
R-1353
CU-365

NEVIS-259

Nevis Laboratories
Columbia University
Physics Department
Irvington-on-Hudson

New York

A STUDY OF WRONG SIGN MUON AND TRIMUON EVENTS IN
NEUTRINO-NUCLEON SCATTERING

Sanjib Ratan Mishra

Reproduction in whole or in part
is permitted for any purpose by the

United States Government

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

Graduate School of Arts and Sciences,
Columbia University

1986



..~. -
',i 't.\ :,1.'" f'!y oj
i 1,...WaH,\ C'

.. -._~."""' ...'"



A STUDY OF WRONG SIGN MUON AND TRIMUON EVENTS IN
NEUTRINO-NUCLEON SCATTERING*t

Sanjib Ratan Mishra
Columbia. University, New York, N.Y.

."'Research supported by the National Science Foundation
tSubmitted in partial fulfillment of the requirements for the degree of Doctor of

Philosophy in the Graduate School of Arts and Sciences, Columbia University.

Ablltraet

Wrong sign muon events in neutrino-nucleon scattering are characterized by

a single muon in the final state carrying lepton number different from that of

the incident neutrino. A search for such events in two experiments employing

the Fermilab Narrow Band Neutrino beam is reported here. We derive an

upper limit of 3.1 X 10-4 on the rate of production 01 these events. Limits on

the intrinsic charm content of the sea (< .02), llavour changing neu tral current

« .0085), and lepton number violating processes (rate < 7.1 X 10-5 ) have

also been derived. Further, if the lepton number violation is brought about

by a massless Majorana neutrino with a non-zero right banded coupling, then

these data set the upper limits on the mass of the right handed gauge boson

(> 849 GeV) and its mixing angle with the ordinary boson «.009). The rate

and kinematical properties of wrong sign events are compared with those 01

the neutrino induced dimuon events. Finally we report on a set of 12 neutrino

initiated trimuons, with muon momentum> 4.5 GeV. We conclude that the

trimuon events could be understood in terms of the hadronic and the radiative

production of an extra dimuon pair in a charged current event..'
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ChapteT 1

Introduction and Motivation fot Studying WSM

§1.1 Introduction

This thesis concerns neutrino-nucleon scattering experiments carried out by

CCFRR collaboration at Fermi National Laboratory. A neutral, massless spin-l/2 and

left-handed lepton, the neutrino is known to participate in weak-interactions only. It is

sterile as far as electromagnetic and strong interactions are concerned. At present three

Bavours of leptons have been seen; these are the electron (e), the muon (p.) and the tau

(r). With each lepton Bavour is associated a neutrino type. (Similarly there are three

types of antineutrinos corresponding to three antileptons). Of the three proposed neutrino

Bavours, only the electron-neutrino (ve ), and the muon-neutrino (v,,) have been observed,

while the tau-neutrino (vT ) is actively being sought. Neutrinos may couple only to their

corresponding lepton parterns by. emitting a left-handed vector boson of appropriate
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charge, e.g. a muon-neutrino (1I~) may couple only to a muon and not any other lepton or

antilepton and emit a W+ (See Fig. 1.130). This is known as lepton number conservation.

It is this empirical rule which motivates the pairing of the lepton and neutrino. Each

particle of the pair carries a unit lepton-flavour-number. The corresponding antilepton

possesses a unit of negative lepton number for its particular flavour. The lepton Bavou

number conservation law implies that a reactions in which a lepton might be converted

to an antilepton is forbidden.

A "charge current" (CC) interaction of a neutrino .with a nucleon is one in

which a negative muon is an end product (Fig. 1.1a).

appears to violate lepton number conservation. Such events, called Wrong Sign Muons"

(WSM), with a positive muon in the final state have been observed and are the subject of

this thesis (see Fig. 1.ld).

Other known neutrino interactions are:

Neutral Current (NC) (Fig. 1.1b), with a neutrino and hadron shower as end products.

(the emergent neutrino remains unobserved) :
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OppositeSign Dimuons (OSDM), (Fig. 1.1c), in which a ~-, a ~+ and hadron shower

are the end products:

lip. +N-+~-+ ~+ +X

Like Sign Dimuons (LSDM) (ig. 1.1e), two negative muons with hadron shower appear in

the final state :

lip. +N-+~~+ ~- +X

Trimuons, (Fig. 1.U), three muons, typically two negative muons and a positive muon,

and a hadron shower in the final state :

lip. + N -+p,- + p,+ + p,- + X

There are two prominent backgrounds which mimick a WSM event. (a.) A

background contamination of antineutrinos in the neutnrino beam would produce a ~+

after interacting with the nucleon due to lepton number conservation, (b) Dilepton back­

grounds : various OSDM-like interactions m~ produce a. p,+ without a p,-. These

backgrounds have been discussed in Chapt~r 5 and 6.

The CCFRR experiments at FNAL employed a beam of muon-neutrinos. The

beam lip. were decay products of a beam of positive pions and bons. These mesons were

produced b,. impinging 400 GeV protons on a berilliumtarget. Symbolically :

P+Be-+7I'+ +K+ +X

such that 71'+ /K - > p,+ + vI'. There is also a three body decay mode of kaons producing

vI" referred to as K1'3. However the branching ratio for the KI'3 is smaller by a factor
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of 18 compared to the two body decay. The neutrino source and beam will be discussed

in detail in the following chapter.

Prevailing theories of elementary particles conserve lepton numbers. Therefore,

an un~quivocalexperimental signature violating this rule would compel ;to modification of

the present understanding of forces of nature. The study of WSM provides a means of

examining this issue.

§1.2 The need for an extension of the "Standard Model"

The unified theory of electromagnetism and weak interactions [1] along with

the colour interaction (QeD) [2], commonly known as the standard model, has been

remarkably successful in explaining an ever-widening range of experiments conducted

over the past decade. The underlying ideas of a local, non-abelian gauge symmetry,

spontaneous symmetry breaking [3] and asymptotic freedom [4] form an elegant and

consistent scheme. Not only does the model propose a unified theory of electromagnetism

and weak interactions, it can also provide -meaningful corrections to processes at all

orders of perturbation theory. The standard model is based on the gauge group SU(3) X

SU(2) X U(l). This is referred to as the minimal version of the standard model. It

contains three generations of fermions (e, lie, U, d), (~, II~, c,s) and (r, fir, t,b), 12 gauge

bosons h, W, W, Z, and 8 gluons) and one scalar field, ~, the Higgs field. Inspite of

its breakthroughs the standard model has been found lacking in many aspects, primarily

theoretical (5). To begin with, the number of free parameters in the minimal standard

model is 19. Even a simple extension of the minimal version, for example addition of
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massive neutrinos, may inflate this number to 26. Thus it violates the basic tenets of a

'good' theory - simplicity and brevity. Furthermore it provides no answer or intimation to

the· generation puzzle. After thirty six years, Rabi's question, ·Who ordered the muon?",

remains unanswered. In the same vein the standard model does not furnish , beyond

anomaly cancellation, any· deeper connection between quarks and lep,tons, for .example

relations of their electric charges. Another dissatisfying aspect of the theory involves

the CP-violating interactions. There are provisions for such interactions, but there are no

explanations for them within the model. If indeed the standard ~odel is the correct theory

and the new physics occurs on the scale of Planck-mass, then the -fine tuning problem" is

a serious theoretical hurdle to be overcome within its context. This, perhaps, is the gravest

lacuna of the present theory (,5]. Any alleviation of this problem would imply the existence

of new physics beyond standard model. . The experimental motivations to modify the

standard model are less pressing. At present there is no definitive experimental result that

contradicts the standard model. Signatures of events such as the ,(8.S) (05] and the CERN

"zoo-events" (6,07,08,OO,lOO,lOl,102<nldl03] which could have provided a reason to extend

the standard model, have vanished. Other searches for instance proton-decay, massive

neutrinos and neutrino oscillation have not discovered any phenomenon contradicting

the standard model. In the deep-inelastic neutrino scattering experiments two types of

events have been found which exist around 20- level above respective backgrounds. These

events, if proven to exist beyond backgrounds would force an extension of the standard

model, are Like-Sign Dimuons (LSDM) and Wrong Sing Single Muons (WSM). LSDM

in Neutrino interactions[7) have been known to exist for past eight years. Even though

the signal for such events has been meager, most expalnations within the stantard model,
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have failed to explain LSDM. WSM· on the other hand have not been reported so far to

exist beyond background. Other neutrino interactions, which are well understood and

mentioned earlier, are Charged Current (CC), Neutral Current (NC) and Opposite Sign

Dimuons (OSDM). The relative rates of all these interactions with respect to CC are:

CC NC OSDM LSDM WSM 3~

1. .307 (9. ± .8) X 10 3 (1. ± .7) X 10 4 (1.8 ± .8) X 10 4 (5.5 ± 1.8) X 10 5

.Relative rates of v-induced interactions.

(The Feynman diagrams for these interactions, as pointed out in Sec. 1.1, are presented

in Fig. 1.1a, LIb and LIe respectively. Fig. l.ld and l.le illustrate schematically

WSM and LSDM.) It should be noted that the rates of production of both of the exotic

interactions are small ~ 1.0 X 10-4, and at present, since only a handful of these events

are available, there is no clear indication of their existence beyond backgrounds. It is

impressive that experimental signatures which refuted the standard model have proven

to be either erroneous or mere fluctuations. One is inclined to conclude that the present

theory is, at least, a very good approximation at low energy. However the theoretical

problems confronting the standard model encourage the belief that new physics beyond

the prevaling theory is inevitable and imminent.

§1.3 Two theoretical models

It is interesting to note that there are at least two theoretical models that
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explain the LSDM, CERN" zoo-events" or (Z -> e+ e- '1 or Z-> ",+ ",- '1) and WSM.

The rates of LSDM and WSM are quite similar, and there may exist a deep connection

between these two exotic events. The CERN events have been disavowed as backgrounds

or statistical o.uctuations, consequently weakening the claims of these models. A short

description of these models is given below, with particular attention to releva.nt Feynman

diagrams of WSM and LSDM production within the theory. The first of these models is

due to Veltman [8]. The theory postulates the existence of a new interaction which enables

the electroweak intermediate bosons to form a composite. The bond is expected to have

a strength of the order of strong interaction. This composite may decay to leptons and

quarks. Fig. 1.2a and Fig. 1.2b show the Feynman diagrams for the production of WSM

and LSDM in a neutrino interaction. The second model [oJ assumes that quarks, leptons

and the intermediate vector bosons are composites. The model treats the weak interaction

at present experimental ~nergies as the residual interaction of a more fundamental colour

interaction, just as the strong force, binding the nucleons, is understood to be a residual

. 'Van der Waals' interaction of QCD. The model also predicts the existence of another

heavy neutral boson, Y. One can derive, in the low energy approximation, the Weinberg­

Salam lagrangian from this theory. Within the interactions permitted in this model are

LSDM, WSM as well as the" zoo-events" Fig. 1.3a and Fig. 1.3b show schematically

the production of WSM and LSDM in a neutrino interaction. In Chapter 6 a comparison

between the two interactions, their kinematical characteristics and rates will be discussed.

However, the poor statistics of the data for both LSDM and WSM prevent one from

forming quantitative conclusions.
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§1.4 WSM. events and outline of presentation

If it were actually neutrinos (not antineutrinos) which produce WSM and these

events were found to exist beyond dilepton backgrounds such that the 1'+ originated

at the lepton vertex, then such interactions would violate lepton-number conservation.

Therefore searches of such interactions primarily depend upon the purity of the incident

neutrino beam. Furthermore, since the rate of such interactions is quite small, only high

statistics neutrino experiments will be able to detect such ev:ents. The present thesis

reports a search for WSM in the two experiments, E6l6 a.nd E70l, conducted at FNAL

. by CCFRR collaboration (see Appendix A). The experiment E6l6 was primarily aimed at

measuring the IIwN cross-section, the nucleon stucture-functions and the Wienberg angle

(sin2 6w). The experiment E70l was conducted to search for neutrino-oscillations. The

data from the two experiments were also used to study OSDM and LSDM. The search

for WSM was another off-shoot from the cumulative data. This search was conducted in

the neutrino-nucleon scattering event sample with 337,407 charge current events. After

the background subtraction an excess of WSM at 2u level survived. An overall review of

various neutrino interactions, including LSDM, has been presented in a report by Fisk and

Sciulli [10].· Six other diserta.tions have been made on the data accumulated by the two

experiments. The topics encompassed by them are neutrino-nucleon cross-section [n],

nucleon structure functions [12,13], neutrino oscillation [14,15] and dimuons [161. The

thesis is organised as follows. Chapter 2 deals with the narrow band neutrino beam and

the antineutrino contamination. The station for the neutrino-detector is called Lab-E.

Fig. 2.1 shows the location of Lab-E with respect to the accelerator and the neutrino-
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beam. Chapter 3 brieBy describes the neutrino detector at Lab-E. Chapter 4 contains

the selection and properties of WSM. Chapter 5 presents various backgrounds and their

estimates. Chapter 6 contains the results and discusses a few ramifications of the data.

The last chapter, Chapter 7, concerns a study of 23 trimuons events observed in the two

experiments. Having dealt with the backgrounds for trimuons, various models of trimuon-, .

. production have been discussed. We measure the raw rate (without applying acceptance

correction), relative to CC events, of production of trimuons to be (5.5 ± 1.8) X 10-5 •
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Neutrino Source and the Narrow Band Beam

The study of WSM in a neutrino experiment is possible only if the beam

contains neutrinos or antineutrinos with as little contaminant of the other as possible.

Precise measurement of the neutrino-nucleon cross-section and sin2 Bw depend crucially

upon this factor as well. The ideal neutrino beam for all these purposes would be produced

from a hadron beam of pions and kaons, which is both sign-selected and monoenergetic.

A close approximation to such a beam has ~een acbieved in the narrow band neutrino

beam at FNAL. There are numerous advantages to a narro"" band neutrino beam. By

means or a. steep targeting angle and sharp bends in the horizontal plane the dichromatic

magnet tra.in is able, to a great extent, to sweep hadrons of the wrong charge and wrong

momentum out of the beam (see Fig. 2.3 and the discussions in the subsequent sections).

If the beam were tuned to select high energy secondaries the resulting energy spectrum of

the neutrinos at the experimental apparatus would peak at high energy. In contra.st, the

energy spectrum of the secondary particles produced a.t the target peaks at low energy.
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Some of these secondary hadrons dec33 before being swept out of the bea.m, forming a

difi'used source of low energy neutrinos and antineutrinos called Wide-band background

(WBB). The clustering of narrow band neutrino events at high energy contrast sharply

with motley energied WBB events. Furthermore the monoenergetic nature of the beam

implies that the radius of the event-vertex and the neutrino-energy will be correlated (see

Fig. 2.7) at Lab-E; this provides a check on the total energy measurement and a W33 of

accounting for any appreciable missing energy. The neutrino beam line, its overall design,

focusing elements and monitoring devices have been discussed extensively in references [

11, 17, 18 ,19 ,20 ]. Therefore in this chapter the presentation of only the salient features

of the production and transportation of the secondary beam will be attempted. Alter

a brief discussion of the focusing and bending of the hadrons emerging from the BeO .

target, the dumping of the primary protons, which have not interacted, is address·ed.

The monitoring of the primary and secondary beams is then presented. The chapter

concludes with a description of neutrino flux at Lab-E from various sources and their

relative abundance.

§2.1 Production and the focusing of secondary particles

Fig. 2.1 gives an overview of the Fermilab neutrino beam. The protons,

approximately 3 X 1013, were accelerated to 400. GeV by Fermilab's synchrotron. The

acceleration and extraction of the proton beam is shown vs time in Fig. 2.2, where the

times are referenced with the machine generated time T1. During E616 running the

beam was extracted in two modes: between T5 and T6 there was a long extraction of 1
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second, called slow spill, and right after T6 there was a short extraction of approximately­

a millisecond, referred to as fast spill. In E701 the slow spill extraction was replaced by

a series of mini fast spills known as pings. This was done to minimize the cosmic ray

background in the slow spill data.

In each extraction, roughly 1013 protons impinged upon a 304 mm Beryllium

oxide (BeO) target.- The- incident proton beam was at an angle of 1~.96 mrad in: the

horizontal direction and 1.13 mrad in the vertical direction with respect to the axis

coincident with the d~tectoraxis and taken to be the z-direction (Fig. 2.3b). This" twisted

configuration" helped to reduce the WBB enormously. The beam design was poineered

by Sciulli and associates. Ref [ 17 ] gives details of the design and comparision with other

beam configurations.

The secondaries produced in the P-Be collisions were subjected to a series of

beam elemeniB,magnets and collimators, which transported particles of given sign and

specified momentum (± roughly 10%). Particle selection and transport using magnets is

analogous to the extraction of a ray of light 'of specified wavelength from a white source

with the aid of prisms and lenses. Fig. 2.3a depicts a simple schematic of the narrow

band focusing system. A detailed illustration of the train layout is shown in Fig. 2.3b.

The accompanying Fig. 2.3c shows the various beam elements and the access stations

- along the dichromatic train. The target was placed at the focus of the vertical" and

horizontal quadrupole doublets. The first quadrupole focused in the horizontal direction

and delocused in the vertical direction; the second quadrupole did the opposite. The

focusing system thus provided point-to-parallel focusing. The first bending magnet, a
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dipole, introduced lateral dispersion in the momentum of .each particle. The momentum

defining slit then passed rays with momenta within the given momentum acceptance

(P ± AP). The dipoles stationed at the tail of the train recombined the r~s with varying

momenta and directed them to the dec~ pipe. It follows that for positive settings the

positive secondaries were bent down and into the beam whereas the negative secondaries
I .

were bent up and out of the beam: With the secondaries there were primary protons

which had not interacted in the BeO target. These protons had to be dumped and

subsequently removed from the particles (protons,pions and kaons) within the desired

nwmentum bite. These primaries, at 400 GeV, were dumped into the inserts placed along
.;.;/

tile beam line. The dumping position changed with the beam setting. Also the angle at

which ,the primaries were dUJIlped varied from energy setting to energy setting (see Table

5Ji). Chapter 5 describes some of these individual cases in detail. Most of the bending

occurred in the horizontal direction. AB stated in preceding paragraphs, there was a tiny

bend in the vertical direction as well. AB a result, the secondary beam of hadrons followed

a helical trajectory around the central axis until it arrived at the last bending magnet. Up

to this point it had never pointed in the direction of the neutrino apparatus. This helical

twist of the beam minimized the number of the neutrinos (intercepting Lab-E) coming

from the premature decays of the hadrons or from hadrons of wrong signs. The production

of the secondaries and their relative abundances have been measured by Atherton et.al.

[ 21]. Table 2.1 summarizes some of the characteristic parameters of the dichromatic

beam.
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§2.2 Monitoring of the primary and the. secondary beams

To calculate the flux from the WBB one needs the total number of protons on

the target. The proton beam was monitored from the targetting station called Neuhall.

An inductive pickup toroid, through which the primary protons passed, measured the

incident proton flux and a signal from it provided a gate, indicating the presence of beam,

to be used by Lab-E. The readout and gating of the primary flux toroid is sketched in Fig.

2.5. The incident neutrino flux was measured through the fo~owing steps: First using

ionization chambers and a tuned RF cavity the total intensity of the secondary beam in

the decay. pipe was measured. Relative number of pions kaons and protoDS were obtained

by using a Cerenkov counter. With these two sets of measurements as the normalization,

a Monte Carlo program was used to simulate the flux of neutrinos per secondary particle

incident at Lab-E. The relative positions of various monitors in the beam line is shown

in Fig. 2.4. In the preceding few lines the barest essentials of the flux measurement have

been sketched. More deta.ils of the measurement of the secondary flux may be found in ref.

[18]. However the details of secondary fiux measurement are of little importance in the

studies of WSM. The steering of the secondary beam is of interest since a cut on secondary

beam steering was made in order to normalise the WSM data to the total charged current

sample. The position of the primary beam near the BeO target was measured by a set

of Segmented Wire Ionization Chamber (SWICs). The position of the secondary beam

was also monitored through SWICs and by split plate ionization chambers positioned at

two stations, the Expansion Port and the Target Manhole, along the decay pipe. These

two stations are situated 136.m and 290.m from the beginning of the decay region. SWIC
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profiles in X and Y views gave the orientation of the secon!lary beam. Fig. 2.6a shows the

. .

SWIC profiles of the secondaries in the two stations. The split plate ionization chambers

had two circular read out electrodes, the electrodes being split in half - right and left,

top and bottom. The differences in the accumulated charges on the two halves quantified

beam's deviation from its normal direction. Further details concerning steering cuts are

described. in Chapter 4. A schematic diagram of the ion chamber is presented in Fig.

2.6b.

§2.3 Beam Monte Carlo Program

In order to calculate the WBB component of the WSM events a beam Monte

Carlo was used. It was essentially a program for tracing particle rays through beam

elements. The production of the secondary particle at the target was simulated by using

the measurements made by Atherton et aT. [211. This measurement and the subsequent

parametrization for the invariant cross section of secondary pro<Iuction has been described

in Appendix D. The surveyed positions of the various beam elements and the measured

magnet currents were used in the particle ray tracing program, call the D~CAYTURTLE.

(Fig. 2.3 gives the location of various beam element in the NO.train.) The program is

capable of tracing arbitrary number of particles through the beam elements. Each paricle

is specified by five parameters in its phase sapce, (x,y,Ox,Oy,p). The WBB Monte Carlo

computation using this program is discussed in Chapter 5.



16 2. Neutrino Source and the Narrow Band Beam

62.4 Neutrino fluxes from various sources

Fig. 2.8 sketches the neutrino flux at the neutrino detector from two-body pion

decays, two-body kaon decays and three-body bon decays. The correc~ sign WBB is also

shown. The WBB was measured by closing the momentum defining slit and preventing

secondaries from entering the decay pipe. The neutrinos that reached Lab-E could have

originated from upstream sources only. The closed slit data, however. was statisticaUy

inadequate to provide a good measurement of wrong sign WBB. Therefore a detailed WBB

Monte Carlo calculation had to be performed to assay this background. In Chapter 5 the

calculation of the WBB for WSM has been discussed at length. The dil'erence in mass of

the pion and the bon cause the neutrinos to have a dichromatic speciram. The Fig. 2~T

illustrates the energy versus radius correlation. These scatterplots show ihe separation of

neutrino events caused by pion and kaon neutrinos. This separaUon is explained by simple

kinematic considerations discussed in Appendix B. The subsequent caleulation yields an

expression for the neutrino energy in terms of the pion or bon energy and the decay

angle.

E _ E(mGz)
v - (1 + 'J~,K X 92)

where , = HIL, R = Event radius at the detector, L Longitudinal distance of the

vertex from the point of decay of the meson, 'J7f,K = EIr'KK and,
Ir.

From the transverse event vertex in Lab-E one may, using the above expression,
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deduce the neutrino energy and compare it with the total e~ergy visible in the a.pparatus.

This gives a measure of the missing energy. The missing energy for reqular charge-current

events must be zero. Chapter 5 discusses the missing energy calculation in detail.
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The Neutrino Detector- and the Two Experiments'

The salient features of the neutrino detector at Lab-E are recapitulated in this

chapter. A table of apparatus summary is presented. Finally a synopsis of each of the

two experiments, E616 and E701, follows, indicating the main differences between them.

§3.1 The neutrino detector

- The ensemble of various instruments used in the neutrino detector is shown in

Fig. 3.1. The apparatus consisted of a 690 ton target with scintillation counters for

calorimetry and spark chambers for muon-tracking. A310 ton toroidal muon spectrometer,

also instrumented with counters and chambers, followed the target. The instrumented tar­

get was a made up of six consequtive approximately cubic carts (four for E701). Each cart,

containing seven units of two steel plates, two counters and one chamber, could be indepen­

dently moved transverse to the neutrino-beam axis. A target cart is shown in Fig. 3.2.
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Similarly the spectrometer had three instrumented movable carts. Table 3.1 lists some of

the relevant statistics for the target and the spectrometer.

3.1.1 Calorimetry'

The measurement of hadron energy was accomplished by recording the pulse

heights from light produced from the hadron shower in the counters. Each counter was a

3 m X 3 m X 2.5 em tank of plexiglas containing a mixture of scintillator aDd wavelengh

shifter chemicals in mineral oil base. These chemicals shifted the UV light produced

by the scintillator to blue light to facillitate transmission to the phototubes. The four

photomultiplier tubes, located at the four corners of the counter, received the light from

wavelength shifter bars. These shifter bars which ran along the edges of the counter,

separated optically by an air gap, shifted the blue light to green and passed it on to the

photomultiplier tubes. An individual counter yielded approximately 10·15 photoelectrons

per minimum ionizing particle and thus provided a means to record the passage of a single

muon. In a charged current or neutral current event the few counters downstream of

the vertex exhibited large pulse heights caused by the hadron° shower. The first counter

downstream of the vertex provided the longitudinal vertex position, called 'Place' in

subsequent chapters. The hadron shower subsided after a few steel plates and the following

counters displayed a constant pulse height indicating the passage of the muon. The pulse

heights recorded from the photomultiplier tubes are then subjected to various corrections.

To mention a few important ones: (a) pedestals were subtracted (b) the shifts in the

counter gains were corrected and (c) the attenuation in the counters was estimated. The
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. corrected pulse heights were then converted to energy. by first expressing them as the

number of equivalent minimum ionizing particles. The calculated energy deposited by the

muon in the shower region was subtracted from this. The resulting number is directly

proportional to the hadron energy. The calibration factor was measured in a calibration

run. During this run a hadron beam of well defined momentum was injected into the, .

apparatus, the pulse heights were converted into the number of equivalent minimum

ionizing particles and finally the calibration constant was obtained. The measured hadron

energy, EH, had a fractional error of .~ . The relevant details of a target counter are
vEn .

shown in Fig. 3.3.

3.1.2 Muon momentum

Muons were tracked in the detector by means of 3.2m X 3.2m spark chambers

with magnetostrictive readout. The spark chambers provided the horizontal and vertical

coordinates of the muons every 20 cm of steel. The spatial resolution of these chambers

was found to be a.pproximately 0.5 mm. The chamber resolution and the spacing in steel

results in the following approximate angualr resolution of the muon,

35 .- = 69,. (m mrad)
P"

where the muon's position was measured in chambers beginning at the vertex. In practice

the hadron shower masked the (xJ) measurement at the first few chambers, thereby

exacerbating the muon angle resolution by a factor of two. For efficient reconstruction of

muon tracks, the event vertex was required to occur at least twenty steel plates (seventeen

for E701) upstream of the toroid.
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The muon momentum was measured in the spectrometer downstream of the

detector. Each toroid cart contained acrylic sciIitillators, for calorimetry and triggering,

and spark chambers, to track the bending of the muons. The total muon energy (or,

equivalently, the muon energy at the vertex) is the sum of the muon's energy as measured

in the spectrometer and the muon's energy loss (dE/dx) in the target. The error in the

muon's momentum for traversing the full length of the spectrometer was 11 %- 12 %.

