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Abstract

The search for Neutral Heary Leptons (NHL) in the Neutrino-
Nucleon (¥-N) interactions has been conducted using the CCFR
Detector and the Fermilab Quad Triplet Beam (FNAL-E744 and
FNAL-E770). No evidence for NHL was found in the charged
current decay channel, NHL— 4~ + X. NHL with masses be-
tween 0.5 and 3.0 GeV/c? were excluded for coupling to muons
below 1 to 10~* of Fermi strength, depending on the NHL mass.
An excess of 8.2 + /- 2.3 NHL candidates, in the neutral current
decay channel, NHL — v 4 X, was found for events with the
separation between the production vertex and the decay vertex
greater than 2.3 meters. No evidence for NHL was found in the
peutral current decay channel, NHL— v+ X for events with the
scparation between the production vertex and the decay vertex
between 0.8 meters and 2.3 meters. NHL with masses between
0.5 and 2.0 GeV/c? were excluded for coupling to muon neutri-
nos below 1 to 5 % 10~ of Fermi strength, depending on the
NHL mass.
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Chapter 1

Introduction

1.1 Overview

This thesis reports on a search for Neutral Heavy Leptons (NHL) conducted by the
Chicago-Columbia-Fermilab-Rochester (CCFR) Collaboration. The experiment was
petformed at Fermilab for the purpose of studving the interactions of neutrinos from
the Tevatron Quadrupole Triplet Beam (QTB) with an iron target. The data used in
this analysis was recorded during two Tevatron fixed target running periods in 1985
{Fermilab Experiment E744) and in 1987 (Fermilab Experiment E;TTO).

le;e possibility of neutral current couplings between v, and NHL could give rise
to secondury vertices associated with NHL production and its subsequent decay in
v,-N interactions. The production of NHL would proceed via the exchange of neutral

gauge bosons (Figure 1.1):

vo-N — NHL, - X (1.1)

The decay of the NHL would proceed through the coupling of the NHL to the

neutral current Z° (Figure 1.2s):

NHL, — v, + X (1.2)

or the coupling to the charged currents W* (W-) (Figure 1.2b):

NHL, —p (b")+ X (1.3)

1.2 Neutrino Mass

The existence of a neutral, light. spin 1/2 particle (with mass of the order of magnitude
of the electron) was first suggested by Wolfgang Pauli in 1930 {1}, in order to explain
the continous cnergy spectrum of electrons from nuclear 3 decay. Since then the
question of the possibility of a non-2ero neutrino mass has been intriguing theorists
and experimentai physicists. Enrico Fermi in his theory of 3 decay published in 1934
:2_recognized that the mass of a neutrino could be deduced from the shape of 1the 3
spectrum and concluded that it was much smaller than the electron mass.

The ordinary Dirac fermion is described with a four-component state function.
with two states of helicity for particles and two states of helicity for antiparticles. If a
the neutrino has a finite mass it must occur in both helicities, since a positive helicity
state can be transformed into a negative one by Lorentz transformation. However, if
the neutrino is exactly massless. negative or positive helicity states are independent
solutions to the Dirac equation. Thus only parity conservation would require both of
the helicity states 10 occur. The discovery of the parity violation in weak interactions
'3 led to the 'two-component neuttino’ theory '4.. According to this theory right-

handed neutrinos and left-handed antineutrinos are absent from all weak interactions



and therefore it is possible to reduce two degrees of freedom in the Dirac equation.
About 10 years.ago, a polarized electron-deuteron scattering experiment at SLAC
5. demonstrated that parity violation was a characteristic of the weak interactions,
and not exclusively the feature of the neutrino particles. Thus. the question of neu-
trino mass has become interesting again.
Today, the experimental data on the mass of neutrinos of the three known IeptOp

families is consistent with zero:

o the limit of m(v,) < 18 e\" at 90% confidence level (90%CL) comes from the

analysis of the energy spectrum from the tritium 3 decay ‘6

o the limit of m(y,) < 250 keV {90%CL) was obtained by measuring the energy

spectrum of the muons emitted in =" decay at rest ‘7":
¢ the limit of m(v,) < 35 Me\" (95%CL) comes from the study of the r decay 10
5 pions and v, 8.
1.2.1 Dirac and Majorana Mass Terms

There are two types of the Lorentz invariant mass terms that can be formed from

fermion fields: a Dirac mass term:
Lp = L o h 1.4
~Lp = ;émDuLuF‘ .c. (1.4)
or a Majorana mass term:

1 .
—Lp = i(mL:‘/"LuL - mabpyk) + h.c., (1.5)

where we have used the following convention for chirality-projection and charge con-
junction (antiparticle) operators:

V= Cy%" = iy’v
(<) =vTC
v = (1 - ws)v
(1.6)
vr = 3(1 + %)

vi = (u) = (1 - sl = (v )n

vh = (vm)* = J(1 - mpf = (V)

A Dirac mass term, which couples left-handed field v with right-handed field vy.
is invariant under the global phase (#) transformation:

v— v =y (L7)

and therefore conserves the total lepton number. In contrast, Majorana mass terms
connect states of the same chirality, which makes the Lagrangian no longer invariant
under global transformations and leads to the violation of fermion number. Thus

Majorana neutrino masses would lead for instance to neutrino-less double 3 decay:

(Z-1)—(Z=+1)-2. (1.8)

1.3 Theoretical Motivations for Neutral. Heavy Leptons

The Standard Modeli9] of electroweak interactions has only massless neutrinos. The
simple Higgs structure { one set of Higgs doublets) leads to giobal symmetries cor-

responding to the separate conservation of e-, p-, r-lepton numbers. which forbids



the Majorana mass term #§ . On other hand, there are no vg that could combine
with vy to form a Dirac mass term. In other words, the masslessness of the neutrinos
is related to the restricted particle content being considered in the Standard Model.
However, there are scveral possible extensions of the Standard Model in which m,
is nonzero. The introduction of a right-handed neutrino allows a Dirac mass terms.
In addition. the introduction of more complex Higgs fields. leads 1o the breaking of

global symmetry and allows Majorana mass terms,

1.3.1 Fourth Generation Neutrinos

Since the number of lepton generations is not predicted by the Standard Model. there
is the possibility of a fourth. vet unknown. family of leptons. Thus, in general. one
may expect that the lightest member of the fourth generation of leptons is a neutrino.
Such a neutrino. often called 8 sequential Neutral Heavy Lepton, would-be a member
of the 50°(2)y, doublet. and could acquire its mass through the mixing with its right-

handed partner.

1.3.2 Left-Right Symmetric Models (LRSMs)

The Standard Mode! of electro-weak interactions based on SU(2)L x U(1)y gauge
groups has been an unquestionable success. It predicted the existence of neutral
current interactions. and the relationship between the masses of gauge bosons W=
and Z° and the Weinberg angle 8iy-. Nevertheless it does not answer all the questions

regarding electro-weak interactions. It does not explain fermion masses: it does not

explain of the symmetry and symmetry breaking of weak interactions. and it does-not
explain the origin of parity violation. There exists a class of models that attempt to
address these issues. One class are Left-Right Symmetric Models (LRSMs){10]. The
main feature of Left Right Symmetric Models involves the restoration of parity in
the weak interactions to the level of a conserved quantum number. At low energies,
LRSMs are consistent with predictions of the Standard Model. but at high energies
they introduce new features. \We now discuss LRSMs in analogy to the Standard
Model.

The LRSM theories are based on the gauge group SU(2), x SU(2)p x U'(1)g_1.
where SU(2), is the symmetry of left weak isospin, SU/(2)n is the symmetry of the
right isespin and 1'(1)g_y, is generator corresponding to the B - L quantum numbers.
The particles are characterized by 3 quantum numbers: /5. L. and ¥V - (B - L).
The electric formula :

]
Q=l:L—lan—§(B—L) (1.9]

is an analog of the Standard Model’s Q=15 + %)'. We have the following doublets:

v v
¥, = \ P
€ €
L R (110}
u u
QL= Ox =
d d
L R



and they are characterized by the following quantum numbers:
wL : (%1 0, -1)
‘I’R : (0! 'Ia - l)
: (1.11)
Q1:(3.0.1)
Qr: (0. §‘ _-!,)1

where the numbers in brackets correspond to /31, Jag, and Y = (B - L), respectively.
s
In this model. the following Higgs particles are introduced:

AL:(1.0,+2) (] 12)

Ag: (0.1.‘2)

in addition to the Higgs of the Standard Model. namely:

®:{:,:,0) {1.13)

N e

1
2?
Since there is an additional S{/(2)g symmetry, three additional gauge bosons 113

and Zy are imtroduced.

1.3.3 Fermion masses in Left-Right Symmetric Models

In this section we present an example of the calculation of fermion masses in Left.
Right Symmetric Models. This calculation can be found in its original form in
Ref. 10.

The vacuum expectation values of Higgs fields are given by:

ko
<®>= , (1.14)

00

0 0
< Mg >= (1.15)
YR 0
: 00
<AL >= (1.16)
vy 0
where
Rk (1.17)
and
k2
v =9 X ;' (1.18)

The masses of fermions are determined from the lagrangian describing couplings

of scalar Higgs fields to the fermions:

Cmnn = hla¢t'ﬁ - hQU—Lévﬁ'
hQroQn - hQLeQn~ (1.19)

1hy (u-{('r;A,,u’:L - U;CT;.XRUR) - h.c..

where :
- ¢ =me'T, (1.20)
. [}
<¢>= . (1.21)
0 k

and C is charge conjunction matrix. Thus, from the above lagrangian electron. and



u and d quarks acquire following masses:

m, = hyk
m. = hak (1.22)
mq = hk.
The neutrino sector of the lagrangian is equal to:
Ly, = hs ivb (u{Cu,_ - u,:(?‘v[) +vp (u%(fun + u;C‘u,‘,)] + (1.23)
hk(Pgvr - PRVL)

One can rewrite the above equation in terms of two-component spinors v = vy, and

N = C(¥g)T. Using the following properties of charge conjunction matrix:

cT=-C
C?= ~1 (1.21)
CCT = =]
one can obtain following relations:
vRCvg = -NTCN
(1.25)
vavy = NTCv = wTCN.
Thus the equation 1.23 can be rewritten as:
Loy = by (ro07Cv — 2g NTCN) + ik TON < hec. (1.26)
or in the matrix form:
1 v
L= i( oT. AT )MC +h.e. (1.27)
N

10
where M is given by:

a ¢

M= (1.28)
c b

and
a= h;!}L
b = —-hsvn (1-29)

c=hk.
The eigenstates of this mass matrix are:

Ve = veosf + Nsiné

(1.30)
N, = —vsin§ + Ncos¢.
where:

2¢
= — x2/b 1.31
tan 2¢ b—e c/ ( )
Since b > a.c, one gets:

ve=a-cjb

_ (1.32)
N.=b

'sing equations 1.18 and 1.29 one gets the following expressions for the light and

heavy Majorana neutrino masses:

(1.33)
my, = "lsvn.

The important feature of the above equation is that in the limit of mass of right-
handed boson 1 approaching infinity, the mass of heavy neutrino also becomes very

large, and the mass of light neutrino goes to zero:

My, — o (that is vq — x)

(1.31)



11

we get:

my, — 00

.

(1.35)

m,, — 0.

In this case weak interactions become purely lefi-handed and LRSM becomes equiv-
alent 10 the Standard Model. The relation between the mass of light neutrino m,,
and the mass of heavy neutrino my, is known as the see-saw mechanism {11!,

The relation between the mass of light neutrino and the mass of corresponding

charged fermion can be studied by comparing equations 1.22 and 1.33. i parameter

5 is small:
h?
v« h—; {1.36)
5
then we get relation:
m,, = O(m?/mu,), (1.37)

which links mass of light neutrino with the mass of corresponding charged fermion.

1.3.4 Neutral Heavy Leptons in Grand Unified Theories

Neutral Heavy Leptons are also present in models attempting to unify the presently
observed interactions into a single gauge theory. Examples are models with S0(10)
symmetry 12" in which NHLs acquire mass through the mixing with other fermion

singlets.

1.4 NHL signatures

We now describe possible experimental signatures of NHL and discuss existing limits
on masses and couplings of a NHL. This discussion is based on the review article.
by M. Gronau, C.N. Leung and J.L. Rosner {13}, and by F. Gilman:14,. In the
Standard Model of electro-weak interactions, the charged (CC) and neutral (NC)

currents involving neutrinos are given by:
Joc = Per Ve = Bur¥ UL - Uaty L (1.38)
and:
e = Pear Vet = Pury*Vur = U1t veL (1.39)
where v,. v, v,. e, u, and r are the lcpton spinor fields. The existence of the additional

Neutral Heavy Leptons. which are isosinglets under standard SU(2).. modify these

equations by introducing the admixture of the heavy states into the weak isodoublets:
] .2 ~ e\
VIL—’MLQVIL(l"QZ (,,")-*LI.,,.\, “40)

Here i= ¢.pu,7. and the sum is over sll heavy lepton species a. The weak eigenstates
are now N,.: the mass eigenstates are v, (light neutrino) and N, (Neutral Heavy
Lepton). The matrix Uj, is a unitary matrix that mixes weak eigenstates and mass
eigenstates. There are several types of experiments which are sensitive to the existence

of NHL:

o universality constraints:

NHL admixture in NC and CC leads to violation of universality of the coupling
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of the neutral and charged currents: the coupling of a light neutrino is decreased

by the factor :
|
(1 -:YUal (1.41)
2 a
The unitarity requirement of the Kobayashi-Maskawa matrix. the lifetime of

the 7 and the measurement of R:%’:_’:—l::l, vield the following constraints 113 :

U% <43x10°?
U2, < 0.8 x 10-2 (1.42)

U2, <10.x 1072

The constraint for the 1/,,? follows from the comparison of theotetical predic-
tions and the experimental results for the life-time of v- meson:

rlhtor

= T = .. 2
R= o ‘l_glrh.,- (1.43)

o direct searches for Nl{Ls produced in % and A decays at rest:

the decay of ¥ — (e.v) is helicity suppressed by a factor of 1074 for massless
neutrinos, but the suppression is not eflective for massive neutrinos. Thus the
7 -+ ¢ decay is a favored reaction in which to search for evidence of low mass
heavy neutrinos coupling to electrons. The analysis is done by searching for a
monochromatic peak in the energy spectrum of ¢~ from 7~ decays at rest. A

similar analysis is done for K decays;

search for decays of NHLs from #. K in flight:

a neutrino beam, in addition to its major component of light neutrinos. may con-

14

tain a small component of heavy neutrinos. Such neutrinos may have originated
from the decay of pseudoscalar mesons. which are produced in the interaction

of protans with the target, and then decay in the detector:

heavy neutrinos originating from charmed mesons in beam-dump experiments:
if the proton beam is dumped into a thin target, some fraction of the neutrinos
have origin in the short-lived charmed particles such as D's and F’s. This
provides a means for searching for heavy neutrinos with masses up to 1.8 Ge\'.
A similar analysis can be done for B meson thereby expanding the mass range

up 1o 5.3 GeV;

NHL produced from b quark decays in e”e” annihilation:

e* e colliders (for example, CESR at Cornell University . NY} | which ran
the center of mass (CM) energies corresponding to the production of the T
resonances provide another possible source of NHLs: one can look for secondary
(detached) vertices originating from the semi-leptonic decavs of the B mesons

into NHLs:

NHL coupling to Z° and production in e ¢~ collisions

in the past decade. there have been experimental searches for NHLs that couple
1o Z%s produced in ¢ ¢~ collisions. Experiments which run at CM energies
below the mass of Z° have looked for NHLs coupling to virtual Z°. The recent
availability of LEP/SLC machines operating at the CM energies equal to the

mass of the Z gauge boson has opened up the possibility 10 search for NHL:
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arising from Z decays. Figures 1.3a - 1.3c illustrate Feynman diagrams of dil-
ferent processes leading to the production of NHLs in e*e™ colliders at the Z°

peak.

