, (Gev/e) 66.6 + 0.2 56.3 + 8.7
Q% (Gevise?) 16.4 + 0.1 39.0 £ 7.6
W2 (cevi/c?) 68.9 + 0.2 133.2 + 14.6
X, 0.215 + 0.001 0.21 £ 0.03
y 0.394 % 0.001 0.51 + 0.04
eul(rad) 0.052 + 0,001 0.087 + 0.014

The principal background sources of like-sign dimuons are
decays to muons of primary plons or kaons from the hadron
shower in charged current events, and the productlon of
prompt or non-prompt muons from the secondary interactions
of the primary hadrons. Details regarding the calculation of
this background has been descrived in Chapter 4. The Monte
Carlo calculation has been outlined in Chapter 5.

The hadron shower background for the 18 like-sign dimuon
events was calculated (with 20% systematic normalization
uncertainties discussed in Chapter 4) to be 10.7 % 2.1
events.

An additional background was due to misclassifled trimuon
events (originating primarily from hadronic and

electromagnetic muon pair production [6.1,6.12]) for which
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the third muon is hidden in the shower (and has momentum Table 6.3 The comparison of the like-sign dimuon data
samples from several of the highest statistics experiments.
(NBB stands for narrow band beam, WBB stands for wide band
horn focused beam, QTB stands for gquadrupole triplet beam).

below the threshold for unambiguous identification). The

number of possible misidentified trimuon events was
Experiment p._ cut Events Backgr. Prompt Ref.
estimated using the 9 trimuon events for which the sum of (Beam) (aeV/c) .
the energles of the two non-leading muons was greater than 9 CCFRR (NBB) g. 18 11.042.2 6.6:4.8 this exp.
GeV., It was assumed that the distribution of energy between CDHS (WBB) 6.5 29017 207133 67+37 [1.13¢c]
the two non-leading muons was uniform. Trimuon events for CDHS (NBB) 5.5 47 3048 1711 [1.13a]
which the energy of the third muon i3 less than 2 GeV would ' CHARM {WBB) . - - 7”117;: [1.10]
{ WBB) i, - - 52413 [1.10]
be misclassified dimuon events, This resulted in 0.6 + 0.2 .
HPWFOR (QTB) 5. - - 52+13, [1.13d]
background events. It should be also polnted out for later (QTB) 10. - - 65215 £1.13d]
’ (QTB) 15, - - 3711 [1.13d]
consliderations, that the missing energy for the ¢ trimuon
CFNRR (QTB) 9. 10 .3 5.7+3.3 [1.13¢]
events is 1.0 + 2.0 GeV, The background from spatially and
temporally coincident single~muon charged current neutrine 1) u_u— from v beam, 2) u*u* from v beam; * only the prompt

signal is quoted.
events was estimated to be 0.1 2 0.1 events. Therefore the

total prompt like-sign dimuon signal is 6.6 + 4.8 events.

For completeness 1t should be added that if fits based on

6.1 Like~Sign Dimuon Rates
the BEBC/EMC fragmentation functions are used in the

background calculation, the hadron showers give 9.4 % 1,9

The calculation of the ratlo of prompt like-sign dimuon
background events what results in 7.9 + 4.7 prompt like-slign

production to single-muon production requires that the
dimuon signal.

numbers of single~-muon and prompt like-sign dimucns events
Table 6.3 shows results on like-sign dimuons from other

be corrected for geometrical acceptance., Thils acceptance
experiments,

must rely on a specific model. Although each experiment is

not statistically very significant, it 1s interesting that

none of the experiments can explain the observed rates of

like-sign dimuon events as totally background.
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Several processes have been proposed to explain the
production of 1like-sign dimuens In neutrino interactions.
Although there are large uncertalinties In the theoretical
calculations {(some of which are very sensitive to unknown
parameters such as the value of the strong coupling constant
aa, and on the mass of the charm guark) none of the proposed
mechanisms accounts for the observed rates. Table 6.4 and
Figs.6.1a~-f summarize the present theoretical and

experimental situation.

Table 6.4 Summary of presently proposed mechanisms for
neutrino production of 1like-sign dimuons with theoretical
rates (o{p p )/c(y )) and/or experimental limits.

Model Momentum Rate Illustration Ref.
cut {GeV/c) (Figure #)

Gluon -6 [6.2

Brems~- 9. 5x10 -5 -6.5,

strahlung to 2x10 Fig.6.1a 6.8]

Gluon -5

Fusion 9. -10 Fig.6.1b [6.6]

Intrinsic _ [6.6,

Charm 9. 2x10 Fig.6.1¢c 6.7]

Bottom —5 [6.6,

Production 4.5 <10 Fig.6.14d 6.9,6.11]

p°-p° g

Mixing <2x10 Fig.6.1e [6.10]

limits set by the experiment based on the
model.

ol

Figure 6.1
sign dimuons:
intrinsic

(a)

GLUON FUSION
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Proposed diagrams for the production of like-
gluon bremsstrahlung,
charm, (d) bottom production,
(f) diffractive associated charm production.

(b) gluon fuséfgb
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INTRINSIC CHARM

BOTTOM PRODUCTION

Figure 6.1¢c and ¢

128

c —
- _ADO \DO
d

D°- D° MIXING

DIFFRACTIVE CHARM PRODUCTION
(PHENOMENOLOGICAL APPROACH)

Figure 6.1e and ¢
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A mechanism not mentioned in Table 6.4 has been proposed
in reference [6.11]. That model (Fig.6.1f), which assumes a
very high diffractive associated charm production c¢cross-
section, 18 able to explain observed rates. However, there
1s 1little experimental evidence to support such an
assumption.

In the absence of a model for like-sign dimuons and in
order to calculate acceptance corrected rates (with respect
to charged current events) it was assumed that the
distribution of prompt dimuon events i3 the same as that of
the non-~prompt background. The acceptance has also been
calculated using the model of associated charm production
(e-c pair) [6.5] through gluon bremsstrahlung. In this model
the anticharm decays Into the second u-. Although the
contribution to like-sign dimuons fronm p°®-p° mixing 1s
negligible [6.10], the acceptance wusing this process was
also calculated.

The rates corrected for acceptance using the model of =
and X éecay are presented in Table 6.,5a. Also shown are the
rates with acceptance corrections using c-c production and

p®-p°

mixing production models. A comparison with the prompt
like-sign and opposite slgn rates from other experiments is
shown in Table 6.6. The energy dependence of the rates of

prompt like~sign dimuons to charged current

3

Table 6.5a Calculation of the rate of u u /p for the events
in Table 6.2. The u events are corrected for acceptance.
From left to right are shown: (1) number of charged current
events (acceptance corrected), (2) number of raw u u

events, {(3) the background from the hadron shower, (4) the
background form misclassified trimuons and colncident
single-muon events, (5) the raw prompt llke-sign dimuon
signal (after subtraction_of all the background). Next three
columns show the prompt p p signal corrected for accgptance
using: (6) a model of n/K decax gnd shower, (7) c-c gluon
bremsstrahlung mpdel, and (8) mixing. The last column
shows the u p /u rate and its error for p > § GeV/c
calculated using the n/K model. The error inciuldes the 20%
systematlic error In the hadron shower background.

Energy u o Hadron  Misc. pata-
Bin Events Events Shower Bkg. Bkg.
(GeV) BkE.
(1) (2) (3} () {(5)
30-100 108128 2 2.0 0.2 -0.2
100~-200 52930 11 5.7 0.4 4.9
200-~230 16058 ) 3.0 0.1 1.9
30-230 177116 18 10.7 0.7 6.6

Table 6.5a {(cont'd)

Energy Frompt Prompt grggpt p*u*/u-
Bin (n/K) (ce) (D7~D7)
{(GeV)

(6) (7) (8)
30-100 -0.8 -1.0  =0.6 (0.1 + 0.5)x10 "
100-200 12.7 13.7 9.5 (2.4 + 1.7)x10 "
200-230 3.7 3.7 2.9 (2.3 + 2.8)x10""
30-230 17.1 15.9  13.2 (1.0 ¢ 0.7)x10" "
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Table 6.5b Calculation of the rate of u u /u for the events evernts Is shown in Fl1g.6.2. The solld line in Fig.6.2 is the
in Table 6.2 using the prompt like-sign dimuon signal when ’ -
using fits based on the BEBC/EMC fragmentatlon functions in prompt signal calculated from the c-c¢ gluon bremsstrahlung
the calculations of the hadron shower background. The u >
events are corrected for acceptance. From left to right are model [6.5], using agy =0.2 and m, = 1.5 GeV/c~ . The rate in
shown: (1) number of charged current_ events (acceptance 5 i
corrected), (2) number of raw U ou events, (3) the this model scales with ag and predicts 0.2 events for this
background from the hadron shower, (4) the background form
misclassified trimuons and coincidence single-muon events, experiment., For completeness, Table 6.5b shows corresponding
(5) the raw prompt like-sign dimuon signal (after
subtraction of_all the background). Next three columns show results when fits based on the BEBC/EMC fragmentation
the prompt p u signal corrected for agceptance using: (6) a
model of u/X dec%y and shower, (7) c-c gluon bremsstrahlung functions are used in the calculations of the hadron shower
model, and (8) D mixing. The last c¢olumn shows the p u
/y rate and its error for p > 9 GeV/c calculated using background.
the m/K model. The error inclulles the 20% systematic error
in the hadron shower background.
Energy u- u—p- Hadron Misc. Pata~
Bin Events Events Shower Bkg. Bkg. Table 6.6 Comparison of prompt like-sign dimuon rates for
(GeV) Bkg. several experiments. The beam nomenclature 1s: NBB for
(1) (2) (3) (4) (5) narrow band beam, WBB for wide band horn focussed beam, QTB
for quadrupole triplet beam. Note that @& WBB has the lower
30-100 108128 2 1.5 0.2 0.3 mean neutrino energy.
100-200 52930 11 4.9 0.U 5.7 - - - - - -4
. Experiment Beam p. cut TR TRV AT [TOER TR AT Ref.
200-230 16058 5 3.0 0.1 1.9 Type  (bev/e) prompt prompt
<10 x10"°
30-230 177116 18 9.4 0.7 7.9
CCFRR NBB 9. 1.0£0.7 4.0+2.9 this exp.
Table 6.5b {cont'd) CDHS WBB 6.5 0.“3:‘;0.23 4.212.3 [‘.130]
Energy Prompt Prompt Prompt (TR TR AT
Bin (n/K)  (ec) (p%-D%) CDHS NBB 4.5 332 513 [1.13a]
(GeV¥)
(6) (7 (8) CHARM WBB b, h,.5+1,6 14+5 [1.10]
30-100 1.3 1.0 1.0 (0.1 £ 0.5)x10" HPWFOR qTs 10. 3.020.8 T4 [1.134d]
100-200 18.2  14.0 11.5 (3.4 £ 2.0)x10" CENRR QTB 9. 2.041.1 - [1.13£]
200-230 4,0 3.1 2.9 (2.5 + 3.1)x10""
~4

30-230 22.2 18.1 15.4 (1.3 + 0.8)x10
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Figure 6,2_ Like-slgn dimuon rates. The rates for
wN => u uw X relative to the single-muon charged current
cross-section are shown. References are glven In Table 6.3
except for the CDHS polints which are taken from ref.[6.13].
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6.2 Like-Sign Dimuon Kinematles

In addition to the woverall rates, the event kinematics
may be used to determine whether the #/K background can be
the sole explanation of the 1lilke-sign dlmuon signal,
Distributions of several kinematic variables for the like-
sign dimuons and Monte Carlo events from n/K background are
shown in Figs.6.3a~-f. The w/K decay background, shown as the
dashed histogram, c¢onsists of 10.7 events, The means of
these distributions are shown in Table 6.7.

The distribution of the angle (¢12) between the two muon
tracks projected on a plane perpendicular to the Incident
neutrino direction is shown in Fig.6.3a. The peaking of this
distribution near 180° indicates that the second muon is
assoclated with the hadron shower In a large fraction of
events. This 1s a property expected of #/K decay background.

For further comparison with the hypothesis of =#/K decay,
the second muon was chosen to Dbe the muon which has the
smaller momentum in the direction perpendicular to the axls

of the hadron shower, The hadron shower direction is

Promin®
determined from the direction of the incoming v beam and the

kinematics of the <chosen first muon. Fig.6.3b shows the


http:FIg.6.3b
http:Fig.6.3a

136 137

1 C) T T T T T T T

2 2
Prsmin distribution. There 13 one event with a pTZmin

6.0 GevZ/c?, which is unlikely to be from #/K decay (this is

event No. 67373251 1in Appendix H). Fig.6.3c displays the

momentum of the chosen second muon.
Fig.6.3d shows the distribution of missing energy for all
like-sign events originating from neutrinos from kaon decays

(vK). The missing energy is the difference between the

neutrino energy determined by the transverse vertex radius

Number of events

and the measured energy. Fig.6.5 shows the distripbution of
missing energy of single-muon data events used for like-sign

dimuon analysis. 41 R .

Table 6.7 Means of kinematic distributions of like-sign
dimuon data, the wn/K decay background, and a combination of
a/K decay and c¢-c gluon bremsstrahlung models. The c-c¢
number of events Is multiplied by a factor 42 to equal the ;2
prompt like-sign dimuon signal. The errors on the means are
shown in parentheses. The missing energy is calculated for
identified v, events only, 1Is corrected for single-muon off- i o e 4
set values, and its error includes an overall 1.2 GeV
systematic error. The transverse second muon momentum with
respect to the hadron shower is also calculated only for Vg
events. A similar comparison for opposite-sign dimuon events

srente A sinilar cont O =40 80 120 160

- <o o o el

Quantity Data Hadron Sh. Hadron Sh.+
(raw) Bke. coxh2 Degrees

@12(deirees; i 139(9) 133(1) 129(1) (b12

Progin (GeV 7¢) 0.80(.35) 0.37(.02)  0.46(.03)

puZ(GQV/C) 17.1(1.3) 16.4(.3) 18.2(.2)

Emis(GeV) 17.5(4.5) 7.2(1.5) 8.1(1.6) ~ Figure 6.3 Distributions of several klnematic quantities
from like-sign dimuon data (solid 1line), and from hadron

Z,2 0.21(.02) 0.21(.01) 0.19(.01) shower background (dashed line), Fig.6.3a shows the angle

5 between two muons in the plane perpendicular to the
M12(GeV/C ) 3.1(.3) 2.8(.1) 2.9(.1) direction of the incildent neutrino direction;
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Figure 6.3b Like-sign dimuon distribution of pTZ, the square
of the transverse muon momentum wWith respect to the shower
direction (after choosing the leading and the second muon to
minimize this momentum) for vy events.
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Figure 6.3c Like-sign dimuon distribution of p
of the second muon (with the choice described in

u%éxt).
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The distribution of ppz/(EH+pu2) {s shown In

Z,2
Flg.6.3e, and the distribution of the invariant mass of the
u—ub pair is shown In Fig.6.3f. There is no evidence for any
structure in the mass distributions of the data.

1t has been suggested [6.11] that an enhanced c-c
production could account for the prompt llke-sign dimucn
signal. A comparison of the same kinematic distributions of
the data in Fig.6.3 with the sum of n/K decay signal and the
events from the c-g Monte Carlo normalized to equal the
prompt like-sign dlimucn signal of 6.6 events (which requires
multiplication of e-c weights by a factor of 42) is shown In
Fig. 6.4. The means of the distributions are also compared
in Table 6.7. The kinematics of ¢-c¢ do not differ from those
of n/K decay sufficiently to attribute the prompt signal to
9-5 preduction any more than to n/K decay.

The validity of kinematic comparisons of llke-slign dimuon
data with the n/K decay and e~c production models can be

verified by an examination of the kinematic distributions of

the prompt opposite sign dimuon data as compared to the

charm model.

Figs.6.6a-f show the same kilnematic distributions for the
opposlte slgn data as were presented in Figs.6.3 and 6.4
for the like-sign data. The data (wWwith the w/K decay

background subtracted) are shown along with the single charn
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Filgure 6.4 Distributions of several kKinematic quantities
from the like-sign dimuon data (solid_line), and from hadron
shower background together with <¢-c¢ gluon bremsstrahlung
model {(multiplied by 42) (dashed 1line}). Fig.6.4a shows the
angle between two muons in the plane perpendicular to the
direction of the incident neutrino direction;
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Figure 6.5 Distribution of missing energy for single-muon
charged current events used in like-slgn dimuon analysis.
Points with error Dbars represent data, the histogram
represents Monte Carlo events.
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Monte Carlo distributions., The means of these distributions
are given in Table 6.8. To provide a direct comparison with
the like-sign dimuon data, the opposite sign events are also
required to have both muons momentum analyzed (passing
through the first toroild) with momentum pu > 9 GeV/ec, and
pass all of the 1like-sign dimuon analysis cuts. The number
of opposite sign dimuon events passing these cuts is 199.
The hadron shower =#/K Dbackground Is 12.1 + 2.4 events,
yielding a prompt signal of 187 4+ 14 events, The agreement
between the model and data is good for all distributions,

including the missing energy.

Table 6.8 Means of kinematic distributions of opposite sign
dimuons with hadron shower Dbackground subtracted along with
means of distributions of charm Monte Carlo. All events have
both muons momentum magnetically analyzed with p > 9 GeV/c.
The errors on the means are shown In parthheses. The
missing energy is corrected for the single-muon off-set
values, is calculated for Identified v, events only, and
its error includes an overall 1.2 GeV sys%ematic error. The
transverse momentum of the positive muon with respect to the

hadron shower direction is also calculated for Vi events,

Quantity Data with Backgr. Charm production
subtracted Monte Carlo

¢12(degrees) 136(3) 135(1)

2 2, 2

Promin (GeV©/e“) 0.50(0,05) 0.47(0.01)

puZ(GeV/c) 24.4(0.4) 23.5{(0.2)

zmis(sev) 14,5(2,2) 15.45(0.7)

5 0.31(0.01) 0.30(0.01)

M12(Ge\i/02) 2.9(0.1) 3.0(0.1)
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Figure 6.6 Distributions of several kinematic gquantities
from opposite-~sign dimuon data. The points with error bars

represent data after the hadron background subtraction, the
histogram shows results from Monte <Carlo wmodel of charm
production.Here the second muon Is well defined as u .
Fig.6.32 shows the angle Dbetween two muons In the plane
perpendicular to the direction of the incident neutrino
direction,
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Figure 6.6b Opposite-Sign dimuon distribution of p 2, square
of the transverse muon momentum with respect to ghe shower
direction
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The observed like-sign dimuon signal of 6.6 + 4.8 events
is about 1.% standard deviations above the background. The
hadron shower background and/or associated charm production
with anticharm decaying into u- cannot explain the measured
rates. In addition, although most distributions of the data
are similar to those expected from these two scurces, the
missing energy and Py kKinematic distributions of the data

display features which are not expected from the two models.

Chapter 7

Results on Cpposite~Sign Dimuons

The predominant mechanism for the production of opposite-
sign dimuons is the semileptonic decay of charm particles.
The background originating from the hadronic shower accounts
for about 20% of the observed events. In thils experiment,
dimuon events with a H4.3 GeV/c muon momentum cut on the
second muon {(CLASS 1, described in Chapter 3) can have a
second muon with an unknown sign., This occurs in the case
for which the second muon 1Is not magnetically analyzed in
the toroid. Such events comprise about 40% out of the total
data sample. Therefore hadron showers can contribute to the
background through u“ or u+ production, and the
background calculations must contain contributions from

muons of both signs.
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Both u“ and u+ Monte Carlo background events were
generated., Fach background event was checked as to whether
the second muon could be analyzed in the spectrometer (and
have its sign determined). If this condition was satisfled,
only muons with the correct sign contributed to the
background.

Table 7.17a and b show the number of background events
(passing all the analysis cuts) for neutrino and

antineutrino induced opposite-sign dimuons with a 4.3 GeV/c

muon momentum cut Iin energy bins.