Fig. 3.4 sketches the various instruments in the target and toroid.

Table 3.2 summarises the calorimetric and muon-momentum resolutions in the

detector.

§3.2 Muon triggers

Two muon triggers were used for this analysis: (1) the Muon trigger, where the

muon was required to be momentum reconstructed in the toroid and (2) the Penetration

trigger which selected charged current ev~nts with hadron energy above a certain mini­

mum, however, the muon failed to get momentum reconstruct~d in the toroid.

The muon trigger, also called Triggerl, was designed to record the CC events

for which the muon was produced in the foward direction and hence of high energy. The

trigger demanded a recorded pulse height in a counter, known as T2, between the first

and the second toroid carts, and hits in at least two counter of the four counter stationed

upstream or downstream in the toroid. Fig. 3.5a shows the logic diagram for the muon

trigger and Fig. 3.5b a regular muon trigger event with the wrong sign.
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The penetration trigger on the other hand is designed to accept CC events

where the muon did not reach the spectrometer, either because it ranged· out in the target

or because it emerged at a steep angle and exited the sides of the detector. The trigger

thus takes events over a larger range of muon energy than the muon trigger. (Many

penetration events are also muon trigger events.) The trigger required that the muon
I .

penetrate at least sixteen steel plates and the energy of the hadron shower be > 4 GeV.

Fig. 3.6a and Fig. 3.6b show the logic diagram for this trigger and a. penetration trigger

event.

§3.3 E616 and E701

The FNAL experiment E616 is the first of the above two experiments. The

data for E616 were acquired from June 1979 to January 1980. The second experiment,

primarily a search for neutrino-oscillations, ran from January of 1982 to June of 1982.

The Lab-E apparatus was curtailed in tonnage to instrument another neutrino detector

stationed upstream of Lab-E. The main di1fer~nces in the detectors for the two experiments

are listed in Table 3.3. Fig. 3.7 shows the detector configura~ion as used in E70l.
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Selection and Analysis of Wrong Sign Muon Events

The data accumulated during neutrino running can be separated into two

groups : (1) neutrino induced interactions and (2) interactions from other sources. The

events, discerned to have originated from deep inelastic scattering of neutrinos off the

nucleon may be further classified as charged current, neutral current, opposite sign dimuon

and like sign dimuon events. The like sign dimuon events are the least understood of all

the above four, as mentioned earlier.

The events from the other source are almost completely due to cosmic rays.

The wrong sign muon events form an extremely small fraction of the data,

with a rate comparable to that for the like sign dimuons. The final data set of WSM was·

found after imposing a set of loose fiducial cuts on the original sample, visually scanning

the events, reconstructing the candidate WSM events interactively and imposing a final

set of cuts. This chapter deals with these steps in detail. Distributions of interesting

kinematical quantities of WSM and regular CC events are also presented.
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§4.1 Data analysis

4. Selection and Analysis of Wrong Sign Muon Events

The anlysis of the neutrino data was .broken down into three stages. (a) The

raw data tapes were compressed and many of the data acquisition details summarised.

This was done by a program called the 'Stripper'. (b) The event reconstruction followed

next. The hadron energy and the energy of the muon were calculated as outlined in the

preceding chapter. This was accomplished by a program called the 'Cruncher'. (c) Finally

all the relevant quantities concerning the event were written onto data summary tapes

(DST) for physics analysis. The sample of WSM was extracted from the crunched data.

4.1.1 Preliminary cuts

Preliminary cuts were imposed on the original full data set to distinguish the

candidates for WSM. These cuts were essentially fiducial cuts. They were:

I. Proper gate

The dill'erent types of gatings for each of the two experiments, EGI6 and ETO!, have

been mentioned in Chapter 2. Events to be accepted, had to fall in one of the three

categories :

a. a. Fast Spill: Both E6I6 andETOI

b. b. Slow Spill: EGI6 only

c. c. Pings: ETOI only
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D. Trigger cut

Stllce the muons of interest were defocused by the magnetic field it was imperative

. that the events be adequately momentum analysed. Therefore the bit representing

the muon hardware trigger, the requirement for which has been stated in Chapter 2,

in principle, had to be set. Since the resulting events were to be visually scanned,

this trigger requirement was relaxed by allowing either the muon trigger bit or the

penetration trigger bit to be set.

IlL PLACE cuts

The 'PLACE cut' restricts the event vertex to be within the legitimate longitndinal

dimension of the apparatus. As described in Chapter 3, 'PLACE' represents the

z-location of the vertex. The downstream or lower PLACE cut ensures efficient

track reconstruction while the upstream or the higher cut eliminates straight through

muons and cosmic rays. The PLACE cuts were -

E616: 20 < PLACE < 80

E701: 17"< PLACE < 54

Iv. Number of tracks

A cut requiring that atleast one track in either view, (x or y),in the target be found,

was imposed.

v. Vertex cut

The vertex cut delineates the fiducial area of the neutrino apparatus. It excludes

most of the cosmic rays, which abound at the edges of the detector. To acertain
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the vertex-cut, a scatter plot of X-position vs Y-position of cosmic ray events was

examined. One noticed ·the edge of the fiducial area emerging at around ±54 inches.

The fiducial area was chosen to be :

-54.in. < X - position. < 54.in.

-54.in. < Y - position. < 54.in.

vi. Hole cut

The toroid has a central hole, 5 inches in radius, within which the magnetic field is

zero. A muon track which spends more than a certain fraction of its time within the

hole may not be properly reconstructed. The 'hole cut' was imposed to remove these

muons from the sample. ~t was required that the. fraction of the muon track spent

inside the hole be less tha.n .2.

Vn. Toroid cuts

The 'Toroid cuts' ensure that the muon track is sufficiently within the dimensions of

the spectrometer to be momentum reconstructed. Two cuts were imposed to insure

this. The first cut demanded that the radius of the projected track of the muon at

the toroid be less than 69 inches and the second that the projected track intersects

the trigger counter,T2, behind the first toroid. .A1i pointed out in Chapter 2, the

toroid has a radial dimension of 69 inches. The T2 counter was a square extending

to ±60 inches in X and Y. To put these cuts into symbols: .

Pt < 69in.

-58'n.. < XT2 < 58i",.Gncl - 58i",. < YT2 < 581n..
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where Pt is the radious of the muon at upstreamend of the toroid and (XT2, YT2)

are the projected coordinates at the T2 counter.

'vIll. Momentum of the muon

To extract the wrong sign muon events it' is finally required that the muon be

defocused by the magnet or in other words the reconstructed momentum of the

muon be negative.

Ix. Evis cut

This cut was imposed on the slow spill events (E616 only) to reduce the enormous

cosmic ray backgound, which is immanent in the slow spill, to a manageable level.

An examination of the histogram of total visible energy of cosmic ray events revealed,

that above Evis of 20..GeV there were few cosmic rays. The cut was accordingly

chosen to be Evis > 20. GeV.

Tables 4.1a through 4.1e show the reduction of the initial data set due to the

cuts described above for all the energy settings of the two experiments. Further cuts were

imposed upon the obtained set of events. This is treated in Sec 4.4.

§4.2 Scanning and interactive reconstruction of WSM

The above cuts yielded a total of ( 753 ) events for E616, including fast and

slow spills, and (843) events for E701, including fast and ping. The events that obviously

did not contain defocused muons were weeded out. Such events could fall into one of the

following: (1) regular charged current events which could not be properlY reconstructed
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by the program or (2) multimuon events such as dimuonsor trimuons, or (3) .. zoo events".

implying events that defied any classification. Some of the events in the sample appeared

to be cosmic ray events, with characteristic low hadron energy. The vertex cut eliminated·

most of the cosmic rays that entered the apparatus through the target, but those entering

the through the toroids could have escaped this cut. These cosmic rays, called 'Backwards

going.cosmic rays', comprise a small fraction of the data populating the low energy bins.

An effort was made to develop an algorithm to eliminate the backward going cosmic

rays. Some success was attained in recognizing these events statistically, but establishing

quantitative criteria to pick them out event by event turned to be a formidable task. Since

these events were in the low energy tail of the spectrum and were not too numerous, it was

felt adequate to subtract out the cosmic ray background statistically. This subtraction is

described in the following chapter.

After selecting candidate events by scanning,. the events were reconstructed

by hand. A conspectus of general features of event reconstruction has been presented

in the preceding chapter. At this stage only two features of event reconstruction were

evoked (a)finding the right track and (b) calculating the m~on momentum. The hadron

energy computation was unaltered. It should be mentioned that the scanning for WSM

candidates was done twice to ensure that no event has been omitted. The efficiency was

found to be better than 99%.

The candidate WSM events were examined on a high resolution graphics ter­

minal. An interactive display and fitting program was used that enabled one to add or

delete sparks as required. A certain pattern emerged for the events for which the track
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finding algorithm had not succeeded. The failure was attributed to one of the following

snags: (1) spark chamber inefficiency, (2) 'too many hits in the toroid chambers (this

was particularly the case for E701 events where the voltages of the toroid chambers were

raised to increase the efficiencies), (3) large multiple scattering in the toroid chambers

and occasionally in the target chambers, (4) track too close to the hole in the toroid, (5)

backward going cosmic rays, (6) low energy focused muons weaving around the hole. An

effort was made to keep the X2 per degree of freedom less than 2.0. Occasinally this could

not be achieved. However none of the final candidate WSM events had the X2 above 5.0.

Fig. 4.1a presents the histogram of X2 for WSM events.

4.2.1 Ambiguous events

Ambiguous events were those for which either the track finding routine could

not determine a sign or the error on the momentum was computed to be very large, owing

to the small deflection the muon underwent in the toroid. In spite of repeated efforts

these events defied momentum reconstruction. Tables 4.2a and 4.2b list these events for

E616 and E701 respectively. The third and the fourth columns of the tables contain the

reconstructed momenta of these muons and the radius at the front face of the toroid. By

"defa:ult" momentl!m is meant that no sign could be assigned to the muon-momentum.

One common feature of them was that the radius at the upstream end of the toroid (pt) is

greater than 65. inches. This motivated the imposition of a more stringent cut requiring

Pt be less than 65. inches instead of 69. inches.
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§4.3 Flux monitoring cuts

In addition to the above cuts a monitor cut was imposed on the data, on a

spill-by-spill basis, to ensure that the primary proton beam and the secondary hadron

beam were properly directed . .AB described in the Chapter 2, this was called the 'Steering

cut'. The reason for imposing the steering cut was the following: To calculate the WBB

for WSM events the total number of protons delivered on the target was required. If the

proton beam direction were changed from spill to spill the WBB would be altered in a

time-dependent manner and thereby making it impossible to estimate the WBB content of

WSM. As mentioned in Chapter 2, the beam steering was managed with the aid of SWICs

and split-plate ion chambers situated in two stations in the neutrino beam line (see Fig.

2.3c), the expansion port and the target-manhole. The difference over the sum of the tw?

halves of the split-plate ion chamber was used as a quantitative steering parameter. A

marked asymmetry in the signals from the two halves indicated missteered beam. The

steering cut, then, amounts to demanding a symmetric output of the split-plates, which

corresponds to beam pointing to within ±1.4 inches of the centre of Lab-E detector. The

split-plates at both the stations were required to satisfy this cut. The proper steering was

quantified as follows :

(LEFT - RIGHT) 1
(LEFT +RIGHT) < .

(TOP-BOTTOM) 1
(TOP+BOTTOM) <".

Roughly 10 %of the total WSM data were eliminated due to the steering cut.
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§4.4 Final cuts and Wrong Sign Muon data
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Having hand selected the WSM events and examined in some detail their

kinematical distributions a set of final cuts was chosen. This included the nine previous

cuts with the new toroid cut of Pt < 65 inches, to remove ambiguous events. The steering

cut along with five additional cuts, listed below, were imposed on the final sample.

x. 9~ cut

The polar angle of the muon, with the Lab-E axis as the z-axis, was required to be less

than 200 milliradians. This cut ensured that the event had a reasonable geometrical

acceptance. Fig. 4.1a shows the 9~ distribution.

xL P~ cut

In order to be properly reconstructed in the toroid the muon must have an energy

above a certain minimum. Due to the PLACE cut, the muon must traverse through

a minimum of 2.m of steel (l.7m for E701), and therefore must have enough energy

to overcome the energy loss in the target before it reached the toroid. The minimum

momentum cut is chosen to be 7 GeV.

xli. X cut

X is the scale parameter of deep inelastic scattering. In order to have a legitimate

deep inelastic scattering X must be between o. and 1 (See Appendix Band C).

xill. Y cut

Y is the inelasticity'of the interaction. It was also required to be between o. and l.

(See Appendix B and C).
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xlv. Q2 cut

The Q2 of the event was demanded to be within o. and 999. This cut is intended

to throwaway any spurious event in the regular data set.. For WSM The above two

cuts did not eliminate any event·.

§4.5 Distributions of some· kinematical variables of WSM

Fig. 6.1a, Fig. 6.2a, and Fig. 6.3a display histograms of the total visible

energy(Evis), momentum of the muon (P,,) and the hadron energy (En) for the entire

sample of WSM. The entries with error bars represent data and the solid lines are

the computed backgrounds (see Chapter 5). Since WBB constituted one of the largest

backgrounds the data were also examined under an additional cut requiring Y > .5.

Below and in subsequent chapters, WSM, CC or backgrounds with this additional Y cut,

will be referred to as Group Y. In contrast, the events (WSM, CC or background) with

no Y cut belong to Group X. Fig. 6.1b, Fig. 6.2b and Fig. 6.3b show distributions of

Evis, P" and En. Fig. 4.2 shows a histogram of the geomet~icalweights associated with

WSM events of E616. However, the acceptance of any event Can be calculated only if the

mechanism of its production is known. If, indeed, WSM exist beyond backgrounds then

the acceptance calculation mentioned above is moot. This issue is discussed in greater

detail in Chapter 6. Fig. 6.5a and Fig. 6.6a depict the x and y distributions for WSM.

The same distributions for WSM, Group Y, is shown in Fig. 6.5b and Fig. 6.7b. It should

be noted that the total visible energy, muon energy and the hadron energy distributions

are on the log scale.
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4.5.1 Missing energy
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The dichromatic structure of the beam provided a means of measuring any

missing energy in the neutrino interaction. This has been discussed in Chapters 2 and

3. In a regular charged current event there should not be any missing energy. Fig. 4.3

shows the distribution of the measured missing energy for CC events. The analogous

distributions for WSM, Group X and Group Y, are presented in Fig. 6.4a and Fig. 6.4b.

The graph shows a few events with missing energy greater than 20 GeV. These are in

concordance with the expectation, since one of the backgrounds"for WSM is NC induced .

dileptons. The leading lepton in this reaction is a neutrino and hence the large missing

energy.

§4.6 Equivalent charged current sample

The CC events corresponding to the sample of WSM are needed to obtain the

relative rate of the latter. The CC data of ~616 and E701 were made to pass through the

identical set of fourteen cuts along with the steering cut, excepi .that the muon momentum

was required to be positive.

The characteristics of the CC events, obtained through the steps outlined

above, is shown in Table 6.3. The number of CC events along with the WSM events in

two energy bins of Evis, Evis < 100 GeVand Evis > 100 GeV, are listed in Tables 6.1a

and 6.1b for two Y cuts. The average values of certain kinematical quantities of WSM

are presented in Tables 6.2a-6.2d for various cuts, whereas Tables 6.9 and 6.10 collate
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these events with other multimuon events. This comparision will be discussed in detail in

Chapter 6.
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Background.

The backgrounds Cor Wrong Sign Muons can be broadly classified into two .

categories :

L Wide Band Background

Pions and kaons that dec~ before the momentum selection in the dichromatic train

(see Fig. 2.8) constitute a source of diffused low energy neutrinos and antineutrinos

which are referred to as the wide band background (WEB). WBB illuminates the

detector uniformly. The modeling oC this background is rather difficult since its

production depends upon the various beam line elements and details of beam dumping.

Indeed, any scraping of the beam or any collimator along the beam line could be a

potential source of the WBB. AI> mentioned earlier, to estimate this background, events

were recorded with protons on target but with momentum defining collimator closed.

Such events could then be used to subtract out the WBB content of the open-slit data.

However, at positive energy settings the WBB is not as large with respect to WSM as
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it is for negative energy setting. This necessitated a Monte Carlo calculation of the

.WBB. In reference to WSM the main sources of WEB are two :

a. The production and decays of 71'-/K- at the BeO Target

b. The production and decays of ",-/K- at the Primary Dump

In addition to the above, we have estimated the WBB lip fromthJee other

sources:

e. WOO lip from 1'+ decays in the decay region

d. WBB lip from the interactions of the secondary particles (p, ",+ ,K+) in the Secondary

Dump which was stationed at the end of the decay region

e. WBB lip from the interactions of the secondary particles with the material of the

monitoring devices at the Expansion Port and Target Manhole

The first two sources of WBB antineutrinos wlll be referred to as target WEB

and dump WBB respectively. The contribution to the WSM sample from the three latter

sources, discussed in Appendix H, constitutes less than 2%of the amount due to the first

two. Fig. 5.0a shows, schematically the production of WSM due to this background.

In the sections which follow, we sketch the Monte Carlo computations of WBB from

these two sources. The Monte Carlo reproduced the low energy tail of the WSM data

satisfactorily. It was also consistent with the meager data accumulated during close-slit

running.

fL Dilepton Background

Neutrino interactions could produce dileptons (1-:- ",+), where the leading lepton (1-)
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is not observed, and such a reaction would mimick a ~SM. There are three prominent

interactions which contribute to the dilepton background.

Be Missing ~- in a regular dimuon event. See Fig. 5.0b for the Feynman diagram of

this interacition.

b. Neutral current induced production and decay of 71"+ /K+. Fig. 5.0c contains the

Feyman diagram depicting WSM production from this source.

e. K«s induced e-~+ : By K e3 is meant the three body dec~ mode of Kaons which

produces an electron neutrino,a positron and a 71"0. The decay is expressed as (Refer

to Fig. 5.0d):

The lie spectrum at the apparatus is shown in Fig. 2.8.

In the discussion that follows estimates of the above backgrounds and of the

cosmic r~ background are presented. The comparison with the data is tabulated at the

end of this chapter. Without the Y (inelasticity) cut signal for WSM at two sigma is

barely visible. However the excess of WSM events becomes more prominent after one

imposes that Y be greater thatn .5.

§5.1 Wide Band Background



38

. 5.1.1 Closed slit data

5. BaCkground

A first estimate of WBB was provided by WSM from the closed slit data.

Closed slit data were accumulated to measure WBB contamination of the regular CC

events. The measurement of this background was made by letting the dichromatic train

operate normally, but with the momentum defining slit closed. This prevented any pion

or bon from entering the decay pipe. Consequenlty neutrinos reaching the apparatus

originated from the upstream decays of the mesons and provided a measure of WBB.

WSM events constituted a small fraction of the closed slit data. These data

were extracted with cuts identical to those described in Chapter 4. After imposing the

priliminary fiducial cuts, the events were scanned and interactiveJyreconstructed. Tables

5.2a and 5.2b list these events from the close-slit data. of E616 and E101 respectively. The

tables also contain the Evis and Y of the events. The number of events at an individual

setting is too small to draw any tangible conclusion about this background. It was assumed

that the wide band background for antineutrinos in a positive settiBg is independent of

the energy setting of the secondary beam. This assumption was confirmed by the Monte

Carlo calculation. Fig. 5.1 shows the number of interactions in Lab-E detector from

WBB-antineutrinos versus the five energy settings. The WBB antineutrinos originating

at the primary target were found to be completely independent of energy setting. However

their production at the primary dump rose slightly as the secondary energy went up. This

does not impugn the assumption a.bove since the the dump production was a small fra.ction

of that a.t the primary target.

The data from the closed slit was then normalised to the total number of
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protons on the target for open stit running. Before carrying out this normalization cosmic
. '.

ray background of the WSM close-slit data was estimated. This was accomplished by

extracting cosmic rays (see section 5.3), and normalising the cosmic ray live-time to the

live-time of the apparatus while the close-m.t data was taken. For both the normalizations

one needs the number of protons impinging upon the BeO target for all the spills that

pass the steering cut as well as the live times. These numbers are presented in Tables 5.1a,

5.lb and 5.1c. The former two contain the incident flux information while 5.1c provides

the live-time information during close-slit running. The corresponding informations, for

open-slit running, are furnished in Tables 5.3a and 5.3b, and 5.4a and 5.4b. Tables 5.4a

and 5.4b also contain the total secondary flux information which is used in estimating

K e3-induced dilepton background of WSM (see Sec. 5.2.3).

Even when all the settings are lumped together the paucity of events made the

precise determina.tion of WBB spectrum intractable. The closed slit data did, nonetheless,

provide a broad outline of the energy spectrum of the WBB events' and a check on the

Monte Carlo computation.

5.1.2 .Estimation of WBBoriginating at the target .

The neutrino beam line and the beam Monte Carlo have been described briefly

in Chapter 2 [23,24]. The beam Monte Carlo was employed to compute the target WBB.

The salient features of the calculation are as follows :

The production of the secondary particles was simulated following Atherton

et a1. [21]. The momentum spectrum of the 7T- and its"Pt " distribution are discussed
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in Appendix D. The secondary w- and j(- were traced through the beam elements till

they were swept out of the beam. Almost all of the rays of w- and K- were focussed out

of the beam by the time they reached the third beam element. Out of 100,000 secondary

,...-, the number of surviving ,...- at various longitudinal distances is shown in Table 5.5.

A weight was assigned to each w-/K- quantifying the probability of its decay during

the Bight. Finally the probability of the acceptance of the resultant anti-neutrino by the
. ..

Lab--E apparatus was computed. Fig. 5.2 shows the target WBB antineutrino energy.· .

spectrum at Lab-E from ",- and K- normalized to the total number of protons incident

on the target for both the experiments.

5.1.3 Estimation of WBB originating at the primary dump

The function of the primary dump, which was actually an aluminium insert

in the beam line, was to absorb principally the 400. GeV protons that passed through

the BeO target without interacting. The angle of dumping and the z-location of the

collimator varied from energy setting to energy setting. Table 5.6 gives the angles and.
the z-locations of the collimators for three energy setting - 250, 200, and 165 GeV. The

dumping angles for the 140 and 120 settings were roughly the same as that for 165. GeV.

Estimation of antineutrino Bux from proton interactions in the dump is similar

to the procedure described in the preceding section. The details of the dump simulation

followed along the lines of references [25,26 and 21). We checked our calculations against

the measurement and the calculations performed by CDHS and CHARM (28cuul2gJ. The

first few interaction lengths of the dump were composed of aluminium. Consequently a
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correction [22] has to be applied t~ Atherton's data which was obtained for Proton-Be

interaction. The Atherton data were corrected for the diIference of production rates in Be

and AI by multiplying by (A(Cu)/A(Be))·7.

Fig. 5.2 shows the energy distribution of the antineutrinos at Lab-E, produced

by 5.55 X 1018 protons, the entire proton flux for E616 and ET01, for positive settings,

interacting in the dump. The factor of three excess of antineutrinos from the former

source is appa.rent from the figure.

5.1.4 Acceptance of p+ produced by WBBi'j; in Lab-E

In order to calculate the number of WSM from WBB the acceptance of the

neutrino detector must be folded into the 1IJ,4 spectrum. A Monte Carlo, which simulated

the neutrino detector, was used for this purpose. Fig. 5.330 plots the acceptance of WSM

coming from WBB nueutrino versus energy. This plot pertains to ETOl apparatus. The

acceptance for E616 apparatus was somewhat lower at low energies since the spectrometer

subtended a smaller solid angle for events with larger PLACE: To cut down the WBB one

may impose cut in Y of .5. The acceptance of WBB events with Y>.5 is plotted against

total visible energy in Fig. 5.3b

After determining the acceptance the total contibution of WBB lip. to WSM

may be computed. The cross-section for 'i7J,4 interaction is assumed to be:

U'j;-N = .34 X Ev X 10-38



42 5. Background

which yields .95 X E;; X 10-11 . interactions per incident antineutrino for the stated .

fiducial volume of the E616 apparatus.. The latter number for the E701 appa.ratus is

.60 X E;; X 10-11 • Fig. 5.4a is a histogram of the total visible energy of the WBB events

. from the two sources. Table 6.1a compares the number of events in this background with

the number in other dilepton backgrounds and the WSM data. Fig. 5.4b and Table 6.1b

depict the same for Group Y events.

§5.2 Dilepton Backgrounds

The dilepton interactions which mimick WSM events cannot be identified on

an event by event basis. This is chiefly due to the high density of the neutrino detector.

Instead, the number of these interactions has to be estimated statistically. For instance,

OSDM events where the leading muon, JI-'- remains unobserved, constitute one of the

dilepton backgrounds. A simple extrapolation of the dimuon: data[J.6] intimates that the

contribution of this background to WSM sample is ~ 5 to 6 events which is in fair

agreement with the number (6.9 ± 1.5; see Table 6.1a) furnished by the detailed Monte

Carlo calculation. The main component of this calculation is a Monte Carlo program

which simulates dimuon production in the Lab-E apparatus. The Monte Carlo has been

described in detail in ref [16], therefore only the salient features of this program are given

below.
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5.2.1 Dimuon Monte Carlo Program
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A neutrino interaction with two muons in the final state is called a dimuon

interaction. Symbolically:

VIJ+N~ p,- + p,+ +X

Whereas the sources of like-sign dimuon events are not well known, the opposite sign

dimuon interactions, their sources, and their kinematical properties can be explained and

modelled within the context of standard model. The dominant source of opposite sign

dimuon events is the production and semileptonic decay of D-mesons [30,31,82,38] in v-N

interactions as confirmed by Bubble Chamber and Emulsion experiments [84,35,36.37.38J.