Figure 1.3a represents the feynman diagram for a production of a pair of 4th

generation, sequential NHLs, v05:
eTe” » 7 -, (1.44)

Since these NHLs are isodoublets under Standard SU(2),, vin pair would
couple 10 Z° with same strength as a pair of light neutrinos from three known
generations. However. L'2. the square of mixing matrix elements (eqn 1.40)
affects the lifetime of such NHLs. The results of a scarch for NHLs produced
in such processes have been presented by the ALEPH Collaboration 15. The
limits on the existence of such fourth generation neutrinos has been extended

up to neutrino masses of 42 GeV/c2.

Figures 1.3b and 1.3c represent the Fevnman diagrams of processes leading to
the production of isosinglet NHLs. The production of a pair of isosinglet NHLs.
shown of Figure 1.3b:

e =72 NN (1.45)

is suppressed by factor U, relative to the production of a pair of light neutrinos.
which makes present €* ¢~ cxperiments at SLC and LEP insensitive to such

processes. However. if an isosinglet NHL could be produced in association with
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a light neutrino from the three known generations (Figure 1.3¢):
eTe” =2 - uvN (1.46)

the coupling of such a pair of neutrinos to Z° would be suppressed only by a
factor U? relative to the coupling of Z° to the pair of light neutrinos. Recently,
the OPAL Collaboration has presented the results from a search for isosinglet
NHLs produced in such processes i16;.. However. high statistics neutrino scat-
tering experiments are more sensitive to isosinglet NHLs. as will be discussed

in the following sections.

1.4.1 NHL signatures in v,-N scattering experiments

As mentioned in the Overview, an isosinglet NHL could also be produced in the v-N
interactions. The Fernman diagram for such a process is shown on Figures 1.1. Such

a NHL would couple with supprcssio:ffaclor U2, relative to the coupling of light

.neutrinos. The factor U'? also affects the lifetime of an isosinglet NHL (Figure 1.2a

and 1.2b). There are several characteristic signatures of NHLs that can be lovked for

in v,-N interactions:

¢ Opposite sign dimuon events:

if NHLs were produced in the neutrino-induced interactions,

v,+N — NHL,-X (1.47)
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about 10% of time the NHLs would decay through the coupling to a light

neutrino and a virtual Z° with Z° materializing into a pair of muons:
NHE, »v, + 2' ~ v, +p"p— (1.48)

Thus in the final state one would observe two muons oppositely charged. The
kinematic distributions of the dimuons originating from NHL decays would be
distinct from the distributions lor dimuon events associated with such conven.
tional sources as for example, charged cusrent neutrino inleractioﬁs, with the
second muon coming, from the decav of a D or a K meson in the hadronic show-
ers. A search for NHL using the above signature was performed by the CCFR
Collaboration using data from Fermilab Experiment E744 117", This search is

sensitive 16 NHLs with masses up to 18 GeV/c?.

o Double Vertex events:
For a certain range of NHL lifetimes. the decay of the NHL can occur outside
of the hadronic shower that is associated with the neutrino interaction. Such
a decay would lead 10 events with two separated showers. or Double Vertex
events. Here the primary shower originates from the v interaction in which the
NHL is produced and the secondary shower resuits from the NHL decay. The
search in this channel has been conducted by two experiments: the CHARM
Collaboration at CERN [18;, and the CCFR Collaboration at Fermilab using a

nevtrino Narrow Band Beam (NBB) data .19,

Figure 1.4 illustrates the results of searches for different types of NHL.

_18

1.5 Overview of the Thesis

This thesis describes a search for NHL using the Double Vertex signature. In Chap-
ter 2 we give a brief description of the experimental setup, and in Chapter 3 we
present the event reconstruction. The selection of NHL candidates is described in
Chapter 4. and in Chapter 5 we discuss different background processes for the Dou-
ble Vertex signature of NHL production and decay in our apparatus. In Chapter 6 we
discuss our results and compare the experimental data with Monte Carlo calculations

for NHL production and decay.



Chapter 2

The Experimental Setup

Prior to the 1985 running period, the Fermilab accelerator had undergone a major
-upgrade. New magnets, cquipped with superconducting coils, had been installed in
the Main Ring tunngl, enabling the maximum energy of accelerated protons to be
raised to almost 1 TeV, giving the accelerator its name. the Tevatron. For experi-
ments using neutrino beams, the upgrade had a twofold effect: first, it has allowed
the cxploration of the new, higher-energy regime ( above 300 GeV'), and secondly,
the higher energy of primary protons has resulted in more a copious production of
secondaries and thus an overall improvement in neutrino event statistics.

In this chapter we describe the Fermilab Quad Triplet Neutrino beam used in

experiments E744 and E770 and summarize the main features of the CCFR Detector.

2.1 The Beam Line

2.1.1 Time Stricture of the Beam

The time structure of the Neutrino Beam reflected the way primary protons were
accelerated in different stages of Fermilab machine. The Linac accelerated protons
using a series of radio-frequency cavities (RF cavities) in which particles received

successive increments of energy. The particles were clustered in groups, so called 'RF
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buckets’. A typical time spread of a RF bucket was 2 nsec, and the separation between
RF buckets was about 18.6 nsec, corresponding to the period of the RF cavities. The
Linac at Fermilab accepted 750 keV protons and accelerated them to an energy of
200 MeV. At that stage particle bu.ckcls were injected to the rapid cycling proton
synchrotron, called the Booster. There were 84 RF buckets in a single Booster batch.
After being accelerated to an energy of 8 GeV, the protons were injecied into the
Main Ring and finally into the Tevatron. There were 12 Booster batches in one turn
of the Tevatron. Thus a fully injected Tevatron would contain about 1113 RF buckets
spread uniformly around the ring. However, sometimes not all 12 batches were put
into the Main Ring and the accelerator was running half {ull, with only about 500
buckets.

The detailed layout of the beamline is shown on Figure 2.1 .

2.1.2 Neutrino Beam Extraction

After being accelerated to an energy of 800 GeV, the protons were extracted from
the Tevatron ring and directed into the Switchyard. Here beams were split between
the Proton, Muon and Neutrino lines.

The protons for the Neutrino Beam Line were extracted in two to four spills. of 2
milliseconds duration (pings) for every cycle of the Tevatron (every 60 seconds) . The
protons were then directed onto the prim;ry target. The collisions of the protons
with the 310 mm beryllim primary target resulted in the production of secondary

particles, predominantly  and K mesons. These secondary particles were then di-
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Prior to the 1985 running period, the Fermilab accelerator had undergone a major
upgrade. New magnets, equipped with superconducting coils, had been installed in
the Main Ring tunnel, enabling the maximum energy of accelerated protons to be
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RF buckets was about 18.6 nsec, corresponding to the period of the RF cavities. The
Linac at Fermilab accepted 750 keV protons and accelerated them to an energy of
200 MeV. At that stage particle buckets were injected to the rapid cycling proton
synchrotron, called the Booster. There were 84 RF buckets in a single Booster batch.
After being accelerated to an energy of 8 GeV, the protons were injected into the
Main Ring and finally into the Tevatron. There were 12 Booster batches in one turn
of the Tevatron. Thus a fully injected Tevatron would contain about 1113 RF buckets
spread uniformly around the ring. However, sometimes not all 12 batches were put
into the Main Ring and the accelerator was rupnins half full, with only about 500
buckets.

The detailed lavout of the beamline is shown on Figure 2.1 .

2.1.2 Neutrino Beam Extraction

After being accelerated to an energy of 800 GeV, the protons were extracted from
the Tevatron ring and directed into the Switchyard. Here beams were split between
the Proton, Muon and Neutrino iil\es.

The protons for the Neutrino Beam Line were extracted in two to four spills, of 2
milliseconds duration (pings) for every cycle of the Tevatron (cvery 60 seconds) . The
protons were then directed onto the primary target. The collisions of the protons
with the 310 mm beryllim primary target resulted in the production of secondary

particles, predominantly = and K mesons. These secondary particles were then di-
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rected through the collimator onto a set of three pairs of quadrupole magnets (hence
the name : Quad Triplet Beam), shown on Figure 2.2 . This set of magnets focused
pions and kaons into the 340 meters long decay pipe. Particles with a wide range of
momenta {both positively and negatively charged) passed through the magnet train
resulting in a high Bux of secondaries entering the decay pipe. A fraction of the
secondary particles decayed in flight, predominantly into muons and neutrinos. The
remaining flux of secondaries was stopped in a 6 meter long aluminium beam dump.
The beam dump was followed by the 900 meters of steel-impregnated earth herm
which was designed to filter out the muons. The resulting neutrino beam was com-
posed of neutrinos and anti-neutrinos with & flux ratio v :v of about 2.5 : 1, reflecting
the dominance of positively charged secondaries produced in proton-nucleon collision
in the primary target.

The neutrino beam consisted predominantly of muon type neutrinos. The electron

neutrino contamination was about 2.5% 1201,

2.2 The Detector

The CCFR Detector was located in the Lab E Neutrino area, about 1474 meters
downstream of the primary target. It consisted of a 690 ton Target Calorimeter
and 420 ton Muon Speglromeler. The purpose of the Target Calorimeter was to
form the target for neutrinos and to measure the position and the energy of the

interactions. The momenta of the final state muons were measured in the Muon
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Spectrometer. In the analysis presented here the acrylic counters located in the Muon
Spectrometer were also used to detect secondary showers and to measure their energy.
Two additional drift chamber stations were located downstream of the spectrometer.

Figure 2.3 shows the layout of the experiment.

2.3 The Target Calorimeter

The detailed structure of the Target Calorimeter is shown on Figure 24 . The
calorimeter was divided into 6 identical, movable carts. Each cart consisted of 28
3m x 3m x 5.2 cm steel plates, with liquid scintillation counters, 121}, (22} every 2
plates (10.4 cm of steel) and drift chamber stations every 4 plates (20.8 cm of steel).

There were a total of 84 target counters.

2.3.1 Scintillation counters

The scintillation counters used in the instrumentation of the calotimeter were made
out of ribbed acrylic tanks filled with liquid scintillator. The counters were reinforced
on the outside with polyethylene bags filled with water in order to maintain hydro-
static pressure against the steel plates. The energy of the hadronic and electromag-
netic showers produced by neutrino interactions was proportional to the total light
output of scintillation counters. The process of light collection can be summarized as
follows: charged particles passing through the counter excited a primary scintillator

fluor, which emitted ultra-violet light. The UV light was absorbed by second fluor,
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which re-emitted blue light. This light travelled about 1 meter to the edges of the
counters, where it was absorbed by wave-length shifter bars (plastic acrylic doped
with BBQ fluor) absorbing blue light and emitting green light. This system was used
to collect light from a large area (3Jm x 3m) counter with a minimal number of
phototubes. The green light propagated by total internal reflection to the end of the
bar, where it was coliected by a photomultiplier tube. Four photomuitipliers ( RCA
6342A) located in each corner of the counters were used to read out the light ontput
of the counters. Analog signals from the phototubes were digitized by a LeCroy 4300

FERA ADC system.

2.3.2 Drift Chambers

The positions of showers produced by neutrino interactions were determined using
a system of drift chambers. The basic operating idea of these devices is as follows:
as charged particles pass through the chambers. the gas in the drift chambers is
ionized and the elecirons drift toward the sense wires. The drift time of the electrons
recorded for each hit in the chambers is translated into the position of the hit by
multiplying it by the drift velocity of the electrons. The drift chamber system used
in the CCFR detector has been previously described in detail {23. 24;. Here we only
mention the most importar;| features of the system. There were 42 drift chambers
in the calorimeter. each with 24 drift cells. The chambers were filled a 50% argon-
50% ethane gas mixture. The drift velocity of electrons was about 5 em/psec. which

combined with the 4 nsec clock of a Nevis Transport electronic digitizing sysiem gave
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the position resolution of hits of about 250 pmeters. The dead-time induced by the
Time to Digital Converters (TDC) was about 12.3 usec. similar to the one introduced

by the FERA ADC system.

2.4 The Muon Spectrometer

The Muon Spectrometer measured the momenta of the final state muons produced
in neutrino interactions. The spectrometer (Figure 2.5) consisted of three 3 m long
toroidal magnets, containing 1.6 m of iron each, with a 1.8 m outer radius and a
12.7 cm radius hole for the coils. The magnetic field of about 18 KGauss provided a
transverse momentum kick of 2.4 GeV/c for muons passing through the entire length
of the magnet. The spectrometer was instrumented with drift chambers and scin-
tillation counters. In addition to the chambers in the middle of each toroid there
were drift chamber stations. each containing 5 chambers in x and y view, afier each
toroid. Tracking information from the toroid chambers was used to reconstruct the
trajectories of muons bending in the magnetic field and thus to measure their mo-
menta. Additionally, there were two drift chamber stations located downstream of
the last toroid in order to improve the momentum reconstruction of high energy muon
tracks. The rms momentum resolution of the spectrometer was about 11% and was

dominated by multiple Coulomb scattering.
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2.4.1 Toroid Scintillation Counters

Each of the Toroid counters, shown on Figure 2.6, consisted of 4 quadrants of acrylic
plastic scintillator and required 10 photomultipliers for the readout. There were total
of 25 counters, (numbered 0 through -24) placed every 20.3 cm of steel, 8 counters
per one toroid cart, and one (counter number 0) in front of whole toroid system.
separated by 10.2 cm steel plate from the last target scintillation counter. These
counters were used to calculate the energy of showers from interactions taking place

inside the Muon Spectrometer.

2.4.2 Trigger counters

A hodoscope made of solid scintillator counters was located in the gaps between toroid
carts. There were 3 planes of the counters after the first toroid (T2. Hl and H2) .
and 2 planes of the counters after the second toroid (T3 and H3). These counters

were in the trigger for charge current events.

2.4.3 Scintillation Counter Numbering

The target counters were numbered from 1 to 84, with counter 84 being the most
upstream counter. The Toroid counters were numbered 0 10 -24. with counter -24

being the most downstream counter.
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2.5 Detector Triggering

The triggers selected events with several different topologies. Triggers used in this
analysis are described below: the main trigger used in the search for Double Vertex
events was Trigger 2 (the Neutral Current Trigger); Trigger 6 (the Straight Through
Muon Trigger) was used mainly for the purpose of the energy calibration and for the
calibration of the timing of hadron showers; in the analysis presented here, Trigger
1 (the Charged Current Muon Trigger) was used in the studies of non-uniformity in

the neutrino beam intensity per RF bucket.

o Trigger 1 {Charged Current Muon Trigger):

The Trigger | logic is shown on Figure 2.7. This trigger selected charged current
neutrino interactions. with a momentum analyzed one or more muons in the
final state; it required at least minimum ionizing pulse heights in the ﬁr;l four
downstream-most calorimeter counters (counters } through 4) in coincidence
with a signal from trigger planes in the first and the second toroid gaps. or
minimum ionizing pulse heights from the first and third group of four calorimeter
counters (counters 1 through 4 and 9 through 12) and a signal from trigger
planes in the first toroid gap. The trigger also required that the veto counters

at the front of the detector did not fire. .

e Trigger 2 (Neutral Current trigger):

The logic for this trigger is shown on Figure 2.8. This trigger selected neutral

current neutrino interactions; it required 2 counters in a group of 4 adjacent
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counters to be on, in coincidence with > 10 GeV of energy deposition in 8 coun-
ters, which included both the group of 4 and the next 4 downsiream counters.
In the E744/E770 fiducial region, there were 36 such overlapping groups of 4
counters (in counters 80 through 3). The trigger required that the veto counters

at the front of the detector did not fire.