Table 7.1a Number of background events from hadron showers
for neutrino induced opposite-sign dimuon events with a muon
momentum cut of 4.3 GeV/c¢c calculated for experiments E616,
E701 separately, and total in three energy bins.

Energy Bin E616 E701 E616+ET01
30-100 21.7 12.7 3.4
100~-180 17.8 10.2 28.0
180-230 29.4 14.3 43.7
30-230 68.9 37.2 106.1

Table 7.1b Number of background events from hadron shower
for antineutrino iInduced opposite-sign dimuon events with
muon momentum cut of 4,3 GeV/c¢c calculated for experiments
E616, E701 separately, and total in three energy bins,

Energy Bin E616 ET701 E616+E701
30-100 3.0 1.1 b1
100~230 2.0 0.9 2.9

30-230 5.0 2.0 7.0

7.1 Rates of Opposite~Sign Dimuons

The charm production model was used to correct for the
geometric and kinematic acceptance of opposite-sign dimuon
events (see eqn.3.4). The values of important parameters on
which the charm production model depends (as introduced in
Chapter 5) are glven below:

(a) The mass of the charnm quark,’mc = 175 GeV/cz,

(b) The parameter ¢ In the Peterson et al. charm
fragmentation function [5.17]1[see (5.2.16)], & = 0.19,

(c) The strange sea fraction «x, as defined by (1.3.6)
(the determination of x is discussed in detall later in this
chapter), « = 0,42,

(d) The semileptonlc decay branching ratio of charm
particles into muons, Bl(c -> u¥) = 0.100.
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Figure 7.1 Energy dependence of neutrino induced opposite-
sign dimuon rates: (a)raw data (circles) and raw background
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Table 7.2 Calculation of opposite-sign rates from neutrino

. -+ -
Fig.7.1a shows the raw ratio of o(u uw )/o(u ) versus interactions. Columns represent: (1) raw data rates for p >
X 4.3 GeV/c , (2) raw background rates for p > 4.3 GeV/c, t3)
neutrino energy for p = > 4.3 GeV/c. Also shown is the raw data rate after the background subtrabtion for p > 4.3

GeV/c, (4) rates for p > 4,3 GeV/c corrected for gegmetric
acceptance, (5) rates gorrected for geometric acceptance and
muon momentum cut of 4.3 GeV/c

calculated background rate versus neutrino energy. Fig.7.1.b

- & =
shows the measured pu u 7y rate for pu > 4,3 GeV/c after

. -+ - Energy Data BKkg . Data Geom. Geom. +

subtraction of the ©background. Fig.7.1c shows u u /u rate Bin raw raw -BKg. corr. p corr.
(GeV) .

for pu > 4.3 GeV/c after subtraction of the background and (1) (2) (3) (%) (5)

corrected for geometric acceptance. Fig.7.1d shows the L eemano > in units of 10‘3 (emmmmmmmm

-+ -

pou/yu rate after subtraction of the background, corrected 30-100 2.6+0.2 0.66+0.13 1.940.3 3.2+0.4 4,8+0.6

for geometric acceptance and corrected for the muon momentum 100-180 6.6+0.6 1.42+0.28 5.2+0.7 6.9+0.9 8.1+1.0

cut of 4.3 GeV/c (i.e. expresses the rate for P, > 0 GeV/c). 180-230 9.120.7 2.33+0.39 6.8+0.8 7.7+1.0 9.0%1.1

Figs.7.2 shows the same quantities for antineutrinos

(because of limited statistics only two energy bins are Table 7.3 Calculation of opposite-sign rates from
antineutrino interactions. Columns represent: (1) raw data

used). Table 7.2 and 7.3 contain the numbers corresponding rates for p > 4.3 GeV/c , (2) raw background rates for p >

4.3 GevV/e," (3) raw data rate after the backgroﬁnd
subtraction for p > 4.3 GeV/c, (4) rates for p > U.3 GeV/c
corrected for geolietric acceptance, (5) rates Borrected for
geometric acceptance and muon momentum cut of 4.3 GeV/c.

to points displayed in Figs.7.1 and 7.2.
The raw data and background rates rise linearly with

neutrino energy. The raw data with subtracted background

Energy Data Bkg. Data Geom. Geom. +
Bir ~-Bkg. . .
reaches a rate of ~0.7% at 200 GeV. The geometric factors (sz) rav raw kg' corr pu corr
which correct for the acceptance of the apparatus increase ( (2) (3) (4 (5)
———————— > in units of 1073 (mm=-m==n-

this rate to ~0.8% at 200 GeV. The correction for the muon

momentum cut, P, > 4.3 GeV/c, flattens the rate versus 30-100 1.9+0.5 0.47+0.09 1.420.5 2.2+0.8 3.8%1.3

energy and yields a rate of -~0.9% in the 100 to 200 GeV 100-230 6.621.7 1.27+0.25 5.3+1.7 6.8:2.2 8.5:2.7

range for pu > 0 GeV/c.
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In addition to corrections for geometric and kinematic
inefficiencies the rates can be corrected for the threshold

effect due to the mass of the charm quark (slow rescaling

-3
correction). In principle this correction should remove all *10
314 a) 114
the energy dependence from the dimuon rates. ~ | ]
{12 12
Technically, this correction 1s obtalned by taking the E§10' 110
ot
[=4 8¢ 18
ratio of Monte Carlo generated dimuon events with a certain 6t 16
charm gquark mass (eg. m, = 1.5 GeV/c), and events generated 4} : ﬁt:}g gg& 4
21 B m.=1.0 Gev { 2
with this mass set to zero. Fig.7.3a and Table 7.H4a show the
064080 120 760 200 240 280 ©
corrected rates using charm quark masses of 1.0, 1.5, and E, (GﬁO
1.9 GeV/cz. Fig.7.3b and Table 7.4b show the corresponding
rates for antineutrinos., Table 7.4 -3
. =10
As shown, the energy dependence 1is not removed below the < , ]
214 b) 14
e
high charm quark mass of 1.9 GeV/cZ. Note that the large &112' 112
2 ’Q_10' '10
errors do not exclude the 1.5 GeV/c value. It appears that o gl 8
5 .
a charm gquark mass of 1.5 GeV or lower Is unlikely, or that 6F 16
4t A m=19 Gev | .
the slow scaling formalism does not fully account for ® m=1.5 GeV
2t ® m=1.0 Gev {4 2
threshold effects, unless a mass which Is c¢loser to the mass
00— 80 120 760 200 240 260 ©
E (Gev)

of the D meson is wused. However, an energy dependent charm
semileptonic branching ratio could also be responsible for
some energy dependence., This possibllity is discussed later

in this chapter,

Figure 7.3 Energy dependence of (a) neutrino and (b)
antineutrino induced opposite~sign dimuon rates fully
corrected for geometric acceptance and muon momentum cut,
and also corrected for the slow_,rescaling with charm guark

masses of 1.0, 1.5, and 1.9 Ge\'/cz..
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Table 7.4a BRates of neutrino induced opposite-sign dimuon
events fully corrected for geometric and kinematic

acceptance, and also corrected for threshold effects (slow .10— 3
rescaling correction) with charm quark masses of 1.0, 1.5, —~
and 1.9 GeV. =14 gy 1
‘512- -12
Energy m, = 1.0 GeV m, = 1.5 GeV m, = 1.9 GeV K10} _10
Bin -3 I
(Gev)  mmmemmmeee- > in units of 10 e % 8} 18
30-100 6.8+0.9 8.1+1.1 9.6+1.3 ot 6
41 | ] ggfgx 4
- a H! WBB
100-180 9.4+1.,2 10.4+1.3 11.4+1.4 2t 4 CDHS NBB {2
180-230 10.421.3 11.121.4 11.9+1.5 03 201 0
E- (GeV)
10 3
”~~
14 b) 114
Table 7.4D Rates of antineutrino induced opposite-sign =
dimuon events fully corrected for geometric and kinematic Ji12' 112
acceptance, and also corrected for threshold effects (slow X 10t 410
rescaling correction) with charm quark masses of 1.0, 1.5, ) sl 8
and 1.9 GeV. ° T
6F 1 6
g?:rsy mc = 1.0 GeV m, = 1.5 GeV m, = 1.9 GeV at ® this exp. { 4
(GeV)  mmmmmeeoe- > in units of 10 3 (~mw====m=mn- 2t W CDHS (WBB) { 2
0, 0
0 4 80 1 160 4
30-100 5.5+1.9 T.3+£2.5 9.2+3.1
E, (Gev)
100-230 10.3+£3.3 11.6+3.8 13.1+4,2

Figure 7.4 Comparison of the energy dependence of neutrino
induced opposite-sign dimuon rates from this experiment and
the CDHS experiment at CERN. The squares show CDHS results
with the wide band beam [1.9], the triangles show the CDHS
results with the narrow band beam [7.1]. Part a) presents
rates corrected for geometric acceptance and the muon
momentum cut, part b) shows the rates with an_additional

correction for slow rescaling with m, = 1.5 GeV/cZ.
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Figure 7.5 Comparison of the energy dependence of

antineutrino induced opposite-sign dimuon rates from this
experiment and the CDHS experiment at CERN. The squares show
the CDHS results with the wlide ©band beam [1.9]. Part a)
presents rates corrected for geometric acceptance and muon
momentum cut, part b) shows the rates with anzadditional
correction for slow rescaling with m, = 1.5 GeV/e

7

Fig.7.4a shows a comparison of rates fully corrected for
geometric acceptance and the muon momentum cut with similar
data from the CDHS group [1.9,7.1]. The rates from this
experiment (CCFRR) are somewhat higher than the published
CDHS rates from their neutrino wide band beam data (a sample
of ~15 000 opposite~sign dimuon events). There 1s a better
agreement with the CDHS rates obtained wusing a neutrino
narrow band beam [7.1]. Fig.T.4b compares these rates with
additional slow rescaling correction. The comparisocns for

antineutrinos are shown In Figs.7.5a and b,

7.2 The Fraction of the Strange Sea Iin the Nucleon

The extraction of the fraction of the strange sea in the
nucleon is based on the charm Monte Carlo model which was
used to generate charm D mesons as outlined in Chapter 5.
The D meson energy 1Is determined from the energy of the
produced charm quark according to the Peterson et alf
fragmentation distribution.

The neutrino and antineutrino x distributions from the
Monte Carlo were generated using events passing all the
dimuon analysis cuts and with an initlal value of parameter

k=28{x")/(ulx")+d{x"))
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These distributions were compared to the corresponding x
distributions for the data (after subtraction of background)
by forming a X2 between the two distributions. The branching 1
ratio was allowed to float with an Input constraint of
10.9+1.4%. The X2 surface as a function of x and Bl was thus

obtained.

The comparison of x distribution was done In 7 x bins:
0.00-0.0%, 0.05-0.10, 0.10-0,15, 0.15-0.20, 0.20-0.25, 0.25~
0.85, 0.45-1.00. It was therefore sensitive to both the
shape and normalization of the data.

The systematic error from the 20% normalization
uncertainty in the background was estimated by a reanalysis
with the background multiplied by either a factor 1.2 or 0.4 L
0.8.

The fit resulted in (the minimum x2):

« = 0.42 " 8'133 £ 0.02 0.2} 402

at Bl(c—>u) = 0,100

where the first error is statistical, and the second

originates in 20% background uncertainty. Adding these 0. 0.05 0.1 0.15 0.2

errors in quadrature yields
k vs- Br. (10, 20, and 30 contours)

0.13
K 0.42 6.10

Figure 7.6 Shown are 1, 2, and 3 standard deviation ¥
contours in the K—Bl plane for mc=1.5GeV/c and e=0.19.
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W 1.2 T T T T T T T 1.2
Table 7.7 Effect of charm gquark masses on the determination
of the fraction of the strange sea, The first error ls
statistical, and the second is the systematic error due to
the +20% background uncertainty.
2 2 2 1. r 4 1.
Energy Blin mc=1.0GeV/c m0=1.SGeV/c m0=1.9GeV/c
(GeV)
K K K
Bl Bl Bl
0.8} 4 0.8
_ +,10 +,13 +,15
30-100 .12_-08z.02 .19~.11i.04 .30“.12i.0u
-.013 -.014 ~.014
-103+.013i-001 .105+'0141.001 '106+.01Ui‘001
0.6 4 0.6
B +.1H +,16 +.19
100-230 '”5-.11i‘03 .52_‘12:.03 .59_'1u¢.ou
-.012 -.012 ~-.012
.101+'012¢.003 .103+.012i.003 .106+‘O12i.002 0.4 0.4
_ +.11 +.13 +,15
30-230 .35_.09$.02 .uz_.10¢.oz .50_'12i.03
-. 011 -.011 -.011 0.2+ 4 02
.097*.011¢.003 .100*_011i.003 .1ON+.011t.003 ,
0 3 1 1 1 i % i
0. 0.05 0.1 0.15 0.2%"
B,

K vs. Br. at minimum x*

Figure 7.9 Correlation between the best fit of x versus the
semileptonic branching ratio for three different values of
the parameter € in the Peterson et al, fragmentation
function; € = 0.09 (bottom curve), ¢ = 0,19 {(middle curve),
and e = 0,29 (top curve).



« 1.2 ; 1.2
1. : 1 1.
0.8} 4 0.8
0.6 F 1 0.6
0.4F 1 0.4
0.2} 402
0. 0. ' 0‘20.

B,

k vs Br- at minimum

Figure 7.10 Correlatlon Dbetween the best fit of x versus
the semileptonic branching ratio for the charm fragmentation
function equal to the delta function 8(z-0.68).

meson spectrum and a smaller value of «x. As shown in the
figure, the sensitivity of the «x parameter to the value of ¢
{s rather weak. Results of fits are summarized in Table T7.8.
4 delta function form of the fragmentation function was
also investigated. The wuse of the function §(z-0.68) as
suggested in [1.9] leads to change in «k as shown In Table
7.9. Fig.7.10 shows x dependence versus branching ratio for
8(z-0.68)
Table 7.8 Effect of charm quark fragmentation function on
the determination of the fraction of the strange sea. Fits
for 3 different values of the parameter ¢ In the Peterson et
al, fragmentation function are shown. The first error 1s

statistical, the second the systematic due to the +20%
background uncertalinty.

Energy Bin ¢ = 0.09 e = 0.19 e = 0.29
(GeV)
K K K
By By By
_ +.13 +.13 +.13
30-100 1527 132,05 190 31 08 24l Js. 00
-.015 -.014 -.014
106,70124.001 105,701, #.001 L1047 4 5. 0.001
+.15 +.16 +.16
100-230 L5077 122,03 .522°10+.03 .537 124,03
-.012 -.012 -.012
10170124003 103770155003 104" 7. 003
30-230 IMSEEN a2l 31002 canlt 13403
- -.011 -,
09779114 003 L1007 011%.003 L1007 011 +.003
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Table 7.9 Effect of c¢harm quark fragmentation function on
the determination of the fraction of the strange sea. Flts

for €=0.19 of the parameter € 1In the Peterson et al. 7.6 Effect of Like-Sign Dimuons on the Extraction of
fragmentation function and for fragmentation function in the
form of 6(z~0.68) are shown., The first error Is statistlcal, the Strange Sea

the second Is the systematic error due to the 120%
background uncertainty.

%ner%y Bin §(z~0.68) € = 0.19 Because of the poor statistics, the like-sign dimuon data
GeV
cannot decisively address the questlion of the existence of a
K X
El Bl prompt lilke-sign dimuon signal. A prompt like-sign dimuon
.12 . signal can affect the determination of the «x from this
30-100 L4 oz.ou .19,'”31.01:
-1 . experiment. Three possible scenarlos were studied:
‘103-‘81§+‘00] -105~'glﬁi.001 (1) If there are no prompt 1like-sign dimuons, than the
+ ., - + .,
hadron shower background calculation should have yielded
100-230 .u9“}2¢.03 -52i.:gi~03 about 1.6 the number of like-sign dimuon events (17,3
-.012 - 012 instead of 10.7). The factor of 1.6 is much greater than the
.100+'0121.003 .1O3+’012:.003
. . 20% error in the background as estimated in Chapter 4. The «x
determined for data with a 4.3 GeV/c muon momentum cut
30-230 .39i'}g:.02 .uzj‘:gi.oz (where the background subtraction is important and accounts
- 011 - 011 for about 20% of observed dimuon events) is consistent with
.095*'011i.003 .100_'0111.003

the value obtained from the data sample with 9 GeV/c muon
momentum cut (where the Dbackground subtraction 1Is not
important and accounts for only 5% of observed events}). A
factor of 1.6 increase in the background for the sample with
a 4.3 GeV/c muon momentum cut leads to a change of x from
0.42 to 0.36. This possibility 1Is considered to be very

unlikely.
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(2) If the prompt 1like-sign dimuon signal exists, and
originates from the associated charm production (c-E pair
from a gluon bremsstranlung process) then It can contribute
to the opposite-sign dimuon signal (the contribution comes
both from c¢ decay, and e decays which can yleld muons which
are not analyzed In the spectrometer). This possible effect
has been estimated by increasing the calculated c-¢ rate by
a factor of U842 to mateh the number of prompt like-sign
dimuon events above the calculated background (6.6 events).
The c*g rates were added to the hadron background model, and
the sum subtracted from the observed data. This procedure
leads to a change of «x from 0.42 to the smaller value of
x=0,41 (compare Table 7.5 and T.6).

(3) If the prompt signal of unknown origin exists then
the observed ratio of prompt 1like-sign dimuons to prompt
opposite-sign dimuons is 84.0%x2.9% (see Table 6.6). If a
charge conjugated process also exlsts at the same fractional
rate, its contribution accounts for 0.040 of the opposite
prompt signal, This leads to a change of «x from 0,42 to

0.41.
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7.7 Kinematies of Opposite-Sign Dimuons

The distributions of kinematic quantities of the
opposite~sign dimuon data sample (with the Dbackground
subtracted) are compared to the distributions of the

"standard" charm Monte Carlo model,
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Figure 7T.11 Distribution of variable x for data events
with the subtracted background (points wi%g error bars) and
Monte Carlo generated events with x=0.42,

mc=1.BGeV/c ,e=0.19, and 81(0“>uX)=0-100 (histogram)
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Figure 7.12 Distribution of variable ¢ (azimuthal angle
between two muons projected on the plané perpendicular to
the incoming neutrino direction) for data events with the
subtracted background (points with error ba 8) and Monte
Carlo generated events with k=0.342, mcn1.SGeV/c ,e=0.19, and
Bl(c->ux)=0.100 (histogram)
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Figure 7.14 Distribution of missing energy {obtalined as
the difference between the measured total neutrino
. interaction energy and the energy determined from the radial
Figure 7.13 Distribution of variable z = P, /(EH *p €) position of the interaction) for data events with the
for data events with the subtracted backg?ound %points wl€h subtracted background (points with error bags) and Monte
error bars),and Monte Carlo generated events with x=0.42, Carlo generated events with x=0.42, m =1.5CeV/c",e=0.19, and

mc-1.SGeV/c ,e=0.19, and Bl(c->ux)=0.100 (histogram) Bl(c'>ux)=0-100 {histogram)
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7.8 Conclusions

E616+E701 _

60

This thesls has described the analysis of the like-sign
53() and opposite-sign neutrino and antineutrino induced dimuon
events collected in two Fermilab experiments(E616 and E701)
using the Lab E detector.

The 18 observed like-sign dimuon events with muon

Number of events

40

momentum cut of § GeV/c have a calculated background of

11.442.2 events. This yields an average rate for prompt

T

_4_“_l.

30

like-sign dimuon production of 1.010.7»10.u per single muon

event. Some of the distributions of the kinematic varlables

indicate that the background frem the hadron shower is not

20

the only source of the like~sign dimuon events.

The observed rates and kinematic distributions of

opposite~sign dimuon signal are consistent with the single

T
I

10

charm production model in which the produced charm quarks

fragment into charm particles, which subsequently decay

() ol 1 ] PN
C) 1 22 :2 A; semileptonically into muons. The fully corrected rate with

GeV respect to single muon events reaches a value of

3

9.0+1.1x10 ° at E =200 GeV.