According to the prevaling phenomenology of hadron production, the D-meson comes

about through the fragmentation of a charm quark produced in the neutrino-nucleon

scattering. Infact opposite sign dileptons in neutrino-nucleon scattering offerred the

first experimental evidence for open charm [SO]. The program simulates the dimuon

production, following ref. 148], in the following steps:

a. Deep-inelastic production of the charm quark

The dimuon Monte Carlo program takes as input the single muon CC events. These

events are generated by the single muon CC Monte Carlo described in Appendix E.

The rate of production of charm quark is proportional to

where d(x) and sex) denote the valence and the sea quark distributions respectively.

In the program the distributions measured by CCFRR have been used. Since the
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mass of the charm quark is significant, it cannot be ignored in the expression for the

scaling vari3ble x. The mass-corrected scaling variable is often reffered to as 'slow

scaling variable' or x' where

(Q2+ M2) M2
:1:' = c =:1:+ c

(2 . Mp •EH) 2 . Mp . EH

Here Me is the charm quark mass, Q2 is the square of the momentum transfer and

EH is the energy of the hadron (see Fig. 5.0.b). The differential cross section for the

production of charm quarks· maJ be written as:

where E y is the energy of the incident neutrino and GF is the Fermi constant. It

should be noted that the last factor is essentially that for the production of a heavy

quark.

b. Fragmentation of the charm quark

Fragmentation of quarks into hadrons is one of the least understood processes con-

fronting QCD. The fragmentation of the charm quark into D-meson therefore has

been handled phenomenologically in the Monte Carlo. Fragmentation is described

through the scaling variable z, where

ED ED
1S=-~-

E c II

i.e. z is the fraction of energy taken by the charmed meson in the W-nucleoncentre of

mass system. Charm being a heavy quark is expected to display hard fragmentation

i.e. the fragmentation function should peak at higher values of z [41,42). The
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fragmentation itself is parametrized following Peters~D et.al. [43]. II D(z) were the

fragmentation function then

1
D(z) = z X (1 ~ 1 __~_)2

Z 1-21

where E was treated as a free parameter. A measurement by the Argus collaboration
, .

[05] yields the best value for Eat 0.19±.04. The D-meson was given a Pr distribution

(following LEBC EHS result [44] ) as follows:

where the constant a = 1.1.

e. Semileptonic decay of the charmed meson

Finally the fragmented charmed meson was made to decay semileptonicalIy. The

square of the decay-amplitude was parametrized following Barger and Phillips and

Gottschalk [46,47,48]. If M represents the decay amplitude then

IMI2 = (2PD . P,)· (2PD . Pv ) - (M1> - 2M~) X (2P" •P,)

where POI refers to the four momentum of the particle a a.~d Mx is trea.ted as a free

parameter with the dimension of mass. Its value, .65 GeV, was chosen to provide a

good fit to the inclusive production of electrons from D-decays which was measured

at 1/J"(3772) by DELCO [46,47]. The smiIeptonic branching ratio was assumed to be

(10.9 ± 1.4)%.

There is one other source of opposite sign dimuon. In a regular neutrino induced

CC event, the hadron shower may produce a 11"+ or a K+ which then lDay decay to a p.+.
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This source of dimuons, far smaller than the previous source and subsequently treated as

a background, is described brieRy in the section below. The kinematical distribution of

background subtracted dimuon data agreed well with the charm Monte Carlo program.

Figs. 5.7 show certain relevant comparisions between the two [16].

5.2.2 DOOnon events with missing p-

A dimuon event in which the leading muon, /1-, is unobserved would appear

to be a WSM. There are two ways in which the /1-, might evade detection. Either it

could escape out the sides of detector,· or it colild range out in the target, before or right

after the hadron shower. For calculational purposes following selection rule was chosen

: if the /1- (the leading muon) succeeded in penetrating enough steel beyond the end of

the shower so as to show up in three spark chambers, the event was rejected as a dimuon.

This amounted to demanding that the leading muon should traverse through 60. cm of

steel beyond the end of the hadron shower in either case.

The dimuon Monte Carlo program· was employed to estimate this background.

Once the dimuon was produced the criterion discussed above was applied. The penetration

of hadron shower of a given energy in the detector was simulated by using the data. or

the test run of E744 and E652 accumulated during May-June 1984 [40]. The test run and

the experimental set up is discussed brieRy in Appendix I. The integral probability for

the shower penetration for various hadron energy is shown in Table 5.7. Fig. 5.5 shows

the probability vs length of shower penetration in the Lab-E detector for various hadron­

energies.
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5.2.3 Neutral current induced 11'"+ /K+ production and decay
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In a neutral current interaction a p+ might be generated at the hadron vertex.

This muon would be a decay' product of a 71"+ or a K+ produced in the hadron shower.

Such a neutral current interaction would look like a WSM. This background is, for

WSM, analogous to the background for opposite sign dimuons. The calculation for this

background aims at answering the following question : given the hadron energy of an

event, what is the probability of producing a p+ at the hadron vertex such that the event

satisfies all the cuts on WSM mentioned in the earlier chapter? For a given event the

program took two inputs, the hadron energy and the scaling vanable X. The program was

equipped with the BEBC Nu-Ne and EMC (#-,,"P) hadron production and multiplicity data

(see ref [ 16 and 50 l ). The production of 14+ from the subsequent interactions and decays

of these hadrons was computed using the prompt and non-prompt muon production by

hadrons measured by E379 [51} • The PT or the angle of the generated muon was computed

from the fits made to the transverse momenta of hadrons in EMC I/rP data. Fig. 5.6 shows

the histograms of total visible energy for these events. The plots have been normalised
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.to the charged current sample for the two experiments.· Table G.lalists this background

along with the others and with theWSM data.

5.2.4 Ke3 induced e-JL+

The dimuon-like interaction of the lie in the neutrino detector, where lie arises

from the three body decay of a kaon, induces the third background for WSM. In this case

the leading lepton, e-, would be absorbed in the hadron calor~eter and the p+ produced

from the semileptonic decay of the D-meson would appear like a WSM. In chapter 2 the

relative flux of lie from Kes decay was shown. As mentioned in the Sec 5.1.1, Tables 5.4&

and 5.4b show the total number of secondaries for the two experiments. The accompanying

Table 5Ac lists the fraction of bons in the secondary beam for each setting. To calculate

this background, the lie Jlux at Lab-E from Kes decay, was computed and the Jlux was

used to generate events in the apparatus. These events were used as mput to the dimuon

Monte Carlo described above and the dileptons subsequently were generated. Since the

neutrino detector at Lab-E cannot distinguish between the electromagnetic and hadronic

showers, the leading lepton, e- , was merged with the hadrons. The resultant distribution

of background events is presented in Fig 5.6 which contains the Evis histograms for such

events. Table 6.1a compares this background with the others.

Fig. 5.2 offers a comparision of the three dilepton backgrounds. One notices

that the first two backgronuds, OSDM with the leading 110- undetected and NC induced

,..+IK+ decays, have similar magnitudes as well as shape. Both are slightly larger than

the K e3 background. Table 6.1a and 6.1b match these magnitudes lIlore candidly. After
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the Y cut was imposed the magnitude of these backgrou~ds diminishes only slightly (RJ

7%), however,the shape of the distributions remain virtually unchanged.

Finally Fig. 5.4a illustrates the total dilepton background contribution to

WSM. The histogram has been normalized to the total CC event sample. From the

figure 5.4a, it is evident that the WBB background is the dominant 0Ile below 150 GeV~

Dilepton backgrounds are the major contributor to WSM after 150 GeV. The situation is

some what different for WSM where a Y > .5 cut has been imposed. The distribution is .

presented in Fig. 5.4b. WSM events with Y > .5 ,from WBB ~nd dileptons, have been

separately histogrammed in this figure. Above 100 GeV, one notices, that the dilepton

contribution completely dominates the WBB events. Further details and ramifications of

this comparison are discussed in the Chapter 6.

§5.3 Cosmic Ray Background

Cosmic rays constituted a small background at the low energy tail of the WSM

data. AB pointed in the earlier chapter ~he cosmic ray content in the slow spill data

was almost eliminated by making a cut on the total visible en~rgy. The estimate of this

background is outlined below.

A hundred cosmic ray events were extracted from each experiment. The·

extraction of these events was identical to that of WSM. These events were visually

scanned and interactively reconstructed. Finally the set of final cuts, identical to ~he

data and other backgrounds, were imposed. The resulting set of cosmic ray events were

renormalised to the live-time of the data. Tables 5.3a, 5.3b, 5.4a and 5.4b show the live
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times for the event-gates and cosmic-ray-gates for the two experiments. The contribution

of this background to WSM open as well as close-slit data was computed. None of the

. cosmic ray backgrounds survived the Evis or Y cut.
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Results' and Conclusion

The backgrounds producing WSM do not account for the eJlme observed data

sample. A possible signal of WSM at the 2ulevel emerges after imposiJIg a cut of 100 GeV

on the total measured energy. This effect becomes more pronouncec1 by an additional

cut on the inelasticity, Y, of the events. These two cuts eliminate :most of the WBB

contribution to the WSM sample. The Evis cut diminishes the dilepton backgrounds by

half, however, the Y-cut does not alter its contribution significantly. This chapter will

examine these backgrounds closely (Sec..6.1), compare their kinematical distributions

with the data (Sec. 6.2), and endeavor to arrive at a limit on ~he rate of production of

WSM (Sec. 6.3). This limit is the best answer to the question: whether WSM exist as

distinct phenomenon.

Next (Sec. 6.4) the rate and kinematical properties of WSM are compared with

those of opposite-sign dimuons and like-sign dimuons. The contention, whether WSM

events constitute the" neutral current analog" of OSDM and LSDM, will be addressed.
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If one could proclaim a signal for WSM, one might entertain the possibility, within the

standard model,that a higher order process accounts for the occurrence of such events.

For instance, the intrinsic charm of the nucleon sea might produce a WSM in a neutral

current interaction. Then, based on the limit of the production of the WSM, one can place

limits on the intrinsic charm content of the nucleon sea. This limit, with 90 %confidence

level, has been found to be,

C
'10 = U < .02

The calculation and the limit will be presented below (Sec. 6.4.2.2).

In the same speculative vein, one may conjure an extention of Weinberg-Salam

theory to explain WSM by means of a small, Oavour-changing, neutral current coupling.. .

Assuming such a mechanism for the production of WSM, we will derive an upper limit

on the rate of ilavour changing NC interactions (Sec. 6.4.2.1). The result, with 90

%confidence level, could be expressed as follows,

u(Oavour changing NC) < .0085
u(NC)

Thestudy of WSM and their related backgrounds. offers a venue to explore the

right-handed couplings in the weak interaction within specific assumption. This topic will

be dealt with in Sec. 6.5.

§6.1 Wrong Sign Muons and the backgrounds. .

We first turn to the question,"Is there a WSM signal?". The table below
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includes the observed WSM data and the computed backgrounds with and without the

Y cut.

Y<O Y>.5

EtJis < 100 EtJis > 100 EtJis < 100 EtJis> 100

DATA 400 ±20 43 ±6.6 58±7.6 24:t;: 4.9

BACKGROUND

Total 397 ±79 22.4 ± 4.5 47.7 ± 9.5 11.2 ±2.2

WBB Closed Slit 375 ±85.9 o± 19.7 19.7 ± 19.7 o± 19.7

WBBMC 389 14.0 40.2 3.0

Dilepton .8.5 8.55 7.5 8.2

WSM: Data and backgrounds.

One notices that the background estimate of the low energy WSM agrees well
.

with the observed data. This lends credence to the modeling of WBB. As discussed

earlier, parametrizing this background is rather difficult. There are grave uncertainties,

(for example possibility of beam-scraping, holes in the primary dump and interactions of

the primary protons even before it is transported to the BeO target), which may jeopardise

the credibility of the Monte Carlo calculations. The agreement of the predicted number

of WSM with the data for Evis < 100 GeV is therefore reassuring. One may then venture

to trust that the calculation yields the number of WSM above 100 GeV reliably. Still, the

uncertainty due to possible holes in the primary dump persists, since this could cause the



54 6. Results and Conclusion

high energy WBB component of the background to go up without appreciably affecting

the low energy content. However, above 100 GeV the contribution to WSM sample from

the primary dump is ~ 1.5 events. Even if this contribution were to be increased by a

factor of five, a 2 standard deviation effect of WSM would persist.

To further curtail the WBB background, Y > .5 requirement is imposed. A

scatter plot of Evis vs Y (see Fig. 6.8) reveals a clustering of events with Evis > 100 GeV

and Y > .5. A band in the scatter plot where very few events occur is marked. TIds

plot motivated a detailed investigation of WSM with Y > .5. The table above indica~

that the WBB component in the WSM sample, above 100 GeV consists of only three

events. Apart from the uncertainties of the WBB Monte Carlo, this estimate depends

upon knowledge of the antiquafk distribution in the nucleon. From the published Jesuits

on the structure functions, F2 and :&Fa the enor on the antiquark distribution is 9.6'1

Mean values of X and Q2 of the WSM sample were used to estimate this error: T~e

error associated with the background estimation is assumed to be F:.::1 20%. Therefore in

calculating the WBB component of the background one is not limited by the uncertainty

in the struCture functions. On a note of circnmspection, one might further assume that

all of the WSM events above 100 GeV with no Y cut, arise f~om the backgrounds. This

would imply a total of 34.5 WBB induced events (as against 14 indicated in the table). Tile

assumption, when carried over to the sample with Y > .5, causes the WBB component

of the background to increase from 3 events to 7.4 events. Thus the total backgrouad

for WSM with Evis > 100 GeV and Y > .5, would be 15.4 events. If the errors were

added in quadrature, there are still (9 ± 5.4) excess wrong sign muons. Hence the effect

continues to manifest itself at the 2 standard deviation level. The preceding table and
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discussions demonstrate if one insists on conservative punctiliousness, that the observed, .

WSM events constitute a signal beyond one standard deviation and within two standard

devaition of the background estimates.

Next, the detailed comparison between the data and the background will be

carried out. Table 6.1a presents the WSM events along with the four b'ackgrounds,in two

energy bins, below and above 100 GeV. Table 6.1b shows the same with the additional

cut of Y> .5. One notices that the events exceed the backgrounds by roughly a factor of

2 in both cases.

With no cut on Y there were 43 WSM events and 22.3 + 4.6 background

events. The corresponding numbers with Y > .5 cut were (24 ± 4.6) and (11.2 ± 2.2)..

The error on the background is assumed to be 20 If the errors were added in quadratures,

this would imply an excess of 20.6 ± 7.9 and 12.8 ± 5.4 events for the two cases. A

summary of kinematical properties of these 24 events is given in Appendix F.

Fig. 6.1a and 6.1b are the plots of the total visible energy distribution of WSM

and the backgrounds for the two cases. T~e excess of data is noticea.ble particularly at

higher energies.

g6.2 Kinematical Distributions

This section aims at bringing out differences in the shapes ~f various kinematical

distributions between the data and cumulative background. The kinematical quantities.

of the data and the backgrounds which have been considered here are total visible energy
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(Evis), momentum of the #+ (P~), hadron energy (EH), missing energy, X, Y and Q2.

Tables 6.2a-6.2d list the mean ,"alues of these· kinematical quantities of WSM from data

.and computed backgrounds. The four classes of events being considered are (a) no cuts

imposed on Y or total visible energy Evis, (b) Y > .5 and no cut on Evis, (e) no cut on Y

and Evis > 100 GeVand (d) Y > .5 and Evis > 100 GeV. The last class shows the largest

excess of number of events.over the background events. Further, the mean values of the

kinematical quantities for the data lie between the WBB and the dilepton backgrounds.

Table 6.2d reveals a marked diJference in the average values of missing energy, X and Q2

for WBB and dilepton backgrounds. Making further cuts on missing energy, x and Q2

failed to diminish the backgrounds or bring about a better understanding of the excess of

the data, primarily due to lack of statistics.

A similar table, Table 6.3, shows the mean values of the corresponding kinemati-

. cal quantities for single muon charge current events. These events were culled from the

original data set with cuts similar to WSM (see Chapter 3) and were used in the subsequent

normaliza:tion of the dilepton backgrounds to the data. The numbers mentioned in the

tables above represent "raw" data, meaning that the events were not corrected for accep­

tance in the neutrino detector. The acceptance correction applied to CC events, as well as

to the backgrounds of WSM, is discussed in the section below.

Figures 6.2a-6.7acompare the following distributions for data and the cumula­

tive background: muon momentum, hadron energy, missing energy, X, Y and Q2. Figures

6.2b-6.7b carry out the same collation for the class of events - data and cumulative bac.k­

ground, with Y > .5 and Evis > 100 GeV. No sharp disagreement in the shape of any
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of the above kinematical quantity between the data and the cumulative background is

observed. From the figures it appears that the background reproduces the shapes of the

various distributions.

§6..3 Rate for WSM events

To quote a limit on the rate of production of WSM it is necessary to correct

for the geometric acceptance of such events in the Lab-E detector. Only an acceptance­

corrected rate may be compared with measurements of similar events in other detectors.

However the calculation of such acceptance is feasible only if the mechanism of production

of WSM is known. The arguments presented in Sec. 6.1 suggest that the number of WSM·

cannot be entirely accounted for by invoking the various backgrounds. Further complexity

arises from the vastly diJrerent detection efficiencies for the four backgrounds in the Lab-E

detector. Therefore, to attempt a calculation for the acceptance correction for WSM and

thereby to arrive at a limit on the rate of WSM production, it was assumed that the excess

of data originated from the backgrounds., Each background was considered separately.

For example, first it was assumed that the excess of WSM (20.7 events when no Y cut was

imposed) were WBB antineutrinos and their acceptance was computed accordingly (the

acceptance corrected number was then 21.27). The same steps were repeated for each of

the other three backgrounds. Table 6.4 lists the acceptance-corrected number of excess

WSM corresponding to each model.

The group of WSM with Y > .5 was treated in similar fashion. Table 6.4

also presents the acceptance-corrected numbers for Y > .5 group. It should be noted
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that, tor this group, the cumulative dilepton model an~ WBB model yield very similar

numbers of WSM after the acceptance correction. This table also contains the raw and

acceptance-corrected numbers of single muon charged current events.

Table 6.5 presents the resulting rates of production of WSM for each of the

various models. Assuming a 20%error in the background estimation, for Y > .5 and Evis

> 100, the raw number of background events was 11.2 ± 2.2. The corresponding raw

number for data was 24 ± 4.9. Adding the errors in quadrature, this yielded an excess of

12.8± 5.4 events. This implies that the raw rate of production.of WSM is < 1.3 X 10-4 ,

with 90 The corresponding acceptance-corrected number is 3.1 X 10-4 • Table 6.6 presents

these rates for the two cases of Y cuts.

§6.4 Comparision of WSM with multimuon events

It is interesting to compare the hadful of WSM events with the other multimuon

events. Motivated by the fact that there could be an effect causing WSM, this comparision

has been carried out in this section. Various ramifications based on the limit of rate of .

production of WSM have been discussed.

6.4.1 WSM versus LSDM

The two types of anamolous events of neutrino interaction, Wrong Sign muons

and Like Sign dimuons, have very similar rate of production: 1.8 X 10-4 for WSM alld.

1.4 X 10-4 for LSDM. The conjecture that they might arise from similar sources was
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discussed in Chapter 1. One question worth investigating is whether \VSM are the neutral

current counterparts of the same mechanism which produces LSDM in CC interactions.

In the abscence of exotic processes giving rise to LSDM, the current inclination is that

the origin of these events are related ,to origin and production of charm. This charm

production is different from Bavour changing currents which would give rise to the opposite

sign dimuon. LSDM requires that there be an anticharm in the final state hadronic

system. The mechanism would also furnish (e.g. char-anticharm production) a charm

which susquentJy could explain the WSM events. It should be pointed out, however, that

the first estimates of such mechanism involving perturbative QCD techniques, give rates

for LSDM production which an order of magnitude lower than the ovserved value. In

spite of the unclarity of the LSDM situation, one would like to investigate the connection

between the /.'- /.'- and WSM events. This question will be addressed in this section.

In order to investigate the proposed similarity between WSM and LSDM, the

entire analysis, that is , the extracting of WSM and CC data and background calculations,

was carried out with LSDM cuts. These cuts differed from those previously mentioned in

that (a) a cut on hadron energy> 2. GeV was applied; (b) ,the event transverse vertex

position was constrained to lie within a square of±50"; (c) the hole-cut was loosened:

(d) the momentum of the muon was required to be greater than 9 GeV; (e) the cut on the

angle of the muon was loosened. These differences are tabulated in Table 6.7.

Table 6.8a and Table 6.8b present the WSM data and backgrounds with LSDM

cuts. The tables also contain the mean values of the various kinematical distribution.

Two additional cuts of Evis > 100 GeV and Y > .5 have been imposed on the entries of
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Table 6.8b because of the following reason. In Table 6.830 one observes that most of the

data with Evis below 100 GeV are due to the backgrounds. Out of a total of 305 WSM

events, the 272 below Evis of 100 GeV, are almost entirely WBB antineutrinos. However,

above Evis of 100 GeV, the ratio of data to background is 2. To reduce further the WBB

contibution to the data, the cut Y > .5 was imposed. This brought down the number of

WSM events with Evis > 100 GeV from 33 to 20. To compare WSM with multimuon

events these 20 WSM are considered:

The collation with LSDM is carried out next. The leading muon in a LSDM

event is treated as neutrino and consequently unobservable. The nonleading muon be­

comes the leading lepton and is used in calculating the scaling variables X and Y and Q2.

The mean Evis drops from 151 GeV to 93 GeV and the average missing energy goes up

by the same amount. Similarily <Y> changes significantly (Where < > represent the

average value). Upon this sample the cuts of Evis > 100 GeV and Y > .5 are imposed.

The resultant set of events are the" neutral cunent" analog of LSDM. This is compared

to WSM sample with identical cuts. Table 6.10 summarises the analyses of LSDM and the

.. neutral current" analogue of LSDM. After -background subtraction there are 7.8 ± 4.3

LSDM and 15.2 ± 6.8 WSM aboveEvis of 100 GeV. The .average values of all of the

kinematical quantities agree, within errors, for the two classes of events. The paucity of

events in both types of events hinders from drawing a quantitative conclusion about rates,

~ paticular, one cannot discern whether the WSM rate equals one third of the LSDM

rate, as one would naively expect. A point of importance in the above comparisi~n is

to acertain whether the ,,+ in a WSM event originates at the lepton or hadron vertex.

Unfortunately, from the existing data, one cannot infer that the ,,+ in WSM originated
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from the hadron vertex, nor measure the transverse momentum of the muon with respect

to the hadron shower direction.

6.4.2 WSM versus OSDM

A further possibility is that WSM are neutral current analogs of Opposite Sign

Dimuons. There are two ways in which this might come to pass.

The flrst is by way of a flavour changing neutral current coupling, for example

the neutrino might interact with an up quark and produce a cha.rm quark in the final

state via neutral current coupling. This would produce a WSM as shown in Fig. 6.9a.

Symbolically:

The kinematical distributions of such WSM would be quite similar to those

of OSDM with the leading muon missing. The ramification of such an interaction is

discussed in 6.4.2.1

The second mechanism, considering WSM as the neutral current anolog of

OSDM, is by the dint of intrisic charm quark in the nucleon qq sea. Once again this

process is not unlike OSDM production. An event is portrayed in Fig. 6.9b and this

reaction can be described as:
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The subsection below, 6.4.2.2, treats this poss~bility in some detail and arrives

at a limit on. the charm content of the sea quarks.

Table 6.9 contains the number of OSDM and the mean values of certain relevan~

kinematical quantities. To model the neutral current analog of OSDM, the leading muo•.

is treated as neutrino. The nonleading #'+ of the OSDM becomes the leading muon and is

used in calculating the kinematical variables. .As a result of the above rearrangement the

mean Evis drops to 88.9 GeV from 151.5 GeVand the mean missing-energy goes up by

the same amount. Similarily < Y > changes significantly ( < > denotes the mean value

). The third column of the table contains the corresponding WSM value. One notices that

the mean ,values of Evis, Emis, hadron energy and the inelasticity, Y, agree within the

errors for the two classes of events. It should be noted that the neutral current interaction

of neutrinos has a somewhat different Y distribution ( difference of ~ 1%for up quark).

arising from ~couplings to right handed quarks, compared to the CC interaction. It is

interesting to note that the ratio of the total numbers of WSM and NC analog of OSDM

is .214 ± .141, quite consistent with the ratio of NC to CC.

6.4.2.1 Flavour changing Neutral Current as source of WSM

The experimental result on the suppression of strangeness changing neutral

current in the decays of kaons necessitated the existence of a new Bavour and thus

played a pivotal role in formula.ting the prevaling theory of weak interactions (30,52).

The postulated new quark. the charm quark, in the milieu of the electroweak interaction

based on the non-abelian gauge group SU(2) X U(l), explained the above suppression
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quite successfully. Furthermore, the theory forbade any flavour changing neutral current.

Assuming that the WSM arises due to flavour changing NC coupling, where an up quark

is converted to a charm quark by the intermidiate Z boson, one may naively impose a.

limit on such an interaction as follows :

u(flavour changing NC-+",+) _ N(",+)
u(NC) N(NC) X Br(semileptonic)

where, N(",+) is the number of acceptance corrected excess of WSM, Br is the

semileptonic branching ratio of the D-meson (10.4 ± 1.5)%and N(NC) is the acceptance

corrected number of neutral current events. From the rates WSM production quoted

above, the desired limit on the flavour changing neutral currents, with '90 %confidence··

level is:

u(flavour changing NC)
u(NC) < .0085

It should be noted that the corresponding limit on the flavour-changing neutral

current decays of the bottom quark, shown in Fig. ·6.10 , is < .34%at 90%confidence

level [53].

6.4.2.2 Intrinsic charm content of the nucleon sea as source of WSM

Various experiments in hadron scattering have reported the observation of

charm production [54,55,56and57], which amounts to ~ 1% of the total cross section.