» Trigger 6 (Straight-Through Muon Trigger):

Figure 2.9 presents the logic for Trigger 6. It selected events with muons orig-
inating from charged current neutrino interaction upstream of the CCFR ‘de-
tector: this trigger required signals from at least one counter from six widely
separated groups of four adjacent Target Calorimeter counters. To ensure that
a muon entered the detector from upstream. counters 81 o.r 82 had to be on.
Toroid penetralion was ensured by requiring the PTOR logic to fire. The PTOR
logic (Figure 2.10) selected a high energy muon by requiring thc-. muon to tra-

verse the same quadrant throughout the entire length of the Toroid.

2.5.1 Neutral Current Trigger Efficiency

The Neutral Current Trigger { Trigger 2) was implemented only in the Target Calorime-
ter. Figure 2.11 shows the distribution of the longitudinal position of v,-N interactions
recorded with Trigger 2. As can be seen from the figure, the sensitivity of Trigger 2
spanned hetween counters 82 through 8. Neutrino interactions in the detector region

of counters 84 and 83 (upstream part of the Target Calorimeter), between counters 7
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through 1 (downstream part of the Target Calorimeter) and counters 0 through -24
(the Toroid Spectrometer counters) could not set Trigger 2 on.

The smaller number of Trigger 2 events for the most upstream target counters
implies the lower efficiency of the trigger in that region. Two effects caused the
inefficiency of Trigger 2 for interactions taking place in the region between counters

between 82 and 79:

1. the most upstream counters which were part of Trigger 2 logic were counters 80
and 79. Thus. short showers that started at counter 82 or 81 and did not reach

counter 79 could not set the Trigger 2 logic on;

2. counters 83 and B4 were part of the veto logic rejecting interactions 1aking place
upsiream of the detector. For some fraction of the interactions in the upstream
most region of the target, a backsplash of showering particles could set counters

83 and 84 on and therefore veto the event.

The efficiency of Trigger 2 as a function of shower energy was measured using the
charged current lrigge; (Trigger 1). Figure 2.12 shows the efficiency of Trigger 2 as
a function of hadron energy.. Trigger 2 was fully efficient for NC interactions with
E)oq greater than 15 GeV'. For NC interactions with hadronic energy of 10 GeV the

efficiency of Trigger 2 was about 90%.
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2.8 Comparison of the Target and Toroid Instrumentation

Below we present the comparison between the instrumentation of the Target and the

Toroid:

1. The Target Calorimeter

o scintillation counters:
liquid scintillator counters covering the full transverse plane of the calorime-

ter;

e hadron energy sampling:
hadron energy sampling interval corresponded to about 11.6 cm of steel,

(0.6 /\”\'1];

o drift chambers:

drift chambers were located every 20 cm of steel. every 2 counters:

2. The Toroid (Muon Spectrometer)

o scintillation counters:

four quadrants of solid scintillator counters with a central hole with radius

= 12.7 cm. for return of the magnet coils;
o hadron energy sampling:

hadron energy sampling interval corresponded to about 23.2 cm of steel,

(1.2 Aint)i

m
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e drift chambers:

drift chambers stations were located every 1.6 m of steel, every 8 counters;

These differences have resulted in differences in the resolutions for reconstrue-
tion of the hadron energy, timing and transverse vertex position of hadronic showers-

occurring in these two different parts of the detector.




Chapter 3

The Event Reconstruction

In this chapter we discuss the reconstruction of the event variables used in the search
for Double Vertex Events.

Before going into the detail of the event reconstruction procedures we make a
historical note. Traditionally, in the analysis of charged current and neutral current
v-N interactions the CCFR detector was used in the following mode: the upstream
part, the Target Calorimeter, was instrumented with triggers designed to detect
neutrino-induced interactions and to measure the positions and the energies of hadronic
showers. On the other hand, the main function ‘of the Muon Spcétrome!er was to
measure the momenta of the outgoing muons in the CC v-induced interactions. The
Toroid was also instrumented with the scintillation counters. however they were only
used as a part of the trigger logic.

The initial search for Double Vertex signature of NHL in the E744 data was
done by S. Mishra {25! and was restricted only to the fiducial volume of the Target
Calotimeter. The preliminary results of that search were very intriguing: 3 NHL
event candidates were found. with less than 1 event expected from the background
processes. This result provided the motivation to expand the search into the fiducial
volume ;)f the Toroid. By doing so we have substantially increased the pilasc space

available for the deca._\' of a assumed NHL. On other hand. the different hardware
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instrumentation of the Toroid, not optimized for calorimetry, has resulted in the
poorer resolution for reconstruction of the energy and the vertex positions of showers
in the Toroid. Since the drift chambers were placed only every 1.6 m of iron, some
of the showers were contained before reaching the drift chamber stations and could
not have their transverse positions reconstructed. The fact that the Toroid counters
were placed only every 20 cm of iron resulted in poorer energy resolution and poorer
efficiency for the finding the showers, especially of the electromagnetic type.

The following quantities played a crucial role in search for Double Vertex signature

of Neutral Heavy Leptons:

the longitudinal and transverse positions of the two showers

the energies associated with the upstream and the downstream shower

e the relative timing between the two showers

the length (charged particle penetration) of each shower

We now define the above variables and describe the way they were reconstructed in

the off-line analysis programs.

3.1 Vertex Position Measurement

Each vertex was characterized by its longitudinal and transverse position. The longi-
tudinal position (z-coordinate. along the neutrino beam direction) was defined using

the scintillation counters:
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e PLACE (shower beginning) corresponded to the number of the most upstream
counter of the group of at least 2 counters with energy deposition greater than

the equivalent of 4 x minimum ionizing particle deposition (4 MIPs)

o SHEND (shower end) corresponded to the number of the most downstream
counter with pulse height > 4 MIPs, followed by at least three counters each

having the pulse height < 1 MIPs,

Transverse (x- and y-coordinates) positions of a shower (1'y and V) were defined as
the centroids of |ﬁe drift chamber hits in the shower region. The TDC information
from the drift chambers between counters corresponding to PLACE and SHEND was
used. For the showers inside the Toroid Spectrometer, drift chambers immediately

downstream of SHEND were used as well.

3.2 Measurement of Shower Energy

The basic principle of the shower energy measurement is that the energy of the inter-
action is‘direclly proportional to the amount of the light produced by the particles
passing through the counters. As they pass through the calorimeter, they interact
with the target nucleons and new particles are created. This avalanche continues to
develop until new particles loose most of their energy and are finally absorbed in the
calorimeter material. Each charged particle typically deposits a minimum ionizing
energy. The photons i;roduced through the ionization process are later collected by

the photomultiplier tubes (phototubes). The signals from the phototubes then prop-
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agate to the ADC units where they are digitized. In ordef to reconstruct the total

energy of the shower one needs to know following quantities:

s the gain of the counters GAIN;, that is the energy deposition of a minimum

tonizing particle measured in ADC counts;

o map correction functions M APCOR(Vy, ly);, that is the functions which ac-
count for the fact that the light collection efficiency varied with the distance of

the shower {rom the phototubes

o the calibration constant C ALIB, that is the conversion factor between MIP

units and GeV', for hadronic, electromagnetic and muonic interactions.

The gains of the Target Calorimeter counters and the map correction functions have
been measured using muons from the CC neutrino-induced events (taken with Trig-
ger 1) and straight-throngh muons (Trigger 6) . The measurement of the calibration
constant was done using separate data runs. during which a hadron beam was directed
onto the target carts. The energy calibration procedure of the Target Calorimeter
has been described in the detail in the recent publication 26!

The energy of a shower was calculated by summing up the pulse heights from the
counters in the shower region. The contribution to the shower energy from the i-th

counter in the Target Calorimeter was following:

ADC{1ADC countsi
Target = 1, ; CALl BTcr'ﬁ
E GATNJADC counts/MIP] x MAPCOR(Vs. 1y )] -

(3.1)
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3.2.1 Energy Calibration of the Toroid Counters

As mentioned earlier, some of the showers developing in the Toroid could not have
their transverse vertex position defined. Thus the shower energy determination pro-
cedure in the Toroid had to be modified: the map correction functions could not
be used; instead the gain constants were found by averaging the energy depositions
of muons passing through the entire plane of Toroid counters (in case of the Target
calibration, gains of the counters were measured using muons passing within a small
central region of each ;ounter). The calibration constant for Toroid counters was
assumed to be:

CALIB™"* =2 x CALIBT** (3:2)

corresponding to the fact that the Toroid counters were separated by = 20 cm of iron
compared to Lhe separation of = 10 cm of iron between the Target counters. The

contribution 1o the shower energy from the i-th counter in the Toroid was following:

ETorod ADCHADC counts.

. Torod
+ " = | GAINADC counteymipi) X CALIB (3.3)

3.3 Energy Determination
We have used two variables to describe the energy of a shower:

® Eprsp :

this energy was found by summing the pulse heights in the counters from
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PLACE to SHEND inclusive:
PLACE
Episu = Y. E, (3.4)
i=SHMEND

where E; is defined in equations 3.1 and 3.3 for Target and Toroid counters

respectively;

Epvst :

Eprsy was defined to contain also the energy deposited by showering particles
downstream of SHEND and also the energy deposition upstream of PLACE,
(so called albedo region'). The calculation of Epysy required the following

steps:

1. finding PLACE, SHEND and Eppspy

2. predicting the length of the shower Lj,4, expressed in counter units. Lyga
corresponded to the charged particle penetration of a shower; the parametriza-
tion of the length of hadronic shower as a function of its energy was ex-
tracted from the analysis of the data taken with hadron beams. (see Ap-

pendix B)

3. summing up the energy depositions in counters between
PLACE+1 and PLACE - L,

PLACR41
Eprst = S E, (3-5)

ISPLACE-Ly .4
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3.4 Delay Correction in the Energy Calculation

The measurement of a shower energy deposited in the calorimeter depended on the
difference between the trigger time and the time of the interaction. The timing of the
electronics was designed so that the pulses from photomultipliers would arrive at the
ADC unit about 20 nanoseconds after the start of the ADC gate. The width of the
ADC gate was about 240 nsec : since the typical width of the phototube pulse was
about 50 nsec, this allowed for the full integration of the signal from the counters.
However in the case of two neutrine interactions uncorrelated in time. only pulses
that triggered the apparatus would have proper timing with respect to the ADC
gate: the other interaction could occur later (or earlier) relative to the triggering
event. Therefore the pulses from the counters associated with the second interaction
would arrive later (or earlier) with respect to the ADC gate. Effectively only a fraction
of the pulse would be digitized resulting in a lower measured energy.

Figure 3.1 illustrates the relative timing between the ADC gate and the triggering
and non-triggering pulses from phototubes. Using a special trigger setup, we have
measured the fraction of the pulse that is integrated as a function of a time difference
between the ADC gate and the pulse from a phototube. This measurement was
verified by studying the average energy depositions of cosmic ray muons traversing
the CCFR detector in the direction opposite to the neutrino beam line. Figure 3.2

shows the fraction of the phototube pulse digitized by the ADC system Ractay:

ADC(AT)

ADC(AT = 0)’ (3.6)

Rdzhy =

as a function of the time diflerence
AT = Tohower — TADC'nlc- (37)

We should note the fact that the function Rgea, is not symmetric in respect to
AT = 0 : for negative AT (shower arriving before the ADC gate opened i.e. the
rising edge of the pulse has been 'chopped off’) the drop-off is much faster than for
positive AT (shower arrived after ADC gate opened. and only some part of the tail
of the pulse has been ‘chopped off’).

Thus in the calculation of the energy for "out-of-time’ (non-triggering) showers we

have applied the following correction:

corr _ !
sh  — E.h X [_—R‘dny(_\T)] (38)

3.5 Efficiency of finding showers

The efficiency of finding Double \'erte); events depended on two factors: the efficiency
of Trigger 2 and the efficiency of finding the second, non-triggering shower. As dis-
cussed earlier. the software condition for finding a showet required two consecutive
counters to register pulse heights greater than 4 MIPs, This pattern recognition
was done using pulse heights not corrected for the timing delay relative to the ADC
gate. since al that point of the analysis the timing of the shower has not been vet
established. Therefore the fraction of showers that could be found using the above
algorithm depended on the relative timing between the ADC gate and the timing of

the shower.
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We have studied the efficiency of the shower finding code using single vertex
neutrino-induced interactions. In order to imitate non-triggering showers we have

defined a parameter ECUT:

AMIP

ey

(3.9)

and then searched for showers with energy depositions in two consecutive counters

greater than ECUT: -

ADC, > ECUT(AT)

ADC;_, > ECUT(AT).

Then the shower finding efficiency was defined as:

# of showers found with ECUT(AT)

. Torget ¢ 5~ - -
EJL57(Ew, AT) = # of showers found with ECUT(AT = 0)

(3.10)

Figure 3.3 shows the shower finding efficiency in the Target as a function of s.howrr
energy E,n, for different values of AT.

Since the Trigger 2 was only implemented in the Target Calorimeter the above
function (eqn. 3.10) did not reflect the efficiency of finding showers from interactions
in the Toroid. Since the energy sampling interval in the Toroid was twice as big as
that of the Target Calorimeter, the efficiency of finding showers in the Toroid was
lower.

To estimate the efficiency of finding showers in the Toroid we have used following

scheme:

» we have selected & sample of neutrino interaction in Target Calorimeter

e we have imitated Toroid energy sampling interval by using only everv second

Target counter in the search for the showers

ADC,, > ECUT(AT)

ADCy;_yy > ECUT(AT).

e we have defined the efficiency of finding showers in Toroid for non-triggering

showers, E f floro¢ as:

# of showers found with ECUT(AT)

Torend -
Effa " (B AT) # of showers found with ECUT(AT = 0)’

(3.11)

where in the numerator and in the denominator we have included showers found

using only even-nurmbered Target counters.

Figure 3.4 shows shower finding efficiency in the Toroid. as a function of shower
energy E,, for different values of AT.

1t is important to realize that the above function {eqn 3.11) reflects only the efhi.
ciency of finding non-iriggering showers in Toroid, which have similar ratio of hadronic
to electromagnetic components as v,-induced interactions. The inefficiency caused
by the less frequent energy sampling interval in Toroid would be more significant for

showers with high electromagnetic component.
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3.6 Timing Determination

As mentioned earlier, the pulses from the phototubes were split and signals sent to
both the ADC and TDC systems. The TDC system has been described in the detail
in ref. [23]. The TDC information from the counters was used to establish the timing
of showers relative to the trigger time. In order to achieve good timing resolution the

following cotrections were considered:
‘

o pulse height slewing correction:
signals with bigger pulse heights would cross the TDC discriminator threshold
earlier than signals with lower pulse heights, thus contributing a spread of the
timing. The courrection accounting for this effect has been measured by compar-
ing the timing from single counters with the averaged time from all counters in
the shower region and plotting the difference as a function of the pulse heights of
individual counters (see Figure 3.3). The resolution of the timing from individ-
ual counters. shown in Figure 3.6 has been calculated as a function of a energy
deposited in a given counter. The inverse of the square of the timing resolution
function of single counters was used as a weighting factor in the calculation of

the average timing for the entire shower.

correction for time of flight of photons across the counter plane:
depending on the transverse distance of the shower 10 the closest phototube,
the time of flight of photons to the phototubes varied: to account for this effect

we have applied a position dependent correction. This correction was especially
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important for the Target Calorimeter counters, since their transverse dimensions
{3 m x 3 m) could lead to time of flight difference of up several nanoseconds.
Since the acrylic counters in the Muon Spectrometer were smaller { 1.5 m x
1.5 m) this eflect was less signiﬁ;ant. Some of the showers in the Toroid could
not have their transverse position defined : in such an instance, it was assumed

that the shower was located in the center of a counter.