FDT had

Figure 7.15 pistribution of the transverse second muon
momentum with respect to the hadron shower direction for
data events with the subtracted background (points with
error bars).and Monte Carlo generated events with k=0.,42,
mo=1.sceV/c‘.e=o.19, and B, (e=>uX)=0.100 (histogram)
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The comparlson of the data (corrected for background) and
the charm production model yields a value for the fraction

of the strange sea in the nucleon «x = 0.42t8'1§ R where

k = 2s(x)/(u{x)+d(x)), and errors include uncertainties due
to statistlcs, hadron shower Dbackground subtraction, charm
quark mass and fragmentation.

The k parameter is found to be energy dependent.

The values are K=O.1913.1§ in the energy
+0.17 .
range 30-100 GeV, and K=0.52_0 15 in the energy range 100

-230 GeV. The possible sources of this energy dependence
were discussed.

The opposite-sign dimuon data were also used to measure
the average semileptonic branching ratio of neutrino
produced charm particles decaying into muons. The measured

+0.022

-~0.020 is consistent with the results

value of 0.093

-+
extracted from the e e and v-emulsion experiments.
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Parametrization of the BEBC Fragmentation Functions

The

fragmentation

Appendix B

functions

provided

by

the
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BEBC

collaboration for v~Ne interactions were parametrized by the

constraining the fit

30

bins remains unchanged.

that

the

multiplicity in each w2

For all negative particles the following form was used:

D-(z,u2)=a3x[logw2 + aa]a’ x exp(a1z+a

where,

=-13.2687
5.8750
15.959
~1.7337
6.6620

2

22)
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For all positive particles the following form was used:

D+(z.w2)= 10.2x{a5(logw2)2 *ag +oa 103“2}xexp(p(z))

7
where
2

p{z) = a1/(a2+z) + a3/(aLI + z)
and

a, = ~1.849

a2 = 11.5261

= 0.14

a3 06

ay = 0.0586

35 = 0.0096

ag = 84.5339

a, = 19.7486 .

20°

Appendix C

Multiplicities Used in the Background Calculations

Table C.1 contains multiplicities obtained with the Lund
Monte Carlo with two changed parameters (Emin'o‘z GeV and
A=0.2, see Chapter 4 for details). For comparison, Table C.2
contains multiplicities obtained by convoluting the BEBC and

EMC fragmentation functions.

Table C.1 : Mean wmultiplicities of particles obtained with
the Lund Monte Carlo program and used in the backgr@und
calculation as the function of invariant hadronic mass W™ .

Wl 7.0 22.5 49.9 89.6 164.9 [GeVZ]
", 0.72 1.35 1.8k 2.18 2.60
ne 1.30 1.95 2.45 2.85 3.21
K+: 0.02 0.10 0.15 0.18 0.21
K_: 0.08 0.14 0.18 0.21 0.24
o 0.00 0.03 0.07 0.09 0.12
. 0.61 0:66 0.70 0.73 0.77
n 0.00 0.03 0.06 0.08 0.11
n ¢ 0.39 0.4 0.43 0.44 0.47
K, : 0.04 0.12 0:14 0.19 0.21
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Table C.2 : Mean multiplicities of particles obtained fronm
fits to the BEBC and EMC fragmentation functions versus
invariant hadronic mass W .

P P Appendix D
W 9.5 24.0 47.0 2.0 180.0 [GevV"™]
™, 0.64 1.34 1.74 2.10 2.43
ot 2.05 2.34 2.55 2.76 2.97
K+: 0.05 0.10 .13 .15 0.18
K_: 0.17 .20 0.22 0.23 0.25 Muon Rates from E379
p : 0.07 G.14 0.18 G.21 0.25
p_: 0.u6 0.52 0.57 0.62 0.66
n : 0.07 0.14 0.18 0.21 0,25
\noz 0.46 0.52 0.57 0.62 0.66
K Lt .11 .15 0.17 0.19 0.22
Muon production rates (R1(pcut' R2(pcut)) from the
Fermilab experiment E379 (at the target densities
. 3 A _ Fe - 3
Py 6.12 g/cm @) 1nt-—1.266k1nt ) and Py 3,06 g/cm

F
int

for the momentum cut of 4.26 GeV/c (range of 3.11 m iron

(Asint=2.533k €y are presented below. The results given
equivalent material) are the mean of W and u+ rates because
sign determination was not possible at this momentum cut,
The data were taken with a n beam incident on a variable
density calorimeter. The muon momenta of 4.26, 8.45, G9.45,
15.45, and 20.45 GeV/¢ include a correction for the energy
loss (dE/dx) in the {iron, and are defined with respect to
the beginning of the calorimeter (not with respect to the
interaction point). This definition simulates muons produced
in secondary interactions from primary neutrino

interactions.



Table D.1 a : Sum of

+ -
y + u rates from Fermilab experiment

E379 for a muon momentum cut of
iron equivalent material) and 4

two target densities of p1=6.12 g/cm

Momentum
cut
(GeV/c)
4.26

(3.11 of
iron)

Table D.1 b

Beam
Energy
(GeV)

Lo.
75.

150,
225.

+
M +
P

0.900+0.060
1.92410.070
4,220+0.170
6.34020.270

muon momentum cut of 8.45 GeV/c

beam.,at two target

g/cm3:

Momentum
cut
(GeV/e)

8.45

Beam
Energy
(GeV)

50,
75.
150.
225,

densities of

+
U rate

4

0.08810.012
0.234+0,021
0,48710.056
0.939+0.101

x103

x103

GeV/c ( or 3.11
fes of the =
and 92=3.06 g/em”:

rate

P2

1.390+0.080
3.21020.150
7.03010.290
11.070+0.480

rates from Fermilab experiment E379% for a
and Y4 energies of the =
p1=6.12 g/cnm

P2

0.12720.019
0.366x0.0L4
1.18920.111
1.52320.161

and 92*3.06

Table D.1

+
d : u

muon momentum cut of 9.45 GeV/c

beam,at two target

g/cma:

Momentum
cut
(GeV/¢)

9.45

Table D.1

Beam

Energy

(GeV)

ho.
75.
150.
225,

u

densities

+
u rate

Py

0.077x0.012
0,20820.020
0.378+0.050
0.734+0.089

muon momentum cut of 9.45 GeV/c

beam_at two target

g/cm3:

Momentum
cut
(GeV/c)

g.45

Table D.1

Beam

Energy

(GeV)

b4o.
75.
150.
225.

densities of

u— rate

Py

.06220.015
L14620.016
.384+0.050
.561+0.078

OO OO0

of

x103

x103

rates from Fermilab experiment E379 for a
and 4 energies of the =
p1-6.12 g/cem

P2

0.095+£0.017
0.313+0,0M1
0.90L+0.098
1.19820.143

rates from Fermilab experiment E379 for a
and & energ%es of the =
p1m6.12 g/cm

P2

0.133+0,020
0.260+0.037
0:.585+0.079
0.%41+0.127

and pz=3.06

and p2w3.06

Table D.1 ¢ : u- rates from Fermilab experiment E379 for a
muon momentum cut of 8.45 GeV/e and U4 energies of the n
beam,at two target densities of p1=6.12 g/em” and p2‘3.06

u+ rates from Fermilab experiment E379 for a
muon momentum cut of 15.45 GeV/c and U energ%es of the =
beam_,at two target densities of p1=6.12 g/cm” and p2=3.06

g/cm3:

Momentum Beam p+ rate

cut Energy p1 y P2
(GeV/e) (GeV) x10

g/cm3:

Momentum Bean u“ rate

cut Energy £y 3 Py

(GeV/e) (GeV) 10

8.45 4o0. 0.115+0.014 0.179+0.023
75. 0.247+0.022 0.451+0,049
150, 0.547420.060 0.9150.099
225. 0.777+0.082 1.57420.164

15.45 Lo, 0.120x0.045 0.202+0.080
75. 0.806x0.123 0.954+0.225

150. 1.433+0.306 2.979x0.563

225, 3.668+0.629 3.422+0.765



Table D.1

u- rates from Fermilab experiment E379 for a

muon momentum cut of 15.45 GeV/c
beam_,at two target densities of p1=6.12 g/cm” and p2=3.06

g/cm3:

Momentum
cut
(GeV/c)

15.45

Table D.1

g/cm3:

Momentum
cut
(GeV/ce)

20.45

Table D.1

g/cmB:

Momentum
cut
(GeV/c)

20,45

Beam " rate
Energy p1 i
(GeV) x10
40, -
75. 0.58110.,104
150, 1.43320.306
225. 3.237+0.5M

and 4 energies of the =

Pa

1.11440,243
1.8090.439
4,790+0.905

u+ rates from Fermilab experiment E379 for a
muon momentum cut of 20,45 GeV/c
beam_at two target densities of Py= .12 g/em” and 92=3.06

Beam u+ rate
Energy Py y
(GeV) x10
40, -
75. 0.33740.077
150. 0.717£0.216
225. 1.94220.458

and 3 energjies of the =«

Pa

0.63620.184
1.38320.38%
1.88210.567

p- rates from Fermilab experilment E379 for a
muon momentum cut of 20.45 GeV/c
beam.at two target densities of Py .12 g/ecm” and pz=3.06

Bean M rate
Energy CH 4
(GeV) x10
40. -
75. 0.112+0.046
150. 0.71720.216
225, 2.26610.494

and 4 energjes of the =

P2

-

0.265+0.119
1.17040.353
3.42210.765
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Muon rates (R(pcut)) measured by the Fermilab experiment

E379 interpolated to the density p=4,27 5/cm3 ( A LE

Fe
int

int

1.764 A ) of the present experiment (Lab E apparatus)

are shown in Table D.2., The expression

LE A
R(pcut)).ﬁprompt(pcut))+(A int/x int)Rnp(pcut)

which is eguivalent to

A

LE
RO, )=Ry (P J*IR (b =R (o DIIATS 7 )

Bint)}

was used., For momentum cut 4,26 GeV/c, where there were no

cut int int”

- +
sign determination, equal rates for y and pu were assumed.
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Table D.2 H Muon rates for 5 momenta cuts and 4 beam
energles from the Fermilab experiment E379 trgnslated to the
density of the Lab E apparatus of p=4.27 g/cm”.

Table D.3 contains fit parameters to the results in Table

D.,2. The rates have been parametrized in a simple form:

LE Fe
( Aint = 1.764 Aint ) rate = ax(1-pcut/p“)xEﬂb R
Momentum Beam U+ rate “‘ rate where E1T and p11 are the pion beam energy and momentum, and
cut Energy a,b are constants,
(GeV/c)  (GeV) <107
4,26 4o, 0.597+0.036 0.597+0,036
(3.11 of 1;2‘ ;'gggfg'?gg ;’3;222'?2? Table D.3 : Parametrization constants for total muon rate
7 ‘ ° - * e versus energy from E379 translated +to the density of Lab E
iron) 225. 4,58910.205 4,589+0.205 deetector.
8.45 4o. 0.11140.017 0.15320,020 3 LE _ Fe
75. 0.313%0.037 0.3630.040 Cppp = %.27 g/em™ and &y 0 1LTOE Ay )
150, 0.884+0.093 0.76810.086 b
= - / xE
225, 1.28910.140 1.255+0.140 ( rate = ax(17p (/P )E)
9.45 40, 0.088+0.015 0.10540.018 Momentum * pate T rat
' 75. 0.27140.034 0.21440.030 e {total) (total)
150. 0.694+0.082 0.505%0.069 Coev/e) P! L3703
225, 1.01220.124 0.789+0.110
u 4,26 a=(1.11720.026)x10 > a=(1.11740.026)x10"°
x10 (3,11 of b= 1.118+0.005 b= 1,11840.,005
iron
15.45 4o. 0.169+0.068 - )
75. 0.895+0.191 0.901+0.199 8.45 a=(0.121£0.007) %10 > a=(0.37040.021) %10~
150. 2.36120.477 1.659+0.391 b= 1.307+0,012 be 1,082+0.012
225, 3.520+0.714 4,169+0.794
20.45 4o, - - 9.145 a=(0.12040.008)x10 > a=(0.26740.019)x10 >
75. 0.5160.151 0.204£0,0097 b= 1.265+0.014 b= 1.057+0.015
150. 1.117x0,327 0.989+0.307
225. 1.906+0.526 2.960+0.670
15,45 a=(0.020540.0024)x10 7  a=(0.0544%0.0068)x10 >
b=1.408+0.024 b=1,208+0,025%

20.45  a=(0.103040.0147)x10 2 a=(0.00013240.000019)x10 2

b=0.975+0.029 b=2.286+0.030


http:a=(0.267�0.019).10
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- +
For completeness parameters for u + u rate parametrized

in the same form rate = ax{1-p /p_n)xE“b are shown in the

cut

next table.

Table D;A : Parametrization constants for mean muon rates
(u + w ) from E379 at density of Lab E detector.
3 LE _ Fe
{ PLE =4,.27 g/cm” and Aint = 1.764 Aint )
b
{ rate = ax(1 pout/pﬂ)xE11 )

Momentum cut Fit parameters for

- * b
(GeV/c) rate{y +u ) = ax{1 pcut/pv}xE1I
4,26 a=2x(1.117£0.026)x10 >
b= 1.118%0.005 -5
8.45 a={(0.431£0.018)x10
b= 1.19240.009 -
9.45 a=(0.35720.017)x10Q
b= 1.164:0.010 -
15.45 a=(0,143+0,012)x10
b= 1.164£0.017 -5
20,45 a=(0,0117+0.0012)x10

b= 1.546+0.019

Appendix E
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Decay and Interaction Lengths of Pions and Kaons

The scaling of inelastic c¢ross

copper [4.7] yields

o(ﬂ+Fe) = o(ﬁ-Fe) = 584 mb
= (678 - 4.2p) mb

where p is pion momentum in GeV/c.

and
+
(K Fe) = 509 mb
o(K Fe) = 528 mb

with no momentum dependence.
These numbers correspond to the
interaction (absorption)} lengths:
A(r¥Fe) = 20.23 cm

- 1.182x10%/(678-4.2p) cnm
where p is plon momentum 1in GeV/c.
cm. For kaons

A(K'Fe) = 23.21 cm

AK Fe) = 22.38 cm

sections measured on

p > 22 GeV/c

p S 22 GeV/c

following values of

p > 22 GeV/c

p & 22 GeV/c

At 10 GeV/¢ A 1s 18.58
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The above results translated to the density of the Lab E

apparatus of PLE = 4,27 g/cm3 ( 1.764AintFe) give:

‘nt®

A(n®) = 35.69 cm p > 22 GeV/e
= 2.085 x104/(678-u.2p) cm p s 22 GeV/c
AkT) = 40.94 em

MK) = 39.48 cm

Note that a correction to account for the fact that 8.5% of
the material in the lab E detector consisted of scintillator

and other low atomic mass materials was applied {(i.e,

Fe
1.76&A1n and not

A t (rpe/PrE

Y x A where pFe-?.BT

int” int

g/cmg).
To calculate ratio of interaction length to decay length
the values ct(C)=780.4 ecm and ¢1(K)=370.9 cm were taken,

This gave:

. =3
s Aint/xdecay (6.38“/Eﬂ ) x10 P > 22 GeV/e

3.730/(E“(678—N.22“)) pﬂ £ 22 GeV/e
In the case of kaons two decay modes were taken into account
kT - uiv with branching ratio 63.5%,

+
K™ ~> ﬂiﬂo

with branching ratic 21.16%.
but ni -> uiv with =100% branching ratioc. Neglecting the

mass difference between charged and neutral pions it was

219

assumed that the charged pion carries 50% of kaon momentum.

Therefore:
. At 5.449x10 2 Mg |
K'e =2BXem L 0,635k mmemonnn +0.212x(-20%-x )
zdecay EK decay @E = 0.5E
<%
A 5.255x10" % A .
K: -8 g 35 mmmm e v 0.212x(-12E
A E A
decay K decay 6E = 0.5E
=25k


http:678-4.2E
http:1(678-4.2p
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Appendix F

Mean x Values Used in the Background

Calculation

Seven intervals in x (x=x_.) were used., The calculated

BjJ
mean value of xBj in each interval is
< x> = f sz(x) dx
where

Fy(x) = 37.8x(1=x)° + 0.6(1-x)°
Fz(x) is the nucleon structure function normalized such that
foZ(x)dx=1 {integrated from x=0 to x=1), The table below
shows the x intervals and the mean x values.

Table F.1 : The T x intervals used for the background
calculations and the mean values of x.

Interval < x >
0.000~0.050 0.029
0.050~-0,100 6.076
0.100~0.150 0.125
0.150~0.200 0.174
0.200-0.250 0.225
0.250-0, 450 0.334
0.450-1.000 0.537
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Appendix G

Final Tables and Fits of the Muon Rates from

Neutrino and Antineutrinc Showers

The final muon rates from neutrino and antineutrino

showers were parametrized as a function of the hadron shower

energy EH and momentum cut of the muon pcut in the following
form:
-4 B
P{u) = 10 A EH exp{~-f pcut)

where, f = C/EH + D, and A,B,C,D are constants.

As described 1in Chapter 4, the calculations were
performed iIin 7 xBj bins for neutrinoe and antineutrino
induced showers. Tables G.1~G.8 contain all the fit
parameters for the rates calcualated with the Lund Monte
Carlo fragmentation functions (with Emin-o.z GeV and x=0.2,

as discussed in Chapterd) and with data from the Fermilab

experiment E379 (see Appendix D). These are for a density
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LE Fe
= 1,764 xint

results for all values of x are similar, and that the use of

oLy = §,27 gf‘cm3 { Y. Note that the

A1nt
the x=0.2 parametrization yields a good description of the
calculation at all values of x.

These tables are followed by detailed tables containing
results from the hadron shower background calculation (at
xBj = 0'175)T Shown are rates of muons due to various
particles from primary decays and secondary interactions.

(all for the Lab E detector density of PLg = y,27 g/cms).

TABLE 6.1 : CONSTANTS USED TO PARAMETRIZE POSITIVE
MUON RATES FROM NEUTRINDO INDUCED SHOWERS FOR

7 X BINS FOR MUON MOMENTUM CUT IN THE RANGE

4, 26-9. 45 GEV/C.

X BIN A B c D
. 000-. 049 7.2336 . 4443 4. 8086 . 2284
. 050-. 099 7. 2683 . 4433 4. 786B . 2285
. 100~ 149 7.3354 L8416 4. 7649 . 2288
. 150~ 199 7. 41463 . 4389 4.7470 . 2284
. 200~ 249 7. 48585 . 4370 4. 7251 . 2287
. @50~. 449 7.7355 . 4297 4. 6838 . 2286
. 450~1. 00 B. 4489 . 4097 4, 6350 . 22874

TABLE 6.2 : CONSTANTS USED TO PARAMETRIZE NEGATIVE
MUON RATES FROM NEUTRINO IRDUCED SHOWERS FOR

7 X BINS FOR MUON MOMENTUM CUT IN THE RANGE

4. 26~9. 45 GEV/C.

X BIN A B . C D
. 000~, 049 5. 6228 . 4930 6. 6581 . 2343
. 050~. 099 S. 6585 L4911 &, 6412 . 2340
. 100-. 149 S. 6445 L4918 6. 6120 . 2341
. 150~ 159 5. 46760 L4502 6. 5901 . 2339
. 200~ 249 S. 6880 . 4897 &. 5634 . 2338
. 250~. 449 5. 7273 . 4874 é&. 5050 . 2335
. 450-1. 00 5. 7160 . 4845 6. 3939 . 2315
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TABLE ¢.3 : CONSTANTS USED TO PARAMETRIZE POSITIVE
MUON RATES FROM NEUTRINO INDUCED SHOWERS FOR

7 X BINS FOR MUON MOMENTUM CUT IN THE RANGE

9. 45-20. 45 GEV/C.