These observations motivated the idea of an intrinsic charm component of the hadronic

sea [58,59]. From the quark-gluon coupling one expects a small but non-zero number
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of charm and anticharm quarks in the neucleon sea. Naively, for q7j configurations the

vaccum polarization mechanism of Fig. 6.11 suggests a scaling regarding the number of

a given flavour of quark with respect to its mass:

i.e., the ratio of the number 'of charm quarks in the sea to the number of

up or down quarks will be roughly .44%. This idea of 'virtual gluon exchange followed

by vacuum-polarization was employed within the context of' the bag-model, (where all

coloured particles are assumed to be confined by some eJl'ective QCD potential [60.61]

by Donoghue and Golowich [62]. They estimated the probability of finding a fiTe-quark

state within the nucleon bag. luudcc>. to be of the order of 1-2 %. In terms of the

ratio discussed in the preceding paragraph this estimate would imply the average ratio

of charmed to up quark to be .4 to .8 %. Brodsky et al. [58,59] have ana.lysed this idea

in detail. They have computed the contribution of the intrinsic charm to the structure

functin F2 to be:

where c(e) is the fractional momentum distribution of the intrinsic charm quark

which is given by:

where N c ~ 3600 and, e, the fractional momentum of the intrinsic c-quark is:
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The ma.ss of the charm quark is assumed to be 1.5 GeV. The probability of

observing such a quark would be, from the expression above:

Brodskyet. 301. assumed this probability to be F::3 1%in order to account for the

hadron production cross section for charm. As mentioned above, the WSM may provide

a clue to the charm content of the nucleon sea.. This is accomplished by considering the

ratio of the WSM to OSDM and comparing it to the theoretical prediction. The steps to

compute this quantity from the WSM rate are outlined below.

The differential cross-section of the neutral current scattering of a neutrino by

an up-quark, in an isoscalar ~arget, is given by :

where

Cl = t~- Q; sin2 Gw = .34

and

and other terms have their usual meaning.

The value of Sin26w has been measured in E616 [63] to be .24 ± .012. The

interference term is much smaller than the other two terms a.nd will be neglected. Inserting

this value and integrating over Y yields, for the up-quark:

. 2 1.1 22GF MpEv 2GF MpEv
0'(1/# +U = I/~ +u) = X (.124) X 1.£(x) fix = ----x (.121) xU
. 1r 0 'lr
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The neutral current scattering oll' a charm qu.ark will be given by an identical

expression for the cross-section except that U is replaced by C, where C denotes the

.
intrinsic charm content of the nucleon sea. One m~ further assume that

C=fJc U

So the cross-section of II~ +C.....II~ + c is:

2 Gj. M p E v /.1 2 Gj. M p E v
O'(II~ +c = II~ +c) = . X (.124) X c(:z:) d,:z; = . X (.124) XC

P' e...,.. . P' .

The struck charm quark then fragments into a n-meson, which subsequently

decays semileptonically into a ",+ • H D(z) represent the fragmentation function, B(semileptonic)

the branching ratio for semileptonic decay of the D-meson, the cross-section for producing

a 1'+ from a charm neutral current interaction will be :

q(u,,+N = 1'++X) = q(u,,+......u,,+c)X1:.. D(.) t1zXB(Semlleplonicd~ of D-m....n]

The cross-section for producing ~ opposite sign dimuon is quite similar (see

Chapter 5). Here too, the charm-quark fragments into the I)-meson which decays semi-

leptonicalJy to give a 1'+. Symbolica.lly:

O'(II~+N-I'-+I'+:Z:) = O'(II~+sortl)X[1 D(z)tlzXB(Semileptonic decay olD-meson)-...,.
The ratio of the two expressions is:
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where sin2 ge = .058, cos2 ge = .942, D =. U .and 8 = .128 X U. The last

quantity, the strange-sea content has been measured from studies of OSDM to be

28
fiB = ) = .068 ± .016

(U+D

The detection efficiency (or the acceptance) for the two reactions is expected to

be very similar and can be cancelled. The rate of OSDM production is (9.0 ± .8) X 10-3 •

It the rate of production of WSM is taken to be < 3.1 X 10-4 , with 90 then

fie < .02with 90%confidence level

The limit on the rate of production of WSM enables One to impose an upper

limit on the charm content of the nucleon sea to be .02 XU, with 90 Assuming that only

half of the nucleon momentum is carried by valence quark, the above limit implies that the

probability of 0 bserving an intrisic charm is less than .50 %with 90%confidence level. It is

interesting to compare this limit with ·that proposed by the EMC collaboration (64]. They

impose an upper limit on the probability of observing an intrinsic charm to be .59%with

90%confldence level. These experimetal results are quite consistent. Furthermore they

are not in violent discordace with the proposed theoretical estimates.

§6.5 Limit on the right-handed coupling of neutrinos

An extension of Weinberg-Salam model considered by many authors 165,66,67,68and6g)

is a left-right symmetric theory. The gauge group of such a theory is postulated to be

8U(2) X 8U(2) X U(1). The presence of the additional SU(2) gauge group implies the exis-,

tence of right-handed coupling mediated by right-handed gauge bosons WR. Since almost
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all the processes interacting weakly follow the V·A theo~y, it appears that the predicted

right-handed boson must be significantly heavier than the left-handed boson at the present

energies. This mass difference might be negligible at· the Planck scale. Several experimen­

tal searches on such right-handed coupling in muon, pion and bon decays have been made.

Whereas the limit on the right-handedness in muon decays has been measured to be less

than .41%with 90%confidence, the corresponding number for bon decays is known to

5%only [70,71,72,18,74,754nd76]. The present analysis on search for WSM in high statis-

tics neutrino interaction oJrers an opportunity to impose a limit on the right-handed

coupling of neutrino interaction, provided lepton number violating amplitude is non

zero.

The angular momentum conservation constrains theY distrubution to be propor­

tional to (t-y)2 in such a. rea.ction. Therefore we concentrate on the WSM sample with Y

< .5. This condition eliminates the dilepton background. The table below presents the

data. and the calculated background for this sample.
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where ~ is the mixing angle between the right and the left. handed bosons. The

.limit imposed on the right-handed coupling of the neutrino obtained above enables one

to impose a limit on the mass of the right-handed boson. One uses the fact that the cross

section is inversely proportional to the fourth power of the mass .of the mediating boson,

i.e.

If the the mixing angle is assumed to be zero, the limit on WSM production

enables the limit, Mw,R > 849 GeV with 90%confidence level. Equivalently the mixing

angle ~ < .009 if Mw,R -. infinity.

S6.6 Conclusion and outlook

Wrong Sign Muons are interesting because they pose a threat to the standard

model The rate of production of WSM is similar to that of LSDM. However we have

not fonnd 'a deeper connection between the two in these studies. There are several

experimental venues by which one might improve the measuremeJUs of WSM. To begin

with, one might attempt to understand, measure, and eliminate WBB to a better degree

than was achieved in the two experiments discussed here. It is difficut to model WBB and,
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inspite of the good agreement between data and background in the low energy region, the

uncertainty at the high energy end of the spectrum remains. One means of eliminating the

WBB as well as the Ke3 background to a large extent would be by II tagging" neutrinos thus

acertaining the flavour of the incident neutrino. However in a tagged neutrino experiment

statistics prove the greatest limiting factor. (see ref [ 77 1for details).

An important quantity to measure in WSM is its PT with respect to the

hadron shower. This might tell us whether the events originate at the hadron vertex.

Unfortunately it is difficult to measure the hadron shower di:t:ection in a. high density

neutrino detector. Some hope of accomplishing this arises from the use of fast analog to

digital converters [06] that may provide some information about hadron shower direction.

These are being currently studied and tested by the CCFR collabora.tion. A deeper

motivation to study WSM might come from the unequivocal observation of LSDM beyond

backgrounds. A high statistics experiment, E744, has recently been conducted at FNAL

with the Lab-E detector substantially improved . .The analysis of this experiment ma;y

. shed more light upon LSDM and possibly on WSM.



Ch.o.pteT 7

Trimuons

Trimuon events are characterized by three muons in the final state of a neutrine)­

nucleon scattering. Trimuon events were brieny mentioned in Chapter 1. Fig. 1.U

schematically depicts the production of trimuons in a neutrino-nucleon interaction. This

chapter will endea.vour to present a comprehensive study of trimuons observed in the two

experiments. E616 and E101. Neutrino induced trimuons were first observed by the

present experimental group in 1976 (78) and by another group at FNAL [70] early 1977.

Since then two other experiments have reported the observa.tions of trimuons in neutrino

interactions, [80,81]. These initial observations [78,70,80) of trimuons refuted explanations

based upon either multiple decays of pions and bons in the hadron shower or a dOOUOD

event accompanied by an extra muon originating from the hadron shower. It was conjec­

tured that trimuons were related to "exotic" processes permitted by the standard model

such as diff'ractive production of hea.vy quark :pairs (82.83] , heavy quark cascade (84), or the

production and decay of a Higgs boson [85]. Other. more conventional and perhaps less ex-
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citing, suggested sources were the radiative or trident prod:uction of muon pairs (87,88,801

and the production and decay of vector mesons, such as p, w, tP or J/t/J in the hadron shower

(81,00] •

Further, mechanisms beyond the standard model were put forward. These

models predicted the existence of heavy neutral lepton with or without heavy quark

production [01,02]. Some of these mechanisms have been summarised in ref. [88]. Since

neutrino induced opposite sign dimuons were caused, predominantly, by decays of charmed

hadrons, the question arose could the trimuons be harbingers of some new heavy particle?

Experimental results on trimuons, [see ref. 81] ruled out most of the foremen­

tioned exotic possibilities. The observed rates and kinematical properties of trimuons·

were found to be consistent with the two conventional mechanisms already mentioned,

the hadronic and radiative production of trimuons. The hadronic production of trimuon

purports the idea that the dimuons (1.1.+ /.1.-) in a neutrino-induced trimuon events come

from the decays of vector mesons such as p, w, 4> or J/t/J as well as from the continuum

(Fig. 7.26). The radiative production imp!ies that some of the dimuons may come from

the trident production by the leading muon or interacting quarks (Fig. 7.27a, 7.27b and

7.27c). In the subsequent sections the two models will be referred to as Modell and Model

2 respectively.

We report here 24 trimuon events observed in a total of 163,900 neutrino

charge current events. The backgrounds and the two conventional mechanisms of trimuon

production have been simulated. A detailed comparision of the various kinematical

properties of these trimuons with those of the two mechanisms has been ca.rried out. Our
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conclusion supports the present understanding of neutrino ~nduced trimuons as primarily

originating from vector meson decays and trident production.

S7.1 Data

Candidates for trimuons were culled from the neutrino data accumulated during

the running of experiments, E616 and E'fOl. The neutrino beam and the apparatus

employed to record the neutrino-nucleon scattering have been described in Chapter 2 and

3. (Chapter 3 has also pointed out the essential diJrerences in the apparatus configuration

during ET01 from that of E616.) The preliminary cuts imposed on the crunched data

set were roughly the same as those for WSM. The main diJrerences were as follows·

a. Place cut: For the E616 sample the lower place cut was loosened to 17 from 20.

b. Cut on the number of "computer found" tracks : It was required that the track
. .

finding algorithm should detect at least two tracks. Th~ resulting sample comprised

almost all dimuon as well as trimuon events. This sample was scanned for trimuon

candidates. Two criteria were adopted:

I. At least three tracks should be noticed converging to a common longitudinal as well

as transverse vertex.

U. Counter pulse heights following the end of the hadron shower should display p~e

heights corresponding to an average of three minimum ionizing particles per counter.
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The final set of events were reconstructed interactively on a high resolution

graphics terminal. The details of the reconstruction have been outlined in Chapter 4..

Here only those reconstruction features pertaining to trimuons need be presented. The

track reconstruction for any given muon commenced in the. first or second spark chamber

immediately upstream of the end of the hadron shower. It was required that at least one

of the three muons be momentum reconstructed in the toroids and that all three muons

have momenta greater than 2.5 GeV. Of the 27 surviving candidates only 4 events had all

three muons reconstructed in the toroid, 11 events had two and the remaining 12 events

had one: The muon tracks (interactively chosen) were projected backwards to the vertex.

The longitudinal position of the vertex· was determined by the scintillation counters. The

reconstructed trimuon event ~andidates were required to converge to a common transverse

vertex to within ±4 inches. The track parameters were determined by a least square fit.

7.1.1 The errors on the track parameters of trimuon events

24 trimuon events comprised the.sample after reconstruction and the imposition

of the set of final cuts (see Chapter 4). Since the spectrometer was the most upstream

part of the detector, only four of the 24 events had all momenta reconstructed in the

. toroid. The other events had muons ranging out in the target. Only one of the trimuons

appeared to have a muon escaping the detector.

The fractional error on the hadron energy determination was the same as

pointed out in Chapter 4,· being equal to ~, where EH is the hadron energy. The
VEil

error on the muon energy was, in general, better in the trimuon sample than in the WSM
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sample.. This is because the only source of error on mu~n momentum for the trimuon

events was multiple scattering in the target, since most of them did not traverse the

toroids. This error also depends upon the sampling frequency' and the amount of steel

the muon goes through. In our detector the momentum of such "range-Gut" muons can

be determined to .4 GeV.

The resolution of muon angle depends in general on the momentum as well

as the hadron energy. The muon's momentum determines the error ill Ute angle due to

multiple scattering. On the other hand, generally a large hadron ,energy would imply more

.hits in the chambers and consequently a greater probability of assigning a wrong spa.rk to .

the muon track. Table 7.1 shows the error in the angle measurements ia momentum and

hadron energy bins. The uncertainty in the longitudinal position is the spacing between

the counters which is 4 inches or 10.2 em. For most trimuon events, two kacks converged

to a transverse vertex within half an inch. Events where this convergence was worse than

4 inches were rejected.

7.1.2 Loss of trimuon events

The loss of a trimuon event may occur if a muon escapes before being recorded

in the chambers beyond the end of the hadron shower. This loss wiD depend upon the

azimuthal angle of the muon and the transeverse vertex position. Fo~ the sample of

trimuons under consideration the detection emciency (obtained by azimuthal rotation)

was approximately 90 %. The emciency was 100 %for all the events oCC1lring at radii less

than 30 inches and diminished to 45
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Overlapping of tracks might be another cause for the loss of trimuons. Tracks

that are within half an inch of each other will not be distinguished by the spark chambers

in the target. However, the multiple scattering of muons in the steel enables the tracks

to open up. The smaller the momentum of the muon, the greater will be the opening due

to multiple scattering. For examle, two parallel muons of 20 GeVeach will be resolved

by this effect after traversing through 4 chambers. An inspection of the counter pulse

heights as well as the amount of steel the muon traversed through for all the trimuon

events revealed that probability for such losses is negligible.

7.1.3 The trimuon events

A list of pertinent kinematical quantities for each of the twenty four trimuon

events, such as Evis, various momenta and angles, invariant masses etc, has been presented

in Appendix G. The computer drawn pictures of these twenty four events have also been

presented in Figs. G.l· G.23.

For the reliable estimation of fhe background (see. Sec. 7.2) and simulation

of various mechanisms for trimuon production, it was considered important to impose a

more stringent cut of 4.5 GeV on the muon momentum. Eleven trimuon events survived

this cut.

§7.2 Background estimation for trimuons

The major background for trimuons is an opposite sign dimuon event with an
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additional muon emerging from the hadron" shower. This muon may come from the deC&J

of either a bon or a pion. The resulting background is quite similar in concept to the

background for opposite sign dimuons which comes from the normal charge current events.

The estimation of this background proceeded as follows : The entire dimuon sample was

subjected to the trimuon cuts described above. The hadron energy and ~ distribution of

" the surviving dimuons were used to predict a rate for producing an extra muon from the

hadron shower. The resultant trimuon background from the dimuons was :

P P+II II ",+p+

DATA 10 ±3.2 1±1

BACKGROUND .6 ± .12 .14 ± .15

Trimuons: Data and background

One expects a slightly higher rate of muon production from the hadronic

showers of dimuons than that from the showers in regular· CC events. This is due to

an enhancement of the kaon fraction in dimuon events, the bons coming from the decays

of the D mesons. To compensate for this relatively greater content of Jraons the above

rate for the trimuon b~kgroundwas increased by 10 %(81].

Among the trimuons for which all three momenta were reconstructed in iIle

toroid, only one event was of the configuration P-11+11+. It appeared to be consistent

with the background. In the subsequent section this event has been dropped from the
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sample. Fig. 7.1a shows the distribution of total visible. energy for the remaining 10

events (after 4.5 GeV momentum cut), and the corresponding background distribution

for events of the type, • + -. (The background has been normalized to 10 events).

The second source of background for trimuon will be discussed below. If the

vertex of a regular CC event were to overlap with that of a dimuon event, it would

appear to be. a trimuon. The likelihood of this was considered to be miniscule since the

corresponding background for like sign dimuons has been estimated to be < .1 event. It

follows, given that the dimuons comprise one percent of the total CC sample, no such

background for trimuons would be observed in the present sample.

§7.3 Rate of production for trimuons

The raw rate of production of trimuons with respect to CC events is given

below. The trimuon event with the configuration,' p.- p.+ p.+, has been removed from

the sample for this purpose. The dimuon background of the' type p.- p.+ p.- has been

subtracted from the remaining sample.

RGte(3 p.) = (5.7 ± 1.9) X 10-5

lp.

It should be noted that the mean total visible energy of the 10 trimuon events.

is 149 GeV, whereas the corresponding average value for CC events is 120 GeV.
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67.4 Characteristic kinematical quantiti~s of trimuons.

This section discusses in detail various kinematical, variables associated with

the observed trimuon sample. All such variables have been compared to the predictions

of the two trimuon production models considered here. Details of these models will be

discussed in the next section. A summary of various mean kinematical properties of

the trimuons has ·been presented in Table 7.2. Table 7.2 also lists the average values of

kinematical quantities that these models predicts for the trimuons.

7.4.1 The definition of the leading muon

& pointed out eadier, the only events being considered are of the configuration,

/.'-/.'+ /.'-. The positive muon (or the one being focussed) ofi"ers no ainbiguity and will

be refened to as the "third" muon. The distinction between the other two muons (having

same sign) is a subtle one. A simple criterion would be to call the muon with the larger

momentum, the "leading" muon. However, In view of the models of trimuon production

and an examination of the distributions of the azimuthal a..ngles of the mUQns from the .

data, the above definition is f~)Und to be inappropriate. The following criterion was applied

to the two negative muons : For the three muons the momentum perpendicular to the

hadron shower direction was computed. Let these perpendicular momenta be called Pt,

Pt and Pt, where the assignments" 1" and "2" have been made arbitrarily. H (Pt+Pt1

> (Pt+Pt), the second muon was called the "leading" or "1" muon. Unfortuna.tely, in

the present sample there were very few events where muon polarities could be distinguished
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and consequently the ambiguity (between "1" and "2") mentioned above could not be

resloved for all the events. For such events, the muon with larger of the two momenta

was called "leading" .

7.4.2 Evis, hadron energy and muon· momenta

Figs. 7.1b, 7.1c and 7.2a depict the histograms of the total visible energy, the

hadron energy and the momentum of the leading muon (P~) of ,the data. The momenta

of the nonleading muons (P~ and P~) are shown in Fig. 7.2b and 7.2c. One notices

that <p~> is equal to <P~> ( = 11 GeV) within errors and this value is roughly

a factor of six smaller than .<p~> ( = 70 GeV), the average value of the momentum

of the leading muon. « > denotes the average value). This vast difference in the

momenta of the leading and the nonleading muon suggests a deep kinematical disparity

between the leading muon and the two nonleading ones. Qualitatively, this can be seen

in p~ vs p~ and P~ vs p~ scatter plots (see Fig. 7.3b and 7.4a respectively). The

accompanying scatter plots, 7.3b, 7Ab, 7,3c and 7Ac simulate the same quantities for

the two aforementioned models of trimuon production, 1 and 2. A quantity which sheds

some light on the symmetric production of the two non leading muons, is the" momenhm

asymmetry" associated with them. It is defined as follows :

p2 _p3
p p

'1 = p2 +p3
P P

Fig. 7.5 illustrate the momentum asymmetry distribution for the trimuoll"

sample. It is consistent with zero. The large values of '1 do not appear in the figure,
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pres~1JDably because of the enegy cut. This cut would ten~ to eliminate vastly asymmetric

. events because one of the muons might fail to pass the cut.

. The discussions in the preceding paragraphs as well as in those which follow,

point out a good deal of similarity between the non leading muons. Where as the leading

muon appears to be distinctly different. The distribution of fJ (Fig. 7.5) lends support to

be the intuition that the non leading muons are emitted as a symmetric pair. In the figures

mentioned above, the simulation of the two models of trimuon production reproduces these

conclusions successfully.

7.4.3 The scaling variables

It is instructive to explore the scaling variable normally associated with CC .

events. The muon pair (+ -)ean be emitted from the hadron vertex in two ways, (a) the

production and decay of vector mesons, which is Modell and (b) triden~ production by

the interacting quarks, which constitutes a part of the total trimuon production via the

mechanism of Model 2. In either case the muon pair derives its energy from· the toial

hadronic energy and there by shift.ing the scaling variable Y, the inelasticity, to a lower

value~ (See below for the definition of Y).

Similarily p~ will be lower in value should the trident production occur at

the lepton vertex, which comprises the other means of radiative production or trimuons.

Consequently, the scaling variable X appears to have a smaller value.

We define and plot (see Figs. 7.7 and 7.8) the follow-ing variables:
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Q2
X V '8 = -2-M-p-E-H-

x = __-:--_Q_2 _

. 2Mp (EH +Pft +p~)

(EH +p~ +p~)
y=-----------

Ev
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The peaking of the Yvis distribution at lower value than that of the Y dis-

tribution, supports the idea that the dimuons (+ -) might be originating from the hadron

shower. The actual pattern depicted by the Monte Carlo simulations (Fig. 7.7 and. 7.8)

upholds this observation. Another interesting variable to explore is the ratio of. the sum

of the energies of the two muons to the total hadronic energy; symbolically :

p2 +p3
X - IJ IJ

F - EH +p2 +p3
IJ IJ

This is the Feyman's XF which will be used in simulating the production of

vector mesons. Fig. 7.9 histograms this yariable. One notices that Modell reproduces

the high Xf behaviour well.

7.4.4 Invariant masses

The momenta and the angles of the three muons offer an opportunity to

investigate the dimuon and trimuon invariant masses. One hopes that these invariant

masses may provide a clue to the dynamics of trimuon production. First the rate of change
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in the dimuoninvariant masses, M12, M13 and M23 with an increase in the trimuon mass

M123 is studied. This has been accomplished in the scatter plots of Fig. 7.1480,1.1580 and

. .
1.1680. Even for the handful of trimuons one notices a linear increase in M12 and MI3

with the trimuon mass·M123. The behaviour of M23 VB M123 is different. Most of the

events in Fig. 7.1680 cluster below M23 value of 1 GeV. From the (M12 vs M123) and. .

(Mn vs M123) graphs one might draw the following conclusion: for given energies p~, .

P~ and p~, larger values of the dimuon mass would imply larger angle between the two

muons. Since M123 appears to be proportional to M12 and MI3 at once, the production

of the pair "23" must be related to the direction of W boson.

The third graph states that the invariant dimuon mass of the non leading

muons is confined to values below 1 GeV. This observation encourages one to look at

the mass projections of these invariant masses. These have been shown in Fig. 1.10-

7.13. H the dimuons (+ -) were originating from the decays of vector mesons (Modell)

, one should see a peak in M23 corresponding to the mass of the parent meson. No such

prominence is seen in any of these histograms. This is due to poor mass resolution of

the neutrino detector. Fig. 7.12c illustrates the effect of.smearing on the invariant mass

M23. Here the simulation of Modell was employed to produce this curve. It is interesting

to note that the resolution of the invariant mass has the following dependence upon the

angles of the muons in our detector:

where it was assumed that P2 P3=P and !f F:d .11.

The above expression implies that the resolution is completely dominated by
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the angle of the pair. "2 and 3", for small values of 923. Fig. 7.1230 shows (dashed line) the

unsDleared M23 obtained after simulating Modell and 2. Here one can see the continuum

as well as the p-w peak. But after smearing M23 (Fig. 7.12b) no such peak is observed.

3

7.4.5 The ¢ variables

A further insight into trimuons comes from examining the momenta of the

muons in the plane transverse to the direction of incident neutrino. The azimuthal angles

between muons m~ support or refute the two models under consideration. The </J a.ngle

is defined below:
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If fl123 peaks at 1800 , it means that the dimuons probably originate from the

hadron shower. On the other hand should it peak at zero, the implication would be that

the (+ -) originated at the lepton vertex. Figs. 1.18, 1.19 and '[.20 are the histograms of

fl12, flu, and fl123. These histograms are very suggestive and one might even try to infer

how many dimuons of the entire sample of trimuons originated from the hadron or lepton

vertex. The typical behaviour of all these histogram is as follows: the azimuthal angle

peaks at 1800 , goes through a mimimum at 900 and finally rises again to have a local

maximum at zero degrees. By examining Fig. 1.20 one might crudely guess that 61 %of

the dimuons originate at the hadron vertex and the rest at the lepton vertex. (One counts

the number of events with fl123 > 900 and divides it by the total number). Futhermore

from these figures it appears that the Monte Carlo reproduces the shape of the curves

satisfactorily.

Based upon these arguments it is expected that for higher values of P;, fl12

w~uld peak at 1800 (similarly for fl13 vs P:). It is dilficut to observe this trend in the

data (Fig. 1.21a and 1.21b) owing to the poor statistics. However, events from Model

1 reproduce this behaviour while Model 2 does the opposite.J as one would expect. The

corresponding scatter plots for these models are shown in Fig. 7.21b, 7.22b and Fig. 7.21c

and 7.22c.

For the sake of completion, the 17 distributions of the dimuons are studied.

The average values of Pt and Pt are approximately .5 GeV/c and are reproduced by

the subsequent Monte Carlo calculations. The distributions of Pt, P~ and (Pt+Pt)

appear in Figs. 7.23, 7.24 and 7.25.
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§7.5 Production mechanisms for trimuons
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The two production models mentioned in the introduction will be discussed in

this section. The possibility of observing the trimuons from a charmed vector meson will

be entertained. A brief subsection on exotic possibilities concludes this section.
. I

7.5.1 Hadronic production of trimuons : Model 1

The production of vector mesons in hadron-hadron collision has been studied

[00]. Some of these mesons might decay and produce dimuons. Beam-dump experimentg

have seen, after measuring dimuons, the mass peaks of these meson [13]. These experi-

ments ha.ve also seen and parametrized the continuum contribution to the dimuon sample.

In a neutrino CC event, one may expect similar production of a p+p- pair, originating

from the interaction of the virtual W boson and the nucleon. One tacitly assumes that the

latter interaction may produce vector bosons, after the fashion of the ones found in the

beam-dump experiments and the continuum components (producing dimuons) are similar.