Due 10 the presence of the electronic noise in the TDC system. an iterative method
had to be followed in order to measure the timing of a shower. A crude estimate
of the shower timing was found using an overlapping-bin method, i.e. the timing
of a shower was defined 1o be a center of the time bin with the highest number of
the TDC hits from the counters within the shower region. Here the shower region
was defined as counters between PLACE and SHEND. Additionally, up to three .
counters downstream of SHEND were included. if their pulse heights were above
2 MIPs. In the lollowing iterations the weighted average of the hits from the most
populated bin was calculated and the pulse-height and position corrected TDC hits
away from the average by more than 2 o (twice the resolution of the timing of an
individual counter) were removed from the sum. Thus the final expression for the

timing of a shower was following:

_%ilTDC; - CORpu(ADC) ~ CORxy(Vx, 1y)] x w;

T, shower = z. w;

(3.12)
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where w; was a weight equal to the square of the inverse of the resolution of the timing

of individual counters:

1
= #3(ADC)Y

w;

(3.13)

After the above corrections were take_n into account, the resolution of the timing
of a single shower was measured using events with muons in the final state. since
the timing information for such events was independently available {rom the muon
track. A sample of charged current neutrino-induced interactions was selected and
the timing of the hadronic shower compared with the reference time Trer. Ther was
an independently established time based on muon timing information from the drift
chambers and from the trigger hodoscopes. Figure 3.7 shows the resolution of the
timing for the showers occurring in the Target,

Trigger 1 was not implemented for neutrino ix;teraclions in the Toroid. therefore
the only possible way to measure the resolution for showers in the Toroid was to use
muons which developed shower cascades, originating from such stochastic processes
as bremsstrahlung, ¢~ e~ and photonuclear interactions, so called "deep-p” showers.
Figure 3.8 shows the resolution of the timing for the showers occurring in the Toroid.
Note that the timing resolution of the Toroid, as measured from "deep-u” showers.
was primarily for electromagnetic showers, since muon interactions are predominantly

from clectromagnetic processes,

4

3.7 Shower Length Determination

The length of each shower, was defined as the number of counters (each Target counter
was separated by material corresponding to about 11.6 ¢m of iron) traversed by
the most penetrating charged particle. The length of a shower was used to provide
the basis for differentiation between NC-type showers (without muons) and CC-type
showers (with muon).

\We have introduced the variable SBEND (SBit END), which corresponded to
the number of the downstream most counter with SBIT (TDC hit from scintillation
counter) associated with the shower followed by at least three consecutive counters
with no SB1Ts on (or no SBITs associated with the showet) A counter was considered

to have its SBIT on associated with the shower if:
Ts817 ~ Tihower! < 28 naec (3.14)

The TDC discriminator threshold corresponded to about 1 MIP energy deposition.
Because of the hole in the Toroid. the Toroid counters did not cover the whole trans-
verse plane of the detector. Sometimes this resulted in a discontinuityin the strings of
SBITs associated with muons emerging from the shower. Thus for showers developing
inside or continuing to the Muon Spectrometer we have searched for the end of the
most penetrating charged particle starting at the most do\‘vnstrcam Toroid counter

(counter -24) and searched for two consecutive counters with SBITs associated the

shower. The most downstream counter from that pair was defined to be SBEND.
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Then the L,y, the length of the shower, was defined as:
SBEND
La=( )Y L) (3.15)
1\=PLACE
where:
L; = 1 for i > 0( Target counters)
(3.16)

Li = 2 for i < 0( Toroid counters)

Here each Toroid counter contributed doubly to the length of the shower, since the
Toroid counters were separated by about twice the amount of iron as compared to
the Target cm;nte;s.

Since the TDC hits were recorded in = 1 psec window around the trigger time,

the above definition of the shower length was not biased for non-tiggering showers.

3.8 Distinction between NC and CC showers

In order 10 study different decay channels of an assumed NHL we have dislinguisl;cd
between NC-type and CC-type showers. This distinction was based on the length
of the shower. For NC showers this variable corresponded to the length of hadronic
shower. while for CC events it was normally much larger due to the penetration of
the muon.

The length of hadronic showers depends on the energy of the interaction. Using
the test beam data taken with hadron beams directed onto the Target Calorimeter,
we have parametrized ‘the length of a shower as a function of its energy. The shower

was classified as NC-type if the actual length of the shower L.y, defined in eqn. 3.15.

was less than or equal to the length of a hadronic shower Lia.q with energy E,\':
Lo S Luad(Eon). (317)

Otherwise the shower was classified as CC-type shower.

3.8.1 Contaminations of NC and CC classes

The above algorithm classified showers into two classes: the NC-type class and the
CC-type class. It is important to realize that although the NC-type class contained
predominantly showers without muons, it also contained showers with very low energy
muons that ranged out inside the hardonic shower or with muons that exited the
detector through the sides and did not penelrate.lhe counters downstream of the
hadronic shower. Additionally, a small number of cosmic ray showers interacting at
the edges of the fiducial volume of the detector, contributed to the NC-type class.
The contamination of CC events in the NC-type sample can be seen by studving
the ratio of NC-type showers to CC-type showers Ryc cc. Figure 3.9 shows this ratio
as & function of the radial position of the interaction inside the Target Calorimeter
for interactions with hadronic energy greater than 15 GeV taken with Trigger 2. The
increase of Ry cc for larger radii is caused by increasing number of CC interactions
with muons escaping from the fiducial volume of the detector and due to cosmic ray

interactions at 1he edges of the detector.

1The detailed description of hadronic shower length parametrizsation can be found in the Appendix
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The average ratio Rycjcc for single vertex events within the fiducial volume of

square + 50 inches and a radius cut of 60 inches was:
< Rwncroc >T*™=0.40  0.01 (3.18)

We should also add that in the case of v.-N interactions, both NC and CC interactions
would fall into NC-type category, since the electron emerging from the charged current
interaction would be contained inside the hadronic shower.

The poorer reconstruction of neutrino interactions in the Toroid has led to the
larger contamination of CC interactions i‘n the NC-type class for showers occurring
in the Toroid. The fraction of CC events with final state muon escaping the detector
increased. since the transverse position of the shower could not be reconstructed
. and interactions occurring at the edges of the detector were included in the sample.
Additionally, with larger fiducial volume (no transverse position cut) the fraction of
cosmic ray backgtound was also larger.

Since the Toroid counters were not part of the Trigger 2 logic, the measurement
of Runcscc ratie for interactions occurring in the Toroid could not be done directly.
Instead we used single vertex neutrine interactions inside.thc Target Calorimeter and
applied the analysis which mimicked the hardware instrumentation of the Toroid. We
doubled the energy snmpiing interval by using only even-numbered counters in the
shower finding algorithm , in the calculation of the energy of interactions and the
assignment of the type of the inlera«;lions. Additionally. in the above analysis we did

not restrict the fiducial volume of the Target Calorimeter to x 50 inches square. The
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result of this measurement is presented on Figure 3.10. The ‘ratio Rwejcc in Toroid,
is plotted as a function of radial position of a neutrino interaction. It demonstrates
increasing level of the contamination of NC-type class by CC neutrino interactions
at the outer edges of the fiducial volume of the Toroid. The averaged ratio of NC-
type to CC-type neutrino interactions calculated in the analysis imitating the Toroid

instrumentation was equal to :
< Rucjoe >T7= 0.60 = 0.02. (3.19)

systematically higher than the average value of the ratio of NC-type to CC-type

interactions inside the Target, < Rne/cc >Tarper,
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The Event Analysis

4.1 Overview

In this chapter we discuss the event analysis performed as a part of the search for
NHL in »,-N interactions. As mentioned before, we concentrate in this analysis on
the search for the Double Vertex signature, that is the search for the events with two
showers: the upstream shower associated with the incoming neutrino interaction. and
the downsiream shower originating from the decay of the assumed Neutral Heavy
Lepton. The topology of such an event is depicted in the Figure 4.1.

There are 1wo major conventional physics background sources of such events:

e neutral hadron punch-through events:
In v-N interactions, neutrons and KJ produced in the primary hadronic vertex
or in the secondary interactions of the hadrons inside the primary shower may
penetrate and interact downstream of the end of the primary shower (Figure
1.2): these ‘neutral punch-through events’ are the dominant background for the

Double Vertex events with small separation between the showers

e random overlay events:
A certain fraction of the time, two independent neutrino interactions will 1ake

place inside the fiducial volume of the detector and within the timing gate of
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the trigger (Figure 4.3); depending on the time diflerence between these two
interactions and the timing resolution of our apparatus they may or may not
look like the simultaneous events. These 'random overlay events’ are the main
source of the background for the Double Vertex events with long separation

between the showers.

¢ other backgrounds:
Additional background events that mimick 'Double Vertex Events’ could arise
from cosmic ray showers happening within the ADC gate of the system, or
from particle showers interacting at the edges of the detector and being not
fully absorbed within the fiducial volume of the target iron plates. in eflect

scraping the side of the detector.

We now describe the selection criteria for the Double Vertex events. The calcula-
tion of hackground sources of Double Vertex events originating from such conventional
processes as neutral hadron punch-through and random coincidences of uncorrelated

neutrino interactions is presented in the following chapter.

4.2 The Event Selection

.

There were three topological components of the Double Vertex Event selection:
1. the cuts selecting the upstream shower;

2. the cuts selecting the downstream shower:
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3. the cuts designed to ensure that the region between the upstream and down-
stream showers was 'quiet’, ie there were no particles penetrating that region

during the time of the interaction.

The selection of the Double Vertex events was done in two passes. Below we list

the cuts used in the selection of the preliminary sample.

4.2.1 First pass cuts
e Trigger cuts:
1. event should be triggered by Trigger 2. with Trigger 6 not firing

2. event should be taken during Fast Spill gate { IGATE=1.2.3 or 4). corre-

sponding to fast spill pings 1 - 4.

o Upstream shower cuts:

1. finding an upstream shower, and requiring that its longitudinal vertex
position, PLACE was between counter 1 (downstream most counter in

Target Calorimeter) and counter 82:

82 > PLACE, > |
: (1.1)
82> SHEND, > -8

2. defining transverse position Vyy and 1y,

3. calculating EPLSH
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4. determining the timing (relative to the ADC gate) of the upstream shower

Tm

5. applying timing correction to the energy and requiring:

EFPLSH e > 7.5 GeV (1.2)

o Culs selecting downstream shower.

1. searching for downstream shower and requiring that:

82 > PLACE, > ~14
(4.3)

82> SHEND, > -24

2. defining transverse position 1y, and 1y,
3. calculating map-corrected energy EJ 5%

4. determining the timing (relative to the ADC gate) of the downstream

shower T,z

5. applying timing correction to the energy and requiring:

EFLSH core > 9.1 GeV’ (1.4)

o Cuts selecting ‘quiet gap region’

1. defining 'quiet gap region’ as the region between end of the upsiream
shower and beginning of the downstream shower. Thus the ‘quiet gap

region’ corresponded to the counters:
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and the number of counters in the 'quiet gap region’ N,epe, Was equal to :
SHEND, -1

Nea=( ¥ 1), (4.6)
i=PLACE;+)

2. requiring one of the following 3 conditions:

(a) at least half of the counters in the 'quiet gap region’ had map-corrected

pulse heights such that :

A3

PH™® =" < 0.5 MIP (4.7

(b) the average pulse height in the 'quiet gap region’ :

SHEND, -1

< PH >gap= PH™? <[ <0.5 MIP (4.8)

N"" +=PLACE; +)

{c) if there was more than 10 counters in the ‘quiet gap region’”:
Nuwpa > 10 (1.9)

than the region between the showers was quiet if any of 10 consecutive
counters within 'quiet gap region’ would satisfy one of the criteria 2.a)

ot 2.b) listed above.

4.2.2 Second pass cuts

All events that have passed the above set of preliminary cuts were subject to the
second pass analysis. In the second pass we recalculated variables the PLACE,,

SHEND,, PLACE,;, SHEND; so that these variables were based on the counter
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pulse heights after map correction and timing delay correction have been applied:

PHG' _ PHr-v
" MAPCOR(Vx,Vy) % Raetay(AT)

(4.10)

For counters upstream of PLACE, + 1 the delay cotrection was calculated based on
the timing of the upstream shower T,,,, and for counters downstreamof PLACE; + 1
the delay correction was based on the timing of the downstream shower T,;. In the
second pass analysis we have also applied more stringent fiducial volume, energy and

timing cuts:

o Upstream shower cuts:

1. longitudinal position of the upstream shower:

82 > PLACE, > 10

(1.11)
82>SHEND, > -8

2. transverse position of the upstream shower:

Yy < 50"
¥y €507 (4.12)

raa = (Vi )t = (1) < 607
3. energy of upstream vertex:

Eupy = EFYSL e > 15 GeV (4.13)

4. upstream shower type assignment:

to ensure that there was no minimum ionizing particle emerging from the
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upstream shower, we required that the upsiream vertex was NC-iype, as

defined in previous section.

e Downstream shower cuts:

1. longitudinal position of the downstream shower:

82> PLACE, > -14
(4.14)
82> SHEND, > -4

At this point we have separated the events into 2 classes:

(a) Target Events
Events for which the downstream shower has started within the Target
Calorimeter:

PLACE, >3 (4.15)

were called Target events: both upstream and downstream showers
were contained inside the Target Calorimeter. which guaranteed that
the transverse positions of both showers could be calculated.

(b) Toroid Events
Toroid events were events with the upstream interaction inside the Tar-
get Calorimeter and the downstream shower beginning ai the down-

stream edge of the Target or within the Toroid Spectrometer:

2> PLACE; > -W4 (4.16)
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The above ensured that there was at least 2.3 m of iron in the Toroids
downstream of the interaction. This was required for the identifica.
tion of muons emerging from the shower. based on the depth of the

penetration of minimum ionizing particle.

2. transverse position of the downstream shower:

(a) For Target events we have applied the transverse position cuts on the

downstream shower:

iVyal < 507
Wyq} < 50" (4.17)
raz = /(Vx2)? + (1y2)? <607
(b) For Toroid events, we did not impose any transverse position cuts on
the downstream shower, since some of the showers could not have their

transverse position defined.

3. the energy of downstream vertex:

here for both, Target Events and Toroid Events we applied same cut:

Epa = ETL =" 215 GeV (4.18)

» Cuts selecting ‘quiet gap region’

1.

material separation between two showers L,..i, expressed in units corre-

sponding to the amount of material separating adjacent Target Calorimeter
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counters, be greater than 5:

SHEND, -1

Lyea = l L.] > 5, (4.19)

i=PLACE; +1
where:
L; = 1 for i > 0( Target counters)
(4.20)
Li =2 for i <0( Toroid counters)
Target counters were separated by about 11.6 cm of equivalent steel, while
the material separation between two Toroid counters was corresponding to
about 233 cm of steel. Therefore, the above cut corresponded to require-
ment that the beginning of the downstream shower was separated from

the end of the upstream shower by material equivalent to at least 70 cm

of steel.