X BIN A B C D
. 000~. 049 8. 0084 CL1799 6. 3917 . 0892
. 050-. 099 8. 1272 . 1748 &. 3783 . 0B92
. 100~ 149 7. 9497 . 1810 &. 3362 . 0893
. 150-.199 8. 0383 . 1786 6. 3136 . 0B93
. 200~-. 249 B. 0591 L1781 6. 2820 . 0895
. 250~-. 449 8. 1573 . 1746 6.211%9 . 0895
.450-1. 00 8. 6548 . 1609 6. 0609 . 0B9é

TABLE €.4 : CONSTANTS USED YO PARAMETRIZE NEGATIVE
MUON RATES FROM NEUTRINO INDUCED SHOWERS FOR

7 X BINS FOR MUON MOMENTUM CUT IN THE RANGE

9. 45~20. 45 GEV/C.

X BIN A B c D
. O00~—, 047 4. 2157 . 2993 7.8943 . 0933
. 0506-. 099 4. 2484 . 2977 7. 8701 . 0933
. 100~. 149 4. 2377 . 2980 7.8381 . 0934
. 150~ 199 42574 . 2969 7.8077 . 0934
. 200-. 249 4. 2697 . 2964 7.7721 . 0935
. 250~ 449 42972 . 2944 7. 6928 . 0935
. 450-1. 00 4. 4322 . 2861 7. 5256 . 0932
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TABLE

6.5 ¢
MUON RATES FROM ANTINEUTRIND INDUCED SHOWERS FOR

CONSTANTS USED TO PARAMETRIZE POSITIVE

7 X BINS FDR MUON MOMENTUM CUT IN THE RANGE
4. 26-9.45 GEV/C.

X B

. 000~
. 050~
. 100~
. 150-
. 200~
. 250~
. 450~

TABLE

IN

. 049
. 099
. 149
. 199
. 249
. 449
1. 00

G.6&6 :
MUON RATES FROM ANTINEUTRIND INDUCED SHOWERS FOR

NNNNDOom

L1619

0723

. 0047
. 9331
. 8452
. 6653
. 1888

. 4168
. 4190
. 4209
. 4235
. 4258
L4311
. 4444

oo 00N

. 021é
. 9930

2620
9254

. 8890
. 8010
. 5942

. @259
. 22854
. 2254
. 2_259
. 2259
. 2263
. 2270

CONSTANTS USED TO PARAMETRIZE NEGATIVE

7 X BINS FOR MUON MOMENTUM CUT IN THE RANGE
4. 26-9. 45 GEV/C.

XB

. 000~.
. 050~.
. 100~
. 150~
. 200~
. 250—,

. 450~

IN

049
099
149
199
249
449
1. 00

N

. 5052

5140
5079
5155

5222

5828

. 8345

. 4644
. 4640
. 4654
. 4454
. 4656
. 4641
. 4563

paa@auu

. 2526
. 225&

1937
1633

. 1301
. 0581
. 9084

. 2319
. 2322
. 2326
. 2328
. 2330
.2332
. 2332
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nmnEreene MOMENTUM CUT = 4 26 HMEAN X - 1748 sesaxnniss
. - . RN
~=> HADHON ENERGY = ——e2 HMEAN WSG = 16 360
PRIMARY MU+ PH IMARY ~MU- SHOWER ~MU+ BHOWER ~MU-~ SUNM-MU+ SUM-MU-
PIMIN 0. J2403E-04 . 43398E-0& 1121 1E-09 4359BE-06 AIGPEE-Q4
PIPOS B2143E-04 o . J1BR1E-0% 12252E-0% BE3326-04 12252608
KAMIN 0. 10363E-04 L 1OL93E-04 29537606 10174E-06 . 10688E-04
WAROS JEBF4E- 04 o 11711E~05 45336E -06 39569E-04 45336E-~06
PRMIN Q. [+] 10641E~07 BBEBOYE-07 10641E-07 BBBHOFE-07
PRPOS Q 3 . 1013%€-0% 12043E-06 10135€-0% 12043E 06
NEMIN 4] Q 22718E~07 &2745E-07 2271BE-07 &2743BE-07
NEPQS [+] o 28631E~08 BBBYBE-07 2SENE-06 BBHY8E-07
KZERO . 2R&O3E-07 78297E-09 15771E~0& 44474E-06 1807326-06 44752604
ALL. HEGATIVE: DECAY 42767E-04 SHOMWER II7LVE-CT TOTAL 4573908
Alt POSITIVE DeCAY 120%46E-03 SHOWER . 6360FE-Q0D TaTAL 12692803
BUMMARY PCUT~EHAD~X-WSG 4 260 10 000 179 14 260 MU-/MU+7TOTAL A4673IFE-04 L 126%26-070 . 1 7366E~03
~=2 HADRON ENERQY = ~==> MEAN WSG = 24 100
PRIMARY MU+ PRIMARY MU~ SHOWEHR ~MU+ SHOWER~ MU~ SUM-HMU+ BUM—M~
PIMIN B4AR&IE-D4 L 193BIE~0H A2695E-05 19353E-05 H8I39E~08
PIPOS 12&17€-03 o . {0819E~04 B0413E-05 186DBE-OD S04136£-0%
KAMIN o B600BE~04 54857E-06 12825E-08 SABSTE-0& J7291E-04
KAPUS B10%%£-04 0. . BBZASLE-0Y 17171E-09% B43806~-04 1717E~05
PHMIN ¢ 0 . 348%2E-07 3B404E-06 56892E-07 3B4Q4E-08
PRPOS ] o. . 31569E~-Q5 A9587E-06 31589€-03 495B7E-06
NEMIN o o . 12193E-06 27102E-06 I2193E-06 27102E~-06
NEPUS Q. Q BH7LBE-06 BBLRAE-06 8%725E-06 3BE24E 06
RIERD . 24783E-04 11302€E-06 . F3EIOE-D& . 16449E-05 PHIBAE-04 17780€-05
AL NEGCATIVE DECAY 12039E-03 SHOWER 15512E-04 TOTAL 13%990E-03
aLL POSITIVE DECAY RS747E-03 SHOWEH . 213%59E~-04 TOTAL S7BB3E-0Q0
SUMMARY PCUT~EMAD-X-WEQR 4 260 1% Q00 17% 24100 MU~ #MU+/ TOTAL i3%90E~03 27G83€-03 A1473E-0G3
~=1 HMADRON ENERGY = -=-7 MEAN WSQ = 31 840
PHIMARY-MU+ PRIMARY -MU- BHOWER~-MU+ BHOWER ~HU~ SUM-MU+ SUM-MU~
PINMIN [s] 13550E~-03 . A736BE~-05 F1BODE-0% A7 36BE~C% 1446BE-03
PIFOS . 23007E-03 Q - R2Q93E~RA 11404E-04 27100603 11404E-04
KAaMIN &} &£5229E~04 . 13426E~09 29817E-05 $4428E-05 6BL71E-04
KAapas 11326E-03 o . 65705E~-05 366B3E-05 11983E-03 366H3E-08
PHMIN o [+] 14837E-06 B7748E~04 . 14837E-06 B776BE-08
PHPOS o [a} IBLBAE-0D 10860E-0% B8253E-09 10B&OE 05
NEMIN Q. O 31B4SE-06 H1353E-06 31545E-06 &13B3E~-06
NEPOS o ks 16567E-05 B7840E-06 16547E-05 B87840E-06
RIEHD ABFIBE-Q6 23690E~06 17840E-0% a3061E-05 21732e-0%5 37430605
ALL NEGATIVE DECAY 20096£-03 SHOWER 34356E-04 TOTAL 23532E~03
ALL POSITIVE. DECAY 3637303 BSHOWER 43411E-04 TOTAL A0714E-03
SUMMARY POUT-EHAD-X-WSG 4 260 20 000 175 3] 840 MU~ MU/ TOTAL 23532€-03 A0714€~03 44245603

aTe


http:Pr:UT-EHAO-X-~.SG
http:OlO'-~NO'-<.II

SRS RERSS

whurunsuns MOMENTUM CUT =

nEn 3

4. 26 MEAN X = 1748 snsssnsnnn

£33

~=-» MADRON ENERGY = 300 —--~> MEAN WSG * 47 320
Y-Mu+ PRIMARY ~MU- SHOWER ~MU+ SHOWEHR MU~ SUM-MyU+ SuM-MU-
PIMIN GPRXHAR " 2855SE-03 13984E~04 2323%E~04 13984E-~04 24878E-03
PIFOS IBRCSE-0D o . 4B424E~04 31413604 40747E-03 . 31413E-04
RaMIN Q 11703€-03 44111E-0% 75941E-05 44111E~0% 12462E-03
KAPQOS 15516E£-03 ) 13467E-04 BEL125E-Q5 1&:362E-03 8B 125E~05
PRMIN 4] o 4579%E-0Q6 23059603 4%795E~Q6 2ID5FE-O%
PRPOS [+] ) 11443604 REOZLE-QY 1{443E-04 24021E-05
HEMIN [+ Q I5490E -0b 15817E-05 FS490E-04 15817609
NEPDS Q Qe 341876-0% 21910DE~05 38147€-05 21919E-05
KZERD 13475E-Q% 93372606 49G95E-05 B2B04E~05 &3370E~0% 92141E~05
ALL NEGATIVE DECAY 34351E-03  SHOWER BHO14E-04  TOTAL 43153E-03
ALL POBSITIVE DECAY 515%5£-03 SHOWER 10155E-03 TOYAL S1710E-03
BUMMARY : PCUT~EHAD-X~WSG 4 260 30 000 17% 47 320 #HU- /MU /TUTAL 431 53E~03 &1 710E-03 10484E-02
~=3 HADHDN ENERQY = 40 O ——-I MEAN WSGQ = &2 BOO
PRIMARY-MU+ PHIMARY ~MU- SHOWER~MU+ BHOWER-MU- BUM-MU+ SUM-~-MU~
PIMIN o] . @9651E-03 27074E-04 40626 -04 R7074E-08 33714E-03
PIPOS 43649E-03 [e] . BOS70E~0R 57603E-04 51706£-03 576Q03E-04
KAMIN 0. 15416E-03 BASIIE~(D 13015604 BA5S99E~05 1671BE-03
KaAPOS 1796%9E-00 Q 20442E-04 14751E-04 20015E~C3 14741E-04
PRMIN o o} 04462E-04 40990E-05 FOREZE 06 4Q990E-0%
PRPOS ¢ v} 1467 70E-04 42890E-0% 1&770E-04 A2896E-05
NEMIN 0 o 18607E~-05 27785€ 0% 18407E-05 R?78SE-0%
NEPOS o s} 50991£~05 36768E-05 50991E£-05 367808E-0%
KIERQ 293B8BE-03 30436E~0S5 P1445E-05 13615€~04 12083E-04 166568E -04
ALL NESATIVE OECAY 45372E-03  SHOWER 15447E-03  TOTAL &0818E-00
ALL POSITIVE DECAY H1914E-03 SHOWER 17035£-03 TOTAL THYIGE-03
BSUMMARY PLUT~EHAD-X-WSQ 4 260 40 000 17% &2 800 HMU- M+ /TOTAL 40818E-03 . 79946E-03 13976E-02
~~> HADHON ENERGY = 73 O —-—w> MEAN WSG = 114 98
PRIMARY ~PU+ PHIMARY~MU- SHOMER ~MU+ SHOWEH —MU~ SUM-MU+ BUM-MU-~
PIHIN 0. . #1675E-03 F19S9E-08 . 11 769E-03 FIPHIE-04 53444E-00
PIPOS . 55801E-00 o . R1457E-03 17788E-03 77RBIE-03 17768E~03
KAMIN o] . 20748£~03 26408E-04 33814E-04 R&EA0BE~04% 24129E-02
KapOs 21040€-03 o 444625E-04 J741BE~04 25503E~03 374186 -04
PHMIN o] 4] 31794E-0% 12119E~04 31794E-05 12119604
PRPOS e] 0 . 34440E-04 10999E-04 36440E~-04 10999E~04
NEMIN o, Q. H4281E-05 81163E-0% HARBLE-OD B1163E-0%
NEPOS o] L4 11340E-04 FBIRIE-OS 11540E-04 FRIOLE-0S
RIERD 40113E-0% 48372E-0% 24&78IE~04 33499€~-04 32804E-C4 3B337E-04
ALL NESATIVE DECAY . 62906E-03  SHOWER 44136E-03  TOTAL 10704E-02
ALL POSITIVE ODECAY 77443E-03 SHOWERN A45194€-03 TOTAL 12368E-02
BUMMARY PCUT-EHAD- X-WSG 4. 260 7% 000 17% 116 981 MU- /MU TOTAL 10704E-02 1@364E~02 23068E-02
srsvnsnnsn MOMENTUM LUT = 4 24 HEAN X = 1748 seerzarses
» . -
~=> HADKOMN ENERCY » 100 .0 --=2 MEAN WEG = (35 68
PRIMARY-MU» PRIMARY ~MU- SHOWER ~MU+ BHOWER~MU-- BUM-M+ SUM~MNU~
PIMIN 0 S3424E-00 14B&61E-03 1794 E~03 14861E-03 71365E-00
PI1PDS 48804E~03 O J2006E—00 QIBSTE-(3 100BLE~02 e7837E-00
KAMIN o 2391BE-03 A0097E-04 4B4Z2E—04 40397E~04 S8758E-03
KaAP0S RIBBLE-03 0. 6147 7E-04 54078E-04 30033E-03 54078E~04
PRMIN 0. o 518&67E-095 18%77E-04% SIB67E-0S 1BB77E-04
PRPOS 0. 2] 541 26E-04 17012E~-04 54126E-04 17012E-04
NEMIN [+ [s] . 10A&FE-D4 12960E-04 10846FE~04 12440E-04
NEP{S ) o 17336E-04 155%05E~-08 17336E-04 1530%E-04
KZERQ . 65300E~05 . 959518E-035 A0I74E-DA 47413E-04 46804E-04 BLILLE~04
ALL NEGATIVE: DECAY . 77995E~Q3 SHOWES &7184E~03 TOTAL 14504E-02
ALL POSITIVE. DECAY ¥3343€-00 SHOWER &F7F4E-OB TOTAL 16314E-02
SUMMARY PCUT-EHAD-X~WEG 4. 260 100 200 175 155 681 MU~ /MU TOTAL 14504E 02 . 16314E-02 30818E-02
~=3 HADHDN ERERGY = 150 O > MEAN W5G = 233 08
PRIMARY MU+ PRIMARY MU~ SHOWEH-MU+ SHOWER ~MU~ BUM-MU+ BUM—MU-
PIMIN 0. &OOCOE-03 27607E-03 J1376E~03 27607E-03 R1376E-03
PIPOS . 74899E-03 [o] . S45B7E-00 49823E~02 12949E~02 498236 -03
HAMIN ] . ®4700E-03 . 6F0B4E~04 . 77A55E-04 &FVERE~O4 B2ABLE~O3
KAPDS ZUCOZE-QD 0 25575E-04 . BBQONE-04 34559E-03 BBOO3E-04
PRMIM o4 ] . 9608%E-05 322IBE-04 FEOBSE-0S 332ISE-04
PRROS o C. . 10R37E-0D 331146E-04 10237€-03 33116E-04
NEMIN 0 o - 19401E~-04 L RI71I6E~03 . 17401E~04 21716E-04
NEPOS o 0 3298 1E-04 J0LATE~O4R A2FLLIE~O4 J0&41E-04
KZERD &£1030E~0% . HERLTE-05 &740BE-04 749303E-04 73711E-04 81760604
ALL NECATIVE. RECAY §5383€~03 SHOWER . 11700E~02 TOTAL 2023802
ALL POSITIVE. DECAY . 10051E-0R BHOWER 12185E-Q2 TOTAL 22276E-02
SUMMARY - PCUT-EHAD-X ~HW5G 4 260 180 000 173 233 082 MU—/MUe /TOTAL K02IBE 02 22236E-02 A2474E~02
-~ HADRON ENERGY = 200 O e MEAN WSQG w310 48
PHIMARY MU+ PRIMARY~MU~ SHOWEH-MU+ SHOWER~MU- BUM-MU+ SUN-MU~
PIMIN o 53967E-03 431486E-07 A45463€ <03 41446E-03 99450€ -0
PIFOS &6404E~07 o 77837E-03 RIZCE~0] 14423E~02 . 72930£~03
KAMIN o . 22947E-03 . F7FRTE-O4 10577E-03 F7FIIZE~O4 . JU524E-03
HAPOS R34TJE-03 o, 12963E-03 122326-03 J&39BE-03 . 1223E-03
PHMIN [+ ¢ 14203%E~04 . 45982€~04 . 14209E-04 4598RE~04
PRPOS . 0. . 1&6707E~03 54783E-04 L 16707E-03 . 54783E-04
NEMIN Q. ] . 2867 7E-04 31044E~04 ZBL77E~04 L 31044E-G4
NEPOS [+} L+ SETRIE~CA . BORASE~04 BR7FLE-04 50249E~04
RZEHD . 63067E-05 . &3067E-08 . F4735E-04 10164E-03 . 10104E~03 10797€~03
AllL NEQATIVE: DECAY . 77864E~03 SHOWER . 16957E~02 TOTAL . 247L4E-02
ALL POBITIVE. DECAY . RCALTE~DI BHOWER L 17779E-02 TOTAL RPILE-OR
BUMMARY PCUT-EHAD-X-WEG 4. 360 200 000 17% 310 483 MU= /MU /TOTAL . RA714E~0R 268I6E-02 . B1340E-02
- - 'Y »

87z

627
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sauneansse MOMENTUM CUT =

* e
4 26 HMEAN X = L1748 mexesanray

== WADRON ENERGY = 230.0

PININ
PIPOS
KAaMIN
KAPDS
PHMIN
PRPOS
NEHIN
NEPOS
KIERD

PRIMARY MU+
B40R1E~03

' 2764%€-03

Qo000 O O

. 50380E-03

ALL NEGATIVE DECAY
ALL POSITIVE. DECAY

SUMMARY - PCUT ~EHAD~X-WEG

~~=2 MEAN WSQ = 387 .88

PREMARY ~MU~ SHOWEHR ~HU+ SHOWER~MU- SUM-MU» BUM-MU-
. 7326RE-0T . 36070E~03 0602803 BHOTOE-OT 13386E-02
o . 1019%E-02 9HBIBE -G 187976-02 QRESIBE-03
29513E-03 - 12718E-03 13499€~02 12715E-03 3901203
o . 16AB7E-03 1%705€-03 431 32E-03 1370%E~03
o . 18808BE-04 39810604 18808E~04 59810E~04
) 24932E~03 B19460E ~04 24932E-03 81940E-04
o . 37924E-04 40379E -04 37924E-04 40379E-04
a . 770R6E-04 73719E-C4 77026E-04 73719E-04
8293%E~0% 12169E-03 12886E-03 12673603 L 13715E-03
F960IE~03 SHOWER 224BBE-02 TOTAL 32448602
118176~02 SHOWER . R3770E-0R TOTAL 35187E~02
4. 260 250 000 179 387 882 My~ /MU /TOTAL J244BE-02 35187E-02 &763BE-02

* * * KUTERREERERBRE AR RRRE SRS ER
Exrernennn MOMENTUM CUT = 8 45 MEAN X = L1748 #EAAREENER
»* * . RN R REERRRRRAERRERE R RS

%

—=> HADHON ENERGY =

PIMIN
#1P0OS
KamMiN
RAPOS
PHMIN
PHPOS
NEMIN
HEPDS
KIERO

PRIMARY MU
. 14550€~0%

T406YE-OhA

POGRe O @

ALL NEGATIVE DECAY
ALL POSITIVE OECAY
SUMMARY PCUT-EHAD-X~HSG

—=> HADHON ENEHGY =

PIMIN
PiPOS
KAMIN
RarQas
PRMIN
PRPDES
NEMIN
NEPDS
KZERDO

PRIMARY ~-MU+

=]