The preceding argument induces one to express the hadronic component of

neurino induced trimuon production in a factorized torm, as follows:

dzdy

tfgv,.N->#-Xtfgv,.N->#-#+#-X
-------

dzdyd3Pdm Utot{7l'N)

dU1fN->~+#-X

d3pdm

where u{7I'N) is the cross section evaluated at the centre of mass energy W 2 =

(M2 - Q2 + 2Mv), which is the hadronic mass of the neutrino interaction. The process

quantified above has been schematically presented in Fig. 7.26. In the following u{7I'N) is
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assumed to be 25 mb and the factor}. is assumed to be of· the order 1 (88]. To simulate the

production of the vector mesons, the data by Anderson et a!. [901 has been used. They

have parametrized the inclusive muon pair production from p, w, ; and J/tIJ mesons.

The X-Fenyman distribution is parametrized as:

Whereas the Pt distribution is fitted according to :

The parameters A, band c are obtained via fits to the data. for the various

mesons considered here. Table 7.3 contains these fitted parameters for inclusive muon pair

production from various sources. To estimate the continuum component, the dependence

of the differential cross section on the invariant dimuon was assumed to have the form,

where Anderson et a1. have found the parameter ~ to be 5. The table 7.3 also

lists the fitted parameters A, b and c for the continuum. From the values in table above

one can naively estimate (without any cuts on XF or the muon momentum) the hadronic

component of trimuon production from p-w alone to be~ 5.7 X 10-5 • The measurement

and the fitted values for dimuon production from the vector mesons reported above was

incorporated in the our CC Monte Carlo program. The simulation of this mechanism

yielded a total of (11.4 ± 2.3) trimuon events, when normalized to the entire CC sample.

The contibution of the vector mesons alone was calculated to be (3.88 ± .8). (This CC
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sample was obtained by applying "trimuon-cuts" on the original sample}. Thus the rate

of the hadronic componet of trimuon production in our apparatus is calculated to be:

Rate(3 IJ} = {6.9 ± 1.4} X 10-5

. 1 IJ .

The distributions of various kinematical variables of the trimuons produced via

this mechanism has been shown in Fig. 7.1-7.26. In this comparison, the total number

of trimuons predicted by this mechanism has been normalised to the data. Many of the

features of the data are well reproduced by this model, particularly 'Ule distributions of

the azimuthal angles. It would have been of some interest to see mass peaks for the various

sources, however, as discussed earlier the poor mass resolution of the detector prevents.

one from doing so.

7.5.2 Radiative or Trident production of 3p : Model 2

A virtual photon radiated by the IJ- or by the interacting quarks may produce

muon pairs. This is a non negligible effect: It has been discus~ed by various authors (see

the introduction). The simulation of this model has been carrie<l out following Barnett et

al. and Barger et al. [for ref. see above].

Fig. 7.27a shows trident production off the muon. The corresponding produc-

tion off the quarks cannot be ignored, since the former alone is not gauge invariant.

Furthermore, in Feynman Gauge, there are large cancellations between the square of 7.27a

and the its interference with the terms representing the other two processes. Radiations

off the spectator quarks as well as. the W boson ma~r be ignored. The differential cross
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section dU3p for radia.tive production of trimuons can be written as :

'l. Trimuons

abIes' k,E represent the beam momentum and energy respectively; I's, Ms are the momen-

tum and mass of outgoing hadrons; M.is the proton-mass; and II is the transferred energy.

In the expression above the effect due to Fermi-Dirac sta.tistics, which is known

to be small, has been neglected [87J. Barnett et al. have found the above differential cross

section to be insensitive to the details of choice of the stucture function F2(Z). The total

rate of trimuon production with respect to CC events is given by :

1 / 1 12 3 d,
3

lci F2(~) 0 2 2
(fsp = 4ME 2"Ei,J.IM lli=l 2Ei 4MII~28(1':r; -M)8(1':r; -M:I;)

The trident production rate was found to be by the authors mentioned above

To simulate this process in our detector, we have used a parametrilation of the

above expression due to Barger et aI., which is

Rate(31') = a,2 • [.035 (InE)2 - .19]
11'

Where a, is the fine stucture consta.nt. This expression giveS a similar rate of

production as quoted above. Furthermore it can be calculated that the relative contribu-

tions of the three diagrams 'l.2'la, 'l.2'lb and 'l.2'lc are :
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It is interesting to observe that the above ratios are very close to that of the

charges of the photon emitting particles.

The formalism, adapted to our apparatus and with the cuts identical to those

for the data trimuons, estimated (1.5 ± .30) trimuons. Thus, the rate of the radiative

component of trimuons was found to be :

3", .
Rate(-) = (.91 ± .18) X 10-5

1'" .

One interesting feature of the trimuons produced via this mechanism is that

the azimuthal angle p.eaks at zero degrees with respect to the leading muon, provided the

photon was emitted by ·the l~pton.

7.5.3 Charmed meson contribution to trimuons

Dimuon production from charmed meson has been seen in the beam dump

experiments. Could it be observed in the ne'utrino induced trimuons? An estimate of such

a production can be arrived at by using the measurements by Anderson et al. mentioned

above. This yields a rate of dimuon production from cc pairs in a neutrino CC interaction

to be .49 X 10-6 • This rate is considerably lower than both the observed rate for trimuons

and the rates furnished by the two model considered earlier. B. Young et al. I 95 ] have

estimated this rate via perturbative QCD consideration to be less than < 10-6 , which

is consistent with value stated above.
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7.5.4 Exotic sources of neutrino induced trimuons

7. Trimuons

In the late seventies, many exotic sources of trimuons were proposed. Some of

them are easily eliminated due to improved limits on the maSses of various conjectured

particles, for example mass of the top quark, neutral heavy lepton , Higg's boson etc. It

would be of interest to investigate consequences of some exotic models :

a. Production of a heavy muon

Compositeness of leptons (and quarks) is a natural extension of the prevaling ideas

concening the building blocks of elementary particles. One does question, along the

lines of Rutherford's a-sca.ttering and SLAe deep inelastic scattering experiments,

the indivisibility of these fermions. Furthermore, compositeness may alleviate some

of the problems confronting the standard model. One such composite model by

Lee postulates production of a heavy lepton. a muon for example, in a high energy

interaction, which then decays into a regular muon and a hard photon. Decays such as

this would reveal an internal structure of the muons and are to be distinguished from

the case of photon emitted in brensstrab}ung. One may incorporate this speculation

in the IIp -trimuon production as follows : In a neutrino nucleon scattering a heavy

muon may get produced, which might then decay into a negative muon and a hard

photon. The process can be described as (Fig. 7.28) :

such that,
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Such a mechanism would predict a flat behaviour in the azimuthal plots (see

Fig. 7.18 - 7.20). Reversing the argument, by studying the azimuthal behaviour of the

muons one can deduce a limit on the produciton cross section and the mass of such heavy

muons. Unfortunately, our sample is too small to go into such deductions, which must be

deferred till the measurements of E744 may become available.

b. Quark cascade

A trimuon event might come about through the following cascade reaction [Fig. T.29J

Such a mechanism has been considered by Hansl et al. and they have concluded

it to be inconsistent with the data.

e. Production of a neutral heavy lepton

In the hadron shower a neutral heavy lepton, if produced, might give rise to dimuons.

The reaction is assumed to proceed as follows :

This event would have a large M23. However, there exist rather stringent limits'

on the production of such particles from beam dump experiments, e+e- experiments.
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We do not have enough events to quantitatively te.st the hypotheses mentioa.ed

above. The present data seems to be consistent with the two conventional sources of

trimuon production, hadronic and radiative. The prediction or the total number of

trimuons using these models is consistent with the observed data.
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Appendix B

Beam and IIp -N Event Kinematics

The kinematics for. the two body 7rfK decay and that for the deep inelastic

lip-nucleon scattering is discussed below. In particular. we derive the expression for "tile

scaling variables, X and Y, and show their relation to the momentum-transfer and centre

of mass energy.

gB.! Beam Kinematics.

The Narrow Band Beam allows one to select the secondary mesons of a specified

sign and momentum. The neutrino obtained from the decay of these mesons appear at

the apparatus in two distinct band characterizing their origin from either a pion decq or

a bon decay. This occurs due to the energy-radius correlation of the NBB II. We preseJll

the derivation of this energy-radius correlation and discuss some relevant aspects of NBB

neutrinos in this section.
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Very briefly, the two body decay kinematics of the mesons (7I'-1.w~r and

K-J,w",) initmates the energy of the v""

R refers to the transverse vertex of the event at the detector and L to the longitudinal

distance of the event from the decay point. The quantity Ema.:& refers to the maxbnum

attainable energy of the decay neutrino and is given by the expression,

Em(f,~ = E 7r K X[1 _. m; ], m2
7r,k

The factor [1 - "':} ] is .427 for ",'s and .954 for K's, which shows the
.m•••

disparity in energies of the pion and kaon neutrinos. The rest of the symbols have their

ususal mean~ng.

In reality, there are slight deviations form the monoenrgetic and dispersion free

meson beam considered above. To begin with the meson beam has a beam dispersion of

.1 to .2 milliradians. This affects the energy-radius correlation - particularly affecting the

pion-neutrinos. The bon neutrinos are relatively insensitive to the beam divergence of

the secondary beam owing to their large decay angles. Secondly, the momentum spread of

±lO% in the secondary beam causes a further smearing of the v-flux. Thirdly, the decay

of the meson occurs over the entire length of the decay region (=350m). As a result,

the uncertainity in the decay coordinate of the meson directly gets translated into the

derived v energy for the case when the decay is assumed to have occured at the mid point

of the decay region. Lastly, there are three body decays of the kaons which have been
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discussed in Chapter 2 and Chapter 5. These cause furt~er exacerbation the distinction

of the pion-neutrinos from the kaon-neutrinos.

It should be pointed out that the analysis of the WSM events is not drastically

dependent upon the deviations form the ideal condition of the v~ production. We have

employed the dichromatic feature of the data only to compute any missing energy in the

event and as a consistency check on the overall analysis. A through discussion of some of

these features is presented by Purohit [12).

sB.2 Event Kinematics

Consider the following Feynman diagram,

N

t

:W
I
L

-
Let the 4-momentum of the incident neutrino be lc and tb,at or the outgoing

muon, It!. The target nucleon, initially at rest, is assumed to have a four momentum 'I
and the final hadron shower is represented by a particle carrying a 4-momentum ,'.
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Ic= (E"" 0,0, E,,)

p= (mp , 0, 0,0)
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1"= (mp +E" - E,..,-pp sin9p cos~p,-Pp sin9,.. sin~p,E" - PI' cosSp)

= (Eh,Ph sinBh COS~h,Ph sin9h sinlPh,Ph COSBh)
(B.I)

The square of the centre of mass energy, s, in IIp·N frame is:

(B.2)

. The energy transferred to the hadronic system, conventionally denoted as J/,

could be expressed in terms of the above quantities,

II =p. (Ie -~) = mp(E" - E p) = mp(Eh- m p ) (B.3)

The square of the 4-momentum transfer to the hadronic system, Q2, is ex-

pressed as:

(B.4)

We could now give an expression for the inelasticity variable, y, in a Lorentz-

invariant fashion:

(B.s)

Since the nucleon mass mp < < Q2, the mass of the initial quark (approximately

a fraction of the nucleon mass) could be neglected. However, it is entirely possible
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that the final state quark has a non-negligible mass, e:g. production of charm quark

(mq==c=l.5 GeV; for details see Chapter 5). If x refers to the fractioD of the initial quark

momentum, then one can obtain an expression for the yariable x by balancing the 4-

momenta: "

or,

(q +:J;,)2 = m:
_Q2 + 2:J;q' ft + :J;2m 2 = m2 •r p q

Neglect :J;2m: to give (B.6)

Traditionally, the above expression"for x, is referred to as -slow scaling vari-

able" discussed in Chapter 5.

Neglecting mq, mp gives (B.T)

or (B.8)

One could also derive the explessi~nof the angles of the scattered hadron flom

(B.l),

Thus,"

• It Ip,..l. It I -11 . ,
SJRPh = - smp,.. R:S --sm ,. •

IPhl y

(B.9)

(B.10)
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The inelasticity variable, y, could be linked wit~ the angle, (J., in the cen~re of

mass system:

(1- y) = (1 + cose·) ..
. 2

This follows if we assume that all centre-of-mass energies are equal to E and all

particles are massless. If "twere the boost from the centre-of-mass to the lab frame,

which intimates the above result.

•E,. = "tE + "tE cos9

Ell = "tE + "tE, (B.ll)

It should be noted that the deep inelastic variables, x, y and Q2, even though

expressed in terms of the measured quantity, Ev ,E,.,9,.o.ndEu, are Lorentz-inva.nant

quantities.
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lI~-N Differential Cross Section

The expressions for the differential cross sections for neutrino and antineutrino

are given in the following paragraphs. First the quark-parton phenomenology motivated

derivation is presented. Next, the same expression is derived within some very general

assumptions.

sC.! Quark-parton phenomenological arguments

From purely dimensional arguments and without regards to the spin considera­

tions for neutrinos or quarks, the total corss section of a neutrino scattering off' a point

particle is given by,

uaGj. X s
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or more exactly,

2.Gj. ·s
(1=-----::....-

27f.
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If the point particle were a quark, a spin 1/2 particle, carrying a fraCtional

momentum x of the nucleon such that the probability of ftnding the quark with x is q(x),

then the above expression can be cast into a diffrential form:

aqVq Gj, s
-- = -- .:z:q(:z:)
d.:z: a1/ . 27f

It should be noted that the square of centre of mass energy, s, has been replaced

by SX, the c.m. energy in the neutrino-quark reference frame. Furthermore the first.

expression has be multiplied by 1/2 because only the left handed quarks participate in

the interaction.

The differential cross section of the neutrino-antiquark collision is likewise given

by,

- 2d.uvq GF S -- 2-- = - .:z:q(:z:) • (1 - 1/)
d.:z: ay 2 11'

The additional factor of (1 - y)2 appears due to spin consideration shown in

Fig. C.l.

Thus, in terms of quark-antiquark momentum distribution in the nucleon, the

neutrino-nucleon inelastic cross section can be written as

The corresponding expression for the antineutrino-nucleon cross section is,

aull,.N G2 s . --
-- = ---.E...- • (:z: q(:z:) (1 - y)2 + :z:q(:z:))

d.:z: ay 211'
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A fanciful way of writing the above expressions in terms of ~he nucleon structure

functions is

where the fonowing substitutions have been made:

F~;;(z) = q(z) + q(z)

A more exact expression within the context of Quantum Chromo-dynamics

predicts the formula. below for the differential cross section for Jljl(",,}-N scattering:

d,ul'lIiiii.
N

= Gj. S • [(1- y_ MN zY)F~;;(Z)+ y
2 2zF~ii± !I(l _!) ZFllii]

dz fly 2 7f 2 Ell 2 2

(C.I)

In the above the spin-zero constituents of the nucleon contribute to the cross

section. The relevant quantity, R is,

R can be expressed in termS of the structure function Fl and F2,

For the case when R = 0 i.e. F2(Z) = 2 ZF1(Z) we obtain the expression

derived from simple parton-phenomenology.
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§C.2 General derivation of the differential cross section
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The expression (C.1) could be derived within quantum field theoretica. frame

work, invoking rather general assumptions of locality, Lorentz invariance, CP·conserva-

tions and the fact that the muon mass could be neglected. In particular no reference to

the spin structure of nucleon constituents or the quark-parton picture of the nucleon is

needed to arrive at C.1.

One begins with the general expression of differential cross section, as~ing

that there are" n" final hadronic states as well as an emergent muon.

, where dL,pl1 refers to the Lorentz invariant phase space for the final states. The process

is schematically shown below.

Upon substituting the expression for the Lorenz invariant phase space the above

expression becomes:
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where the energy and momentum variables are adopt~d from the figure shown

above. The quantity M is the invariant amlitude for II" -N scattering. M could be expressed

in terms of the lepton and hadron currents and let the invariant amplitude be,

M GF." J.= .J2. 'repton· ",hadroft

where GF is the Fermi constant of weak interaction. The initial nucleon and the final

muon states are averaged over their respective spins. It follows,

The lepton tensor, L"v, is assumed to follow V-A and, thus1 is calculable in

terms of the neutrino and muon4-momenta:

where the 4-momentum transfer is q = Ie -Ie' .

The hadronic tensor, W"v, is an unknown quantity. The most general form it

could assume is:
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where the form factors (or structure functions) Wi are d~ensionless functions of two of

the three lorentz invariant quantities that could be constructed out of the 4-momenta. q

and p, i.e.

Wi = Wi(P.q,p2)

or Wi = Wi(p.q,p2)

Symmetries are invoked to eliminate some of the structure functions. CP

invariance or equivalently T invariance dictates that W6 be zero. Furthermore6 to invoke

the electromagnetic interaction type of gauge symmetry,

one assumes that ml£ = o. This assumption is justified in the light of extreme high energy

of the incident II and that of the emergent p,. As a result two more structure fnnctions6

W4 and Ws could be dropped. There are three remaining form factors in the hadronic

tensor.

Contracting the two tensors and rearranging some of the terms in the expression

of the differential cross section, one arrives at:

(C.2)

Lastly, expressing the kinematical quantities in terms of the scaling variables,

x and y, and redefining the structure functions as:

mWl =Fl

IIW2 = F2

and IIWa = Fa

one derives the expression C.1.



A'PPen.d.it D

Production of Secondary Mesons in P-Be Collision

The invariant cross section of high-energy hadron colllision follows a scaling

law proposed by Feynman [104]. It scales with a variable, XF, which is defi.ned as

Psecondary particle
XF=------­

pprimary particle

The invariant cross section can then written in a factorized form: a factor

containing the XF distribution and another the Pr behaviour of the secondary particles.

This could be stated as:

E ",aN _ E d,3N _ (D..) tV)
• d,3P - X p2 t!.P dO - I .& -S" X glr'"-F

where f(Pr) is some function of Pr of the secondaries and • g(XF)" expresses

the distribution of the scaling variable.
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SD.l Measurement of Particle Production at CERN
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Atherton et. 301. have measured the composition of secondary ,..+,,..-,K+, K-,P

and P in a400 GeVP-Be collision at CERN. They. have also measured the absoluteproduo-

tion cross section. Measurements were made on the positives and negative secondaries at

four momenta (60,120,200 and 300 GeV/c), two transverse momenta (0 and 500 MeV/c),

and for three target lengths (100, 300 and 500 rom of Be).

The measured XF and PT of each of the secondary particles were fitted to the

following form for the invariant cross section:

d,2N_A [B -B.L] [2CP2 -CCP8 )2]~- . -e Po. e
dP d,n Po . 271'

where the variable Po denotes the initial momentum of the proton (400 GeV)

and the parameters A, B and C depend upon the type of secondary paritcles . One notices

that the above formula for the invariant cross section scales with XF = P /Po. The table

below present the fitted values of these parameters for the various secondaries.
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Particles A .B C

,,+ 1.2 9.5 5.0

11' 0.8 11.5 5.0

K+ 0.16 8.5 3.0

K 0.10 13.0 3.5

P 0.06 16.0 3.0

Atherton: Secondary Production in P-Be Collision

There is another fit made to the same data due to Malensek (105]. Malensek

has made a four parameter fit to Atherton's data. The form for the invariant cross section

assumed here is:

The table below shows the best fit values for the parameters A, B, M2 and D.

Particles A B M2 D

".+ 3.598 1J7.2 .7077 27.00

11' 4.122 70.60 .8932 11.29
K-t- 2.924 14.15 1.164 19.89

K 6.107 12.33 1.098 17.78

P 7.990 5.81 1.116 14.25

Malensek: Secondary Production in P-Be Collision

The secondary production for the CCFRR NBB was simulated using both t:,!e

fits. When folded against the dichromatic train acceptance. both yeilded very similar
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results. In our results presented in this dissertation we have employed the fit due to

Atherton et. 3.1. Fig. D.I shows the momentum distributions or the secondary negative

pions and kaons for a fixed number of 400 Gev protons.



A'PPendit E

Error Estimates for the WSM Monte Carlo Calculations

The errors incurred in the various monte carlo computation employed in this

thesis have been discussed in this appendix.

sE.1 Error in WBB Monte Carlo

The systematic error in estimating the \VBB component of WSM occur in the

following three stages,

a. Production of the secondary particles

Atherton et. al. (see Appendix D) have estimated their measurement errors as follows

L Error on the primary Jlux ~ 5%

lL Error in the beam optics ~ 4%
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ill. Collimator opening uncertainty ~ 1%- 4%

Iv. All other corrections are of the order 1%
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When added in quadrature the above errors yeild an error of R:l 8%. However

the data at Pr's of 300 Mev or 500 Mev is rather poor and the agreement between &he

data and the value given by the formula (see Appendix D) is only marginally good. We

estimate this to contribute an addition of 6%error. Thus the overall error form the particle

production is of the order R:l 10%.

b. Errors in simulating the hadron beam

We have used the program Decay Turtle to simulate transportation of the secondary

beam. The errors in the turtle calcuations have been discussed in detail in (15.23.24).

The error so incurred is estimated to be R:l 10%- 15%. The error depends raUler

critically on the Pr-depcndence of the secondry production as well as the pro&on

spot-size on the target. The latter is a poorly measured quantity being equal to R:S

(.5 ± .2)mm X Imm.

e. Errors in simulating antineutrino inetrhctions in the detector

The critical factor here is the precision to which the antiqu&rk distribution is known.

In the text we have extimated this to be of the order of 8%- 9%. In addition to &he

above, the WBB contibution form the primary dump has large errors. The error is

of the order of 50%when the various assumptions are employed to estimate this con­

tribution. However, the background due to this source is an order of magnitude lower

than the corresponding background arising at the primary target at high energies.

Therefore this large error is not a detrimental factor in the WBB estimations.
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The overall errors in WBB computation is assumed to be, ~ 20%.

.sE.2 Dilepton Monte Carlo Calculations

. The three dilepton background estimations use essentially the same dimuon
. , .

Monte Carlo with·little variation.. We estimate the error to be 20%following Lang [111].

The simulation of charm production in v-N interaction as well as the parametrization

of "./K production and decay in the v-initiated hadron shower uses data from other

experiments, e.g. BEBC, EMC, E379 etc., as well as theoretical a$sumptions. The errors

in the input data. and the uncertainties in the theoretical parameters contribute to the

systematic errors in our calcu~tions enumerated below:

a. The errors in the fragmentation functions used to generate the hadronic states in v-N

scattering lent an uncertainty of ±15%in the probability of muon production. This

came about because the Lund Monte Carlo fragmentation function was considered to

be target-invariant. This assumption is refuted by the EMC measurement.

b. The uncertainty in the Lund Monte Carlo parameter, >., caused. an error of ±6%in

the ",+ production estimation.

e. The uncertainty of ±2%in the decay probability and interaction lengths of "./K led.

to a ±l%systematic error in the dimuon Monte Carlo.

cL The simulation of multiple interactions of the secondary mesons was not exact and

an inherent uncertainty of ±20%in this parameter caused an error of ±10%in the

muon production.
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e.The final muon rates were computed to an accuracy o~ ±5%.
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The overall systematic uncertainty incurred in the dimuon Monte Carlo, ±20%,

was obtained after adding the above errors in quadrature.



Appen.d.ix F

24 WSM Events with Evis > lOOGeV and Y > .5

Kinematical quantities associated with the 24 WSMevents have been sum-

marized in this appendix.
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SMari 200 RUI~ 1633 EVENT 69~ PLACE 23 ICATE 2 RINT ~9. 77
EVIS 113. 69 EllIS 32.20 PTOTt -8.26 EHAD 10~. 42~0 VERTX 2'.89 VERTY ~3.87

THETA .087 PHI 2. 162 XVIS .04 YVIS .927 asa 7. 13

SMOM 200 RUN 1763 EVENT 1968 PLACE 57 IGATE 2 RINT 61. 2'
EVIS 117.83 ElilS 23.71 PTOTt -29. 09 EHAD 88. 7479 VERTX 47.44 VERTY -38.7'

THETA .043 PHI 3. 109 XVIS .04 YVIS .753 asa 6.21

SMOM 250 RUN 1349 EVENT 4269 PLACE 39 ICATE 2 RINT 26. 19
EVIS 145. 78 ElilS 70. 19 PTOTt -12.04 EHAD 133. 74'3 VERTX -17.09 VERTY 19.93

THETA .081 PHI 2. '96 XVIS .05 VVIS .917 asa 11.61

SHari 250 RUN 1383 EVENT 187 PLACE 20 IGATE 2 RINT 35.83
EVIS 108.80 EI1IS 84. 52 PTOTt -53.37 EHAD 55.4309 VERTX -12.94 VERTY -33. 41

THETA .011 PHI 2. 477 XVIS .01 YVIS .509 asa .73

SMOli 2~0 RUN 1582 EVENT 6194 PLACE 2' IGATE 2 RINT 19.92
EVIS 136. 11 EllIS 81. 35 PTOTt -12.75 EHAD 123.3629 VERTX -3.2' VERTY -19. 66

THETA .086 PHI 2.053 XVIS .06 ¥VIS .906 asa 12.86

SMari 250 RUN 1803 EVENT 1752 PLACE 44 IGATE 2 RINT 58.97·
EVIS 159.58 EMIS 5. 18 PTOTt -18.54 EHAD 141. 0318 VERTX 34.42 VERTY 47.88

THETA .056 PHI 3.037 XVIS .04 YVIS .984 050 9.39

SMari 250 RUN 1968 EVENT 1363 PLACE 73 IGATE 2 RINT 58. 73
EVIS 125. 79 EMIS 37.62 PTOTI -47.42 EHAD 78.3758 VERTX '3.20 VERTY 24.89

THETA .056 PHI 2.559 XVIS .13 VVIS .623 asa 18.92

SMOl1 250 RUN 2007 EVENT 4762 PLACE 23 IGATE 2 RINT 27.64
EVIS 161. 12 EMIS 50.09 PTOTt -1'.03 EHAD 146.0934 VERTX 26. 12 VERTY -9.02

THETA .067 PHI .949 XVIS .04 VVIS .907 asa 10.97

SMOM 140 RUN 1524 £VENT 6911 PLACE 27 IGATE I RINT 50.90
EVIS 120. 60 EMIS .36 PTOTt -30.43 EHAD 90. 1688 VERTX -41.38 VERTY ·29.64

THETA .017 PHI I. 601 XVIS .01 ·YVIS .748 050 1.00

SMel1 165 RUN 1732 EVENT 4093 PLACE 36 ICATE 1 RINT 37. 52
EVIS 122. 58 EllIS 24.87 PTOTt -19.87 EHAD 102.7175 VERTX -22.82 VERTY 29. 78

THETA .022 PHI 2.746 XVIS .01 VVIS .939 asa 1. 21

SMOM 200 RUN 1755 EVENT 3236 PLACE 56 IGATE 1 RINT 42.78
EVIS 231. 46 EllIS -68. 12 PTOTt -80. 66 EHAD 150.7982 VERTX 37. 14 VERTY -21. 23

-THETA .062 PHI 2.779 XVIS .26 YVIS .652 aso 72.35

SMOI1 250 RUN 1850 EVENT 2846 PLACE 36 IGATE 1 RINT 16.85
EVIS 148.64 EMIS 72.71 PTOTt -40. 70 EHAD 107.9413 VERTX I. 08 VERTY -16.82

THETA .01.9 PHI 2. 013 XVIS .14 VVIS .726 asa 28.82

SMari 250 RUN 1988 EVENT 7090 PLACE 29 IGATE 1 RINT 23. 10
EVIS 129.43 EI11S -61. 14 PTOTI -45. 17 EHAD 84.2579 VERTX -5.87 VERTY 22.3.'