. tequiring ‘quiet gap’ based on a counter pulse heights, conditions 2.a). 2.b).

or 2.c) as described in the previous section.

. an additional 'quiet gap’ cut required that in the ‘quiet gap region’ there
were at least half of the counters with no SBIT hits associated with T,
nor with T,ua. I the counter separation between the two showers. N,
was greater than 10, the region would be defined as quiet. if in any group
of 10 consecutive counters within the 'quict gap region’ at least five of the

counters had no SBIT hits associated with T,y nor with T,,,.

4.2.3 Angle between the upstream and the downstream showers

We have defined the angle between the direction of the neutirino beam and the line

joining the beginning of the upstream and the downstream showers as 8 :

(AVx)? + (AW)?

8 = arctan AV )

(4.21)

As will be discussed in the Chapter 6.4, the predicted angular distribution of .
assumed NHLs with the mass in the range of 0.5 GeV/c? to 3 GeV/c? ( the sensitivity
of our experiment to the Double Vertex signature of NHL is limited to that mass
range) is very narrow and over 98% of the assumed NHLs would be produced at the
angles On 1, less than 125 mrads.

Therefore, for the events with both showers contained inside the Target, we have
applied the following cut:

8 <125 mrad (4.22)

For events with the downstream shower contained inside the Toroid. the above
cut was not applied, because the downstream shower vertex position could not be

defined for a fraction of the events.

4.2.4 Selection of In-Time Events

So far in the analysis, the timing information was used only to correct the energy of
noun-triggering showers and 1o ensure the absence of the minimum ionizing particle

penctrating into the gap between the upstream and downstream showers. The sample
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of events selecied with the above described cuts contained both NHL candidates and
the events coming from conventional background sources. The background sources
include NC neutring interactions with neutral punch-through showers, and events
originating from random overlays of two independent neutrino-induced interactions.

For NHL candidates and single vertex neutrino NC interactions with neutral
hadron punch-through showers, the timing difference bhetween the upstream and
downstream showers should be zero, within the timing resolution. On other hand,
the random overlay events were uncorrelated in time. For some of these the timing
di‘ﬁ'erence would be within the timing resolution of the detector, while others would
appear as the Out-of-Time events. In order to select NHL candidates and estimate
the background originating from random overlays we have used cuts based on the
tihing of the upstream and downstream showers. Figure 4.4 shows the distribution
of the relative timing between the upstream and the downstream showers for Target
events and for Toroid events. The multi-peaked structure of this distribution reflects
the time structure of the accelerator beam, where particles are bunched into RF buck-
ets. Each bucket is separated by about 18.6 nanoseconds. The intrinsic 1ime spread
of RF buckets is ahout 2 nanoseconds, and the total r.m.s. resolution of the timing
difference between two uncorrelated showers is about 3.5 nanoseconds.

In order to select events.conelltcd in time (Jater referred to as the In-Time c'venls),
we have required that the absolute value of the timing difference between the upstream

and downstream shower is less than ; of lime separation between two consecutive RF

buckets:

(Tus - Tona] < % RF ~ 9.3 nsec (4.23)

NHL candidates, neutral hadron punch-through events and accidental overlays of two
neutrino interactions coming from same RF bucket were included in this category.
Based on the timing resolution studies presented earlier, we estimated that the above
timing cut was over 99% efficient for the class of events with both the upstream
and downstream shower contained inside the Target Calorimeter (Target events) and
about 96% efficient for the class of events with upstream interaction inside the Target

Calorimeter and a the downstream shower inside the Toroid (Toroid events).

4.3 Classification of In-Time Events

The sample of Double Vertex In-Time Events was visvally scanned. The sample
was then subdivided into several classes based on the amount of material separation
between the two showers and on the presence or absence of high energy muon in the

downstream shower.

4.3.1 Event Scanning

The purpose of the visual scanning of events was to verify the computer algorithm
selection of Double Vertex events. The topology of Double Vertex events was based
on the presence of a 'quiet gap region’ between the end of the upstream and the

beginning of the downstream showers. Intermittent hardware failure of the counters or
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mulfunctioning of the readout electronics could result in the apparatus not registering
energ}; depositions or SBIT hits in a group of counters. In such a case, a single charged
current neutrino interaction could imitate the topology of a Double Vertex event. This
possibility could be checked by looking at the hits in the drift chambers in the "quiet
gap region’ of such events.

The visval scan of Target Events { i.e. events with the downstream shower starting
inside the Target Calorimeter). resulted in rejection of two CC neutrino interactions
that passed the selection criteria for In-Time Double Vertex events. In these events,
the quiet gap was a result of hardware failure of the counters or a downward fluctua-
tion of the energy deposition of a final state muon in conjunction with a downstream
shower from electromagnetic interaction of the muon with the target nuclei.

As mentioned earlier, the Toroid counters consisted of four quadrants with a hole
for the return of the magnet coils. Therefore Toroid counters did not cover the entire
transverse cross-section of the Muon Spectrometer. That in effect caused inefficiency
in identifying muons from charged current neutrino interactions in the downstream
part of the Target Calorimeter. for which a final state muon penetrated the central
hole region of the Toroid. mimicking a quiet gap region’. As the muon emerged from
the hole. it intersected the active area of the downstream counters and deposited
energy in them. However. the drift chamber stations in the Toroid would record the
track, and such events could be rejected in the visual scanning process. As a result

of the scanning process of In-Time Toroid events, 13 such CC neutrino interactions

62

with muon passing through the Toroid hole were found and rejected from the sample
of Double Vertex events.

Another drawback in the analysis of Toroid Events was the inability to define the
transverse vertex positions for some of the showers found inside the Toroid. This
resulted in a selection of neutrino interactions at the edges of the fiducial volume
of the Target Calorimeter with a muon passing through the outer most section of
Toroid counters. again mimicking Double Vertex events. Seven such events were
found in sample of computer selected In-Time Toroid events and were removed from
the Double Vertex sample.

Using the computer selection algorithm described above. a total of 192 In-Time
Double Vertex Events were found. The sample included 123 Target events (with
both showers occurring inside the Target Calorimeter) and 69 Toroid events (with
downstream shower occurring inside the fiducial volume of the Toroid Spectrometer).
As the result of visual scanning, 121 events remained in the Target In-Time sample
and 49 events remained in the Toroid In-Time sample. Table 4.1 summarizes the
numbers of In-Time Double Vertex events selected by the computer analysis and

number of events remaining after the visual scanning process.
4.3.2 Material separation between the upstream and downstream show-
ers

As a hadronic cascade develops inside the calorimeter, a certain fraction of the time

high energy neutral hadrons with long lifetimes (i.e. neutrons and neutral K mesons)
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are produced. Since these hadrons are electrically neutral, they do not deposit ionizing
energy in the scintillation counters unless they interact with target nuclei and produce
a secondary hadronic shower. The separation between the primary and secondary
cascades depends on the interaction cross-section of neutral hadrons. The nuclear
interaction length, A;nT, for neutral hadrons is equal to the mean free path between
inelastic interactions'. Therefore, in the NC neutrino interactions, sccondary showers
produced by neutral hadrons, which interacted downstream of the end of the primary
shower contributed to the In-Time Double Vertex sample. The rate of these neutral
hadron punch-through events depended on the amount of material between the end
of upstream shower and the beginning of the downstream shower, L, (as defined
in Eqn 4.19). Therefote we have subdivided the sample of In-Time Double Vertex

events into three classes:

1. Small separation:

6 < Luea < 10 (1.24)
2. Intermediate separation:
11 € Lyeet < 20 (4.25)
3. Large separation:
Lyea 2 21 (4.26)

'In the CCFR detector the separation between counters in the Target Calorimeter corresponded

to about 0.6A;nr (the separation between Toroid counters was about 1.2A;y7}.
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The neutral hadron punch-through background for each of the above classes is

described in detail in the next chapter.

4.3.3 Shower type of secondary vertex

In the earlier stage of the analysis, we have required that the upstream shower was
classified as NC-type, in order to ensure the absence of a minimum ionizing particle
in the gap between two showers. Here we classify events depending on the assignment

of the downstream shower:

1. NC = NC events

this class contained events with the downstream shower classified as NC-type

2. NC — CC events

this class contained events with the downstream shower classified as CC-type.

The above classification was introduced in order to categorize Double Vertex
events on the basis of the presence (or absence) of a high energy muon among the
decay products of the assumed NHL.

The presence of vtl\e hole in the Toroid counters has resulted in poorer efficiency
in the identification of muons emerging from the downstream shower in the Toroid.
If a muon travelled through the hole then the algorithm would fail to identifv it
and the event would be incorrectly assigned to the NC — NC group. On other
hand. since the parametrization of the length of hadronic showers was extracted

using the Target Calorimeter, the different material densities in Target and Toroid
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introduced the systematic uncertainty of the shower length parametrization and lead
to misidentification of NC showers. Therefore we have scanned the Toroid In-Time
sample and assigned them to the NC — NC or the NC — CC group based on
the presence (or absence) of muon as registered by the drift chamber stations in
the Toroid. The comparison of the shower type assignment based on shower length
algorilhm done by computer with the assignment based on visual scan has yielded

A

following results:

1. Clear NC events
We found 23 events which had the downstream shower assigned to the NC-type
group based on shower length algorithm and no muon track emerging from the

downstream shower.

2. Marginal NC events
There were 4 events which had the downstream shower identified as CC-type.
based on the length of the shower, but there was no muon penetrating the

Toroid downstream of it.

3. Clear CC events
There were 20 events with CC-type classification of the downstream shower and

momentum analyzable muon emerging from the shower .

4. Clear CC events, but NC according 1o length algorithm

We found 1 event with clear muon emerging from the downstream shower.

I
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(based on drift chamber information). for which the length algorithm classified

it as NC-type.

5. Ambigious CC events

We found 1 event, with downstream shower classified as CC-type on basis of
shower length algorithm, with muon track present, but not momentum analyz-

able.

As the result of the \:isual scanning of Toroid events. events from ‘Clear NC’ group
and ';'\ﬁrginal NC’ group were included in the NC — NC channel, while events {rom
remaining three groups fell into the NC — CC channel.

Table 4.2 and 4.3 summarize the number of Double vertex events in each of the

above described categories.




Chapter 5

The Background Estimation

5.1 Overview

Different types of backgrounds play the dominant role for each of the classes of events
described in the previous chapter. The background for NHL in the NC — CC chan-
nel came predominantly from random overlay events. In case of the NC -+ NC
channel, the background for Small Separation events was dominated by the ncutral
hadron punch-through events. In the Intermediate Separation region both neutral
hadron punch-through events and random overlay events contribute to the back-
ground, and for the Large Separation NC — NC events, the background originated
almost exclusively from random overlay events. We now discuss the ways in which
the background sources of Double Vertex events were estimated. At the end of this
/_chapter we compare the background estimates with the number of observed NHL

candidates.

5.2 The Random Overlay Background

As mentioned eatlier. In-Time events with timing difference between the upstream

and downstream showers:

1
1Tony ~ Taaa) < 5 RF (5.1)
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could arise from random coincidence of two uncorrelated neutrino-induced interac-
tions. Since the resolution of the relative timing between two showers was abdut
3.5 nsec as compared to the 18.6 nsec separation between two adjacent RF buckets,
virtually all of these coincidences originated {rom interactions of neutrinos from same

RF bucket.

5.2.1 Selection of Out-of-Time Events

In order to estimate the random overlay contribution to the background of Double
Vertex events, we have searched for overlays of neutrino interactions uncorrelated
in time. i.e. from different RF buckets. The selection of Out-of-Time events was
performed using the cuts described in Secti(;ns 4.2.2 and 4.2.3. These cuts were
designed not to introduce any biases between In-Time and Out-of-Time events.

The timing range for Out-of-Time events was determined to ensure full Trig-
ger 2 efficiency and high efficiency of finding hadron sixower associated with the non-

triggering interactions:

o Triggering efficiency:
Only counters 80 through 8 inclusive were part of the Trigger 2 logic. Inter-
actions with showers starting in the upstream counters 81 or 82 triggered this

logic only if showers penetrated into or downstream of counter 79.

» Finding non-triggering showers:

The shower-finding algorithm was based on energy depositions in the counters.
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as digitized by the ADC system. For non-triggeting showers the timing of the
ADC gate was not correlated with timing of pulses from PMTs. This resulted in
a lower efficiency of finding the non-triggering showers which were ‘out.of-time’

relative to the interaction that set the trigger on.

For the events with both interactions taking place inside the region of full Trigger 2
efficiency (counters 80 through 8), the interaction occurring first would always trigger
the apparatus. Therefore the non-triggering interaction would always appear as late

relative to the ADC gate:
AT = Tnlh. non-trig — TADC gete >0 (5'2)

However, for Double Vertex events in which one of the interactions took place in the
region whete Trigger 2 was not fully efficient (éounten 81 or 82) or not implemented
(counter 7 through -14), the non-triggering interaction could appear as late or as
early relative to the ADC gate. The delay correction function Rgera, (A7) for 'late’
{with AT > 0) interactions was a slowly changing function of AT. For ’early’ inter-
actions (with AT < 0), the delay correction function was strongly dependent on AT
(see Figure 3.1). Therefore we have used only events, for which the non-triggering

interaction occurred afier the triggering one:

Tnh. non-trig = L oh, trg 2 0 (53)

In order to preserve high efficiency for finding non-triggering showers (Figures 3.2

and Figure 3.3) we required that the time separation between two uncorrelated inter-

e e

10

actions in Out-of-Time events be no more than 160 nsec (160 nsec = 8] RF units):

1
Tnh. non-trig — Lah, treg < ainr (5.4)

$.2.2 Timing range of Out-of-Time events

The above considerations led to the followin.g set of cuts on the timing of Out-of-

Time events. These cuts depended on the longitudinal location of the upstream and

‘ downstream showers, PLACE, and PLACE;:

o Target Events:

1. 81 < PLACE, < 82, PLACE; 2 8:
here we required that the downstream shower triggered the apparatus, and

the upstream interaction occurred after the trigger;
1 1
-2~RF < Tm = Tona < 85 RF. (5.5)

In this fiducial volume region random coincidences of neutrino interactions,
separated in time by up to 8 RF buckets would fall into the above timing
range. Therefore the normalization factor, Ngr'?"' =8 had to be used
in order to find number of OQut-of-Time events per 1 RF bucket for that
region.

2. 10 < PLACE, < 80, PLACE, > 8:

in this region, both the upstream and the downstream interactions could
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trigger the apparatus with full efficiency, with the earlier interaction al-
ways setting Trigger 2 on. Consequently the non-triggering interaction

was always 'late’ relative to the ADC gate. Therefore we required:

S RF < [T = Tal < 85 RF, (56)

For this fiducial volume region the normalization factor, Npp'®"?

was equal
to 16. reflecting the fact that both the upstream and downstream showers

could trigger the apparatus.
3. 10 < PLACE, < 80,3 < PLACE, < 8:
in this region. only the upstream interaction could set Trigger 2 on. so we
required:
1 1 "
-siRFS: ,}.]"'T,}.)ls —ERF (5‘)

Tard

The normalization factor for this region, Ngf was equal Lo 8.