15093 ~04

73130E-05

[ R R o g R«

ALL HEGATIVE OECAY
ALL POSITIVE DECAY

SUMMARY FLUT-EHAD-X-WSE

—~ HAOKON ENERGY = 20

PIMIN
PIPOS
KAMIN
KAPDS
PHMIN
PRPOS
NEMIN
NEPQS
RIERD

el MEAN WSG = 14 3&0

PHRIMARY ~MU~ SHOWER~HMU+ SHOWEH-MU- SUM-MU+ BuM-Mu-
41744E~Cb 27654€-008 13419E-07 27454E-08 A3085E~06
Y] 43577E~07 F4443E~08 15006E~08 F4463E-08
83729€~-07 51173E-0% 85147E--08 $1173E-09 8A44E-07
2] {RAT6E-O? ACS31E~08 7601 7E-O6 40531E-08
o 56818E~10 BI748E~0F S5&4818E-10 H274%E-09
L+ 768932E-08 S3VB4E-GF TEIIZE-08 $3134E-09
Q 321309 . 43472E-09 13213E~-0% H4472E 09
Q 16669E-08 A3135E-09 1666508 33135609
] H5464E-09 420S56E-08 854B4E-09 42056E-08
501 16E-06 SHOWEHR AHR7IE-0OF TOTAL 3371RE-0&
21957E-0% BHOWEHR 78933E-07 TOTAL 22746E-05
8 450 10 CO0 179 16 Ha0 MU~ /MU+ 7 YOTA

S3714E-D6 2274 6E-05 281 18E-05

-l MEAN WSS = 24 100

PRIMARY~MU~ SHOWER ~MU+ SHOWER-MU- SUM-MU+ SUM-HMU-
42515E~-0% . 3B%47E-07 14333E-06 38947E-07 50944€ 05
0 A36B0E-06 12252E-06 1552%9€-04 12252E~06
156%3E-05 10390E-07 3%785E-07 10390E~07 16092E-05
1] 17942E-0b 50839E~07 74924€E-05 S0839E-07
2 . 10102E-08 11399E -G7 10102E-08 11399E-07
o] . 11454E-06 101%9E-07 11464E-06 10LS9E~07
[} . R342€6E-08 87459€~-08 23A7Z8E-0H 7459E~08
0 . 27048E-07 H£9549E-08 . 27048607 &£9549€-08
(1] 15436E-07 B8L20E~07 15436E-07 S8620E-07
6%209E~09 SHOWEH ABAISE- 06 TOTAL . 6FTIE-TS
22406E-04 BHOWER BRU7IE-06 TOTAL 23231E-04
8 430 1% 000 173 24 100 MU~ /MU 7TOTAL HF7I2E-0D QIAZE~O4 30RVAE-GR

PHIMARY-MU+

37123E-0R

174026043

RO O

25134E-07

ALL NEGATIVE DECAY
ALL POSITIVE DECayY

SGUMMARY PCUT-EHAD~X~WSG

~==2 MEAN WEG = 31 830

PRIMARY ~MU— SHOWER~MU+ SHOWER ~MU -~ BUM-MU+ SUM-MU-

14105604 15627E-06 A7R37E~C& 15627E-06 14584E-04

¢ 13435E-05 461 IBE-0& 38466E-04 461 3BE-08

56105E-05 4823685€-07 15581E-06 . 48385E~07 57663E-05

3] $230FE~04 1B1&FE~06 17956E-04 1B169E-06

[+] 4401BE~08 417835607 44018€-08 41785E-07

o 37Q76E-06 41153E-07 J7074E-06 41 {B3E-07

o 10091 E-Q7 B1426E-07 10091E-07 31424E~-07

[¢] FRHTBE-O7 SIBLIE-O7 R2975E~07 H9561E-CT

350GRE-O9 b&1T1E-O7 SOF09E-D6 F1305E-07 20FARE-D&
19714E-04 SHOWER . 16313E-05 TOTAL 21347E-04
54575E~04 BHDWER 2616303 TOTAL 57196E-04

B 450 20. 000 178 31 840 MU~ /MU /TOTAL £1347E-04 S7196E-04 7854304
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€2



FREseRnnes MOMENTUM CUT = B8 4% MEAN X =

ERAXBEEUES

1748 ssssssenus

£33

P TR Dy N L Ty Yy e nunen LYY
-=> HADHON ENERGY = 30 O ey MEAN WEQ = 47 3320

PRIMARY ~MiJ» PRIMARY -MU-~ SHOWER -MU+ SHOWEHR ~MU~ SUM~MU BUM-MU-
PIMIN 0. A40223E 04 F7511E~08 IPLI2E-0% FIBIE-O6 42134E-04
PIPOS 85223E-C4 0 A7820E~05 20860E -0% FOOOSE-O4 20850E-05
KAMIN ¢ 19263€ ~04 QEBESE-DS &P443E-06 26HLTE~06 19964E-04
KAPOE 38G72E-04 o 16787E-05 7393BE~ 06 39751E-04 7IV3BE~06
PRMIN o 4] E3F7RE-O7 17849E-0& 23374E-07 17899E~06
PRPOS o ¢ 1238%E-05 1H445E-06 12395€~0% 1EH44A5E 06
NEMIN 0 o 52221E-07 130PBE-06 5222107 130R3E~Q&
NEFOS ) o . 3R2770E~06 13HINE~ 06 337 70E-06 1381 9E -0k
KIERD 749R2E-07 33401E-07 J328%E -0 BIZQE-0b AQ778E-08 B&782E-0%
ALl NEGATIVE DECAY 59526E 04 SHOWEHR HB8971E-05 TOTAL &64203E -0/
ALL POSITIVE DECAY 12337€-03 EHOWER RATFOE-OB TOVAL 132R%E-03
SUMMARY PCUT-EHAD~X-US0 8 450 30 000 178 47 320 &£63T3E-04 1328%€~03 L9927E-03

MU-/MyU+/TOTAL

=+ HADHON ENERGY = 40 O —-=> HEAN WSG = &2 800

PR IMARY MU+ PHIMARY ~ M~ SHOMWER ~MU¢ SHOWER -MU- BUM-MUs SUM-MU~
PIMIN 1] &B316TE~0R 1999 1E-05 43009E-05 19991E-05 72448E-04
PIPOS 1267 1€-00 o] . 100%2€-04 50583 ~05 13676E-03 S5O963E-05
KAMIN ] 34831E-04 71336E-04 15%61E~08 71334LE-06 36437E~04
Rar(s S4H9IE 04 o] 32276E-0% 163%9GE-05 STE2Z1E-04 16398E-05
PHMIN Q (4] &2400E-07 31549606 HZANCE-0Q7 41549E~ 06
PHPOSG 0 el RIFIBE-O5 A263E~06 SEYEBE-0D 42632604
NEMIN 0 0 13683E-08 29635 06 13683E-06 2HETSE-06
NEPOS e) 4] L4 785E-Ck . 32503E-06 SA7HOE~06 32503E-06
KZERQ 11128606 18612606 BI6BLE-0 18096E-0% F4813E -0k 19BLFE-0B
ALL NEGATIVE DECAY 10314E-03 BHOWER 15848BE 04 TATAL 1{901E-03
ALL POSLITIVE. DECAY 18141E-03 BHOWER 20070E~-04 TOTAL 20148E-00
BUMMAHY PCUT~EHAD-X-WSG 8 450 40 000 175 &2 800 MU~ /MU TOTAL 11901E-D3 20148E-03 BROATE~C3
== HADRON EMERGY = 75 0 -e3 MEAN WEG = 116 58

FRIMARY MU+ PRIBARY -MU- GHORER -MU+ SHOUWER MU~ SUM-MiS+ SUM-MU-
PIMIN [+] 14225602 10720€-04 18212€-04 10720E~04 16746E-03
PIPOS 2264503 o . A7801E-04 23260E-04 2HAZBE~03 23960E-04
RAMIN 0. 77068E 04 A7112E-05 &£3998E~-05 37112605 BIALBE-O4
KAPOS BB245E-04 2] 98145E~05 &2B65E-09 IBOLIE 04 L2865E-05
PRMIN o o 35BUSE-O 1B548E-05 35835606 18%48E-09
PRPOS o] © TH2IVE-05 17907E-0% 76230E-09 175907809
NEMIN 1] [ THO93E-06 . 12873E-0%5 76053E-06 12873605
NEPQS ] 4] 214674E-0S 14342E-03 21676E-05 14342E~0%
HZERO 12960809 14581E~05 39BI0E-09 L67RSE-0B S2450E-05 B8I306E-0%
ALL NEGATIVE DECAY 22797€~03 SHOWER &HTEF7E-04 TOTAL 29587E--00
ALL POSITIVE DECAY 21595603 SHOWER 76946E-04 TOTAL 39289€~03
SUMMARY PCUT-EHAD~ X ~4UBQ 8 4%) 7% 000 17% 114 983 M- MU+ /TOTAL 29587E-03 392BFE-0I S8B77E~02

aseess

xmansnins MOMENTUM CUT a 8 45 MEAN X =

HERER B BB REREASFRRERBB BB BIREERSRSBERARRNB AR R RS BB B AR R RS RS ETIFRRARNBE B R LSRR
1748 sensnsraun

L N e R T RN T TS e » FRERSS R B AR EECRRRRAREREERAEDENY
==> HADKON ENERGY = {00 O --~3 MEAN WS@ = 155 &8
PRIMARY M+ PR IMARY MU~ SHOWER ~MU+ SHOWEHR -~ SUM-HUs SUM-MU-
PIMIN Q 19236E-03 LO198E-~04 31577604 20198E-04 2RIFIE-03
PIPOS Z7420E-03 0 &R2TITE -0 4TIF4E-04 33LIFE-0] A2T94E 04
KAMIN [} F53176~04 LEPLGE~O5 105 (3E-04 &P IOE-0% 10%B3E~0J
KAPOS 10126E-03 o 14BA7E- 04 10278604 11611E-03 L 1027BE~04
PHMIN o o LF0BLE - 08 B26TOE-0T &I0B6E-0& 32670E-0%
FHPOS o o] 12424E~04 J17A4E-05 1242404 3174405
NEMIN [¢] © 14526E-09 2RHADE-05 14526E-05 R2540E-OB
NEPOS ] Q 36292E-05 2L183E-05 ILRVZE -0 . R61ATE-O5
KIERD S17313E-0% 15799E~05 &9BO3E~-0% 10684€-04 B7117E-0S 12264E-04
ALL NEGATIVE DECAY 2B923E-03 SHOWER 11734E-03 TOTAL 40661E-03
ALL POSITIVE. DECAY 37719E~03 SHOWER L 1R971E-03 TOTAL SQ&FOE-03
SUMMAKRY - PCUT -EHAD - X~WSG 8 450 100 000 175 155 68t MU~/ MU+ TOTAL ADLSHLIE-Q SO4ICE-O3 . 91351E-03
~=> HADRON ENEHGY = {50 0O ~—-2 MEAN WEG = 203 08
PHIMARY MU+ PRIFMARY-MU- SHOWEHR ~MU+ SHOWER-MU- BUM~MU+ SUM-FY -
FIMIN o, 24117E-03 44586E~04 H33H2E-04 . A45BLE-04 3045303
PIPOS 32337e~03 [ . 11938E~03 8444E-04 4427%E~03 BI444E-04
KAMIN 0. . $31303€-03 . 13632E-04 L 19221E-04 13432E-04 13125E~Q3
RAPOS 1H13NE-03 ¢ . ®S079E-04 . 19034E~04 13839E~03 . 19034E-04
PRMIN 0 o 15436E-05 . 65743E~05 15435E-03 £5763E-05
PHRPOS 0. o 25242E-04 7$290€~05 28242604 T1290E-05
NEMIN ] o 32190E-05 45142E-0% JIFLFOE~DS . A%142E-05
NEPGS )] ] 7S742E-05 60121E-0% 75742609 L &Q121E-05
KIERD . ®9845E-05 169B3E~0% 13743 E-04 189B1E-04 . L&72BE~Q4 . 204679E-04
ALl NEGATIVE: DECAY . 3B490E-03 GHOWER 23427E~03 TOTAL $8917E-03
ALl POSITIVE: DECAY L A39STE-O3 SHOWEH . 23399E~Q3 TOTAL &F367E-03
BUMMAHY PCUT-EHAL-X-4WSa 8 450 150 Qoo 1758 233. oBR MU-/MU+/TOTAL S8 7E~-03 . &9367E~-0T 12828€~02
==-2 HADRON ENERGY = 200.0 ~-- MEAN W5Q » 310 48
PHIMARY-HU+ PRIMARY ~MU~ BHOWER —MU+ SHOWEHR~ MU~ SUM-MU+ BUM-~MU-
PIinin [+ 29327E~02 FIPFBE~04 . PRLILE-Q4 TIFISE~04 . JFLPOE-03
PIPOS . A7HQ0E-Q3 ] 17973E~03 143CG1E-03 $5573€~03 . 14303€-03
KaMIN Q. 1258703 21298E~08 27944E-04 21253€-D4 . 18381E-03
KAPOS . 126246E-03 [e] . A5222E~-04 28434E-04 16$4BE~03 2BA34E-04
PRMIN Q. o] . 2538%E~0% 101 16E~04 25385E~0% 101 14E-04
FRPOS Q. o LARBALE-O4 . IRBIVE-04 A2421E~04 . 1837604
NEMIN 0. ] 27IOE-08 . LF229E~0S . BR2730E~-0% L SFRIVE~OB
NEPOS Q. o] L 1R70%E-04 30779E~08 12705E-08 1077%E~04
KIERD . I37TSPE-08 . I5759E~03 20987E-04 271208~04 24B6TE-04 J0&LTHE~04
ALL NEQATIVE DECAY L 42271E~03 SHONER . 34580E-03 TOTAL 78851E-03
AlLL POSITIVE: DECAY . 50%83E-03 SHOWER 3I9411E-03 TOTAL . BF9Y94E-03
SUMMAR CUT-ERAD-X~WE6 8 450 200 000 17% 310 483 My-/MU+/ TOTAL 76851€-03 89994E-03 14BE4E-0Q
& &

L]
s

[A 4



A3 -
REE »w *REERE L - RERRREERBEESRN SRR
remzEswnwr MOMENTUM CUT = B 4% MEAN X = 1738 sxxsdunnene
rRBRR - RUREERIERERN
HADHOM EMERGY = 280 © --=3 MEAN WEG = 387 88
PRIMARY MU+ PRIMARY ~MU~ GHOWER~MU+ BHOWER~HU-~ SUM-HU+ SuM-HU-
PIMIN o] 33403E~03 18717E-03 136F4E -0 10747E-03 A47097E 03
PIPOS 41456E-03 4] 2426 3€~03 2013%9E-03 &5719E-03 20139E- 03
KAMIN o 13175E-03 29331€-04 36733€-04 29331E-04 1684803
KAPDS 13342€-03 0 4%5427€-04 38326E-04 1788%E-03 3834E- 0%
PHMIN ¢ 4] 345130E-05 13738E-04 36130E-05 137568804
PRPOS [+] &) HIFETE-04 Q203208 04 HIFL7E-04 2CIF0E 04
NEMIN [+] o 74821E-0% R3IBLTE G5 74821E-08 38LTE- OB
NEPOS ¢ 4] 18901E-04 16829608 1B9GIE-04 16829€-04
KIERD 24100E-03 2B470E-05 2B52VE-04 35181£-04 30933604 JBCZBE - (4
ALl NEGATIVE DECAY 1&6862E-03 SHOWER 50893603 TOTAL RT7BHEE-0D
AlLL POSITIVE DECAY . 5S03%E~-03 SHOWER B&7QRE-QT TOTAL 1097402
SUMHARY PCUT-EHAD-{-WSG 8 450 250 000 175 387 883 MU /MU / TOTAL 977S56E-03 10974E-02 20750802
- » - » FREABE BB RNNE HRAE . sRENR
pErERtawenr MOMENTUM CUT = 5 45 MEAN X = 1748 ssssnnssan
AFPERRERR B AR IFBSS R A BB UBRA BB AR RARARRERRER RN SR BN ERBERERSAUABRBESERR R R R R R R RS RERRRNRR RERRAEXESERR AR
» HADRON ENEHGY = 10 O === MEAN WSG = 1& 350
PRIMARY-MU+ PRIMARY ~HU— BHOWER MU+ SHOWER -MU - HUM-MU+ BUM-MU-
PIMIN Q. B3I721E-07 T3IBIE-09 28516508 73IFN3E 09 B&BIIE~Q7
PIPOS 3000%E-Cé& ¢ 100%6E-07 CEHI7€-08 31018E-04 26IL7E-0B
AAMIN 6. 154304E-07 12476E-09 AR 3O -G9 124346£-09 19888E-07
KARDS 15524E-06 o] A440B6E-08 - 11A464E-08 1 8964E 08 11444E-08
PuMIN I3 ) o 14282610 16R25E-09 14282E~1Q 16429E-09
PRPOS [+] o 13246E-08 114296 -0% 13244E~-08 11429E~09
NEMIN [s] o . 3402CE-10 13142€-09 33020E~10 13142609
NEPOS o o 26188609 470%16€-10 261888 -09 &7051E-10
KIERD 0. [+ 20585E-09 737 37E-C% 205685E 09 79737E-0%
AlLi NEGATIVE DECAY FFIRIE~QT SHOWER B837%54E-08 TOTAL 10750E-06
ALL POSITIVE. DECAY 48BIE-06 SHOWER 17RCSE-O7 TOTAL 472530k
BSUMMARY PCUT-EHAD-X-WSG @ 450 10 000 175 i& 360 MU~ /MU /TOTAL 107 50F -6 47253E-04 S80DIE-06
-2 HADHON ENERGY = 15 O > BEAN WS5Q = 23,100
PHIMARY ~MU+ PRIMARY-MU- SHOWER~MU+ SHOWER ~MU -~ SUM-MU SUM-MU-
PIMIN o 24946E-05 . 19295E-07 36430E-07 192956 ~07 25510E~05
PIROS . BCHH0E~05 0 IBO1SE~Os $3031E-07 B2452€ -05 &3031E-07
RKAMIN 0 73BI2E-O6 AFLE-OB 14973E-07 A94L21E-0B 75GORE-04
RAPOS A9739£~0% a . 76047E-07 26833E-07 40300E-0B 26833E-07
PRMIN o a 4B231E-09 3300&E -08 48231E-09 A300&E-GH
PRPOS o O . AR 1DBE-D7 4BRI7E-08H AR2BE-O7 4899 7E-C8
NEMIN o o - 11817E~08B 33726E-08 11417€-08 337F4E 08
NEPOS o ] I002E-07 . 32344E--04 100218 ~07 324448-08
RIERD 4] 3] 74782E-08 22484E-07 TA7T8RE OB 2248RE-07
ALL NEGATIVE DECAY 322R7E-QS SHOWER 199B7E-04 TOTAL 34293608
ALL POSITIVE. DECAY 12039E-04 SHOWER 33370E-Q4 TOTAL 123803¢ 0%
SUMMARY PLUT-EBAD~X-USE ® 450 15 000 173 24,100 MU~ /MU 7 TOTAL 3A293E-05 12383E-04 1581 2€-04
~=> HADHOMN ENERGY = 20 O —==> MEAN WS3 = 31 840
PHIMARY -MU+ PRIMARY ~-MU~ SHOWER ~MU+ SHOWER~-MU~ BUM-MU+ BUM-ML-
PIMIN Y 846836 -05 2023%E~07 22{04E-O8 F023%E 07 B&BRIE~05
PIPDS . @3B3IE-04 o . GR292E-06 . 27497E~06 23474E-04 Q7497
KAMIN o 31935%E-0% BTEZFE-OT TO?R7E-O7 27629€-07 3244
®APOS 11282E-04 [¢] 2%823E-06 11163606 115406-04 P 1143E-06
PRMAIN o] o] 24775E~-08 L IB7S7E-07 2477508 1875707
PRPOS [+] ¢ 17497E~06 24038E ~07 17497E ~06 280IBE~07
NEMIN Q ¢ ST7ASE~0B 14354E~07 57 725E 0B 14354E-0Q7
NEPOS Q [+) AZ7HAE-O7 1687HE~07 42754E -07 14B7HE~Q7
KIERD ¢ o 3BABIE-O7 IHB23E-07 J83IB1E-07 FOBETE~O7
ALL NEGATIVE DECAY 11662€-04 SHOWER BAGR27E-04 TJOTAL 1251 1€-04
ALL PUSITIVE DECAY 3B113E~04 SHOWER . 12833E-05 TOTAL 36394E-04