THETA .067 PHI .117 XVIS .17 YVIS .651 aso 26.60.
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SMOf1 165 RUN 372 EVENT 1828 PLACE 34 IOATE 2 RINT 31.34
EVIS 128.20 EttlS 23.02 PTOTt -29.82 EHAD 98.3719 VERTX 24.67 VERTY -19.33

THETA .016 PHI 1. 622 XVI9 .00 YVIS .767 050 .92

SMeM 250 RUI., 436 EVENT 10820 PLACE 45 IC~ATE 2 RINT 45.38
EVIS 140. 78 EliI 9 48.05 PTOTt -58.99 EHAD 81. 787!5 VERTX 15.24 VERTY 42.74

THETA .075 PHI 2.!531 XVIS .30 YVIS • !581 Gsa 46.57

SMOtt 250 RUN 443 EVEIU 1332 PLACE 23- IC~ATE 2 RINY. 28.57
EVIS 187.98 EI119 :ZOo 7!5 PTOTt -59. 18 EHAD 128.7933 VERTX 24. 16 VERTY -15.25

THETA .013 PHI .719 XVIS .01 YVIS .685 . OSO 1.81

SI1Of1 250 RUN 460 EVENT 5392 PLACE 24 IOATE 2 RINT 42.94
EVIS 176.73 Ettl9 4.30 PTOTt -73.76 EHAD 102.9751 VERTX -11.40 VERTY -41. 40

THETA .045 PHI 2.445 XVIS .14 YVI9 .583 OSO 26.95

SI1OI1 250 RUN 461 EVENT 1016 PLACE 20 IOATE 2 RINT 17.68
EVIS 220. 16 EHI9 .09 PTOTt -64.43 EHAD 155.7240 VERTX -8.24 VERTY -15.64

THETA .001 PHI .695 XVIS .00 YVIS .707 oso .01 ..
SMD''! 250 RUN 478 EVENT 53 PLACE 30 IOATE 2 RINT 40.79
EVIS 176.25 Ettl9 14.71 PTOTt -11.36 EHAD 164.8874 VERTX -37.97 VERn 14.90

THETA .030 PHI .444 XVIS .01 YVIS .936 090 1.83

SMOI1 200 RUN 619 EVENT 1564 PLACE 19 IOATE 2 RINT :ZO.44
EVI9 113 26 EI119 -49.16 PTOTt -12.60 EHAD 100.6611 VERTX 17.76 VERTY 10. 13

THETA .025 PHI 3.085 XVIS .00 YVIB .889 aso .87

SHOf1 140 RUN 684 EVENT 2150 PLACE 32 IOATE 2 RINT 32.04
EVIS 118.30 EJ119 10.93 PTOTt -18.47 .EHAD 99.8349 VERTX -14.60 VERTY -28:52

THETA .039 PHI .881 XVIS .02 YVIS .844 OSO 3.21

SHOtt 250 RUN 937 • EVENT 930 PLACE 22 100TE 2 RINT 50.26
EVIS 132. 56 EMIS 45.30 PTOTt -19.06 EHAD 113.4993 VERTX -28.84 VERTY 41.17

THETA .012 PHI .809 XVIB .00 YVIS .856 aso .36

SHOI1 200 R\R., 545 EVENT 4552 PLACE 31 IOATE 3 RINT 31. 79
.EVIS 110.10 Et1IS 61.39 . PTOTt -7.78 EHAD 102.3153 VERTI -22.40 VERTY -22.55
THETA .064 PHI 1. 259 XVIS .02 YVIS .929 OSO' 3.46

SMCf1 200 RUN 727 EVENT 1964 PLACE 52 IOATE 3 RINT 50.97
EVIS 110.70 EMI9 40.52 PTOTt -17.82 EHAD 92.8801 VERTX -50.95 VERTY. -1.37

THETA .060 PHI .706 XVIS .04 YVI9 .8~9 OSO 7.07
06. 43. 42.UCLP. ge. TAIO. 0.174KLNS.

--
END OF LI9TINC --
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23 Trimuon Events

Kinematical quantities pertaining to 23 trimuon events are presented below.

.The computed generated event-schematics are shown in Fig. G.I-G.23..



RUN, EVENT, EVIS, EHAD, P/'IU1, P/'IU:2, PI1U3 31S4 4373 147.30 1:21.60 3.90 10.90 10.90
PTl, PT:2, PT3, 1'11:2, /'113, /'I:i!3, . /'Il~3 . 14 1. ISO 1. ISO • :20 .71S .71S 1.01S
TH1, THa, TH3, PHIl, PHI:2. PHI3,PHI:23 .036 .13S .13S 1·70.6S4' :206.7:23 :206.7:23 :206.7:23 \

PHTl, PHT:2, PHT3, -. 141S .-1. ZZS -1.:2:21S

. RUN, EVENT, lVIii, EHAD, PI1Ul, P/'IU:2, P/'IU3 361S 4505 137.60 B6.00 :25.30 16.50 9.BO
PTl, PT:2, PT3, /'11:2, /'113, /'1:23, /'11:23 .94 .61 .43 • :20 .34 .30 .44
TH1, TH:2, TH3, PHIl, PHI~, PHI3,PHI:23 .037 .037 .044 31:2.77B 31:2.77B 336.:269 3:2:2.473

PHTl, PHT:2, PHT3, -1. :211 -.790 -.SO:2

RUN. EVENT, £VIS, EHAD, ,P/'IU1, P/'IU:2, PI1U3 371 67 156.40 65.60 3:2.40 54.30 • 4. 10
PT1, PT:2, PT3, /'11:2, /'113, /'I:i!3, /'11:23 :2. 14 3. 53 .36 • :20 :2.:27 1.76 :2.B7
TH1, THa, TH3; PHIl, PHI:2, PHI3,PHI23 .066 .06' .OB7 :263. 90IS :263. 90IS 91S.799 :262. 1S81

PHTl, PHT:2, PHT3, -3. lB9 -1S.:290 • :21 IS

RUN, EVENT. EVIS, EHAD, P/'IU1, P/'IU:2, P/'IU3 416 S66:2 176.40 37.40 90.40 31.70 16.90
PTl, PT:2, PT3, /'11:2, /'113, /'1:23, /'Il~3 1.90 .63 • 1S6 · 1S:2 • 1S2 • ISO • B6
TH1, TH:2, TH3. PHIl, PHI:2, PHI3,PHI23 .021 .0:20 .033 341.1S40 316.3BS 31S0.761S 332.441

PHTl, PHT:2, PHT3, -6.4Bl -:2. lSl -1.407

RUN, EVENT,' EVIS, EHAD, P/'IU1, P/'IU:2, P/'IU3 47B 1631 :200.:20 41S. 10 137.90 3. ISO 1:2.40
PT1, PT:2, PT3, /'11:2, /'113, /'1:23. /'1123 1.10 .6:2 .7B :2.93 4.47 1.71S IS. 6:2
TH1, TH:2, TH3, PHIl, PHI:2, PHI3,PHI:23 .OOB .179 .063 300.971S ~1S6.01S1S 1:21S.019' 176.694

PHTl, PHT:2, PHT3, -4.476 -. 1S21S .476
•

RUN, EVENT, EVIS, EHAD, P/'IU1, P/'IU:2, P/'IU3 47S 9194 20:2.00 74.60 104.40 16.40 6.60
PT1, PT:2, PT3, /'11:2, /'113, /'123, /'11:23 :2.9~ • 39 .46 . .74 :2. 17 .96 :2.4S
TH1, THa, TH3. PHIl, PHI:2, PHI3.PHI~3 • O~S .0:24 .069 31.799 69.786 :28:2.31S4 -17.BIS9

PHTl, PHT:2, PHT3, -7.008 -.91S:2 -. 107

I
RUN, EVENT, EVIS, EHAD, P/'IU1, P/'IU:2, P/'IU3 1S4:2 47 :219. 10 170. ISO :21.60 IS. 40 :21.60
PT1, PT:2, PT3, 1'11:2, /'113, /'I~3, /'1123 . 1S8 .93 .41 .81S :2.09 1.97 :2.99
TH1, TH:2, TH3, PHIl, PHI:2, PHI3,PHI23 .027 .173 .019 141.864 :276.81S3 30.1S96 -1S6.974

PHTl, PHT:2, PHT3, -.61S7 .639 .071S

RUN, EVENT, EVIS, EHAD, P/'IU1, P/'IU:2, P/'IU3 1S69 3:241 88.:20 43. ISO 31. 10 8. ISO IS. 10
PTl, PT:2, PT3, 1'11:2, • /'l13, /'1:23, /'11:23 3.94 .66 .16 3.08 1.63 .7:2 3. 1S4
TH1, TH:2, TH3, PHIl, PHI:2, PHI3,PHI:23 .127 .07B .03:2 3:28.477 101.1S86 243.908 11:2.1BO

PHTl, PHT:2, PHT3. -6.713 -.316 -.476

RUN,' EVENT, EVIS, EHAD, P/'IU1, PI'IU:2, P/'IU3 671 11S9:2 49.30 18.30 14. 10 11.30 IS. 60
PTl, PT:2, PT3, /'11 :2, /'113. 11:23, /'11:23 .79 .10 • ISl .73 .66 .70 1.18
TH1, TH:2, TH3, PHIl, PHI:2, PHI3,PHI:23 .01S6 .009 .091 4:2.34:2 121S. 1S31S 93.220 98.44:2 •

PHTl, PHT:2, PHT3, -1.391S -.499 -.1S61 I-'
t-.)
t-.)

RUN, EVENT, EVIS, EHAD, P/'IU1, P/'IU:2, PI'IU3 674 :2164 1:24.90 1S3.40 61S.20 3.60 2.70
PT1, PT:2, PT3, 1'11:2, /'113, /'1:23, /'1123 :2.0:2 .31 .09 1.46 .66 .43 1.64

TH1, TH:2, TH3, PHIl, PHI:2, PHI3,PHI~3 .031 .087 .031S 2. 1S:21 :269.119 9:2.418 267.693
PHTl, PHT:2, PHT3, -4.481S -.117 -. 1~



RUN, EVENT, EVIS, EHAD, PMU1, PMU2, PMU3 1834 6175 88.07 28.81 52.85 3.51 2.91
PT1, PT2, PT3, 1'112, 1'113, 1'123, 1'1123 1. 59 .26 .24 1. 15 1.25 .23 1. 69
TH1, TH2, TH3, PHIl, PHI2, PHI3,PHI23 .030 .075 .081 289.860 : 24.523 49.504 36.310

PHrl, PHT2, PHT3, -4.489 -.171 -.043

RUN. EVENT, EVIS, EHAD, PMU1, PMU2, PMU3 1859 2333 195.49 186.83 2.21 2.21 4.25
PT1, PT2, PT3, 1'112, 1'113, 1'123, 1'1123 .56 .56 .12 .75 .41 .73 1.09
TH1, TH2, TH3, PHIl, PHI2. PHI3,PHI23 .258 .258 .029 53. 572 90.470 93. 564 '91.026

PHT1, PHT2, PHT3, -. 569 -.456 -. 107

RUN, EVENT, EVIS, EHAD, PMU1, PI'IU2, PMU3 1614 434 220.68 127.47 75.06 7.37 10.77
PT1, PT2, PT3, 1'112, 1'113, 1'123, 11123 1.65 .51 .37 1. 58 2. 10 .38 2.64
TH1, TH2, TH3, PHIl, PHI2, PHI3,PHI23 .022. .069 .034 104. 508 314. 783 303.954 310.249

PHTl. PHT2, PHT3, -2.623 .343 .206

RUN, EVENT, EVIS, EHAD, PI'IU1, PMU2, PMU3 1782 550 72. 50 62.94 4.23 2.84 2.49
PT1, PT2, PT3, 1'112, 1'113, 1'123, 1'1123 .95 .47 .29 1. 22 .43 .65 1.42
TH1, TH2, TH3, PHIl, PHI2, PHI3,PHI23 .227 .166 .116 132.468 256.342 146.448 220.215

PHT1, PHT2, PHT3. -1.015 .219 -.317

RUN, EVENT, EVIS, EHAD, PMU1, PMU2, PMU3 1713 2702 121.7:i! 39.95 68.39 5.40 7.98
PT1, PT2, PT3, 1'112. 1'113, t123, 1'1123 4. 10 .32 .34 2.24 2.30 .29 3.21
THI. TH2, TH3, PHIl, PHI2, PHI3,PHI23 .060 .060 .042 12.032 180. 539 149.771 164.878

PHT1, PHT2, PHT3, -11.074 -.237 -. 571

RUN, EVENT, EVIS, EHAD, PMU1, PMU2, PMU3 1343 3220 143.47 .16 134. 50 5. 57 3.23
PT1, PT2, PT3, 1'112, 1'113, 1'123. 1'1123 5.51 .64 1. 04 4.24 7. 60 .93 8.75
TH1, TH2, TH3. PHIl, PHI2, PHI3,PHI23 .041 .115 .329 59.874 259.321 264.420 262.483

PHTl, PHT2, PHT3, -8. 036 -1. 157 -1. 252

RUN, EVENT, EVIS, EHAO, PMU1, PMU2, PMU3 1800 1109 140. 75 66. 50 65.31 5. 54 3.40
PT1, PT2, PT3, 1'112, 1'113, 1'123, 1'1123 1. 70 .39 .66 1. 05 2.86 .66 3.11
TH1, TH2, TH3, PHIl, PHI2, PHI3,PHI23 .026 .071 .196 345.952 26.471 63.713 50.001

PHTl,' PHT2, PHT3, -3.364 -.440 . -.225

RUN, EVE:NT, EVIS, EH"'D,' PI'IU1, PMU2, PMU3 1839 393 133.66 76. 15 48.47 6.49 2.55
PT1, PT2, PT3, 1'112, 1'113, 1'123, 1'1123 . 15 1. 60 . 18 4.46 .84 .85 4.61
TH1, TH2, TH3, PHIl, PHI2, PHI3,PHI23 .003 .249 .071 227.808 52.655 10.084 48.613

PHTl, PHT2, PHT3, -.238 1.582 . 138

RUN, EVENT. EVIS, EHAO, PI'IU1, PMU2, PMU3 1780 3364 142. 50 .16 126.04 9.46 6.84
PT1, PT2. PT3, 1'112, 1'113, 1'123. 1'1123 4.41 .26 .54 1.94 3.03 .47 3.62
TH1, TH~, TH3, PHIl, PHI2, PHI3,PHI23 ,035 .027 .079 331. 97:i! 101. 414 95.913 97.679

IPHTl, PHT2, PHT3, -78.552 -6.270 -4.662

RUN, EVENT, EVIS, EHAO, PMU1, PMU2, PI'IU3 1541 123 54. 00 41. 96 3.38 4.33 tf
4.33 '"

PT1, PT2, PT3, 1'112, 1'113, 1'123, 1'1123 .25 .68 .68 .20 .45 .45 .61 i
TH1, TH2, TH3, PHIl, PHI2, PHI3,PHI23 .074 .157 .157 5. 500 39.248. 39.248 39.248

PHT1, PHT2, PHT3, -.270 -. 588 -. 588 I

!



RUN, EVENT, EVIS. EH"O, PMU1, PMUi2, PMU3 674 i26i2:5 130. :50 IS. 00 102.70 4.90 4.90
PTI. PT2. PT3, N12. N13, M:!3, 1'1123 2.67· . :56 .3:5 3. 13 1.99 .40 3. 7i2
TH1, TH2, TH3. PHIl, PHIi2, PHI3,PHI23 .026 .11:5 .072 296.219 %38. ~41 17:5. 1:53 1:52. :509

PHTl, PHT2, PHT3, -17.S13 -.20:5 -.:542

RUN, EVENT, EVIS. EHAO, PNU1, Pt1U2, PI1U3 700 lS36 37. SO • SO 17.10 2 .. S0 17.10
PT" . PT:!. PT3, N12, N13, 1'123, M123 1. 20 .77 • :50 .9:5 1.6:5 1.96 2. 72
T TH2. TH3, PHIl, PHI2, PHI3,PHI23 .070 • i279 .029 4.3:54 :51.624 317.763· 17.77S

PHTl, PHTi2, PHT3, -17.100 -2. 724 -17.070

RUN. EVENT, EVIS, EHAO, PMUI. PMUi2, PI'IU3 717 2i2S9 119.70 S:5. 10 1:5. 10 4.40 1~. 10

~
PT1, PT2, PT3, N12, 1'113. M:i!3, M123 1. 61 .7S .11 1. ~2 • SS 1.43 2.2'

C"I TH1, THj2. TH3, PHIl, PHIi2, PHI3,PHI23 .107 .179 .007 123.644 91. 7SS 1:22.900 9:5.364
r-l PHT1, PHT2, PHT3, -1. S97 -.747 -.392



Appendi.t I

The E744/E652 Test Run

To study the calorimetric response to hadrons of well deJlned energy for calibra-

tion purposes as well as to measure the muon-production from the hadronic interactions,

a vital measurement for the LSDM/OSDM background estimation, CCFR collaboration·

conducted a test run in M3JT-June 1984 using the improved Lab-E detector. The data from

this test run was employed in one of the background estimation for the WSM events. This

test run is briefly described below.

.
The hadrons of momenta 15, 25, 50, 100, 200 and 300 GeV were transported

to the Lab-E apparatus through the NTW (neutrino test west) "line of Fermilab. Primary

800 GeV protons form the tevatron were targetted at an aliminum target. The beam

line transported the secondary hadrons, produced between 0 and 10 milliradians, to the

detector. The secondary hadrons, mostly positively charged particles, could be momentum

analysed using the spectrometer at the upstream end of the detector. This spectrometer,

consisting of four multi-wire proportional chambers, two magnets and one drift chamber,
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•

I. The E744/E652 Test Run

had a momentum resolution from 1%at 10 GeV to 2%at 100 GeV and higher.· A

small scintillation counter located at the aperture of the magnet provided the timing

information. The beam line and the various components of the hadron spectrometer are

shown in Fig. 1.1.

The Lab-E apparatus was essentially the one discussed in Chapter 3. The

primary modification entailed the replacement of the spark chambers by drift chambers

with new data acquisition system. The drift chambers had an active area of 3m X 3~ .

with 24 horizontal and 24 vertical cells. Each cell was 12.1 cm wide by 1.9 cm high by 3m

long. Each cell was equipped with three wires, two wires constituting the readout sense

wires (.03mm ·diameter) facilitating the resolution of left-right ambiguity within the cell

and the'third wire was the field wire (.13 mm diameter). Hits from each sense wire was

buffered into multi-hit TDCs and read out for each event. The hadron energy information

was measured from the counter pulse heights. Three carts of the neutrino-detector were

involved in this test.

The event trigger used in the analysis was the coincidence between the incident

beam signal from the small timing counter and an energy .deposition signal from the

calorimeter. The data used in the analysis was with tbe beam of low intensity. This yields

a cleaner sample of unbiased hadronic interactions. Furthermore, the selected events had

a single hadron showering in the calorimeter. This was achieved by demanding that not

more than one hit be observed in the X and the Y view of the upstream most drift

chamber. There was some electron contamination in the beam. At high energy (> 100

GeV) this didnot pose a problem since the EM. shower has a smaller penetration and
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consequently the ratio of the shower energy measured in ~he first three counters to the

total energy peaks at one. For hadrons, the typical penetration is a Jot longer (see Table

5.7). For the low energy setting, a 10 cm lead 'filter' was positioned in the beam line ahead

of the upstream of the magnetic spectrometer to eliminate the electron background.

The analysis of the events proceeded along the lines discussed earlier. The

pentration depth, shown in Table 5.7 and used in the analysis, was the calculated in terms

of the downstream most counter with energy greater than 25%of a minimum ionizing

particle. Details of the analysis are presented in Ref. [491.
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Table Captions

Table 2.1a: Characteristic Parameters of NO Dichromatic train. The num-

bers refer to, for most cases, measurements made during E616

running.

Table 2.1b: Mean momenta and angular divergences of secondary beam. The

angular divergences 6:1: and 6y are fractional changes in x andy

with respect to change in z Le.

A:I:
6:1:=-

A z .

A y
6y =-

A z

The numbers are taken from E616 measurements.

Table 3.1: The parameters of the neutrino-detector at Lab-E. E616 had 6

target carts whereas E701 had 4.

Table 3.2: Muon momentum and hadron energy resolution.
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Table

Table

Table

Table

Table

3.3:

4.1:

4.2: "

5.1:

5.1c:

Table Captions

The table points out the differences in the apparatus for the two

experiments.

Reduction of the initial data through the WSM cuts mentioned

in Sec. 4.2, for the fiveeilergy settings (4.1a through 4.1e). The

number of ",+ , shown as the last entry of the tables, represent the

sample to be visually scanned before interactive reconstruction.

These scanned and recOnstructed events, along with the regular

CC events ",-, were subjected to the final set of WSM cuts.

Ambiguous events inE616(4.2a) and E701(4.2b). Default momen­

tum r~ers to the lack of sign" determination of the muons in the

spectrometer. -Rtore- is the radius of the projected muon track

at the front face of the toroid. Almost all of the ambiguous events

had Pt greater than 65 inches.

Incident primary proton flux and liv&otime for E616(5.1a) and

E701(5.1b), during clos&oslit running. The number of incident

protons per setting is in the units of 1017 protons. The units

of live-times are different for fast and slow spills. However the

corresponding units for fast spill live time and fast spill cosmic

ra:y live time are equal Same is the case for slow spill live time

and slow spill cosmic ray live time.

Cosmic Ra:y live time for close-slit events.
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Table

Table

Table

Table

Table

Table

5.2:

5.3:

5.4:

SAc:

5.5:

5.6:

WSM events from dos-slit data for E616(5.2a) and E701(S.2b).

.This da.ta has to be normalized to the total number of protons

incident during the open slit running. The nomalization factor

. is 19.7. Only one close-slit WSM event has Y > .5 and none of

these events has Evis > 100 GeV.

Flux of the primary protons and the corresponding live times for

five energy setting for E616(5.3a) and E701(S.3b). Once again

the units of the live times are different for fast and slow spills.

Flux of the secondary particles and cosmic :ray live times are

listed for the five settings, for each of the two experiments respec­

tively (E616:54.a and E701:5.4b). Fast spill cosmic ray live time

has the same units as the fast spill live time tabulated in the

previous table.

Particle fractions of the secondary beam. The table has been

compiled from E616 data. The data from E70! is currently under

investigation. AB pointed in Chapter 2; the particle fractions are

measured employing the Cerenkov counter.

Number of secondary particles versus the distance-traversed from

BeO target before being swept of the dichromatic train. The

distances quoted iI\ the table are in the units of feet.

Coordinates of the primary dump for va.rious energy setting. The
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Table

Table

Table

5.7:

6.1:

6.2:

Table Captions

logi1udinal distance, Z, is in meters.

The probability of penetration by a hadron shower of a gileD.

energy versus the depth of penetration. The depth of penetration

has been represented in terms of counter number. The separation

between two counters represent approximately 11 cm of steel (see

Chapter 4). The table presents the probability of penetration TS

depth for 15, 25 and 50 GeV in "2 cart" configuration. By -2 .

cart" configuration is meant that the c~rrespondingdata, duriag

the test run, was recorded with two instrumented carts. TIle

table lists the penetration probability for higher energies with. -3

cart" configuration as well.

Data and all backgrounds in two energy bins : Evis <100 aad

Evis >100 GeV. The table 6.tb refers to the data and bad:­

ground with Y > .5. and Evis > 100.

Tables list the averages of various kinematical quantities, namely

total visible energy, muon moment,!m, hadron energy, missillg

energy, Xvis, Yvis and Q2. They also present the number of

events in the tow energy bins. The four tables, a-d, represent

four set of cuts: (a) Yvis > 0., Evis > 0., (b) Yvis > .5 and EYis

> 0 (c) Yvis > o. and Evis > 100, and finalJ,y, (d) Y > .5 and

Evis > 100. Cosmic ray contamination have been subtra.cted. In

both the cases, Y greater of less than .5, the same CC curJent
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data has been employed to normalize the background.

Table

Table

Table

Table

Table

Table

Table

6.3:

6.4:

6.5:

6.6:

6.7:

6.8:

6.9:

Shows the mean values of CC events as welll the total number of

CC evet, used to calculate the relevant background.

Acceptance correction for CC and WSM evets. The acceptance

•
for WSM was obtained by making various assumption regarding

its production mechanism. The acceptance corrected n1Ullbers

are shown with and without the Y cuts.

Acceptance corrected rates of WSM for various models. The

cumulative model, assuming WBB and dfiepton background jointly

giving reise to WSM, yields approximately the same rate for the

two cuts.

Limits (upper and lower) on the rates ofWSM. Only those eYents

with Evis > 100 GeV have been included.

Table of the differens in Like Sign Muons cuts and the regular

WSM cuts.

Various kinematical quantities are tabulated for WSM with three

different cuts: Y > 0 and Evis > 0 GeV(6.8a); Y > 0 and Evis

> 100 GeV(6.8b); and Y > .5 and Evis > IOO(6.8c). For this

tabulation WSM data was made to pass through LSDM cuts.

Comparision of Opposite Sign Dimuons with WSM. Both the

data have been subject to the same cuts. Furthermore the leading
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Table

Table

Table

Table

6.10:

7.1:

7.2:

7.3:

Table Captions

muon in the dimuons is assumed to be a·"neuttrino". The third

column depict the "neutral current analog" of OSDM.