¢ Toroid Events

in this region only the upstream shower could trigger the apparatus, thus we
required:
1 1
_SERF <\Tu ~ Tonal < —ERF., (5.8)

Tor

The normalization factor for this region, Ngr7™ was equal to 8.

5.2.3 VETO Rejection of Out-of-Time events

As mentioned carlicr, in order to eliminate the background events originating from

interactions occurring upstream of the CCFR detector, Trigger 2 events were rejected
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in hardware if a VETO bit was on at the time of the trigger coincidence. The
VETO logic required a coincidence of hits from two arrays of 27 solid scintillation
counters. These were mounted in two 25 feet x 15 feet arrays upstream of the
detector. Additionally the two most upstream calorimeter counters were included in
the VETO Jogic. Thus Trigger 2 was also vetoed by SBITS firing in both counters
83 and 84. The veto logic has resulted in greater than 99% efficiency in rejection of
interactions upstream of the detector.

For interactions beginning at counter 81 or 82, albedo (backscattered hadrons)
from the hadron shower could reach counters 83 and 84 and set the VETO bit on.
causing the rejection of the Trigger 2 event. This resulted in an inefficiency of Trigger 2
for interactions in the upstream most region of the detector. In the case of twe
independent interactions occurring inside the detector within the duration of the
ADC gate, the interaction in the upstream most part of the detector could also set a
VETO bit on. However if the VETO signal arrived at the trigger logic unit after the
Trigger 2 coincidence was formed by the downstream interaction, the trigger could

not be rejected. Effectively, the trigger efficiency for Double Vertex cvents'with:
81 < PLACE, < 82,
PLACE, >8
depended on the relative timing between the two interactions and was biased against

events with upstream interaction occurring before or at the time of the downstream

interaction.
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The effect of trigger rejection by VETO bits not correlated with the triggering
interaction can be seen by looking at the relative timing distribution between VETO
hits and Trigger 2 time, shown t'm Figure 5.1 . The sharp cut-off in the distribution
implies that events with Tvgro — Ti»\p smaller than 10 TDC clock counts (1 TDC
clock count = 4 nsec) were vetoed. Random VETO hits occurring very early before
the interaction time could not veto the trigger, since the duration of the VETO pulse
was about 150 nanoseconds.

In order to remove the VETO bias in the selection of random overlay events the

following cut was implemented. For Target Events in the region:

81 < PLACE, <82,

PLACE, > 8

we required that there were no VETO hits such that:

Tvero = Tuny < 10 TDC elock counts (5.9)

Figure 5.2 shows the distribution of the relative timing between the VETO bit and
the timing of the non-triggering shower in this class of Out-of-Time Double Vertex

Events.

5.2.4 Visual Scanning and Classification of Out-of-Time Events

In order to verify the topology of the Qut-of-Time events. the sample was visually

scanned. Most of the events in the Out-of-Time sample corresponded to twe uncor-

14

related neutrino interactions. However, a cosmic ray shower which deposited ionizing
energy in the upper parts of the detector could also trigger the apparatus and mimick
the Double Vertex topology (two showers isolated by a quiet gap). A section of the
shower couid hit the upstream end of the detector while another section the down-
stream end. However, the time diflerence between the upstream and the downstream
parts of cosmic ray shower (as registered by the TDC system) was proportional to the
spatial separation of the showers. Therefore cosmic ray showers contributed predom-
inantly to the Out-of-time sample of Double Vertex events. As a result of the visual
scanning, four cosmic ray shower events were rejected from the sample of Out-of-Time
Double Vertex events. Additionally three events, for which the drift chamber infor-
mation indicated that the downstream interaction did not originate from a neutrino
interaction inside the fiducial volume of the Toroid Calorimeter were rejected .from
the Toroid Qut-of-Time sample.

Table 5.1 summarizes the number of Out-of-Time Double Vertex events selected by
the computer analysis and the number of events remaining after the visual scanning
process. As the result of the selection by the computer algorithm and the visual
scanning scan, 402 events remained in the Out-of-Time Double Vertex sample.

The sample of Out-of-Time events was then categorized. in a similar way as the

In-Time Double Vertex Events, into the following groups:

o Target and Toroid Events. based on the longitudinal position of the downstream

shower;
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e the NC — NC channel and the NC — CC channel, based on the presence or

absence of an outgoing muon in the downstream shower;

s Small, Intermediate and Large Scparation, based on the amount of material
separating the end of the upstream shower and the beginning of the downstream

shower.

Similarly as in the case of the In-Time Toroid Double Vertex sample. to verify
the downstream shower type assignment based on the computer algorithm. we have
scanned the Tervid Out-of-Time events and assigned them 10 the NC —+ NC or
the NC' — CC group. The assignment was based on the presence (or absence) of
2 muon in the downstream shower, as registered by the drift chamber stations. The
comparisan of the shower type assignment based on shower length algorithm done by

computer with the assignment based on visual scan has yielded following results:

1. Clear NC events
We found 84 events which had the downstream shower assigned to the NC-type
group based on shower length algorithm and no muon track emerging from the

downstream shower.

2. Marginal NC events
There were & events which had downsiream shower identified as CC-type. based
on the length of the shower, but there was no muon penetrating the Toroid

downstream of it.

16

3. Clear CC events
There were 127 events with CC-type classification of the downstream shower

and momentum analyzable muon emerging from the downstream shower.

4. Clear CC events, but NC according to length algorithm

We found 5 events with clear muon e;nerging from the downstream shower.
(based on drift chamber information), for which the length algorithm classified

it as NC-type,

5. Ambigious CC events

We found 16 events, with the downstream shower classified as CC-type on
hasis of shower length algorithm, with muon track present, but not momentum

analyzable.

As a results of the visual scanning of Toroid Out-of-Time sample. events from
‘Clear NC" group and "Marginal NC' group were included in the NC — N channel.
while events from remaining three groups fell into the NC — CC channel.

Table 5.2 and 5.3 summarize the number of events in each of the above groups.

The estimationvof the ynndom overlay background in the In-Time Double Vertex
sample was done in the following way. First, Out-of-Time events, in each of the
above categories separately, were normalized by the factor Ngp, (equal to { or e
as discussed in the previous section) to determine the number of the Out-of-Time

random coincidences per one RF bucket. Then the numbers in the NC — NC

channel and NC — CC channel were added, and multiplied by three factors:
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@ a factor representing the expected fraction of NC-type and CC-type events in

the Target, fre®™ and foe " and in the Toroid, f5%™ and fIZ"%;

® a correction corresponding to the per bucket non-uniformities in the flux of

particles, R,;

® a correction accounting for the inefficiency of the shower-finding algorithm for

Out-of-Time events in the Target, 1/ :;.",’;; and in the Toroid, 1/ f3o754.

These correction factors are discussed in detail in the following three sections.

5.2.5 The Ratio Ryc,cc for the Out-of-Time sample

Since the Out.of-Time Double Vertex events originated from random overlays of neu-
trino induced interactiuns, the ratio of the number of NC — NC events to the
number of NC — CC events in the Out-of-Time Double Vertex sample should be
equal within statistical errors to Ryxc/cc, the ratio of NC-type to CC-type single neu-
irino interactions. As discussed earlier, for interactions occurring inside the Target

Calorimeter, this ratio was equal to:

< Rncsee > = 0.40 £ 0.01, (5.10)
and for interactions inside the Toroid :

< Rycjee >T74=0.60 £ 0.02. (5.11)

The measurement of the ratio of NC-type to CC-type interactions in the CCFR
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detector. using the sample of Out-of-Time Double Vertex events gave the following

results:

Rwcjccpy™ = 0.30 + 0.06, (5.12)

and for interactions inside Toroid :
Rnc/cczo‘f"“ =0.62 = 0.08. (5.13)

The agreement, within statistical errors. with the average < Rncjcc > as mea-
sured for single neuttino interactions confirmed that the showet type assignment was
not biased for events with Double Vertex topology.

In order to increase the statistical power of the random overlay background esti-
mation. the background for each channel was calculated by summiné up the contri-
butions from overlay events with the downstream showers coming from both NC and

CC interactions and then multiplying it by the factor equal to:

< Rycyce >
= 5.14
INC 1+ < RNC/CC > ( )
for the NC — NC channel background and by the factor:
1
Jec = (5.15)

1- < RNC/CC >'
for the NC — CC channel. In the calculation of the above factors, values of <
Rycicc >To* (eqn. 5.10) and < Rncjce >T7™ (eqn. 5.11) were used for Target

Events and Toroid Events respectively.



5.2.6 The Superbucket Correction

The pumber of Out-of-Time ovc_rla_vs (two uncorrelated neutrino interactions arig-
inating from different RF buckets) would be exactly equal to number of In-Time
overlays (1wo uncorrelated neutrino interactions coming from same RF bucket) only
in the case of an cqual flux of neutrino particles in individual RF buckets. However,
a bucket-to-bucket variation in the flux of particles would lead to higher number of
In-Time accidentals relative to the number of Out-of Time accidentals. This eflect
follows from the fact that In-Time overlays are proportional to the average of the
square of the beam intensity < J? >, while Out-of-Time overlays are proportional to
the square of the average beam intensity < J >2.

Let us denote the fractional standard deviation of the beam intensity. cqual to
standard deviation of the intensity distribution per RF bucket divided by the mean

of the intensity distribution as F;:

Fy = . 5.16

P BN (3.16)
From the set of equations listed below:

ol=< > - <1>? (517)

In — Time accidentals ~< I > (5.18)

Out — of ~ Time accidentals ~< I >? (3.19)

it follows that the ratio of In-Time overlays to the Out-of- Time overlays. later
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referred to as the superbucket ratio Ry ! , is equal to:

In ~ Time overlays

Ra =1+ F. (5.20)

= Out - of - Time overlays

The source of the per buckgl flux non-uniformity can be summarized as follows:
the number of protons in RF buckets originating from a single booster batch is fairly
uniform. However. as protons are accelerated in the Main Ring and later in the
Tevatron the longitudinal and transverse size of the buckets and their momentum
dispersion may vary for individual buckets. The extraction of primary protons from
the Tevatron ring to the Neutrino Beam Line is done by forcing the particles into
a resonance trajectory and then separating them from the Tevatron orbit using an
electrostatic septum. The amplitude of this resonance depends strongly on the mo-
mentum of the protons. Through the resonance. the orbit of a particle becomes
unstable, and the amplitude of the oscillation depends on the momentum of the par-
ticle. The particles with higher momentum cross the electrostatic scptum earlier. and
thus leave the ring first.

The estimation of the superbucket correction has been discussed in detail in Ap-

pendix C. Here we quote only the result of this measurement:

Ru=151025 (5.21)

This value of R,, corresponds to an r.m.s. spread of intensities per RF buckets of

" The origin of this name comes from the fact that at Fermilab, per-bucket fuz non-uniformity was

A

often u.ferred to as a ‘superbucket effect’, oring the existence of RF buckets with extremelv

high number of particles relative to the number of particles in tvpical RF bucket.
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o pions constituted the dominant component of the beam, with the proton fraction
of about 20% at 100 GeV. Electron contamination was about 10% at 50 GeV
and increased with decrea.sing energy, and a kaon fraction was about 5% or less.
However. most of the beam electron interactions took place in the material

upstream of the Target Calorimeter and did not trigger the apparatus.

During the Test-Beam running period, the detector was triggered by the coin-
cidence of a beam signal and a signal of energy deposition in the CCFR Target

Calorimeter, equivalent to the Trigger 2 for neutrino running.

5.3.2 Test-Beam Double Vertex Selection

The search for the upstream shower started at the most upstream counter exposed
to the beam N,..(Cart) : counter 28 for the 2-Cart configuration. counter 42 for
the 3-Cart configuration and counter 56 for the 4-Cart configuration. We have also
required that the hadronic interaction took place within the 5 upstream most counters
(3 Asx1) from the upstream end of the target carts. Since the horizontal positions
of the calorimeter carts were offset relative to the Toroid Spectrometer. the search
for the downstr?am shower was restricted only 1o the volume of the Targetl carts.
Therefore the longitudinal fiducial volume cuts in the Test-Beam data analysis were

as follows:

PLACE, < Nput(Carty (5.27)
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PLACE, 2 Nppo(Cart) -5 (5.28)
PLACE, >3 (5.29)

With the exception of the longitudinal fiducial volume cuts, the selection criteria
of the Test-Beam Double Vertex sample were identical to the selection performed on

the neutrino-induced data sample, described in Sections 4.2.2 and 4.2.3.

5.3.3 Test-Beam Double Vertex Analysis

Figure 5.3 illustrates the distribution of the relative timing between the upstream
and the downstream shower for the Test-Beam Double Vertex sample. Since the
random overlay background was negligible. for virtually all the events the absolute
value of the time difference between the upstream shower (originating from a primary
hadron interaction) and the downstream shower, (originating from the interaction of
the neutral hadrons produced in the upstream shower) was less than ! RF. For neutral
hadron punch-through events, both the intrinsic spread within the RF buckets and
the timing correction for the dependence on the transverse position of the shower
were the same. This resulted in very good timing resolution for Tesi-Beam Double
vertex events, with an r.m.s ¢ of the difference in lim.c between the two showers of
2.4 nsecs. .

Figure 5.4 shows the angular distribution of Test-Beam punch-through events.

Here the angle was defined as:

- . |
bra = retan(y (34 - < 05 >+ (3, (5.30)
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where < 8¢ > was equal to the average angle between the beam direction and the

direction of the detector axis:
< 8y >= 65 mrad. (5.31)

Figure 5.5 presents the encrgy spectrum of the downstream shower. Events with
E.pz2 greater than 9.0 GeV are shawn. One should notice the exponential fali-off (he
energy of the secondary showers.

Figure 5.6 shows the distribution of separation between the end of the primary
hadronic shower and the beginning of the secondary, downstream shower.

The events were categorized on the basis of the L, :

¢ the Small separation cvents. with 6 < L,,.q < 10.

The Test-Beam Double Vertex sample included 65 such events.

o the Intermediate separation events. with 11 < L, < 20.

The ‘Test-Beam Double Vertex sample included 6 such events.

Na events with material separation between two showers. L, greater than 20
counters were found. It is important to realize that only the 3-Cart and 4-Cart
configurations were sensitive to the neutral hadron punch-through events with Large
separation.

All Test-Beam Double Vertex events were classified as the NC ~ NC events. The
probability of a muon production in hadron interactions with the incident energy less

than 100 GeV is less than 10 ‘3. Thusin a sample of less than 100 Double Vertex events
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one would expect not to find a secondary hadronic shower with a muon emerging from
it. However since the shower type assignment was based on the parametrization of
the length of hadronic shower such that it would include 98% of all NC showers for
given range of shower energy, one could expect to find few events in the Test-Beam
Double Vertex sample that would be classified as NC — CC. although a high energy

muon would not be present.

6.3.4 The Normalization of the Test-Beam and the neutrino-induced Dou-

ble Vertex Samples

We have estimated the neutral hadron punch-through background in the ln-Time
sample of Double Vertex neutrino induced interactions by multiplying the raw number
of Double Vertex events found in the Test-Beam data by several normalization [actors.

The following normalization factors were considered:

o the ratio of the total number of single NC ncutrino interactions to the total

number of hadronic interactions in the Test-Beam data:

o a correction accounting for different geometrical acceptance of the detector dur-

ing neutrino running relative to Test-Beam running;

» u correction accounting for the different transverse disiribution the neutrino

and hadron Test-Beam;

e a correction accounting for the diflerent angular distribution of the neutrino

induced and hadron induced neutrai punch-through events

e
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® a correction accounting for the different hadron energy distribution of the Test-

Beam and neutrino data.