BUMMARY PCUT-EMAD-X-WE0Q g 450 20 000 175 31 840 MU~ MU/ TOTAL 1251 1E-08 3e3IFGE-DA A8R07E~C4
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.
#awsssssss MOMENTUM CUT =

13

LTT3 - annnns

9 45 MEAN X = 1746 susssssiuus
LTy T3 e (2]

--> HADRON ENERGY = 30 O ---> MEAN WSQ = 47 320

PR IMARY-MU+ PRIMARY-MU- SHOWER-MU+ SHOWER -MU- SUM-MU+ SUM-MU-
PIMIN 0. 2771BE-04 50010E-06& 96291E-06 50010E~-0& 286B1E-04
PIPOS 6£2493E-04 25064€E-05 13930E--05 &4999E-04 . 13930E-05
KAMIN 0 12938E-04 17427E-06 35150E-06 17427E-06 13289E-04
KAPOS 28098E-04 [o] 91310E-06 51244E-06 29011E-04 51244€-06
PRMIN 0. (o] 14755€E-07 B8828B0E-07 14755€E-07 B88280E-07
PRPOS [o] [o] b5909€E-06 12391E-06 65909E-06 12391E-06
NEMIN o] [+] 33509E-07 65300E-07 33509E-07 &5300E-07
NEPOS o [e] 17023E-06 90798E-07 17023€E-06 90798E-07
KIERO 12513E-07 19264E-07 21962E- 06 43122E-06 23213e-06 45049E-06
ALL NEGATIVE. DECAY 40675E-04 SHOWER 40193E-05 TOTAL 444694E-04
ALL POSITIVE DECAY 90603E-04 SHOWER $1911E-05 TOTAL 95794E-04
SUMMARY PCUT-EHAD-X-WSQ 9 450 30 000 175 47 320 MU-/MU+/TOTAL 446794E-04 95794E-04 t4049E-03
—-> HADRON ENERGY = 40 0 --- MEAN WSQ = 62 800

PRIMARY-MU+ PRIMARY-MU- SHOWER-MU+ SHOWER-MU- SUM-MU+ SUM-MU-
PIMIN 0. 50225E-04 13787E-05 23096E-05 13787E-05 52534E-04
PIPOS 9B430E-04 ] 55810E-05 36021E-05 10401E-03 36021E-05
KAMIN 0. 25260£-04 499463E-06 87156E-06 49963E-06 26131E-04
KAPOS . 42539€-04 o 18620E-05 1213BE-05 44401E-04 12138E-05
PRMIN ] o] 42294E-07 21989E-06 42294E-07 21989E-06
PRPOS ] o] 13607€-05 30893E-06 13607E-05 30893E~06
NEMIN 0. [+] 94098€-07 15887E-06 94098€-07 15887E-06
NEPOS ] [+] 36052E-06 23067E-06 36052E-06 23067E-06
KZIERO 96B824E-07 129B2E-06 59499€-06 10047E-05 b9181E-06 11345E-05
ALL NEGATIVE DECAY 75614€E-04 SHOWER 99202E-05 TOTAL B855356-04
ALL POSITIVE DECAY . 14107€-03 SHOWER 11774E-04 TOTAL 15284E-03
SUMMARY . PCUT-EHAD-X-WSQ 9 450 40 000 175 &2 800 MU~-/MU+/TOTAL . B5535E-04 15284€E-03 23837E-03
—- HADRON ENERGY = 75 0 ~~=> MEAN WSQ = 116 98

PRIMARY-MU+ PRIMARY-MU— SHOWER-MU+ SHOWER-MU- SUM-MU+ SUM-MU-
PIMIN o 12096E-03 B0997E-05 10631E-04 BO997E-05 . 13159€-03
PIPOS . 18937E-03 [+] 22601E-04 . 18533e-04 21197e~03 . 18933€-04
KAMIN ] 62221€-04 288946E-05 38545€-05 28B896E-05 bL076E-04
KAPOS 73841E-04 o 60977€E-05 50506E-05 . 79939€E-04 50%06E~-05
PRMIN 0. o 26849E-06 10762E-05 . 26B49E-06 10762E-05
PRPOS o] 0. 47008E-05 14251E-05 47008€E-05 14251E-05
NEMIN Lo [+] . 57524E-06 75301€E-06 57524€E-06 75301E-06
NEPOS ] [e] 13147E-05 11248E-05 13147E-05 11248E~05
KZERO 81040€-06 58113E-06 31385€-05 406§0E-05 39489€-05 46421E-05
ALL NECATIVE DECAY 18376E-03 SHOWER 46509E-04 TOTAL 23027E-03
ALL POSITIVE DECAY . 26402E-03 SHOWER 49685E-04 TOTAL 31371E-03
SUMMARY PCUT-EHAD-X-WSQ 9 450 7% 000 175 116 981 MU-/MU+/TOTAL 23027E-03 . 31371E-03 54398E-03

L I TR T Y]

[T TR 1Y un

rennuussss MOMENTUM CUT = 9 45 MEAN X = 1740 sasessntnn
e LTI ) - -
=-~> HADKRON ENERGY = 100 O —=-> MEAN WSQ = 155 &8
PRIMARY-MU+ PRIMARY-MU- SHOWER -MU+ SHOWER-MU- SUM-MU+ SUN-MU-
PIMIN o} 15454E-03 156S6E-04 18960E-04 15656E-04 17350E-03
PIPOS 22675E-03 o} 3B8367E-04 33902E-04 26511E-03 33902E-04
KAMIN ] 78262E-04 53627E-05 &£5288BE-05 53627E-05 B4791E-04
KAPOS 85361E-04 ] 94052E-05 83998E-05 F4766E-04 B83999E-05
PRMIN o} ] 53302E-06 1954%E-05 53302E-06 19549E-05
PRPOS o} o] 77B64E-05 25600E-05 77864E-05 25600E-05
NEMIN o} 0 11280E-05 13565E-05 11280E-05 13565E-05
NEPOS o} ] 22472€-05 20880E-05 22472E-05 208B0€-05
KZERO 18635E~05 93859€~06 56343E-05 66818E-05 74978E-05 76204E-05
ALL NEGATIVE DECAY 23374€E-03 SHOWER B2432E-04 TOTAL 31617E-02
ALL POSITIVE DECAY 31397E-03 SHOWER 86120E-04 TOTAL 40009E-03
SUMMARY PCUT-E£HAD-X-WSQ 9 430 100 000 175 155 681 MU-/MU+/TOTAL 314617E-03 40009E-03 71626E-03
—--> HADKON EMNERGY = 150 O —---> MEAN WSQ = 233 08
PRIMARY-1MU+ PRIMARY-MU- SHOWER-MU+ SHOWER-MU- SUM-MU+ SUM-MU~
PIMIN ] 20267E-03 . 35211E-04 . 38509E-04 35211E-04 241189€E-03
PIPOS 274672€-03 o} 7368B46E-04 71385€-04 35041E-03 71385€E-04
KAMIN ] 96757E-04 . 11150E-04 12136E-04 11150E-04 10889E-03
KAPOS . 98695E-04 o . 16011E-048 . 15685e-04 11471€-03 15685E-04
PRMIN o o 12187E-0%5 . 40046E-05 12187E-05 4004&6E-05
PRPOS 0 o 15B96E-04 57563E-05 15B96E-04 57563E-05
NEMIN o} ] 25495E-0% 27591E-05 25495E-0% 27591E-05
NEPQOS o} o 47195€E-0% . 48327E-05 47195€E-05 48327E-05
KZERO 23S35E-05 29845e-05 11276E-04 12035E-04 13629E-04 15019€-04
ALL NEGATIVE DECAY 30241E-02 SHOWER 16710E-03 TOTAL 46952E-03
ALL POSITIVE DECAY 37777€-03 SHOWER 17172E-03 TOTAL 54949E-03
SUMMARY PCUT~EHAD-X-WSQ 9 450 150 000 175 233 082 MU-/MU+/TOTAL 46952E-03 54949E-03 10190E-02
-=> HADRON ENERGY = 200 O -=-=> MEAN WSG = 310 48
FRIMARY -MU+ PRIMARY-MU- SHOWER-MU+ SHOWER ~MU - SUM-MU+ SUM-MU-
PIMIN ] . 29837E~03 $9009E-04 61148E-04 59009E-04 31952E~03
PIPOS 33456E-03 ] 11235E-03 11447E-03 44691E-03 114567E-03
KAMIN 0. 11091E-03 17519E-04 17927E-04 17519E-04 12BB4E-03
KAFPOS . 11166E-03 ] 22679E-04 23448€-04 . 13434€-03 2344BE-04
PRMIN o} o 20269E-05 62782€6-05 20249E-05 62782E-05
PRPOS o} o 26801E-04 10322e-04 26801E-04 10322e-04
NEMIN ] o} 42149€-05 43050E-05 . 42149E-05 43050E-05
NEPOS o} o 79874E-05 B&429E-05 79874E-05 BLE2FE-05
KZERO 19215e~-05 22265E-05 17314E-04 17427E-04 19235e-04 19654€E-04
ALL NEGATIVE™ DECAY 37151E-03 SHOWER 26419E-03 TOTAL 63570€-03
ALL POSITIVE DECAY 44815E-03 SHOWER 26990E-03 TOTAL 71805E-03
SUMMARY PCUT-EHAD-X-WSG 9 450 200 000 175 310 483 MU-/MU+/TOTAL &3570E-03 71805€E-03 13537£-02
2 & b
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wrmusuners MOMENTUM CUT = G 45
wREEny L2 *

MEAN X =

1740 sannnsenun

BRRABAIERARARRERR RN N - -

—= HADRON ENEHCY = 250 O -m=> MEAN WSG = 387 88
PRIMARY-MUs PR IMARY =« MU~ SHOWER ~tU+ SHOWEN -MU-~ BUM-MU» SuM-MU-~
PIMIN [+) 27906E-03 85733E-04 BS309€-04 85733E-04 3603?03
PIPOS J4&Z1E-Q3 o 1520803 16151E~03 49829E-03 16151E-03
KAMIN 0 11389E-03 28191E-04 23643E~G4 241%1E-04 P3753E-03
KAPOS 114466E-03 o] FFLHAE~GE 3{514E-04 143%2E-03 31514E-0G4
PRMIN [+} [ 28954€-0% . BSHZ7E-0B . RBYS4E-0S 83877E~0%
PRPQOG 0. 4 - 40349€-04 16305E-04 A0349E-04 16303E-04
NEMIN 0 Q. 5IG58E-05 SBHSSE~-0Y 59958E-00 58655L-05
NEPOS & o] 11B85E-04 134B1E~Q4& 11885E~04 13481E-C4
ARIERD 28470E-05 A0BIYE-0B 2A516E-04 F2655E-04 2636E ~04 Q6TASE-04
AlL NEGATIVE - DECAY . 39304E~03 SHOWER J&BB7E-0] TOTAL 76191E-03
ALL POSITIVE DECAY 46372803 GHOWER J7520E-03 TOTAL BAY6L2E-03
SUMMARY. PCUT~EHAD-X~WSQ 9 450 250 000 175 387 883  MU-/MUs/TOTAL Fo191E-03 B3962E-03 16015€-02
wy - - LR 22 RELREREBRERENN s 4
#nsampusnr MOMENTUM CUT = 1% 45 MEAN X = 1748 sssununsrse
. LA d EREERBFEALSRFRZRARBEES “RBERY e
-—> HADRON ENEHCY = 20 O ~—=> MEAN WEG = 31 840
PRIMARY ~MU+ PRIMARY MU~ SHOWEH-MU» SHOWER~MU- SUM~MU« BUM-MU~
PIMIN ¢ JR210E-08 431 56E~08 12058E-07 A1 BEE-O8 33415E-06
PIPOS 11803€-05 [»] A274E~-07 154426-0/ 1R3E-OD 15442 -07
KAMIN [s] B8BBO4E~0? 1145%€-08 A2083E 08 11455E-08 F204A2E -07
RAPOS BFGOBE-06 o] 19198E-07 HPLIPE -0B H1T2DE-06 LF633E -08
PRMIN Q. [¢] 10020E~09 B4216E-0% 10020E-09 BAZ16E-C9
PRPOS o o] . R10B1E-08 1G750E-Q8 9108108 10750 -08
NEMIN Q 0 E5861E-09 72618E-09 29B41E-09 78&618E -09
NEROS o] o 18557E~0B HARPIE-OF 18557608 &AABZE 09
RIERD 0 [+] 1646408 AT 5RE-OB 16664E-08 4715%E -08
ALL NEGATIVE DECAY . RL1O90E-08 SHOWER 457056807 TOTAL A5661E-06
ALL PLGSITIVE DECAY 17784E-05 SHOWER BO442E-07 TOTAL 18588E~05
SUMMARY PCUT-EHAD-X~WGQ 15 45¢ 20 000 175 31 BAQ My~ MU/ TOT AL 4GHHI1E~DS 18588BE~05 23155E-05
~=> HADRON ENERGY = 030 O ~—=i MEAN WEQ = 47 2320
PHRIMARY -t PRIMARY ~MU-~ HHOWRER-MU» SHOWEH MU - BUM~-H e SUM-M~
PIMIN o I2IHRE-03 S0219€-07 11401E-06 50219607 33503E-0%
PIPDS 9 164E-05 0 34736E-04 15883E-0¢ 1D264E-D4 15883606
WaAMIN o 1R2532E-0% 17306E~07 40907E~07 17506E-07 12941E-0%
KaPOg 4633IE-0 o . 14483E-06 &7000E-07 47781E-0% &7000E~-07
PRMIN o 0. 13430E-08 9 3620E-08 13430E-08 FILIOE-08
PRPOS o s) 94282€-07 14156E~07 F42B2E-07 18156607
MNEMIN 0. V] JIL2773E-08 7510708 32773E-08 7H5107E-08
NEPOS o o w1F49E-07 F497{E~08 RI94%E-07 V4971E-08B
“2ERO i [s] . 23401E~07 S4Z12E-07 23401E-Q7 54212E~07
ALL NEGATIVE: DECAY A4894E-05°  SHOWER . 47B49E~06 TOTAL 42639E-05
ALL POSITIVE. DECAY 14550E-04 SHOWER 704 {7E~06 TOTAL 15254604
SUMMARY : PCUT-EHAD~ X ~WSO 1% 450 30 000 175 47 320 MU- /M /TOTAL AP6A9E-05 152%4€-04 Q0ZIPE-04
~=2 HADRON ENERCY = 40 © ~—~> MEAN WSG = 62 800
PHRIMARY~MU+ PRIMARY~MU- SHOWER ~MU+» SHOWEH~MU~ SUH-M+ SUM~MU-
PImMIN Q FUIBRE-OD 18142606 D5BA7E~06 18142€-06 ®B3837E-0%
F1pGS 23B14E-09 o HBEIRE-0b . 33018E~04 24503E-04 BR0OISE~0b
KAMIN 2] 4G760E-0% bFEETE-DT 18212E~0& LFEHTE-O7 42iB1E~OS
®APQS 10473E-08 [o] . 39384E-06 SOEIE-06 1085704 20821E-06
PRMIN [+] a 51787€-08 B166SE~07 B31787E~-08 JLELSE-0T
PRPOS Q o [G18AE-06 AT77BSE-O7 261BRE~08 47785E-07
NEMIN Q. s 12818E-0O7 . 24338E~07 12218E-07 KAIIBE-O7
NEPOS o o] 69BOE-O7 3321407 . 63980E-07 332146~07
®2ERD o 74952E-09 87519E-07 17539E-06 L B7SIFE-OY 17604E ~0b
ALL NEGATIVE DECAY . 13102E-04 BHOWER 1551 3E~05 TOTAL 184536-04
ALl POSITIVE DECay . JIFBBE-04 BHOWEHR 203%436-05 TOTAL 350426 -4
SUMMARY PLUT-EHAD-X-WSG 15 450 40 Q00 MU=/MU+/ TOTAL . 18453E-04 36042E-04 50a9BE-04

179 42 800
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EEERSBERERBRBEBERRRBRRRS RSB SRR R ERRRRABARREREBREBARRERERER RN LIZ L)

sesnuannen MOMENTUM CUT = 15 45

. 1748

BERNBBEBREERERURBRSERRARRRIEBE S

MEAN X =
*

.

~=3 HADRON ENERGY = 75 O ~-~x MEAN WG = 116 96
PRIMAHY MU+ PHIMARY MU~ SHOWER-MU+
PIMIN o, 38346BE~04 . 1S084E~05
PIPOS - 7@713E-04 °© 54466E-0%
KAMIN 0. . 1F766E-04 . 61183€-06
RAPOS . 293B3E-04 0. . 17361E-05
PRMIN 0. o . 481 5BE-Q7
PRPOS 0. o 12746%5€-05
NEMIN 0. 1] 1073%E~-06
NEPOS . [+] . 33378E-06
WZERO . LOB92E-06 14417E-04 . F0ATE-0b
ALL NECATIVE: DECAY . 58278E-04 SHOWEH 1026RE-04
ALL POSITIVE: DECAY 10220E~03 BHOWER . 11760E~04

SUMMARY . PCUT ~EHAD-X-WBG 15, 450 7% 000

1759 116 281

WRRRRER Y
EHRREBEERRERER R NR

WERSRBSBBARBEEBURRN R B BB RN REN

SHOWER-MU-
23216E~05
. 37714E-05
. ¥5656E 06
12147E-05
L BR717E-06
G2057E-06
14521E-0s
23867E-04
10529E-0%

TOTAL
TATAL

B854 7E-04
11396E-035
MU~ /MU /TOTAL

~=3 HADHRON ENEHGY = 100 O --= MEAN WG = 155 48
PRIMARY MU+ PRIMARY ~MU- SHOWER~MU+
PIMIN 0. . BB627E-04 . J2893E~05
PIPOS FREISE-04 o . 10210E-04
KAMIN [+] . 30357604 12850E~0%
KaAPOS 38756E~04 ke] 29B43E-05
FRMIN o O . 1077306
PREOS 4] o . 23%33E-05
NEMIN 0. Q. 23575E-06
REPOG 0 0. . &3BITE-Q
KIZERD . 4081 7E~06 2E7R1E-08 13924E-0%
ALl NEGATIVE. DECAY BF202E-04 BHDWER . 20190804
ALL POSITIVE: DECAY 13883E-03 SHOWER . 22424E-04
SUMMARY  PCUT-EHAD-X-WSG 15 450 100.000 . 1795 139, 681
~~> MADRON ENERGY = 150 O —--> MEAN WEG = 233 08
PRIMARY-t1U+ PHIMARY~MU~ BHOWER~MU+
PIMIN Q 2O014E-Q4 . BR2233E-05
P1POS 1361 76~03 a. 21942E-04
KAMIN o} . 4517BE~04 30360E-08
RAPOS S0252E-04 [} SEIOSE-05
PHMIN ] G, 28000E-06
PRROS el o S54348E-05
NEMIN 4] < . 6025708
HEPOS Q. o] . 15113E-0%
KZERD . B&S40E~06 . 72313E~06 . 31411E-09
ALL NEGATIVE: DECAY . 13592603 HHOWER . A5740E-04
ALL POSITIVE: DECAY . 1872%e-03 SHOWEH 497463604
SUMMARY - FCUT-EHAD-X-WEG 15 450 150 000 175 233.082