Comparision of WSM data to LSDM. Same as 6.9.

Dependence of angular resolution of the muon upon the momen-

tum and the hadron energy. The angle is presented in mllU

ra.dians and the muon momentum and hadron energy in GeV.

Characteristics of Trimuon events. The first column contains

various kinematical attributes. Most of the variables are self

explanatory. The momentum asymmetry, "I, is defined as follows

The second and the third column contain data with 2.0 GeV

and 4.5 GeV momentum cuts respectively. The trimuon event

with 1-'-1-'+1-'+ configuration has been removed from the sample

before the tabulatioll of the kinematical properties. The fourth

and the fifth columns contain the simulation of hadronic and

radiative production of trimuons respectively.

Fitted parameters to the inclusive I-'-pair produciton from the

decays of various vector mesons. The table has been taken form

the paper by Anderson et. al. (see Chapter 7).



Table 2.1a:

Figure Captions

Figure

Figure.

1.1: The Feynman diagrams of. Charge Current (CC:1.1a), Neutral

Cur~ent (NC:1.1b) and Opposite Sign Dimuon (OSDM:1.1e) in­

teractions of neutrinos. Figure 1.1d and 1.1e Schematic of neutrino

induced Wrong Sign Muon (WSM) and Like Sign Dimuons (LSDM).

The figure merely illustrates the experimental signatures of the

two interactions.

1.2:The schematic of WSM and LSDM production via a 'Cigar' event.

The bound state of the intermidiate vector bosons, Z, and W in

the case of WSM and W' and W in the case of LSDM, has been

call 'Cigar' by Veltman. A cigar, in general, may decay into four

firmion. In order to reproduce the experimental signatures of

WSM or LSDM, the other two firmions are chosen to be quarks

and consequently they are manifest in the hadron shower.
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Figure

Figure

Figure

Figure

1.3:

2.1:

2.2:

2.330:

Figure Captions

mustrations of the production mechanism of WSM and LSDM

within the context of Composite-model The model predicts a

host of excited intermidiate bosons po.pulating the desert of the

minimal standard model. The composite excited bosons may

decay into four firmions.. This feature is similar to Veltman's

model. In the wake of WSM and LSDM events, the other two

firmions (see the figure) are taken to be quarks.

Overall view of the neutrino beam line as well as the detector

with respect to the accelerator.

The accelerator magnet current (upper profile) and the 400 Gev

primary beam intensity (lower profile) over an extraction cycle.

The extraction cycle refers to the operation of the accelerator

during the experiment E701.

A conceptual summary of narrow-band focusing of secondaries,

produced in the P-Be.collison, to achieve the dichromatic neutrino

spectrum. The quadrupole Ql focuse~ in the horizontal direction

and delocuses in the vertical direction, to increase the acceptance,

whereas Q2 does just the opposite. The dipoles Dl, D2 and D3

provide. the required bending to eliminate WBB and secondaries

of undesired momenta. The overall effect is one of point-to­

parallel focusing. 'PD' refers to the primary dump i.e. to the

inserts in the beam line to absorb the primary protons that
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didnot interact in the target. 'MS' is the momentum defining

slit. The aperture of this slit determins ¥, or the momen­

tum byte of the secondary beam. The last dipole D5 is the

steering magnet which directs the beam into the decay pipe 'DP'.

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

2.3b:

2.3c:

2.4:

. 2.5:

2.6a:

2.6b:

2.7:

2.8:

The detailed schematic of the narrow-band be,am.

A 133'out of the NBB line illustrating the relative positions of

various components and access stations.

An overview of the NBB, decay pipe, muon shield (berm) and the

Lab-E detector.

Logic-diagram of the gating and readout of the primary proton

flux, as the proton passes through the Neuhall toroid before

impinging the target.

SWIC (Segmented Wire Ionization Chamber) profiles at the ex­

pansion port and Target Manhole. These profiles are used to

determine whether the beam has been misdirected.

Schematic of an Ionization Chamber. The readout of the right

and left halves as well as the top and bottom halves of the

chamber provide a quatitative measure of the beam steering.

The 'dichromatic band' of neutrino events in Lab-E as seen in

E701. The upper band pertains to kaolls and the lower to pions.

A plot of neutrino flux from various sources. The three body
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Figure 3.1:

Figure Captions

decay of the koan into an positron, an electron neutrino and a

".0 will be referred to as K e3 decay. The corresponding three

body decay into Jb"leptons will be called KJ.43 decay. The KJ.43

neutrino nux is a little smaller than the K e3 flux owing to the

larger baranching ratio of the latter.

An overview of the neutrino detector. The 6 cart configuration

refers to the E616 set up.

Figure 3.2:

Figure 3.3:

Figure 3.4:

Figure 3.5:

Schematic of a target cart.

Details of a target counter.

lllustration of various instruments in the target and the toroid.

Figures 3.5a is the logic diagram for muon trigger. Figures 3.5b

illustrates the corresponding event. Fig. 3.5b is a WSM.

Figure

Figure

Figure

Figure

Figure

3.6:

3.7:

4.1a:

4.1b:

4.2:

Figures 3.6a is the logic diagram for penetration trigger. Figures

3.6b illustrates a penetration event.

Detector configuration during E701.

Histogram of the X2 associated with the fitted tracks for WSM

sample.

Distubution of polar angles, (), of WSM events. All the reconstructed

events had () less than 160 milliradians.

Distribution of the geometrical acceptance correction for WSM
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events. The acceptance has been computed disregarding the

production mechanism of such events. It just represents the in­

verse of the fractional acceptance obtained by integrating over

the azimuthal angle and the logitudinal position for a given tra.nsverse

vertex and a polar angle of a WSM event.

Figure

Figures

Figure

Figure

Figure

4.3:

5.0:

5.1:

5.2:

5.3:

Missing energy distribution for CC events. The solid line represent

the Monte Carlo, the dotted curve represents the data.

The Feynman diagrams for the four backgrounds to WSM. (a)

WBB (5.0a), (b) OSDM with p,- undetected (5.0b), (c) NC in­

duced 71"+ /K+ decays producing a p,+ (5.0c) and (d) Electron

neutrino form K e3 decay producing an opposite sign dilepton

(5.0d).

A graph showing the independence of Wrong Sign Wide Band

Background from the energy settings of the secondaries. A fixed

number of protons'were assumed to be delivered at the target for

each setting.

A comparison of WBB-antineutrino fux at Lab-E from the two

sources: target and the dump. The number of protons assumed

to have impinged upon the target was 5.58 X 1018 which is the

cumulative protons for both the experiments.

Acceptance of WBB-antineutrino induced CC interaction in Lab-
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Figure

Figure

Figure

Figures

Figures

Figures

Figures

Figures

5.4:

5.5:

5.6:

6.1:

6.2:

6.3:

6.4:

6.5:

Figure Captions

E without (5.3a) and with (5.3b). the Y > .5 cut.

Distribution of Evis from WBB and Dilepton events (5.430). The

histogram, 5.4b, has events with Y > .5 and Evis > 100 Gev.

Integral probability of shower penetration versus the depth of

penetration for various shower energies. (See Table 5.7 and its

caption).

A collation of energy distributions of the three dilepton back­

grounds.

Evis histogram of the WSM sample is shown in Fig. 6.la. Fig.

6.tb shows the Evis histogram for events with Evis > 100 GeV

and Y > .5.

P,,+ histogram of the WSM sample is shown in Fig. 6.230. Fig.

6.2b shows the 'l,,+ histogram for events with Evis > 100 GeV

and Y > .5.

Eh.ad histogram of the WSM sample is shown in Fig. 6.330. Fig.

6.3b shows the Eh.ad. histogram for events with Evis > 100 GeV

and Y > .5.

Missing energy histogram of the WSM sample is shown in Fig.

6.430. Fig. 6Ab shows the missing energy histogram for events

with Evis > 100 GeV and Y > .5.

XviB histogram of the WSM sample is shown in Fig. 6.530. Fig.
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6.5b shows the X 1Jis histogram f01 events with Evis > 100 GeV

and Y > .5.

Figures

Figures

Figure

Figure

Figure

Figure

Figure

Figure

6.6:

6.7:

6.8:

6.9:

6.9b:

6.10:

6.11:

7.1a:

Y histogram of the WSM sample is shown in Fig. 6.6a. Fig. 6.6b

shows the Y histogram for events with Evis > 100 GeV and Y

> .5.

Q2 histogram of the WSM sa.mple is shown in Fig. 6.7a. Fig.

6.7b shows the Q2 histogram for events with Evis > 100 GeV

and Y > .5.

A scatter plot of Evis vs Y.

. The·Feyman diagrams depicting a flavour changing NC and sub­

sequent production of a WSM.

The Feyman diagram showing the charm-content of the q-q sea

of the nucleon and subsequent production of WSM.

The Feynma.n diagram of a flavour changing NC interaction in­

volving the bottom meson. Such an interaction has been found

to be less probable than .31%with 90%confidence level.

Production of heavy flavour in the nucleon sea. The figure sug­

gests that the production of heavy flavours should scale with the

inverse square of their masses.

Histogram of the total visible energy distribution (solid line) of

the trimuon events and the corresponding distribution for the
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backgrounds (dashed line) for these trimuons. The background

has been normalized to the data sample.

Figure 7.lb: Evis distribution of the trimuon events. The simulation of trimuons

via the production and decay of vector mesons (called Modell)

and the trident production (called Model 2) have also been shown.

Unless otherwise mentioned the curves will have the following

meaning, (a) the solid line denotes the data, (b) the dashed line

represents the corresponding value predicted by Modell, and (c)

the dotted curve shows the distribution for the trident production

mechanism. The predictions from the two models have been nor-

malized to the total trimuon sample.

Figure 7.1: Hadron energy distribution.

Figure 7.2: Histograms of the three momenta, P~l, P~2 and P~3, are shown

in Figs. 7.2a, 7.2b and 7.2c. The last histogram, 7.2d, shows the

vector sum of the second and the third momentum.

Figure 7.3: The scatter plot (7.3a) shows the dependence of the momenta of

the 2nd non-leading muon upon the leading muon. Fig. 7.3b and

7.3c are the corresponding plots from the two simulations..

Figure 7.4: The scatter plot (7.4a) shows the dependence of the momenta of

the 3"d non-leading muon upon the leading muon. Fig. 7.4b and

7.4c are the corresponding plots from the two simulations.
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Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

7.5:

7.6:

7.7:

7.8:

7.9:

7.10:

7.11:

7.12:

Distribution of the momentum asymmetry, 'I, between the second

and the third muon.

Q2 distribution for the trimuon events.

Distribution of the scaling variable X 1J i's is shown in 7.7a. Fig.

7.7b presents the h~togram of X (for definition see Chapter 7).

Distribution of the scaling variable Y1Jis is shown in 7.8a. Fig.

7.Yb presents the histogram of Y (for definition see Chapter 7).

Histogram of the Feynman scaling variable, XF, where,

The distribution of the invariant dimuon mass, M12

The distribution of the invariant dimuon mass, M13

The distribution of the invariant dimuon mass, M23 is shown in

7.12a. Fig. 7.12b shows the percentage change in the value of

M23 after smearing.

Figure 7.13:

Figures 7.14:

The distribution of the invariant trimuon mass, M123

7.14a shows the dependence of the dimuon mass M12 on the

trimuon mass M 123. Scatterplots 7.14b and 7.14e illustrate the

simulation of this dependence for the hadronic and the trident

production of trimuons.
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Figures

Figures

Figures

Figures

Figures

Figures

Figure

Figure

Figure

7.15:

7.16:

7.11:

1.18:

1.19:

7.20:

7.21:

7.22:

7.23:

Figure Captions

7.15a shows the dependence of ,the dimuon mass M13 on the

trimuon mass .M12S. Scatterplots 7.15b and 7.15c illustrate the

simulation of this dependence for the hadronic and the trident

production of trimuons.

7.16a shows the dependence of the dimuon mass M23 on the

trimuon mass M 123. Scatterplots 7.16b and 7.16c illustrate the

simulation of this dependence for the hadronic and the trident

production of trimuons.

Distribution of P",2 vs the azimuthal angle, ¢12.

Distribution of the azimuthal angle, ¢12, associated with the

muons 1 and 2.

Distribution of the azimuthal angle, ¢lS, associated with the

muons 1 and 3.

Distribution of the azimuthal angle, ¢123, associated with the

muons 1 and (2 + 3).

Scatter plots showing the correlation between the momenta of

the non leading muons and the azimuthal angles (P"'2 vs ;12).

Scatter plots showing the correlation between the momenta of

the non leading muons and the azimuthal angles (P",s vs ;13).

PT distribution of the non-leading muon 2.
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Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

7.24:

7.25:

7.26:

7.27:

7.28:

7.29:

C.l:

D.l:

G:

1.1:

PT distribution of the non~leading muon 3.

. PT distribution of the vector sum of the two non-leading muons

2 and 3.

Schematic of hadronic component of trimuon production.

The Feyman diagram showing the radiative component of trimuon

production.

Heavy muon procution

The Feyman diagram showing a trimuon event via heavy quark

cascade.

Spin considerations for 1I, 17 scattering off q, q.

Momentum distribution of the secondary paricles (71+,71"- ,K+,K-)

produced in P-BeO collision.

Computer generated schematic of the 23 trimuon events.

Set up for the E744/E652 Test Run
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TABLE 2.1a-------------------
Characteristcs Parameters of NO Dichromatic Train

===========================================================--=
Incident energy of the primary proton beam

Intensity of the incident beam

Fractional momentum spread of the incident
beam

Spot-size on the production target

Targetting angles: Horizontal
Vertical

Target: Seri I ium Oxide

Solid Angle Acceptance

Momentum selection byte

Distance between target to exit

Transmission efficiency

beam: Horizontal
Vertical

Momenta of the transmitted secondaries
Momentum spread .of the secondary beam

Size of the exiting secondary beam

400 Gev
13.5 X 10/3 to

2 X 10

< .5%

.5mm X 2mm

11.96 mrad
1.125 mrad

304.8 mm

11.5 msr

10"

63 meters

.1%

.15 mrad

.20 mrad

50-350 Gev
10"

13cmX4cm

---------------------------------------------------------------------------------------------------------------------



TABLE 2.1b
-------------------

Mean-Momenta and Divergences of Secondary Beam

=============================================================
Setti ng <P):Pi <P) :K RMS x RMS y IP

--------- --------- --------- --------- --------- ---------
120 119.5 122.4 .16 mr .23 mr 10.1%

140 139.2 142.2 .15 mr .21 mr 9'.9%

165 166.3 169.8 .13 mr .20 mr 10.0%

200 197.0 200.6 .15 mr .20 mr 9.6%

250 243.8 247.0 .16 mr .20 mr 9.4%

--------------------------------------------------------------------------------------------------------------------------

TABLE 3.1
------------------

The Lab-E Neutrino Detector specifications

--------------------------------------------------------------------------------------------------------------------------

157

Attributes

Total tonnage of the detector
Target tonnage­
Toroid tonnage

Fiducial tonnage: E616
E701

Trnasverse cross-section

Fiducial Transverse size

Scintillator spacing In target
" II toroid

Spark Chamber spacing In target
" II toroid

P~erp kLck deli~ered b~ ;~~hm~~~~rd

Estimates

- 1020 Tons
- 640 "
- 380 "

- 432 "
- 288 "

- 120" X 120"

108" X 108"

per 11 cm of Fe
per 22 cm of Fe

per 23 cm of Fe
per 80 cm of Fe

2.45 Gevle total
.8 Gevlc

=============================================================
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TABLE 3.2
------------------

Apparatus Resolution

11%

.89/SE

.5 mm

Momentum resolution

Position resolution
of spark-chambers

. Hadron ~mergy
resolution

===========================================
Quantities Resolution I

I
-------------------- --------------------1I

I

I
I

I
I
I---- -------- --------------------------------- - --------------------------

TABLE 3.3----------------
E616 versus E701

=============================================================
E616 E701

6 target carts were used 4 target carts were used
equivalently the tonnage
was 2/3 of 1:616.

There were spark chambers
in the half-toroid gaps,
in addition to the cham­
bers in the toroid gaps.

There were no chambers
in the half gap. However
each toroid gap contained
each toroid gap contained
five chambers.

=======================================================--=====



TABLE 4.1a
=====---=

Reduction of Initial Data
----------------------~--

Beam Setting: 250 Gev
j==- E~16===--==j===========--=~:~:-=================;;~~==== I
1--------------1---------------------------- ---------------1

85,500 I 60,917
1 Trigger1 or Trigger3

64,800 32,684
Place cut

48,000 24,246
Number of Tracks >0

46,000 23,250
Vertex Cut

43,500 21,704
Hole Cut

159

30,850

42,300

I
1 30,078 I

1--------------1
II-~~~-I--~~:---II I

1
328 I 29,750 I

I I

ZT2 Cut

Rtore Cut

21,027

17,500

16,751 .

MU+ I MU- I
-----1---------I
261 I 16,490

--------------- --------------------- == -----================
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TABLE 4.1b----------------
Reduction of Initial Data·

E701CutsE616

Beam Setting : 200 Gev
==================================--=========----- -------=
I

73,527 40,000

Trigger1 or Trigger3

57,225 29,800
Place cut

41,650

Number of Tracks >0

23,368

40,000 22,606

Vertex Cut
37,074 20,406

Hole Cut

36,135 19,800
ZT2 Cut

25,561 15,340
Rtore Cut

26,602 15,730

MU+ I MU-
----- -------- .

178 I 25,383

MU+ MU-·

245 15,485

--- ===-::-=-====--=================--===--===
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TABLE 4.1c
========

Reduction of Initial Data

Beam Setting : 165 Gev
=======---============--=======:;::==---~=-===-=--===

E616 Cuts E701

-------------- ---------------------------- ---------~-----

54,661 33,291,
Trigger1 or Trigger3

.43,490 23,900

Place cut

33,236 17,620
Number of Tracks > 0

31,923 17,314
Vertex Cut

30,623 16,256
Hole Cut

30,002 16,808
ZT2 Cut

20,857 12,172
Rtore Cut

20,515 12,112

-------------- -~-------------MU+ MU- MU+ MU--------- ---------I
136 20,379 I 121 11,996

==========---================================================

161
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TABLE 4.1d----------------

----------------------

Reduction of Initial Data
-------------------------. - - .

:===,----=--=-== ===

E616

34,450

Cuts .E701

45,342

27,533

21,206

20,482

19,613

19,290

12,577·

12,616

Triggerl or Trigger3
33,402

Place cut

25,332

Number"of Tracks> 0
17,324

Vertex Cut
23,031

Hole Cut
22,500

ZT2 Cut
16,812

Rtore Cut

16,597'

MU,,: MU- MU+ MU..

60 12,556 153 16,444

:===--====-::-== ---



TABLE 4.1e--------------------
Reduction of Initial Data
-------~-----------------

Beam Setting : 120 Gev for e616 and 100 Gev for E701
=======--===--===================---..£.::===========

163

E616 Cuts E701

-------------- ---------------------------- ------------~--

24,058 28,163
Trigger1 or Trigger3

19,363 21,461
Place cut

14,706 16,375

Number of Tracks ) °
14,189 15,955

Vertex Cut
•

13,646 14,762
Hole Cut

13,348 14,443
ZT2 Cut

8,595 . 10,111
Rtore Cut

8,674 9,8~4

-------------- ---------------
MU+ MU- MU+ MU--------- ---------

51 8,623 63 9,801
=========--===================================================



I
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TABLE 4.2a

Ambiguous events

Events from E616
====:::: ========:;:===== ----=- ===

I Run I Event I P I Rtore' I"I . I .
------------~-I------------ - -------------- --------------1

1371 1 6064 . default 68.6 inches I

1793 I 5814 default 68.0 I t
. I

1615 2243 default 65.3 I . I

1765 2594 default 65.9 I

1451 4623 default 68.4 I

1729 4238 default 66.6 I

1451 4623 default 68.4'

1426 6573 -493 ± 49 68.1'

1623 5954 -369 ± 297 68.2 I

1861 2439 -111 ± 73· 67.1 •

1471 2986 -300 ± 253 67.5'



TABLE 4.2b
==--====--

Ambiguous events

Events from E701

=====--====--===========--=====:===-==-=-=-=======

165
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TABLE 5.1a-------------
Flux and Live-Time for.CloseSlitData
----------------------------------.---

For E616 : ..===--------- -- -------------
T---~T-~:. of-~ncident P~:~:n~-: ~--~=Time--____r

I Setting I-----------~-------------:-----------------------I
I I Fast Sp i I I I S Iow Spi" IFast Sp i I I IS Iow Sp i I I I
I I . I· I I
---------------------------------------------------------~---

I 250 Gev II .57 X 10.7 I .42 X 10
17

11547 I ·64427 II

II 200 Gev I .48 X 10" I .50 X 10'" 6516 I 66557 1
I ·,.,1 11 I I

165 Gev I .15 X.10 I .15 X 10' I 2505· I 24729 I

1140 Gev I .12 X lCP I .13 X 10
17

1710 1 20590 II
I I IT I 11 I I
I 120 Gev 1 .17 X 10 t .17 X 10 I 3548 I 20917 I
I I I I I
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TABLE 5.1b
-----------------

Flux and Live-Time for Close SI it Data
--------------------------------------

For E701 : .
==============- ...=========--=--=-:..-===
I I No. of Inc ident Protons : . Li ve-Time· . I
ISetting I------------i------------:-----------------------I
I I Fast Sp i II I Ping· I Fast Sp i III Ping II
I I I I

l-~-:::-i--::~-~-~~~-l------~-----i,,----:::~---l-----~-----1

1I 165 Gev .26 X 10'1 I 0 I 2366 I 0
I 'T I I.

140 Gev .22 X 10 I 0 I 2446 0 I

100 Gev .14 X 10
/7 I 0 I 1272 0 I

======--=-==-=-==:=====-- --- --- - =-==-=-=:------

TABLE 5.1c--------------
Cosmic Ray Live-Time for Close-Slit Data

o
o
o
o
o
o

I
I

66505
38360
17548
30117

o
17963

17723
17963

6433
5709
5602
o

70606
71253
25685
22648
22143

o

------------------------------------------- -----,---------1--------------------------------- -----1.
I I Live-Time : E616 Live-Time: E701 I
I I . I

I Setting 1-------------------------------------------------1I . . . I
I I Fast Spill. Slow Spill. Fast spill. Ping I
I I . . . I
-------------------------------------------------------------I

250 Gev I

200 Gev
165 Gev
140 Gev
120 Gev
100 Gev

---------- - ---------------------------------------------------- ----------------------------------~--------



250 Cev

250 •

250 •

250 •

250 •

250 •
200· •

200 •
200 '

200 '

200 •
165 •

140 •

120 •

120 •
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TABLE 5.2a-----------------
Close-Slit WSM Events---------------_._---

Events from E616

T~~~~~:~l~~~=J~~ ~~I=~~ I
I 1·11363 I 76 49.6 Cev I .455
I I I

1833 I 2099 22.3· I .102 I
I I

2010 I 27 89.9' .192

2010 I 1724 24.7' t .246

2011 I 548 82.2' I .418

2011 I 1492 38.9' I .261

1784 6530 82.5' I .080
2059 813 25.4·. .226

2060 3245 48.0' I .449

2126 2278 24.5' 1 .086

2126 2893 19.1' I .235

1730 I 871 24.6,·1 .261
I

(---------- No WSM Event ----------)1
2021 I 3046 I 46.1· I .270
2022 I 1550 I 34.6 ," I .304

I I I--_:=====



·TABLE 6.2b---------
Close-Slit Data with WSM

Events from E701

=-~:t~i n~-r--~::-=-T==- Ev~n~-=-:-I=":";~ i s-=--1-==; --1
I . I .