Below we describe in the detail the calculation of these factors. The total number

of single vertex neutrino interactions N, was calculated using following cuts:

PLACE < 82 (5.32)
PLACE>10 (5.33)
SHEND 219 (5.34)
E., > 30.GeV (5.35)
Vx|, V| < 507 (5.36)

Ra =V} + V3 <o, (5.37)

The requirement SHEND > 19 ensured full geometrical acceptance for the Target

Double Vertex events with separation L ,eu:
10< Ly <15 (5.38)

In the combined data sample of E744 and E770, we have found the total number

of neutrino induced interactions N,:
N, = 1.61 x 10° eventa. (5.39)
The number of single neutrino NC interactions was defined as:

< Bncyce >
Nye=N,x ————_ 5.40
o = N X Rwojoe >’ (5.40)
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where < Rycjcc > was equal to the measured ratio of the NC to the CC neutrino-
and induced interactions in the CCFR detector (eqn. 5.10). Thus, the total number of
single vertex neutrino interactions classified u NC-type, that could produce neutral
hadron punch-through events with separation:
11 < Luteut <15 (5.41)
was equal to:
N = 460 x 10° events. (5.42)
The absolute normalization correction of 1.12 was applied for Double Vertex events
with separation 6 < Lo < 10:
Nyzelh = 515 x 10° events. (5.43)
This correction corresponded to 12% larger number of neutrino NC interactions that '
could produce neutral hadron punch-through events with separation:
8 < Lot < 10 (5.44)

The number of single hadronic interactions for each of the three different Test-

Beam cart configurations Ny p, was calculated using following cuts:

PLACE < Neao(Cart) (5.45)
PLACE > Noeu(Cart) 5 (5.46)
E. >30.GeV | (5.47)

Val, V| < 507 (5.48)

rin =V + V2 < 60" (5.49)
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The number of hadronic interactions passing the above cuts in combined data sample

of 2-Cart, 3-Cart and 4-Cart configuration was equal to:
Nrp = .352 x 10° events. (5.50)

Therefore. the absolute normalization factor between the neutrino-induced and

Test-Beam induced data was equal to:

— =131 (5.51)

NC =4t (5.52)

for the Small separation region.

We now compare the geometrical acceptances of the neutrino and the Test-Beam
deteclor setup. Figure 5.7 illustrates the geometrical acceptance for the Double Vertex
events of the neutrino running detector setup , as a function of L,..;. This aceep-
tance function was determined using the sample of the Target Out-of-Time Double
Vertex Events. ( the combined sample of the NC — NC and NC — CC channel.
.without angle cut) and normalized to the acceptance for the events with the separa-
tion between the upstream and the downstream shower. 10 < L,¢et < 15. The lower
relative acceptance for events with L, shorter than 10 counters, has resulted from
the inefficiency of the quiet gap cut for small separation events. As can be seen from
the figure. high acceptance of the neutrino setup extended beyond L,...; equal to 20

counters.
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The detector setup during the Tesi- Beam data taking employed a smaller number
of Calorimeter carts than the typical setup of the CCFR Detector during nestrino
running period. This resulted in a smaller relative acceptance for the Test-Beam Dou-
ble Vertex events with long separation between the primary and secondary showers.
The acceptance was only lower for the 2.Cart configuration, since only 28 counters
were exposed to the hadronic beam. Thus, a geometrical acceptance correction for
Test-Beam Double Vertex events had to be taken into account. This correction was

calculated using a Monte Carlo simulation in the following way:

o first, the longitudinal position (PLACE) of the hadronic interaction was gener-
ated according to the fraction of the Test-Beam data taken with different cart

configurations;

o then, the end of the primary hadronic interaction shower (SHEND) was gener-

ated based on the distribution of the hadronic showers in the Test-Beam data;

e finally, the separation between SHEND and counter #3 (the downstream most

counter within the fiducial volume of the Test-Beam setup) was calculated:
L",(=SHEND‘3-L (553)

Liese was then compared with the seperation L, .., generated according to the
neutrino setup relative acceptance function, (Figure 5.7). In the above Monte
Carlo calculations we have assumed the full acceptance for the small separation

events, since the inefficiency of the quiet gap cut was also present in the selection
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of the Test-Beam Double Vertex sample.

o The event was accepted if:.

Llcl( S Lnlee' (554)

Figure 5.8 illustrates the Test-Beam relative geometrical acceptance, Rel AceT 8-/,

as a function of L., normalized to the neutrino setup acceptance for separation:
10 < Lyeet < 15. (5.55)

The step-like fall-off of this acceptance function reflects different cart configurations
during the Test-Beam data taking period.

Each of the Test-Beamn Double Vertex events was then multiplied by the weight
equal to inverse of the relative acceptance function for given separation between the
showers L,i.;. The average relative longitudinal correction facior for the Test-Beam
Double Vertex events in Intermediate Separation was equal to 1.09 . The relative
longitudinal acceptance correction for the Small Separation Test-Beam Double Vertex
events was equal to 1.0,

The transverse dimensions of the neutrino beam were comparable with the trans-
verse size of the detector resulting in a wide radial distribution of the neutrino inter-
actions. However. the transverse size of the hadron beam was only few inches and
most of the Test-Beam d‘ala was taken with the hadron beam steered into the geomet-
rical center of the upstream most target cart. This resulted in the higher transverse

acceptance for neutral hadron punch-through events in the Tesi-Beam relative to the
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neutrino induced neutral hadron punch-through events.

Another factor affecting the relative normalization between neutral punch-through
events induced by neutrino interactions and by hadron interactions was the angular
distribution of the punch-through events. In case of hadron interactions, the angle 8 of
the neutral hadron punch-through was calculated relative to the hadronic interaction
shower direction. which was identical with the direction of the hadron beam. However
in the case of the NC neutrino interaciions, the hadronic shower was coming at the
angle. such as to balance the transverse momentum, pr of the scattered neutrino.
Since the above angle could not be reconstructed on the event by event basis. the angle
# of the neutral punch-through events from neutrino induced showers was calculated
relative to the detector beam axis.

The average angle of the hadronic shower in the neutrino NC interactions is:
< 8 >poa= 60 mrad (5.56)

The angle of the hadronic shower is inversely proportional Lo its energy:

8, xE,
Enae

0,,.‘ x . (557)

On other hand. due to the energy threshold of the neutral hadron punch-throvgh
showers:

Eunz > 15 GeV’ (5.58)

the rate of neutral hadron punch-through events depended on the total energy of the

primary hadronic shower. Low energy hadronic showers were less likely to produce a
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neutral hadron shower with E,,; above 15 GeV. In effect, in v-N interactions. there
was an inverse correlation between the angle of hadronic shower 8.4 and the rate of
neutral hadron punch-through events.

We have used a Monte Carlo simulation to calculate the correction accounting
for the lower transverse acceptance and for the wider angular distribution of the
neutrino induced neutral hadron punch-through events. The simulation consisted of

the following steps:

e generate the transverse position of the primary hadronic interaction. 13,1},

according to the neutrino interactions transverse position distributions:

generate the Jongitudinal separation between the primary and secondary show-
ers W\

3, = :(PLACE)) - (PLACE,), {5.59)

according to the 3, distributions of the Test Bcam Double Vertex events in

Small and Intermediate regions '.r.epualely;

generate the angle of the neutral punch-through particles, 87 5 according to
the angular distribution of the Test Beam Double Vertex events in Small and

Intermediate regions separately;

vse angular distribution of hadronic showers in neutrino interactions. 8,4 to

smear 01 g ;
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e using 13, Vi1, 4, and the smesared neutral hadron punch-through angle, 857",

calculate transverse positions of secondary showers |15, V.7 and require that
they are within fiducial volume of the detector. The fraction of Double Vertex

events passing the above cut was:

Acc/TB- = 0.94. (5.60)

o finally we required that 8575%" is less than 125 milliradians. The fraction of

Double Vertex events passing the above cut was equal to:

Accy/T-B-Smell _ ¢ 8) (5.61)
for events in the Small separation and:

Acc/TBI" = .94 (5.62)
for events in the Intermediate separation.

In summary, the punch-through background in the Target Double Vertex sample

was estimated using following expression:

NC.Target < Rncjec > N, v/T.B. viT.8. | T.B.raw
Bkgd ", ST = x x dec x Acc x{ 3N X —-
g p. - through 1+ < RNC/CC > A’T.B. te ] { 1

(L ] ”ﬂ
(5.63)

SFaw

In the above equation N_-"B' corresponds to the raw number of neutral hadron

punch-through events found in the Test-Beam data with the separation equal to:

L yteet = 1 countera, : (5.64)
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and Rel Acc,»T'B'/ “ is equal to the Test-Beam longitudinal acceptance relative to the
neutrino setup for a given sepnrfuion L yteet-

Table 5.6 summarizes the neutral hadron punch-through background estimation
for the Small Separation and the Intermediate Separation Target Double Vertex

events.

5.3.5 Systematic uncertainties in the estimation of the neutral hadron

punch-through background in v-N interactions

The above estimation of the of neutral hadron punch-through background in v-N
interactions was based on the analysis of neutral hadron punch-through from hadron
indueed showers . There are two possible sources of systematic uncertainties in the

estimation of this background:
o different energy spectra of neutrino-induced and hadron induced interactions
e different fragmentation functions for neutral hadron production in neutrino and
hadron induced interactions

Below we discuss the possible systematic errors associated with these differences.
The hadron energy distribution of neutrino interactions is shown on Figure 5.9a.
The average value of the total energy was equal to :
< Epy >= 98 GeV (5.65)

The total energy spectrum of the Test-Beam data is shown on Figure 5.9b. Distinctive

peaks correspond to the different energy settings of the hadron beam. The average
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value of the total energy was equal to :
< ETB 5=83 GeV’ (5.66)

The approximate agreement between the average energy of neutrino data and the
average energy in the Test-Beam interactions was purely accidental. A Monte Carlo
calculation was done in order to check if lhg diflerent hadron energy spectra of the
neutrino data vs the Test-Beam data introduce a systematic difference in the number
of secondary showers. \We found that systematic eflects associated with different
energy spectra of primary interactions were smaller than 5%.

It is important to realize that the estimation of the punch-through background
in the neutrino induced Double Vertex events was based on the implicit assumption
that the fractional energy carried by the neutral hadrons produced in neutrino induced
showers is same as the fractional energy of the neutral hadrons produced in the pion
induced showers. This assumption is \'al;d if most of the neutral punch-through cvents
originate from the neutral hadrons produced in the secondary hadronic interactions
of the primary fragments ( so called ’shower component’).

However neutral hadrons may be also produced at the primary vertex interaction
( so called 'vertex component’). We have studied the possible systematic difference
in the punch-through rates in neutrino and pion induced interactions arising from

different fragmentation functions, f(:)

(z) = %%, (5.67)
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where fragmentation variable z is defined as:

Fragment Energy

- 5.68
% = Total Hadronic Energy (5.68)

We have used [ragmentation functions for neutral kaon production in neutrino
and pion induced interactions |27, 28] and applied the nuclear reweighting correction
accounting for nuclear effects in hadronic fragmentation [24]. The comparison of
the resulting fragmentation functions for neutral kaon production in v-Fe and =-Fe
interactions is shown on Figure 5.10. A Monte Carlo simulation of the secondary
shower energy spectrum of neutral kaons based on the above fragmentation func})ions
indicated that the production rate of neutral kaons from the primary collisions in
pion induced interactions with punch-through shower energies above 15 Ge\' would
be about 30% higher than in.neutrino induced interactions. However since more than
2/3 of neutral hadron punch-through cvents originate [rom secondary interactions we

estimate the difference between pion induced and neutrino induced showers to be less

than 10%.

5.4 The Total Background Estimation

The total background estimation was calculated by adding the Random Overlay back-
ground and the Punch-Through background for each category of the Double Vertex
events separately,

The summary of the background for neutrino induced Double Vertex sample is

presented in the Table 5.7,

Chapter 6

Results and Comparisons with

Theoretical Predictions

6.1 Overview

In this section, we use the data described in the previous chapter to set Jimits on
the possibility of production and subsequent decay of Neutral Heavv Leptons in v-N
interactions . We explain the method used to determine the statistical significance of
the results. Finally, we compare the experimental results with Monte Carlo simulation

of the production and decay of NHL.

6.2 Calculation of the statistical significance of the limit
We define an excess of observed Double Vertex events. N,,..,, as:
Nezeess = Novo = Norga (6.1)

In order to estimate the statistical significance of an excess of observed events

"above the background, we have to take into account two uncertainties:

1. the uncertainty in the mean number of background events, described by ouge;

depending on the statistics and the systematic uncertainties of the background
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estimation. the distribution of mean number of background events may follow

Poisson or Gaussian statistics or some combination thereof.

2. the fluctuations, according to Poisson statistics, of the actual number of back-

ground events.

The total error is calculated by combining, in quadrature, the uncertainty of the

mean with the statistical error of the actual number of background events, given by

M)

the square root of the number of background events:

Cezcess = v ‘vbk'd T U:L,‘ (62)

We express the significance of the excess in terms of the ratio:

N!tt!l. . (6.3)

Cezceas
If the number of the observed events is consistent with the background estimation.
we set limits on the possibility of the existence of the signal. The limits are expressed
in terins of the confidence level as a function of the assumed signal pg. Assuming
that the relative uncertainty in vthc background estimation is negligible, the confidence

level C'L(ps) is deﬁnet'i as: ‘

CUps)= Y. Plug+psin), (6.4)
n=Ng,rl
where:
Plup ~ nsin) (6.5)
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is the Poisson probability of observing n events, given the number of. background
events up, and the number of signal events ;45‘. For a mean number of background
events, up and the observed number of events N,,, CL(us) is the probability of
seeing more than N, events, if the méan number of events from the signal is 5.
We set limits on the signal us at the 90% confidence level by defining us™" and

Bs

CL(us™) = .90 (6.6)
CL(ps™") = .10 (6.7)

Therefore the signal, us, is bounded, at the 90% confidence level:

mn

us™" < ps < ps™ (6.8)
CL(ps = 0) corresponds to the probability. that given no signal. fluctuations in
the background would give more than N,, observed events. For values of pg < p3™"
there is a greater than 90% probability that the number of observed events would be
Na, or less; for ps > u7°* there is a greater than 30% probability that we would
observe more than N, events.
The definition of the cornfidence level (FEgn 6.1) is modified in case when the

number of the background events is not known exactly. Assuming the probability

distribution function of the background rate, ug":

I(I‘Bvaﬂ;uﬂl)e (69)
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given the average background rate of up, with systematic error op, the confidence

level CL{us) is expressed as:

CL(ps) = f: _/:dus'f(un,ﬂs:na']”(ua'*ﬂs;"). (6.10)

n=Ngy, 11
6.3 Limits on observed number of NHL events

In setting the limits on the production and the decay of NHL we consider the following

four channels:

1. NC - NC, Large Separation Target Double Vertex events:
the number of observed events (number of the In-Time events), Ny, ts 10.
and the estimated background, Ny is 4.8 + 0.8. The dominant source of
the background for this channel are random overlay events and the uncertainty
in the background estimation is dominated by the 17% fractional error in the
estimation ol the superhucket correction R,,. The total error on the excess of
the observed events above the estimated background. oezees, is equal to 2.33
events. Thus in the above channel, the excess of 5.2 events represents a 2.2 ¢
effect’. In other words, if one would perform large number of measurements of
s process with gp = 4.8 = 0.8, on average in about 1.5% of Lhe experiments
one would observe more than 10 events. Using values of N, =10, g= 4.8 and

‘op= 0.8 we obtain:

CL(us = 0) = 1.5% (6.11)

- 104
ps™" = 2.2 events (6.12)
ps™"" = 10.8 events {(6.13)

Since the significance of the number of the excess events (NHL candidates) is
only 1.5 7%, we use us™* = 10.8 events 1o set the upper limit on the number

of NHL observed in this channel.