SHOWEHR -MU~
46236E-05
7&£131E-05
18417E-08

. 22R45E-05

. Ab6A1E-Db
L£4122E-06

. 33416E-06

. AFAHLE~Ob
19507E-0%

TOTAL . 1Q%39E-03
TOTAL . 16128E-03
MU~ /MU+/TOTAL

SHOWER ~MU—
. 10609E~04
17884€-04
L 3RI3TE-0S
45964E~03
. 108R4E-05
16246E-05
. 77161E-06
. 12911E~0S
39800E-05

TOTAL 181467603
TOTAL . 23705%E-03
MU~-/MU+/TOTAL

RRRERRURRREARBUE RN ERRERRERERRE R AR I ERRAA SRR REBRERRRRU B I RER AR ARSI R AR AR NNN
1748 Sansansuny

“annessnns MOMENTUM CUT = 15 45

MEAN X =

BUM-MU+ BUM-HU-~
15084E-0% A06BFE~04
78160E~-04 37714E-05
&1183E-06 . 20722E-04
3111VE~04 . 12147608
4815BE~-07 2271708
127&656-0% 32057E-06
10739606 16521E~0&
33390E-06 . BABL7E-06
79640E-0& . 119731E-05

&BB47E-04 11394E-03 182%1E~03

SUM~MU+ SUM-MU-
JQAGTE-0% 63251E-04

. 10990E-03 76131E-05

. 12850E-05 32199E-04

L 41711E-Q4 2224 BE~05

. 10773E-06 G66R1E-08
23533e-09 68 122E~06

. 23575%E-06 F3416E-06

. &3SR7E-06 AR46LE-06
17954E~05 214686E-05

1093903 . 16128E~03 . 27067E-03

BUM-MU+ SUM-MU~
82233€-05 10062E~03

. 15€811€-03 17884E-048
30360E~05 49092E~04
55842€~04 . ASTHAE-OD

. 28000E~06 10874E~05
54368E-05 . 16246E-08

. 6OZBIE-0b . 77161E~06

. 15113E~05 . 12911E-05
40045E~05 47031E~05

181467E-03 237056~03 41873E~03
ARRRRER 2222242

P Y Y T R s s R L T T I I 2]

~~> HADRON ENERGY = 200 O -y MEAN W8Q = 310 48
PHIMARY ~MU+ PHIMARY-MU~ SHOWER-MU+
PIMIN a. 1163903 14652€-04
FIPOS5 1637503 4 36002E-04
KAMIN 0. 55478E-04 51406805
RAPDS . 58103E-04 o B4459E-08
PRMIN o Q H0473E-06
PHPOB o [4] G7RIE-0D
NEMIN o o 10766E-05
NEPUS G o 273585605
KWIERD . 8%937E-06 10672605 51700E-05
ALL NEGATIVE DECAY . 17289E-03 SHOWER T1626E-04
ALl POSITIVE DECAY 22272E-C3 SHOWER 83829604

SUMMARY PCUT-EHAD~X~WSG 15 450 200 000

175 310 483

BHOWER-MU~
18281E-04
307462E-04

. 6281 0E-05
72893E--05
1B651E~OD
J1287e-05
13108E-05
BAB75E-05
&E2206E-05

TOTAL 250352E~002
TOTAL 30654E~002
MU-/MU+/TOTAL

w~> HADMDN ENEHGY = 250 O weml MEAN W
PRIMARY-MU+ PRIMARY~MU-

PIMIN o 1286403

PIPOS . 1703756~03 o}

KAaMIN o . 60077E-04

KAPOS . 4£1401E-04 0

PHMIN G, 0

PRPOS ] o

NEMIN . G,

NEPDS 0. o

KIERQ . 15248E-05 1524BE-05

ALL NEGATIVE: DECAY 19026E-03 SHOWEH

ALL POSITIVE. DECAY . 23668E-03 SHOWER

SUMMAKY PCUT-EHAD-X-WSG 1% 450 256 Q0O

856 = 387 88
SHOWER-MU+
22558E-04
. 50730E~C3
741465E-05
11270E-04
75681E-04&
15634604
. 16044E~05
42994E-~0%
73165~05

11272E-03
12159E~03
.17% 387 883

BHOWE H-MU-
. 26497E-04
45254E-04
. B&316E-05
10156E~04
246638E~-0%
. B1902E-08
. 1BH4A2E-05
. 40&12E-05
84033E-05

TOTAL 30296E-03
TQTAL 35826803
MU-/MUH/TOTAL

SUM-MU+ SUM-MU~
13852E~048 13443E~03
19975603 BQ76IE-04
51804E£-0% &£1759€-04
&65%0E-04 72893E-05
S0473E-06 1B6RIE-Q5
FB71E~O5 21287e-05
10766E-0% 13104E~05
27585E-05 24875605
602P3E-095 72B78E-0%

25052E~03 J0LS4E-03 538704603

SUM—MU+ SUM~-MU~
22556E-04 . 15518€-00
2244BE-03 . AS256E-04
74165E-0% &B70BE-04

L 72671E~04 10156E-04
75681E-06 264638E-05
15634E-04 B1902E~0%
16068E~05 1B64ZE~05
42958E-05 40612608
8p413E-05 992BI1E-O5

. 30RF6E-03 aA5BR6E-03 66123E-03
P L 4

4144

172



(2222222 - RX X2 2 22 2T s R TR Ry eI 2 a2 RS 22222222322 2 222 23
sannnnsany MOMENTUM CUT = 20 4% MEAN X = 1748 sunssssvan
RBRABRBERERBRIDRRARBARERBERAREBERA RN A SR AE R SRS ARBR R RS I AR BB AR E SRR IR FRRBERRER R AR B E LR B R R R B AP AR R FGA LR BB E RS RN T

~=> HADKON ENERGY = 30 O ~==3 MEAN WSQ = 47 320

PRIMAKRY -MU+ PRIMARY =M~ BHOWER ~MU+ SHOWEHR ~MU~ SUM-MU+ SUM~MU-~
PIMIN 0. 51%49E-06 . 16B17E-07 A2700E-08 16517E-07 B1976E-06
PIPOS 1B&50E-05 o 151693607 59440€-07 18802E-0% 59440E-07
KAMIN o 17138E-06 L BR7LIE-08 13804E-08 SR2713€-08 17376E--08
KAPOS THE-Ok o HBERHE-08 REITFE-OT FR406E -0 2697RE-Q7
PRMIN Q [¢] 3BHERE-0% 30273E~09 3B8RIE-0Y 0273609
PRPOS o o 37764E-0B 48550E-08 JI77HAE-08 485 50E-08
NEMIN o < 103%94E 08 26989 09 1G394E~08 2698FE-09
NEPOS 4] ) TL2IRE-09 28743608 TH2ILE~0F SH7A3E-08
WIERD o O 72848E 0B 13068E-08 FIBABE -08 19088E -08
ALL NEGATIVE DECTAY &B687E-06 SHOWER 10228E-06 TOTAL 7891 %k -06
ALL POSITIVE. DECAY B7B2ZE-0S SHOWER $7072€~07 TOTAL 283936 -05
BUMMARY - PCUT-EHAD~X~WSG 20 430 30 000 17% 47 320 M- MU S TONARL TBYLSE-0s 2839305 3628405
> HADRON ENERCY = 40 O —-~> MEAN WBQ = 62 800

PRIMARY ~HU+ PR IMARY ~MU~ SHOMWER~MU+ BHOMWER —MU— SUM-MU+ GUM-MU~
PIMIN [¢] 22933E-05 . RIBLE-C7 21362E-07 S1BE-OT 23144605
L 141 71963E~-0% ) &63BRE-07 29508E-06 TEL2T7E-05 2950BE ~0&
RAMIN o] Q4211E-06 34H97E~07 a279ge-08 34697€-07 FS039€ 06
KAPOS 3I3I2SE-05 ] L 27841E-0Y 12324€-06 3370ZE-GD 25LIE-00
PRMIN o2 o . 2420608 17294508 2R206£-08 17294€-08
PRPOS o [ . 1843007 B7363E-07 18430E-07 278636~07
MEMIN [+] ¢ &0769E-08 14259€~-08 HOTLIE~O8 142 S9E 08
MNERDS o o 4148908 L 17673E-07 41489E-08 17E7IE-O7
KZERD <} o 4503396 -07 10741E-07 45339807 10743E-07
ALL NEGATIVE™ DECAY . 323IBAE~OT SHOWER . S0880E~ 06 TOTAL . 37442E-0%
ALL POSITIVE BECAY 10539E-04 SHOWER 2REFIE-O6 TOTAL 10836E-04
SUMMARY #CUT-EHAD~X-HSB4Q a0 450 40 000 175 &2 800 MU-/MUS /TOTAL 37442€-0% 10836€-04 14580E-04
== HADHON ENERGY = 7% O w3 MEAN WSQ = 116,98 .

PRIMARY ~MU+ PHIMARY ~MU~ SHOWEHR MU+ SHOWER ~MU~ SUM-MU+ SUM~MU-
PIMIN [} 16278E-084 10E27€-05 21589E-06 10127€-03 16493E-04
B1POS 358B6E-04 o STBI0E-Ob 26602E-0%5 J6431E-04 L 2OETI2E-0
KAMIN 0. 834826 ~05 A4J832E~06 FLBOTE~QT 40832E-08 B4414E-0%
KAPDOS 14994E-04 2] 20311E-06 P91 3E -0 15197€-04 991 3E-06
PHRMIN o) ¢ L A149%E-07 19870E-07 B1499€-07 19870€E-07
PRPOS o 1] 15407E-06 W3B7FE-Q6 15407E-04 23879E-06
HEMIN o o 72122607 15385€-07 72122607 15035€-07
NEPOS a o 6B26E-07 17340E-06 A6596E~07 17348E -06
WIERD 1718707 253F4E~07 BO774E-0 1066BE-06 52493€-04 13207€ 06
ALL NEGATIVE DE{AY ZALBIE-0R SHOWER 44552E-08 TOTAL 29417608
alLL POSITIVE DECAY SOB6TE~04 SHOWER . 30312€e-0% TOTAL H3IBIBE~04
SUMMARY PCUT-EHAD-X-WSG 20 450 75 000 . 17% 114 981 MU~/ MU+/TOTAL 29117€-04 53EYBE~04 B3015E-04
“reu ruen rERRENS L L T T T R T T IR YT P Y
#upavspnss MOMENTUM CUT » 20 45 MEAN X = 1746 #unpusvnnn
HRBBAERABEERRARBREER AN HAREARNE ERERR L2 22224 RABBTERRABREELEEARRARAREIERRRRRRRBRERRFERAPEAS

==> HADKON ENERGY » 100 ©

3 MEAN WSG = 153 &8

PHIMARY-t1Je PRIMARY ~MU- SHOWER -MU+ SHOWER -MU - SUM-myU+ BUM-MU-

PIMIN o] 28491E~08 22835€ 05 5242BE-0& 2R835E-05 2921 5€-04
PIPOS 3514BE-0% 0. 13478E-05 54714E-05 56426€E -04 54914E-05
KAMIN (4] 15051E-04 FB1IZE-06 22048E-04 9B112€-04 15272E-04
KAPOS . 2R08BE-04 4] 43575E 06 17571E~05 22521€-04 17571E~05
PRMIN [ o FRRR4E Q7 4971807 T4P44E~07 4971 4E~-Q7
PRPOS Le} o 38326E-06 A7417E~Cb 3BI26E~06 47417E-06
NEMIN ¢ Q 16998E-06 IB3ICRE-07 1659BE -0 3B304E-07
NEPOS 0 4] BF1249€-07 36470E-06 1249E-07 36470E-04
KIEHD I740SE-Q7 14380E-C6 10797€~05 28577808 1H171E€-05 38987E-06
ALL NEGATIVE DECAY . AJ3BB6E 04 SHOWEH FIHHFE-0F TOTAL $3052E-04

ALL POSITIVE DECAY L 7727VE-04 SHOWER 6B432E-05 TOTAL 84114E-04

SUMMARY PCUT-EHAD-X~HS0 20 450 100 000 17% 155 681 MU-/MU+ /TOT AL BIOSRE-04 B4114E-04 13717E-03

= HADRON ENERCY = 150 0

MEAN WSG = 233 08

PHIMARY ~MUe PRIMARY M~ SHOWER - MU+ SHOWER MU~ SUM-HU+ SUM-MU~
PIMIN Q 50476E-04 5932SE-0% 16644E-0% 5903256 -0% S2141E-04
PIPOS B83377E-04 o . 4L145E-0% 127468€- 04 . B7912E-04 127&5E-04
KAMIN 0 26284E ~04 . 2397LE-05 S&050E-~06 2IPTHE-05 26F4ABE-03
KAPQOS 31867E-04 o . 137BRE~05 . JB4LBAE-05 33045E-04 35684E~05
PRMIN o (e} SOI0VE-06 161G1E~-06 20300E 06 16101E-06
FRPeOS Q Q 1397405 11105E-0% 13973E-0% 11105E~0D
NEMIN [¢] o2 ABA2BE 06 12429€-06 43428E-06 12429€~06
NEPOS o] o 330F7E-06 FOV0BE-06 33097E-06 20905E ~06
KIERO QIFRBE-Q8 2E2I9GE 06 . RABOCE-05 FOFTAE 06 R7195E-0% FIETOE-O6
AtL NEGATIVE DECAY . 77024€E-04 SHOWER R1676E-04 TOTAL RDLFIE-04
ALL POSITIVE DECAY 11350€~03 SHOWEH 1844BE-04 TOTAL 13397€-03
SUMMARY  PCUT-EHAD- X~W84 20 450 1350. 000 175 233 o082 My~ /MU+/ TOTAL IBLIFVE-O4 L3397E-03 23867E-03
~—> HADHRON ENERGY = 200 O ==} MEAN WSG = 310 48

PHIMARY -[U+ PRIMARY-MU- SHOWEH-MU+ BHOWE R~ MU~ BUM-MU+ SUM-MU—
PIMIN o &8 1AE~D4 10336E~04 35120E-0% LON3SE-04 T14626E-04
P1PQS 10309E-03 o 85493E-05 20935604 11164E~03 209356 ~04
RAMIN Q B343T79E-04 IRZEFE-0B 13294E-05 39229€ -0 33708BE-04
KAPOS 30186E-04 Q R2T1HE-0B S36BLE-05 A042BE-04 $3684E-0%
PHMIN 0. o 3548306 33B4BE~D& 35483E 04 3384BE~ 04
PRPUOS o ] L ABVLIE-OS 12669605 IS H1E~O5 1966FE~05
NEMIN ¢ o . 74731E-06 S&IISE-06 747IE-06 2633DE-08
NEPOS [} o Bi29%E~08 J63I0E-05 #2956 -06 1631 0E-0%5
RZERD T1416E-06 TB&16E-C8 . 3PREBE-05 13%99E-0% 463L7E-0S 21861E-0%
ALL NEQATIVE DECAY 10325603 SHOKER 34TASE-04 TOTAL {3999E-03
ALL POSITIVE DECAY 14196€-03 SHOWEH 34429E-DA TOTAL 174639E- 03

BUMMARY PCUT-EHAD-X-WSQ 20 450 200 000 175 310 483 MU-/MU+/TDT AL £3999E-03 17639€E~-03 31&636E-03
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The final values of kinematiec and geometric quantities
(after the cholice of the leading and the second muon) are
shown in the form of event summaries. Names used for the

important characteristics are:

SMOM - the momentum setting of the train,
IKN = 1 for K, IKN = 2 for = events,
RAD = the radius of the vertex (in inches),

ANG1 = the polar angle (with respect to the incoming
neutrino direction) of the first muon {(in radians),
ANG2 = the polar angle (with respect to the incoming

neutrino direction) of the second muon (in radians),

PTOT? = the total momentum of the first muon {(in GeV/c),
PTOT2 = the total momentum of the second muon (in GeV/c),
EMEAS = the total measured energy of the interaction (in
GeV),

EHAD = the total hadron shower energy {(in GeV)},

XVIS = the Bjorken x determined from the measured values,
YVIS = the scaling y variable determined from the measured
values,

VNUVIS = v dstermined from the measured values (in GeV),

QSQEIS = determined from the measured values (in
GeV /c ),2 5
WWVIS = determined from the measured values (in GeV©/c¢c ),

VERTX = the x position of the vertex (in inches),

VERTY = the y position of the vertex {(in inches),

ENEU = the neutrino energy as determined from the radial
position of the vertex (in GeV),

PHI12 = the azimuthal angel between the two muons in the
plane transverse to the incoming neutrino direction (in
radlans%

QsSQ = determined wusing the energy of the interaction

detﬁrméned form the radial position of the vertex (in
GevV©/e),

VNU = v determined wusing the energy of the interaction
determiged form the radial position of the vertex {(in GeV),
WW = determined wusing the energy of the interaction
detsrm ned form the radial position of the wvertex {(in
GeV©/c ),

XRAD = x determined wusing the energy of the interaction
determined form the radial position of the vertex,

PHI = the azimuthal angle of the first muon (in radians),
ZM2VIS = PTOT2/(EHAD+PTOT2)
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ZMU2 = as ZM2VIS using the radial position of the
interaction,
PMUHD = the transverse momentum of the second muon with

respect to the hadron shower direction (in GeV/c),
VERTZ = the longitudinal position of the vertex.