--~--------------------------------------------------------

260 • 824.1 2038 ,'23.3' I .0~4
260' . 824 2640 66 .2 • .676

250 • 826 2686 27.8' .186

200 • 819 I 432 33.0" .167

165' (---------- No WSM Event ----------)
140 • 821 I 1429 I 41.6' .078

100' (---------- No 15M Event ----------)
==-----_.. =-=--===-===-: -=----===========

169
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TABLE 5.3a

Flux and Live-Time of the Primary Beam
-------~---------~--------------:----~-

858126

598446

426267

283132

205078

For E616 :==--==_-_-=======--=--_--_-_-_-=-__====:::l-_-_--_-====-_-=_==.= --I I .. r
I I No. of Inc ident Protons . Li ve-Ti me .
I I . . I
I Setting 1-------------------------------------------------1I I . . . . I
I I Fast Spill. Slow spill. Fast spill.Slow spill I
I I . . . I
-------------------------------------------------------------I 17 I 17 I I

250 Gev I 5.63 X 10 I 5.43 X 10 I 72107 I

200 Gev I 3.01 X 10
17 I 3.53 X 10

17 I 42833 I
I I I I165 Gev 1 2.07 X uj7 I 2.95 X 1017 I 29449·

140 Gev I 1.38 X 10
17 I 1.87 X 10

17 I .19149 II

120 Gev.1 1.10 X 10
17 I 1.51 X 10

17 I 14741
I I I I

-------- ------------ ---------------- - ------ - ===

TABLE 5.3b

Flux and Live-Time of the Primary Beam---------- --------
For E701:

:=======---=-====
1
I Se1>1>ing

===::==:-
I No. of Incident Protons . Live-Time I
I . I
I--------------------------~----------------------I

IFast Spill: Ping : Fast spill: Ping I
. I

-------------------------------------------------------------
250 Gev 6.38 X uP I 3.36 X 10

17 I 70452 118836 1

200 Gev 3.36 X uP 11.65 X 10171 40673 274293 I
165 Gey 3.77 X 10

17
I 0 I 28982 0 I

140 Gey 2 05 X 1017
( 2.84 X 10'7 (41497 305394· I

. I I I
100 Gey 1.75 X 10

17
I 1.84 X 1017 I 28470 126421 I
I I I



TABLE 5.4a
=========

Secondary FI ux and Cosmic Ray Li ve-Time
---------------------------------------

For E616:

i=-~~-==::. of~ec:nd::~:.-===:=_-=== OR~ive-Ti~~
.ISetting -;::~-;-p~~~---;~::-;~~~~-~-;::~-:~~~~:-;~::-;~~~~II

I . I

-------------------------------------------------------------
I, 250 Gev 5.32 X 1015 1 4.90 X 10'5 II 1095023 II 26695 I

200 Gev 2.07 X 1015 1 2.44 X 10
15

698495 176049

1 165 Gev 1 12 X 101
5" I 1.64 X 10

15 I 489472 I 338332
I . I I I

1
140 Gev 0.67 X 10

15
1 0.84 X 10

15
I 338322 II 85083

120 Gev 0.48 X 1015 I 0 64 X 10'5 I 254569 85083I , . I I
========---==--=======--- ==:=-==:

TABLE 5.4b-----------------
Secondary Flux and Cosmic Ray Live-Time

For E701: .
=============================================~ - -----~-I 1 No. of Secondaries': CR Li ve-Ti"me"':'-1
I Setting 1-------------------------:-----------------------1

"

, Fast Spill. Ping Fast spil': Ping I
I I

-------------------------------------------------------------
I 250 Gey I, 5.24 X 1015 1 .22 X 10

15 I 1047627 I 0 I·
I 200 Gey 2.40 X lOiS 1 1.14 X 1015 I 1185681 I 0

, 165 Gev I 1.62 X 1015 1 0 I 484979 I 0

":1 140 Gey 'I 1.20 X 10
15

I 0.83 X 10:~ 1 1121702 r 0
100 Gey 0.71 X 10151 0.29 X 10 1 610377 I 0

=================--===========================================
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TABLE 5.4c
==:=:.- -

Particle Fractions in the Secondary Beam

For E616:
-:==:=:==::;=-======--===--============--===ISetting I Pions I Kaons I Protons r
-------------------------------------------------
I I II II
I, 250 Gev I .0775 .0127 .910

I 200 Gev I .192 I .0271 .779 I
I 165 Gev I .311 I .0399 .645 I
I~::: I ::~: I :~:: ::~~ I
--------------------------------------------------- . ------------------------------

TABLE 5.5

Number of Surviving Secondaries vs Distance from the target
-----------------------------------------------------------

131,856

44,437

1,027

8

Number of protons delivered on the target
1--------- - ===-- - --=====
I I
I Distance travelled I No. of surviving

I by the secondary I secondaries
pions and kaons

I I
I---~-----------------I------------~-----
I I
I 3.0 Feet I
I II 5.0 . • t
I 7.0· I
, 8.0· I
I I
1-

TABLE 5.6

: 10

Primary-Dump Positions For various Settings
-------------------------------------------

1---- I-===- 1-=--===-----===::====:::====-==
, Setting I x I y I X I y I z I
I----~----I---------I---------I---------I---------I-_!-~-!--I

I
I 250 Gev I 4.8 mr I -2.2 mr' .3413 I 0582 I 13 8 I

I I I I' I . I
I 200 • I 6.3 mr I -1.8 mr, .3525 I .0615 I 13.8 I
I 165 • I 8.8 mr I, -0.1 mr I .3182 I .0709 I 8.2 ,

I I I ,
----====
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Table 5.7

Integral Probability Distribution,
Hadron shower penetration tor 15, 25, and 50 GeV/e

(12 Cart' Configuration)

Counter 15 GeV/e 25 GeV/e 50 GeV/e
U) (~) (%)

.4

1 100.0 100.0 100.0
2 100.0 100.0 100.0
3 100.0 100.0 100.0
Ji 100.0 100.0 100.0
5 94.9 98.6 99.9
6 19.4 91.3 98.1
1 6Ji.1 80.0 . 94.1
8 49.1 61.3 87.9
9 35.1 52.1 16.1

10 23.0 31.9 62.5
11 lJi.3 26.9 li9.6
12 8.8 11.1 38.0
13 . 5.4 11.1 28.3
14 . 3.6 8.4 19.9
15 2.5 6.0 14.6
16 1.3 3.6 9.1
11 .1 2.2 6.6 .'
18 .5 1.3 4.2
19 .3 .1 2.8
20 .2 .5 2.0
21 .1 .3 1.2
22 .Oli .2 1.0
23 .Oli .2 .8
2Ji .Oli .2 .6
25 .0 . •1 .5
26 .0 .05 .3
21 .0 .0 .3
28 .0 .0 .3
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I

Table 5.7•••oont. i
!
i
)

Integral Probability Distribution,
Hadron shower penetration for 100, 200, and 300 GeV/c

Counter 100 GeV (%) 200 GeV (%) 300 GeV(J) ,
2 cart 3 cart 2 cart 3 cart 3 cart

1 100.0 100.0 100.0 100.0 100.0
2 100.0 100.0 . 100.0 100.0 100.0·
3 100.0 100.0 . 100.0 100.0 100.0
11 100.0 100.0 100.0 100.0 100.0
5 100.0 100.0 100.0 100.0 100.0
6 99.5 99.6 99.9 99.9 100.0
7 98.9 98.8 99.7 99.6 99.9
8 96.7 96.11 99.2 99.2 99.8
9 92.8 91.11 98.1 98.11 99.11

10 85.7 82.1 96.0 95.0 98.11
11 75.9 70.9 92.3 90.8 96.11
12 63.9 58.2 85.9 81.7 92.1
13 118.5 116.6 75.5 72.1 85.2
111 38.5 35.8 . 63.9 61.6 75.7
15 30.2 27.5 53.6 118.9 . 65.2
16 21.6 19.9 111.7 37.5 52.1
17 . 111.7 111.3 32.0 28.11 39.7
18 10.1 10.5 211.11 21.2 32.1
19 7.1 6.9 18.3 15.2 23.8
20 11.5 5.0 13.9 10.11 17.7
21 3.0 3.5 9.11 .8.0 13.2
22 2.1 2.6 7.1 6.1 10.2
23 1.5 1.8 5.0 11.7 7.9
211 1.1 1.• 3 3.6 3.5 6.1
25 .7 1.0 2.9 2.11 11.7
·26 .5 .7 2.3 2.0 3.6
27 .11 .6 2.1 1.8 3.0
28 .2 .5 .1. 7 1.6 2.5
29 .11 1.0 2.1
30 .11 1.0 1.9 .
31 .11 .8 1.8
32 .3 .8 1.5
33 .3 .7 1.3
311 .3 .5 1.2
35 .3 .5 1.2.. 36 .2 .5 1.1
37 .2 .11 1.0
38 .2 .11 .9
39 .2 .11 .8
110 .1 .11 .8
111 .1 .11 .8 .
"2 .1 .11 .6



TABLE 6.1a
==========

Data and Backgrounds for Wrong Sign Muons
-----------------------------------------

CUTS : Y >0
========================================= =- -==========-==

175

Type of interaction Evis <100 s. Evis >100

-.--------------------------- --------------
Data.==--=

Charge Current Events

Wrong Sign Muons
Closed 51 it Data

102,353

400 ± 20
375 :t 85.9

61,636

43 t. 6.6

o .t 19.7

Monte Carlo Simulation of Backgrounds
=====================--=-===--

Wide Band Background

WBB originating from PI-/K­
decays In the aich~o traIn

WBB originating from Pi-/K­
decays In the prImary dump

TOTAL WBB (TRAIN + DUMP)

Dilepton Backgrounds

Missing MU- in OSDM
.NC induced Pi-/K- decays
KE3 induced dilepton prodn.
TOTAL DILEPTON BACKGROUND

312.9

75.9

388.8

3.40
3.60
1.50
8.40

12.42

1.63
1-3.95

3.41
3.22
1.81

8.48

Total background for WSM------------------------
----------------~-------

397.2 I 22.4
=======--============================================---======
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TABLE 6.1b------------------
Data and Backgrounds for Wrong Sign Muons
-----------------------------------------

CUTS : Y > .5
=============================================================

. Type of interaction

Data

Evis <100 s Evis >100

Charge Current Events
Wrong Sign Muons
Closed Slit Data

22,159

58 ± 7.6

19.7.:t19.7

24,624

24 ± 4.9

o * 19.7

Monte Carlo Simulation of Backgrounds
:----===========--==--======='

Wide Band Background

WBB originating from PI-lK­
decays In the aichro train
WBB originating from Pi-/K­
decays In the primary dump

TOTAL WBB (TRAIN + DUMP)

Dilepton Backgrounds

Missing MU- in OSDM
NC induced Pi-/K- decays
KE3 induced dilepton prodn.
TOTAL DILEPTON BACKGROUND

33.39 .

6.79

40.18

2.95

3.08
. 1.5

7.53

·2.63·.

.34
2.97

3.17
3.22

1.81

8.20.

Total background for WSM
==========--=

47.7 11.2

---- -_:====



TABLE 6.2a
=========

Characteristcs of WSM and Backgrounds

CUTS: Y > o. and Evis > 0 Gev
,=============,==========,===================================
IKinematical I Data I-----------~::~~~~~~~~------------
'Quantities " ,
'I ' 'WBB Di lepton , Tota I

'I I---------------------------------- ------------------------I

~n~ with 400±20 388.8 8.3 397
vls<100 Gev

~n~ with 43±6.6 22.4 8.4 14.0
vls>100 Gev

<Evis> 53.3±1.7 39.4 104.3 42.0

<P,> 35.7±-1.2 25.5 19.9 25.2

<Ehad> 17 .6±1.3 14.8 76.0 17.7

<Emis> 2.0±1.40 7.3 19.9 7.S

<X> .233±.. 01 .24 .108 .235

<V> .270±.01 .353 .664 .368

<Q'> 4.0±..30 5.2 6.9 5.10

=================================================--===========

177



178

TABLE 6.2b
-----------------

Characteristcs of WSM and Backgrounds

CUTS: Y > .5 and Eyis > O.Gey
==============1==========1=========================--========'

1 1 Backgrounds
Kinematical 1 Data 1----------------------------------
quantities 1 I I 1I I WBB I Di lepton I Tota I

-----------------------------------------------------------,

~n} with 58.:t7.6 40.2 7.53 47.7
Yls{l00 Gey

~n} with 24±4.9 3.0 8.20 11.2
Yls>l00 Gey

{Eyis> 80.8±5.2 52.0 106.7 66.4

{P,> 22.3±1.6 15.2 19.2 15.8

<Ehad> 58.5±4.3 36.5 85.1 49.9

<Emis> 5.8.±3.8 2.9 22.0 7.6

<X>. .087.± .01 .152 .105 .140

<V> .688.±.014 .708 .785 .737

<QJ> 7.8±1.3 10.6 4.8 8.9

--------------------------------------------------------------------------------------------------------------------------
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TABLE 6.2c
--------------------

Characteristcs of WSM and Backgrounds
-------------------------------------

oooo(n} with
EYls<100 Gey

CL~S : Y ) O. and Eyis ) 100 Gey

==============I===~:::===I-==========;::::~::~::=============
Kinematical I 1----------------------------------
Quantities I I I I

I I WBB I Dilepton I Total
I I I

-----------------------------------------------------------
I

I
~n} with 43±6.6 14.0 8.40 22.4

Yls)100 Gey

<Eyis) 140.±4.8 125.0 145.3 132.7

<P,) 70.4±7.6 80.3 23.2 54.8

<Ehad) 70.0±7.5 45.2 98.6 68.9

<Emis) 16.6±6.1 17.0 20.6 18.6

<X) .174±.03 0.205 0.091 0.162

<Y) .499±.OS 0.356 0.632 0.479

<Q') 10.5.±2.0 14.6 9.3 11.8

--------------------------------------------------------------------------------------------------------------------------
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TABLE 6.2d-----------------

Characteristcs of WSM and Backgrounds

11.28.23.024±4.9

(n} with
EVls<100 Gev

(n} with
EVls>100 Gev

CUTS: Y> .5 and Evis > 100 Gev

r-:i:-em:~:ta===r:::~~~~-:~~--i
I Quantities I I I I I

I ------_!_--------_!_--~~~--_!~~~:~~::_-_!_-~:~:~-----I
I I

o 0 0 I 0 I
I I
I

I
I

<Evis> 143.2±6.8 125.4 145.4 140.1

<P,> 32.8:1:4.4 35.5 23.7 26.9

<Ehad> 110.4:1:5.4 90.0 119.0 111.4

<Emis> 23.9±8. 15.6 24.4 22.2

<X> .063±.016 0.144 0.091 0.105

<V> .777±.025 0.717 0.827 0.798

<Q.'> 12.5±3.4 23.6 5.90 10.2

=============================================================



TABLE 6.3·------------------
Characteristcs of CC Events
---------------------------

CUTS: Identical to the cuts applied to WSM
(noY or Evis cut)===================================1 . .I I

Kinematical II CC Events I
Quantities I I

I I
----------------------------------

I
(n} with I 102,353
EVls(100 Gevl

. I
I

(n} with I 61,636
EVls)l00 Gevl

<Evis) 120.5

<P,) 67.0

<Ehad) 53.0

<Emis) 00.0

<X) 0.208

<Y) 0.440

<Q') 19.10

================================~===
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TABLE 6.4-----------------

Acceptance-Corrected CC and WSM Events

CUTS ON WSM EVENTS: Evis > 100 Gev--------------------------------------------------------------------------------------------------------------------------
I No Y Cut Y > .6

1------------------ -------------------- -------------------
I

CC events :"Raw"

CC events :
"Weighted"

Number of excess
WSM : "Raw"

163,989

218,290

20.7 ± 7.9

46,783

76,688

12.8 ± 6.4

Accetance-corrected WSM
Models

No Y Cut Y> .6

WBS 21.27 53.7

OSDM with MU- misl 33.10 19.74

I
NC induced Pi-/K- 106.0 73.15

Ke3induced 124.9 69.12

ALL 0i leptons 61.9 . 37.13

WBB and Dilepton 41.88 40.11 .
--------------------------------------------------------------------------------------------------------------------------



TABLE 6.5
------------------

Acceptance-Corrected Rates of WSM Events
----------------------------------------

CUTS ON WSM EVENTS : Evis > 100 Gev
===================j========================================,

I Accetance-corrected rates of WSM I
I I

Models 1----------------------------------------1I No Y Cut I Y > .5 I
I I I

------------------ -------------------- -------------------
_4

2.5 X 10~WBB .97 X 10

OSDM with MU- 1.5 X 10-
1f .9 X 10-4

missing

NC induced Pi-/K- 4.9 X 10~ 3.4 X lCf"
decays

induced
-~ -~

Ke3 5.7 X 10 3.2 X 10

ALL Di leptons
-4- -.4

2.8 X 10 1.7 X 10
WBB and 0 i lepton

-# 1.8 X 10-'*
I

1.9 X 10 I-
I

=============================================================
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P > 9 Gev

Eh >2 Gev

< 64"

< .3

<350 mrad

184

TABLE 6.6------------------
Limits on the Rates of WSM

CUTS ON WSM EVENTS: Evis > 100 Gev
======================================~=I===================i

Rates -------~:-~-~~~-----I-------~-~-~~------II I I . I
Raw 1 Weighted 1 Raw I Weighted

I I I I I
------------------ ---------I~---------I--------I--------- I

_of I -4 I _.f.1 -4 I
Rate ( 2.1X10 1 3.1X10 '1.3X10 I 3.1X10 I
99.7 ~ Confidence, I I I I

=====--===============--=======================================

TABLE 6.7------------

Differences in LSDM and WSM Cuts

~ut:=========r=======~~~~-========f
-------------------- ------------------1-------------------I

(1) Cut on Hadron 1
energy : Eh Eh > 0 Gev I
(2) Cut on Muon I
momentum : P P > 7 Gev ,

I
(3) Vertex Cut + 54" square I + 50" square
(4) Radius at the

front face of toroid <65" I

(5) Hole Cut < .2 I
(6) Angle Cut < 200 mrad I

I
(7) Place Cut "
for E6I6 only Place> 20 Place> 17

I
=============================================================



TABLE 6.8a
--------------------

Characteristcs of WSM with LSDM Cuts

CUTS: Y ) O. and Evis ) 0 Gev
=,1======:"'-====='=========='===================================

1 , Backgrounds
, Kinematical' Data 1----------------------------------'Quantities 1 , I. ,
1 , 1 WBB I O.'epton I Tota I
I I , 1
------------- ---------- ----------------------------------

<n) with 272±17 234.9 6.8 I 241.7
EVls<100 Gev I

t
~n) with 33±5.7 10.3 7.5 17.8

vls)100 Gev

<Evis) 59.0±2.0 42.9 106.7 46.4

<P,) 37.5±1.4 26.2 21.5 25.9

<Ehad) 21. 6±1. 6 17.0 76.7 20.8

<Emis) o.0.±1. 60 6.5 23.3 7.5

<X) .199.±.01 .217 .118 .210

<y) .316.±.02 .404 .653 .420

<Q) 4 .9±.40, 5.8 7.0 5.90

=============================================================
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TABLE 6.8b
------------------

Characteristcs of WSM with LSDM Cuts

CUTS: Y > O. and Evis > 100 Gev

==============I--========I===--=====-B::~~~:::::============,

Kinematical I Data ----------------------------------1
Quantities I 1 I I. WBB I Dilepton I Total

-------------,---------- ---------------------,------~-----I
{n) with I 0 0 0 I 0
EVls<100 Gevl I

I I
I I

{n) with I 33.:1:5.7 10.3 7.5 17.8
EVls)100 Gevi

<Evis> I 145.2±5.7 125.2 145.7 133.9
I
I

<P,> 68.7.:1:8.5 77.9 24.7 51.8

<Ehad> 76.5±8.8 46.8 98.3 71.9

<Emis> 13.6:1:7.4 18.5 22.0 20.2

<X> .163:1:..034 .197 .093 .153

<V> .523.:1:.06 .375 .628 .499

<Q'> 1l.9±2.5 14.6 9.3 12.00

==============================================--==============
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TABLE 6.8c
-------------------

Characteristcs of WSM with LSDM Cuts
------------------------------------

o

7.74

144.6

o

7.3

145.8

o

CUTS : Y ) .5 and Evis ) 100 Gev
====--=========I==========I===========;::::~:::::=============

Kinematical I Data 1----------------------------------
Quantities I J I I

1 I WBB I Di Iepton I Tota I
1 I I I

-----------------------------------------------------------
I I

(n) with I 0 I
EVls<100 Gevl I

I I
~n} with 1 20±4.5 I 00.47
vls)100 Gev I

<Evis) 148.8±7.51 127.0

<P,) 35.3±4.9 35.2 24.9 25.5

<Ehad) 113.5±~.2 91.9 118.0 116.4

<Emis) 20.1±9.5 16.8 25.9 25.3

<X) .064±-.019 .140 .094 .096

<Y) .767±.028 .724 .817 .812

<Q') 13.2±4.1 23.5 5.7 6.74

=============================================================
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TABLE 6.9------------------
ftNeutral Current Analog ft of OSDM and WSM

=============================================================

Kinematical
Quantities

OSDM data "NC analog" WSM data
of OSDM data
Y>.5,Evis>100 Y>.5,Evis>100

. I

~n~ with 40 ± 6.3 0.0 Q.O·
vls<100 Gev·

I

~n~ with 163 ± 12.8 67 ±. 8.2 20 :.t 4.6
vls>100 Gev

<Data-Back> 152 ± 12.9 66 :t 8.3 12 :t 4.7

<Evis> 150.7±3.7 136.0.:1:3.2 148.8.t7.6

(P,>. :
61. 91:2.8 36.3+4.9[eaCi Mu-

Non Lead Mu+ 23.8±1.1 25.8.±1. 7

<Ehad> 64.6±2.7 109.2:1:3.6 113. 6:.t.6. 2

<Emis> 8.8±1.9 23.6;t3.1 20.1.:1:9.6

<X> .195±.012

<V> .422±.013 ... 802:t:.012 .767:t:.028

<Q'> 20.9±1.4
=============================================================



TABLE 6.10
--------------------

"Neutral Current Analog" of LSDM andWSM
---------------------------------------

--~--- ------------------------------------------------------
--:~::~:~-r--::::-::::-----:::-::~:::-------:::-::::----

Quantities of LSDM data
Y).5,Evis)100 Y>.5,Evis>l00

------------- -------------- -------------- ---------------
~n~ with 2 ± 1.4 0 0
vls<100 Gevi

~n~ with 15 ± 3.9 6 :to 2.5 20 :t. 4.5
vls)100 Gev

<Data-Back> 12.3+4.70

<Evis> 151.3±10.1 137.3±10.8 148.8±7.50

~~~~ MO- 58.2±8.7 35.3.:t:4.9
Non Lead MU+ 17.2±.1.3 18.2±1.7

<Ehad> 76.1±9.2 118. 7±.10. 7 113.5*6.2

<Emis) 12.5.±.4.1 26.5±7.7 20.1t9.5

<X) .270±.039

<Y) .498.±.045 .858.±.018 .767±.028

<QJ> 30.9.±7.6
=============================================================
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TABLE 7.1
----------------

- =--~-=-=-===------=======---====-------=----======----=====----

Hadr9n Energy
In Gev

68
-mi"ad-

Ehad < 10 .16 + 84.4/P

10 < Ehad < 25 .28 + 79.2/P

25 < Ehad < 50 .16 + 105.5/P

50 < Ehad < 100 .15 of: 107.7/P

100 < Ehad < 200 .10 + 129.7/P

Ehad >200 .00 + 154.8/P

-------------------------------------------------------------------------------------------------



TABLE 7.2
------------------

Characteristics of Trimuon Events

r--:::::::;~I===::::===I===::::======::::::::====:::::::::=
quantities I Prodn Prodn

P,,>2.0 P,,>4.5 P,,>4.5 P,,>4.5

191

<n> I
I

<n-backgrnd>I

<Evis> I
<Ehad>

<Q'>

<PMUl>

<PMU2>

<PMU3>

<PMU2+PMU3>

<II>
<Pt2>

<Pt3>

<Pt2+Pt3>

<Xv is>

<X>
<Yvis>

<V>
<XF>

<M12>

<M13>
I \M~.1)

<M123>

<,,12>

<,,13>

<,,123>

23 ± 4.8 I
19.2±4.9 I
135±10.4

65.8±1l.l

13.1±2.7

52.1±9.1

9.7±2.5

8.0+1.2 I
17.6+2.8

.022~.0791

.75±.152 I
I

.47±.07 I
1.07±.1571

I
.1l6~.0301

.1l5±.035

.46!±.060,

.611± .0581

.325±.0621

1.55t.27

1. 79±. 35
.8ll! .119

2. 70~.40

85.3+12.1

91. 7~11.31
87 .4±12. 4/,

11 ± 3.3

9.7 ± 3.4

149.+17.0

58.6+16.3

13.2+4.3

69.3+13.7

10.5+2.5

10.2+1. 7

20.7+3.4

-.015+.100

.54+.078

.45+.05

.80+.058

.163+.059

.175+ .p71

.375+.049

.530+.079

.365+.053

1. 72+ ~34

1. 91+ .38
.747+.184

2.78+48

102.7+18.2

99.9+17.2

106.1+18.1

4.0 ± .8
160.7 ..

70.4

27.5

61.4

13.7

13.6

26.8

00.0

.69

.68

1.14

.247

.175

.436

.619

.305

2.68

2.66
.792

3.96

127.6

127.2

140.2

1.7:!:.85

139.5

46.8

13.5

58.2

16.1

16.1

28.6

00.0

.60

.60

1.03

.182

.108

.325

.581

.423

1.19

1.18
.228

1.63

66.1

65.7

64.5

=============================================================
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TABLE 7.3
========= \
~~~~~::~~~~:~~~_~!_~~~~~~~~:_t::~~~~_~~~~~~:~~~_~~~~~_~:~:~~~

c

5.57 ± .38

3.76 .± .48

4.32 ± .13

ePl
I
t

JI

SOURCE

--------------------------------------------------------------------------------------------------------------------------
1 1 I
I I I
1 A I b ~ I
I (nb) ( GevIe) :

I I
-----------------------------------------------------------. ;1 1

(4.28±.85)XIO I 3.79 ± .094.32 ± .13

~I
(7.60±1.5)X10 I 3.79 ± .09

.41
(2.20~O.4)XIO I 3.93 ± .27

140.± 42 I 2.08.± .26
I

CONTINUUM MASS RANGE
--------------------

0.00-0.45 (4. 28,:!:. 85) X10 3.79 ± .09 4.32 ± .13

0.45-0.65 (7.60.±1.5)X10 3.79 :t .09 4.32 :t. .13

0.65-0.93 (2.20±0.4)X10 3.93 ± .27 5.57 :t. .38

0.93-1.13 140 ± 42 2.08 ± .26 3.76 ± .48

1.13-2.00 140 ± 42 2.08 :t. .26 3.76 *- .48

=============================================================
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Fig. l.la Neutrino Charge Current (0:) Event

Nucleon

Fig. l.lb

Hadron Shower

Neutrino Neutral Current (NC) Event.

J-L-

....

Fragxrentati
e

Fig. 1. Ie : Neutrino induced Opposite Sign

Dirouon (OSDM) Event
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1Ij..t Nucleon

adron Shower

Fig. 1.ld : Schematic of Neutrino induced

Wrong Sign Muon (WSM)

"Jf.t. Nucleon

~
Ha n
Shower

t
Fig. l.Ie : ~henatic of Neutrino induced

Like Sign Dimuon (LSOO)

..
f



Fig. 1.2a : A WSM signature via production of a bound state

of Z - W-
o

Fig. 1.2b : A LSDM signature via prcx:1uction of a bound state

f + ­o W - W •
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Fig. 1.3a

*-",-~.......,,--.... ......

: A eatposite-flcde1

explanation of WSM.

y' fir W' are excited

states of bosons uedi.a­

ting weak interaction.

1"-. ......
I ............
I I ......IV ............
I

Fig. '1. 3b A Crnposite-rrodel

explanation of I.SD.'i.
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Fig. 5.0 Feynman diagrams of the four backgrounds producing WSM

Fig. 5. Oa : Wide Band Background (WEB)

f" undetected in the apParatus

'(f\J
Fig. 5.0b : Opposite Sign Dirouon (OSDM) with Shower

its leading muon (p..) - missing.
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Fig. 5. Oc : Neutral Current induced hadron shower

Il'ay produce J/K+, which, s.ubsequenUy,

may decay into a rt and VI-!.

Fig. 5. Od : ~ induced dilepton wilL .

appear to be a WSH. 1'"e Is

produced in the three OOdy decay of kaons.
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i
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Fig. 6. 9l: Flavour changing Neutral Current

giving rise to a \\lSM.

Fig. 6. 9j): A non-zero content of charm in the

nucleon quark-antiquark sea ITlCly produce

a l\lSM in a neutral current interaction.
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Fig. 6.10 . Flavour Changing Neutral Current
Decay o~ Bottom Meson
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