RUN 1353 EVENT 2099 SMOM 250
1FR,SC 1t BM,SL 0 O EFFICY .2430
ANG2 L2735E-01 PTOTY  20.11 PTOT2  10.08
YNUVIS 129.0 QSQVIS 51,63 WWvis  13.83
ENEU 170.6 PHI1Z2  2.%58 QsQ 58.96
M2 L6T13E-D1 ZM2VIS ,7816E-01 PMUKD  .1739
EFF2 L2693 EFF1 0. IEHT 1
RUN 1476 EVENT T4 SMOM 165
IFR,5C 0 © I8M,5L 0 © EFFICY .5020
ANG2 JWHOBE~DY PTOTt  60.38 PTOTZ  29.09
YRUVIS 79,05 QSQVIS 1,19 WWVIS  10.38
EHEU 139.4 PHIYZ  2.912 QsQ By ud
MUz 3681 ZM2VIR 3680 PMURD W71
EFF2 .7635 EFFY 5237 IEHT 1
RUN 1599 EVENT 1547 SMOM 250
IFR,SC 1 1 IBM,SL 1 O EFFICY .6566
ANG2 _4B76E-01 PTOT1  B82.22 PTOT2  2U.67
VNUVIS 133.0 QsQyIs  147.2 WWVIS 10,16
ENEU 183.6 PHIT2  2.474 Qsq 125.6
ZMU2 L2031 IM2VIS L1855 PMUHD  1.178
EFF2 L5165 EFF1 O. 1EHT 1
RUN 1677 EVENT 2795 SMOM 140
IFR,8C O 0@ IBM,SL 0 O EFFICY .8373
ANG2 LUB82E-0Y PTOT1  16.2T PTOTZ  18.05
VNUVIS b47.28 QSQVIS 24.07 wWYIS  8.095
ENEU 51.12 PHI12 3.093 Q8Q 19.37
ZMU2 .5180 ZM2VIS L3819 PMUHD . 3936
EFF2 5466 EFF1 2N77 1IENT 1
RUN 1762 EVENT 2024 SMOM 200
IFR,3C © 0 18M,8L 0 O EFFICY .290%
ANG2 .5763E-Q% PTOTY  96.98 PTOTZ  10.33
UNUVIS U9.48 Q8QVISs 4.130 weY1S  9.466
ENEU 146.3 PHIYZ  3.042 Q5Q u.126
ZMu2 L2092 M2Y1s L2087 PMUHD  .2916
EFF2 U665 EFF1 .B862 1EHT 1
RUN 197 EVENT 5251 SMOM 250
IFR,SC 1 1 IBM,SL 0 O EFFICY .275%
ANGZ \52U3E-01 PTOTY  9.782 PTOT  17.92
YNUVIS 90.35 QsQvIs 56.11 WWVIS  10.69
ENEU 97.25 PHI12  3.408 QsqQ 54,49
MU2 . 2048 ZM2v1S L1983 PMUHD  .5008
EFF2 .1992 EFFY 0, IENT 1
RUN 2070 EVENT 191 SMOM 250
IFR,SC t O IBM,SL 0 O EFFICY 1.000
ANGZ SNITE-OY PTOTt  62.38 PTOT2  22.69
VNUVIS 109.1 QSQVIS 38.07 WWVIS 12,94
ENEV 207.7 PHIT2  2.629 Q8Q U6, 11t
M2 L1562 ZM2VIS L2080 PMINID  .BOU2
EFF2 9680 EFF1 8163 IEHT 1
RUN 1580 EVENT ugs SHOM 250
IFH,3C 10 m|M,8L 0 EFFICY 1.000
ANG2 L698UE-01 PTOTY 31.69 PTOTZ 12.7%
VNUVIS 160.4 QSQVIS  35.57 WWYIS  16.32
ENEU 222.3 PHIT2  3.33% QSQ 41,16
IMU2 .6693E-01 ZM2VIS .7951E~01 PMUHD  ,7323
EFF2 L6118 EFF1 8315 IEHT 1
RUN 1855 EVENT kgl SHMOM 250
1FR,SC 1 0 mM,sL 0 EFFICY .%853
ANG2 .9399E-01 PTOTY  136.3 PTOTZ 9,730
VNUVIS 33,52 QEQVIS 5.N00 WWVIS  7.6M
ENEU 186.2 PHIT2 2,556 QsQ 5.920
ZNUZ L1952 M2VIS  .2%03 PMUHD 6391
EFF2 L3223 EFF1 1,000 1EHT 1
RUN 1715 EVENT 6079 SMOM 165
IFR,C 0 © IBM,SL 0 1 EFFICY 1.000
ANG2 .6231€~01 PTOT1 72,52 PTOTZ 20,66
VHUVIS 57.33 QSQVIS 11.8M WWVIS  9.830
ENEY 153.9 PHItZ 1.886 QsQ h, ol
M2 .2539 IM2V1S 3604 PMUHD 1,249
EFF2 .8517 EFF1 L9790 TEHT 1
RUN 354 EVENT 9238 SMOM 165
IFR,SC 1 t IBM,SL 0 © EFFICY 1.000
ANC2 .326BE~01 PTOTV"  63.36 protz 12.23
VNUVIS 98,20 QSQVIS  18.01 WWVIS 12,93
ENEY 153.9 PHIT2  4.2h0 QsQ 17,16
ZMU2 L1350 IMZVIS (1245 PMUHD  .386Y4
EFF2 9719 EFFY 9524 1EHT 0
RUN 489 EVENT an76 SMOM 250
IFR,SC 1 1 IBM,SL. 0 O EFFICY 1,000
ANG2 .2847E~01 PTOTY  15.04 PTOT2  20.05
VNUVIS 177.6 QSQVIS  60.72 WWYIS  16.54
ENEU 226.1 PHI1Z2  5.07h qsq 71.25
ZMU2 L9500E-01 ZM2VIS .1129 PMUHD  .6790
EFF2 L, 7307 EFF1 ool 1EHT 0

PLACE 17
EFFSON  .2693
EMEAS 1594
PMUTR ~.1670

VNU 150.2
wEI 0.

N67 1 IKN 1
PLACE L]

EFFSGN  .7635
EMEAS 139.4
PMUTR ~.3406

VNU 79.03
WEI 0.

N67 1 IKN 1
PLACE 46

EFFSGN  ,5165
EMEAS  215.2
PMUTR  —.7792

Ny 1014
WEI Q.

N67T 1 IKN 1t
PLACE 27

EFFSON  .5466
EMEAS  63.54

PMUTR ~.2691E-01 PH 35.13
VNU 34.86 WH 6.850
WEI o, WMUZ 4,937
N6T 1 IKN 2 g1 -2 162 -2
PLACE 4y TFILE
EFFSGN 1665 EFFKNM  .5162
EMEAS  106.5 EHAD 19.92
PMUTR  ~.560SE-01 PH 49.39
¥y 45.35 WH G.45H
WEI 0. wMUZ 1,128
NET 1 IKN % 161 -2 162 -2
PLACE 24 IFILE
EFFSGN  .1992 EFFKNM . 2436
EMEAS  100.1 EHAD 72.83
PMUTR  ,2u86 PH 87.178
YN 8r.u7 W 10,51
WEL 0. WHMUZ 9999,
N67 1 IKN 2 1Gt -2 162 -2
PLACE 60 IFILE 1
EFFSON  .9680 EFFKNM .9115
EMEAS  17V.5 EHAD 87.50
PMUTR  —.6216 PH 145,y
YRy 145.3 WH 15.08
WEI 0. WHUZ 1.22%
N67 1 IKN 1 6y -2 Igz -2
PLACE 55 IFILE 1
EFFSCN 6146 EFFKNM 9160
EMEAS  192.1 EHAD 1486
PHUTR 1820 PH 190.7
¥y 190.6 W 17.81
WEl 0. WHUZ 1.203
N6T t IKN % 161 ~2 162 -2
PLACE 3u IFILE t
EFF5CH  .3223 EFFKNM 5748
EMEAS  16%.8 EHAD 24,39
PMUTR -, 4398 PH 49.90
VNU 15,85 W 9.4508
WEL 0. WHLZ 1,000
N6T 1 IKK 1 161 -2 162 -2
PLACE 61 IFILE 3
EFFSCN  .8517 EFFKNM 9230
EMEAS  129.9 EHAD 37.76
PMUTR  -1.227 PH 81.4%
VyNU B1.36 W 11.81
WEL 0. WMUZ 1.024
N6T 1 IKN 1 161 =2 162 -2
PLACE 28 IFILE 3
EFFSON  .9719 EFFKNM 1,000
EMEAS  161.6 EHAD 86.47
PHUTR . 3U6N PH 90.63
yNY 90.54 W 12.39
WEL . WMUZ 1.050
N6T 2 IKN % 16t -2 162 -2
PLACE 29 IFILE 1
EFFSGN  .7307 EFFKNM 1,000
EMEAS  192.7 EHAD 158.1
PMUTR  .5376 PH 211.2
vNU 211.0 WW t8.04
WEI 0. wMYZ 2.039
W67 2 IKN 1 1Gt ~2 162 -2

IFILE

EFFKNM . 1904
EHAD 119.2

PH 1504
Wl 14.96
wWHUZ 39599.
61 -2 1G2 -2
IFILE

EFFKNM . 4835
EHAD 50,69
PH 79.28
Wi 10.38
WHMUZ 1.910
16t -2 162 -2

IFILE

EFFKNH  .5958
EHAD 109.1

PH 102.0
WW 8.097
wWMUZ 9999,

16y -2 162 -2

IFILE

EFFKNM  .6997
EHAD 29.68

IKAON -1
RAD 58,10
Xvis  L21n
VERTX 44,56
XRAD  .2073
PTOT3 O,
TFDMC2 o
IKAON -1
RAD 51,31
XVIS  .2795
VERTX ~U4.26
XRAD  L2TIT
PTOTZ 0.
TFDMCZ 0
1KAON -1
RAD 46.66
XVIS  .589%
VERTX -28.91
XRAD L6524
PTOT3 oO.
TFDMC2 0
IKAON 0
RAD 17.73
VIS L2712
VERTY  19.82
XRAD  .2886
PTOT3 0.
IFDMC2 0
IKAON -1
RAD 59.86
XV1S

1SAMSN -1
ANGI L1301
YVIS L1978
VERTY  35.1%
PHI 2.398
ANG3 O,

VERTZ ~147.3
ISAMSN -1
ANGI .T020E~01
YvIS L3635
VERTY  21.35
PHI 4. %84
ANG3 O,

VERTZ ~-335.3
ISAMSN -1
ANGY .9123E-01
YVIS 5072
VERTY -33.19
PHI 5.723
ANG3 0.

VERTZ ~-383.5
ISAMSH -1
ANG! 827
YIS LH670
VERTY 2,991
PHI W, 758
ANG3 0.

VERTZ -229.3
1SAMSH -1
ANGY . 1704E~01

LHUUSE-01 YVIS
VERTX ~47.2%

2725

VERTY ~-3t1.2%

XRAD .1BB7E-01 PHI 3.675
PTOT3 0. el 0.
1FDMC2 0 VERTZ ~367.0
IKAON 0 ISAMSN -1
RAD 6.662 ANGH 2397
XVIS .3307 YVIS L7273
VERTX  B8.405 VERTY  .7H95E-O1
XRAD 3318 PHI 5,377
PTOT3 O, ANG3 O,
TEDMC2 o VERTZ ~204.8
IKAON -1 TSAMSN -1
RAD 32,17 ANG1 . B965E-01
wise .1858 YVIS .5102
YERTX -12.78 VERTY  30.38
XRAD L1687 PHI 2.707
FTOTY O. ANG3 0.
1FDMC2 0 VERTZ -498.6
1KAON -1 ISAMSN -1
RAD 21.50 ANGY LTHYOE-01
IS AL} tvI1S L7730
VERTY  10.02 VERTY ~16,14
XRAD L1150 PHL 3417
PTOT3 O. ANG3 0.
IFDMC2 0 VERTZ -U458.5
TKAON ~1 ISAMSN -1
RAD 45,18 ANGY L1S2TE-01
XVIS .B5T9E-01 YVIS L1436
VERTX  26.U1 VERTY  39.80
XRAD .632%E~01 PHI L9161
PTOT3 0. ANG3 0.
IFDMC2 o VERTZ ~285.8
IKADN -1 1SAMSN -1
RAD 29.26 ANGY . 3545E-01
XVIS L1100 WIS .2908
VERTX 18,19 YERTY -23.95
ARAD .BYESE~01 PHI 5.534
PTOT3 0. ANGY O,
IFDMC2 0 VERTZ ~506.8
1KAON -1 ISAMSK -1
RAD 29,22 ANGY JH193E-01
xV1S .9768E-01 YVIS 5352
VERTX -~20.70 VERTY =-12.92
XRAD L1018 PHI 5.216
PTOT3 O. ANGI O,
1FDMC2 0 VERTZ -237.0
IKAON -1 ISAMSN -1
RAD 18,05 ANG1 L1uny
XV1S L1821 VIS L8201
VERTX ~13.28 VERTY  B8.683
XRAD L1798 PHI .31 2E-01
PTOT3 O, ANG3 O,
1FDMC2 0 VERTZ ~244.8
- %

6492

89



RUN
1FR,SC
ANG2
YNUVIS
ENEU
2MU2
EFF2

RUN
IFR,SC
ANG2
VNUVIS
ENEU
MY2
EFF2

RUN
IFR,SC
ANG2
VRUVIS
ENEU
Myz
EFF2

RUN
IFR,SC
ANG2
VNUVIS
ENEU
MU2
EFF2

RUN
IFR,SC
ANGZ
YNUVIS
ENEU
ZHu2
EFF2

RUN
IFR,8C
ANGZ
VRUVIS
ENEYU
ZMu2
EFF2

(AR

2
9881
76.40
93.57
t.31
1.072

162 -2

1.000
LR
146, 0
16.30
1.027
162 -2

5400
59.99
1211
12.80
9999.
162 ~2

.1867
29.58
65.76
10.01
1.909
G2 -2

1,000
72.72
106.2
13,24
1.088

162 ~2

,9936
94,69
1399
13.66
1.079
162 -2

IKAON
RAD
XVIs
VERTX
XRAD
PTOT3
IFDMC2

IKAON
RAD
XvVis
VERTX
XRAD
PTOT3
IFDMC2

IKAON
RAD
XV1s
VERTX
XRAD
PTOT3
IFDHC2

IKAON
RAD
XVIS
VERTX
XBAD
PTOT3
IFDMC2

IKAON
RAD
XVis
VERTX
XRAD
PTOT3
IFDHC2

TKAON
RAD
XVIS
VERTX
XRAD
PTOT3
1FDMC2

$110106000101010G1110

1258 4

[ERE]

1353

bt -
.
567 EVENT 229 SMOM 200 PLACE 17 IFILE
11 I8M,5L o 1 EFFICY 1,000 EFFSGN  .B8969 EFFKNM
.5660E~01 PTOTY B1.56 proT2 14,84 EMEAS 172.% EHAD
90,94 QsQVIS 47.39 WWVIS 11,11 PHUTR -.2796 PH
174.9 PAI1Z  2.774 asq 48,05 vNU 93.31 W
L1590 IM2VIS L1632 PMUND .2822 WEI a. WMUZ
L8969 EFF1 .932% I1ERT [s) NET 2 IKN 1 161 -2
661 EVENT  581% SMOM 200 PLACE 34 IFILE
11 IBM,SL [V ¢} EFFICY 1.000 EFFSGN  .9840 EFFKNM
.6H10E~02 PTOT) 35,40 PTOT2 15.88 EMEAS 165.1 EHAD
129,7 QsQVIS  8.179 WWYIS 15,36 PMUTR  ~.7927E-01 PH
181.3 PHItI2 2.298 Q8Q 8.986 ¥Nu 145.9 WW
L1088 IM2VIS 1225 PMUHD L1026 WEI 0. WMUZ
L9840 EFFt L9734 IEHT [¢] N6T 2 IKN 1 gt -2
673 EVENT 3251 SHOM 140 PLACE 23 IFILE
Tt I8M,58L 10 EFFICY .5H10 EFFSGN . ulusy EFFKNM
.B798E-01 PTOTI  12.59 PTOT2  23.10 EMEAS  95.29 EMAD
82.70 QBAVIS 45,57 WWV1S 10.51 PMUTR Bhm PH
133.4 PHI12 5.852 Q5Q 63.83 VN 120.9 WW
L1611 ZM2VIS  .2793 PMUHD 2.5 WEl 0. wMuZ
JHESH EFF1 0. IEHT Q NB7 2 IKN % 16 -2
799 EVENT 7539 SMOM 100 PLACE 27 IFILE
1 1 1BM,SL L | EFFICY .,1269 EFFSGN  ,7212 EFFKNM
LTB19E-01 PTOTY 2h.4y pToT2 17.23 EMEAS 70.78 EHAD
46,34 QSQVIS 18,74 WWVIS 8.313 PHUTR 726 PH
90,01 PHITZ2 3.246 Q89 23.84 VRU 55.58 WW
L2627 ZM2VIS L 3NT PMUHD L6863 WEIL 0. Mz
J7212 EFF1 .5238 IEHT 0 HBT 2 IKR 1 m -2
839 EVENT 2209 SMOM 250 PLACE w2 IFILE
F I | 1BM, SL o 1 EFFICY 1.000 EFFSCR  .7668 EFFKNM
.6082E-01 PTOTI 116.5 PTOTZ 10.582 EMEAS 199.0 EHAD
82.51 Q5QVIS 21,93 WWVIS 11.57 PMUTR L3256 PH
222.6 PHIt2 3.683 Q5Q 24,53 VNI 106.1 Li]
L9921E-01 ZM2VIS ,1275 PMUHD  .3753 WEI 0, WUz
7668 EFF1 913 IERT (4] N6T 2 IKN 1 16t ~2
888 EVENT 200 SHMOM 250 PLACE 42 IFILE
[ I8M,SL 11 EFFICY 1.000 EFFSGN  .9780 EFFKNM
L6581E-01 PTOT! 75,10 PTOT2  17.75 EMEAS  187,1 EHAD
11,7 QSQVIS  A5.36 WWVIS 12.0% PHUTR L7550 PH
214,2 PHIT2 3.866 Qsq 74,84 YNU 138.8 W
1279 ZM2VIS 1589 PMUNHD ,7889 WEL a. WMUZ
9780 EFF1 L9270 IEHT 4 N6T 2 IKN 1 gy -2
TRIGGER=
‘H'ulﬂldl,ll an bl e
|Hl‘lltll|lll||ll 31t
P 5 B b
P1= is.go/— .5 CH 2= .5
p2= 6.5+/- .5 =
THi= 154 TH2= .030 RUN
YX,¥= 44,4 .
HAD10=176.5 PLACE 17 —

R13 B8R

* -
-1 ISAMSN -1
33,14 ANGY . SH04E-01
L2775 WIS §uz9
29,45 VERTY ~17.53
.2756 PH1 4.236
0. ANG3 O,
0 VERTZ ~187.3
-1 ISAMSN -1
25.39 ANGY .3732E-01
.3359E-01 YVIS .6928
22.62 VERTY ~13.70
.3285E-01 PHI 6,003
0. ANG3 0.
0 VERTZ -285.8
-1 ISAMSN -1
19.63 ANGT L1951
.2935 WIS 6295
3,450 VERTY -17.55
L2814 PHI 5.999
0. ANGI 0.
0 VERTZ -196.8
-1 ISAMSN -1
51,93 ANGt Ltoud
2153 wWis L4179
-4,133 VERTY -49.72
L1895 PHI 2,744
0. ANG3 O,
0 VERTZ -229.3
-1 ISAMSN 1
21,22 ANG1 .3075E-01
LIS YVIS L3654
-17.70 VERTY 1,700
.1288 PHI 5.829
0., ANG3 0.
0 VERTZ -351.0
-1 ISAMSN -1
27.70 ANG1 .6807E-01
L3116 YIS 5061
6.183 VERTY -25.48
.2909 PHI L1619
a. ANG3 O,
0 VERTZ -351.0
T2 BITS
L
PHE (LR} 3
4

RE

T4

EVNT 2099

O

162

085z



TRIGGER= 11111000001010101111

m I T2 BITS
1
T 'nllnnil.llnnlluhlhhlun”l e bt T 2
|lllI|IlllllllllllHllHIIIIIHIIIIIlIl)) (NN [NEN] RN 1adt RN} LN Q
B CR BA BATp B8R BAjgBA B T4
X i :
: e 8 O @ -a_g @ @
—— o G)@l
'%W“ —
] fﬁ]mm‘[ﬂ]m@ﬂ
& EED
El=lo
L] ®
Pl= ég.é»/- 2.6 EH}§= .7 - —[ﬁ' R .
p2= .63/~ 2.2 CHI2= 1.2 .
THi= .042 TH2= .070 RUN 1476 EVNT 794
VX, Y= -44.3 21.3
HAD10= 61.1 PLACE 40 R
x
¥ (aln
x x x
|
o
x
TRIGGER= 11101000001010101110
’ 12 BITS
1
. .\HHI”H.ludln”l.ln|||||||.|||IIllllm lll. w2
RN IR R TR R R R R R NI NI R TN IR ] INNN] [NEN] Lt [N [N H:
1 H
P S c 8. 8,128, BRY3 R £ T4
o o o o - - x X
x
BB
x %

VX, Y= . .2 o
HAD10=133.,9 PLACE 46 — — — —
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TRIGGER= 11111000001010101111

IHH 12 BITS
|
R 1 Y R T T T T I I T TR T
TV LB REE R I L 53R s [N RN IR R X] IR RN 11t 1§14 IRRN] 2
1 1 [}
P S ¢ oc scfygc pel13 ¢ B¢

@
_ P
Pl=  11.8s/- .3 CHIZ= 1.1 - T T T
P2=  t1.6+/- .7 CHlIz2= . y =
THI= 191 ;HZ= 053 ¢ ? RUN 167? EVNT 2?95
VK, Y= 49, 3.0
HAD1O= 31.1 PLACE 27 e

TRIGGER= 1111100000161610111}

it e
B 1 e ST AT | Y 2
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—Tm_ T
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= 016 Thz= o853 RUN 1762 LEVNT 2024
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¢ T4
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K —HB=—— *
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Pi=  S.4+/- .7 CHl2= .2
SETOTEE Rt S CAUN 1971 EVNT 5251
VX, Y= 8.4 1
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[ S ‘
x
D —B—) @)+ x0
| : ) D & R : - ¥ 2R
X
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TRIGGER= 11{10000090010101111

12 B1Ts
il Ll )
ARttt htoontdmtne ol Lot ot by 2
:||H\")Ni:ll"ll||ll|.“”||\|||l“\‘l“'|||“||‘|"l [N IR ER] (RN R] IREN] [N ER] I‘I: f‘
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