. NC — NC. intermediate scparation Target Double Vertex events

In this channel. the number of observed events, V., is 12, and the total es-
timated background. Npsyq is equal to 8.2 = 3.1 events. The background is
dominated by neutral hadron punch-thx_'ough evenis. The uncertainty in the
background estimation is coming from the Poisson statistics of the 6 neutral
punch-through events observed in the hadron Test-Beam sample. and the uncer-
tainty in the relative normalization between hadron Tesi-Beam Double Vertex

sample and the neutrino induced Double Vertex sample.

Using values of Ngy, =12, pp= 8.2 and o= 3.1 we obtain:

Cl(ps = 0)=23.% (6.14)
pus™" = 0 evenls (6.15)
ps™* = 9.8 events . (6.16)

Since the number of observed eventsis consistent with the estimated background

we use this result to set limits on the number of NHL observed in this channel.
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3. NC — NC, small separation Target Double Vertex events

In this channel, the number of observed events, N, is 90, and the estimated
total background. Nirga is 83, + 9.6. In this channel, the background comes
almost exclusively from the neutral hadron punch-through events. Using values

of Np, =90, ug= 83. and op= 9.6 we obtain:

ps™" = 0 events (6.17)

ts™** = 30 events (6.18)

Since the number of observed events is consistent with the estimated background

we use this result to set limits on the number of NHL observed in this channel.

. NC - CC. combined Target and Toroid Double Vertex events

We use this channel to set the limit on number of observed Neutral Heavy Lep-
tons with at least one muon emerging from the decay vertex. In the NC - CC
channel. the background events originate predominantly from random overlays
of neutrino interactions. The contribution from the neutral hadron punch-
through background is negligible. Therefore in setting the limits on number of
observed NHL events in this channel, we have combined the Target NC ~+ CC

sample from Small. Intermediate and Large separation classes.

The toroid hole introduces the systematic uncertainty in the amount of the
material separating the upstream and the downstream showers. This leads to

uncertainty in the background estimation for the Toroid Double Vertex events
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in the Small and Intermediate separation regions. Therefore in addition to the
Target Double Vertex NC — CC events only the Toroid Double Vertex events
with Large separation between two showers were inciuded in the NC — CC

data sample.

Thus, for this combined data set the the number of observed events, Ny, is 27,
and the total estimated background, Nixgq is equal 10 40.9 + 7.0 events. Using

values of N, =27, up= 40.9 and og= 7.0 we obtain:

#s™" = 0. events (6.19)

pus™* = 9.6 events (6.20)

Since the number of abserved is consistent with the estimated background we

use this result to set limits on the number of NHL observed in this channel.

In summary, the above results show a 2.2 o excess of the number of the ohserved
events above the expected background in the A(" — NC channel, where the separa-
tion between the end of the upstream and the beginning of the downstregm showers
in larger than 2.3 metets of steel. However the number of observed events is consisten
with the expected background in the NC — NC channel with the separation be-
tween the end of the upstream and_the beginning of the downstream showers between
0.6 meters and 2.3 meters of steel. There is also no excess of observed events in the
NC — CC channel for events with the separation between end of the upstream and

the beginning of the downstream showers in larger than 0.6 meters of steel.
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6.4 Comparisons with Theoretical Predictions

We use the results summarized in the previous section to set limits on Neutral Heavy
Lepton production and decay in our apparatus. To that end we compare the uppet
limit of the number of observed NHL events with the predictions of NHL Monte Carlo
generation program.

The parameters of the Monte Carlo generation program are the mass of Neutral
Heavy Lepton myyy and the coupling suppression constant U? relative to the Fermj
coupling Gr. The Monte Carlo generation of the production of NHL and its sub-
sequent decay in the CCFR apparatus is described in the detail in the Appendix
D.

The absolute normalization of the number of Monte Carlo generated NHL is based
on the number of observed NC interactions in the entire neutrino data sample. Fig-
ures 6.1 through 6.3 show the number of Monte Carlo generated NHL events that
would be observed in the CCFR apparatus, in the NC — NC channel in the Small.
Intermediate and Large Separation classes. The number of predicted NHL events is
plotted as a function of a suppression coupling constant U?. relative to the Fermi
coupling G for diﬁerem values of parameter myyr. The horizontal lines cotrespond
to the upper limits. at 96% confidence level. of the number of NHLs observed in this
experiment in a given channel.

Figure 6.4 shows the number of Monte Carlo generated NHL events that would

be observed in the CCFR apparatus. in the NC — CC channel. In setting limits
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on myyg and U? using the NC — CC channel, to maximize the scnsitivity to NHL
production and decay in our apparatus, both data and Monte Carlo events were
required to have a separation between the primary and the secondary showers less
than Loes- Lmag was chosen for each myyy and U? to contain 95% of alt NHL decays
within the fiducial volume of the CCFR detector. Figure 6.5 shows the limits, at 90%

confidence level, for NHL production in the my g, U? plane.

6.5 Conclusions

We have searched for the Double Vertex signature of Neutral Heavy Leptons pro-
duced in the neutrino-nucleon interactions. No evidence of a NHL was found in the
charged current decay channel, NHL — p- + X. NHL, with masses between 0.5
GeV/c? and 3.0 GeV/c? were excluded for coupling to muons below 1 to 107 of the
Fermi strength, depending on the value of NHL mass. In the neutral current decay
chaanel, for separation between the end of the primary shower and the beginning of
the secondary shower greater than 2.3 meters, we have found an excess of 5.2 + 2.33
events above the estimated background from conventional physics proces'ses‘ This ex-
cess represents an upper limit of 10 events at a 90% confidence ievel , a 2.2 standard
deviation effect. However. no evidence of NHL was found in the neutral current decay
channel, for separation between the end of the primary shower and the beginning of
the secondary shower between 0.6 meters to 2.3 meters. Using the above data we

set limits on production of Neutral Heavy Leptons decayving through neutral current
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channel. VHL — v + X. NHL with masses between 0.5 GeV/c? and 2.0 GeV/c? Appendiz A

were excluded, at 90% confidence level, for coupling to muonic neutrinos below 1 to The CCFR COllabOl'at ion

5 x 107* of Fermi strength, depending on the NHL mass.
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Appendiz B

Parametrization of the hadronic

shower length

In this section we describe the procedure used to determine the parametrization of the
length of hadronic showers as a function of hadronic shower encrgy. The parametriza-
tion was used in a determination of hadronic interaction type of the upsircam and
downstream showers in the Double Vertex event sample: if the actual shower length
was longer than the length predicted by the parametrization, the shower was deemed
to be CC-type, and if shorter. it was retained in the NC-type sample.

In order to determine the shape of the hadronic shower length distribution we
have analvzed the hadron test beam data recorded during the cxpcrimr.nl E749 4.
During that running period the hadron heams with energies at 25 GeV. 50 GeV'. 100
GeV. 200 Ge\' and 300 Ge\ were directed into the CCFR Target Calorimeter carts.
Pions constituted the dominant component of the hadron beam. The electron beam
contamination was removed by requiring that the ratio R; {21 . between the energy
deposited in the first three most upstream counters and total energy contained within

the shower boundries:

_E(1)+ EQ) + EQ)

R
: Eror

(B.1)

'This analysis was performed by R. Bernstein. member of the CCFR Collaboration
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be less than 0.96. Electrons have a ratio close to 1.0 and hadron interactions populate
the region between 0. and 1.0 .

The length of a shower was defined as:
L = PLACE - SBEND + 1, (B.2)

where PLACE corresponded to the number of the upstream most counter of the group
of al least two counters with energy deposition greater than the equivalent of 4 x
minimum ionizing particle depositions, and SBEND was determined by searching for
three consecutive counters with no TDC hits. The discriminator threshold for the
TDC signals corresponded to about 0.25 x minimum ionizing particle deposition.

Figure B.1 shows L, distribution for different energy settings of hadron Test-
Beam. These distributions were used to determine 98% length containment L,,q.
that is the length past which only 2% of hadron showers penetrate.

n"l.l ‘_ﬁ
Can = 98%. (B.3)
0 dL

Figure B.2 shows the 98% length containment, Ljqq, as a function of a hadron
energy. The solid line corresponds to the L).s parametrization used in the vertex
type assignment (NC-type or Cé-l_\'pe) in the Double Vertex analysis.

The length of the hadronic shower, in units of Target counters (material bet ween

each Target counter was equivalent to = 11.6 cm of Fe) was parametrized as a function
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of hadronic energy of the shower:

Lnad(E) = Py + Py x logio(E) forE > 50 GeV’ (B4)
.4

Lnea(E) = Ry + Ry x E forE < 50 GeV’,

where values of above parameters were:

P = —5.84

) P, = 561
Ry =120

R, = 0.08

For the purpose of a comparison we show alternative parametrization of the
hadronic shower length based on 99% energy containment criterion, that is the event
length past which only 1% of the energy lcaks out. However this length definition
can not be directly applied for shower type issignment due to fluctuations in energy
depositions of outgoing muon in charged current neutrino interactions. The dashed
line on Figurc B.2 corresponds to the shower length parametrization based on 99%

energy conlainment.

Appendiz C

Calculation of the superbucket

correction

As discussed earlier. a bucket-to-bucket variation in the flux of neutrino particles in
individual RF buckets would lead to a higher number of In-Time accidentals relative

to the number of Out-of- Time accidentals:

In — Time overlays

Ry =1+ F}, (C.1)

~ Out - of — Time overlays
where F; denotes the fractional standard deviation of the beam intensity.

We have analyzed events with accidental overlays of charged current neutrino
interactions to measure the ratio R,,. In this analysis the CC cvents were required 10
have momentum analyzable track traversing the Muon Spectrometer. The timing of
each neutrino interaction was determined using drift chamber track fitiing algorithm.

The following cuts were used in the selection of the CC -~ CC overlays:

¢ Only Trigger } (Charged Current Muon Trigger) events were included in the

analysis.

e We have selected events with two charged current neutrino interactions by re-

quiring two muon tracks irr the Muon Spectrometer.
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The longitudinal position of both interactions, had to be contained between

counter 76 and counter 10.

e The transverse vertex positions of both the upstream and the downstream
charged current neutrino interactions were required to be within 60 inches of

the center of the Target Calorimeter and inside =50 inches central square.

e Both muon tracks had to link with at least two toroid segments in both x and

v views, and be momentum analyzable.

¢ The timing of cach interaction was determined using the information from the

drift chamber stations located in the toroid gaps.

e \We required that for each track the timing extracied independently from x and

v view chambers agreed:
1
- . e
T -1 < iRF.: =12 (c.:
s We required that two uncotrelated CC neutrino interactions recorded during
same event were separated by no more than 20 RF buckets.

¢ Thedistance of closest approach between the two tracks in the Target Calorime-
ter was required to be greater than 8 inches. The object of this cut was to reject

dimuon events originating from single neutrino interactions.

It is important to realize that the above method of calculation of the superbucket cor-

rection implicitly assumes 1hat all CC — CC events originate from random overlavs
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of two uncorrelated charged current neutrino interactions.

Figure C.1 shows the relative timing distribution between the two charged cur-
rent neutrino interactions. The events in the central bucket correspond to random
ovetlays of two uncorrelated neutrino interactions occurring in same RF bucket. while
the events in non-zero buckets correspond to accidental overlays of charged current
neutrino interactions from diflerent RF buckets. Figure C.2 shows the number of
accidental overlays per one RF bucket. The events from the pasitive and the negative
buckets were averaged together. We found 26 In-Time CC — CC overlay events.

with the relative timing difference between two muons:
|
Ty~ T2 éRF (C.3)

and an average of 15.5 events per 1 RF bucket of CC — CC overlays originating
from different RF buckets.

Similar analysis was performed for a case of ove‘rla_v events, where event was
triggered by a muon originating from the interaction upstream of the CCFR detector
(Trigger 6) and a non-triggering interaction cotresponded to the charged current
neutrino event. In this channel we have found total of I3 In-Time overlay events.

with the relative timing difference between two muons:

i
.Tul - Tpl; < ERF (C.4)

and and average of 11.6 events per 1 RF bucket of overlays originating from diflerent

RF buckets.
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Table C.1 summarizes number of overlays found in each of above channels in E714
and E770 experiments. Since the beam non-uniformity may have been different for

each of the running periods, we have calculated the weighted average of superbucket

correction R, for both experiments using following formula:

- 'Out—n[—Tnmc Out-of -Time

N n-Time N n-Time o
Ry = {12t }zr«XL.:(E744)-{—N' Time 3 110 % foa ET70), (C.5)

where f,,(E744) and f,o( ET70) corresponded to the relative flux of neutrino

interactions recorded in each of the experiments:

fra ET44) = 043 (C.6)

foa ETT0) = 0.57 (C.7)

Therefore. the weighted average of superbucket correction in both experiments
was equal to:

R =15+.25 (C8)

This value of R,, corresponds to an average r.m.s spread of intensities per RF

bucket of +/0.5 or about 70%.

Appendiz D

NHL Monte Carlo generation

procedure

The Monte Carlo generation of the production of NHL and its subsequent decay in

the CCFR apparatus consisted of the following steps:

® necutrino events spectrum
We generate the neutrino and antineuntrino events according to the energy and
position spectrum of the Tevatron neutrino beam, as measured by single vertex
charged current neutrino interactions in the CCFR detector: We apply hadronic

energy and fiducial volume cuts same as in the Double Viertex data analysis.

s production cross-section of NHL in v-N interactions
The production cross-section of NHL in v-N interactions, onpyy was assumed to
be proportional to the cross-section of the neutrino charged current interactions.
ogcc:
= U2 (1 - m} ? (D.1
onne = 0cc» U+ (1 - myy, /s), (D.1)
where {72 is the coupling suppression factor. relative to G, due to the mixing

between the incoming muonic neutrino and the NHL, and the expression in the

bracket represents a mass dependent threshold factor.
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o Kinematic variables of NHL
the kinematic variables of NHL in the lab frame were calculated by substituting

the mass of a muon from the CC interaction by a mass of assumed NIIL:

Evnr = E, (D.2)
v=E, - Eyyt (D.3)

pruL = \J(ED - miyy) (D.9)

(2=E,»{FxuL —mp=z=y) - miy;
A

s(0n = D.5
cos(Inui) 25 E, »prue (D-5)
where x is equal to the Bjorken scaling variable:
02
PR S (D.6)
2=m, v

(D.7)

¢ Life-time of NHL
We assume that the lile-time of NHL rnpgy, is inversely proportional to the

coupling suppression factor. /2 and has following mass dependence {13}
Tone = (449 x 107128)(mypp/1 GeV )10 -2 (D.8)

The decay rate to any given process scales with mj,,, and the additional
exponential term reflects the rate at which new decay channels open up as

mpypL increases.

o Decay modes of NHL

The decay of NHL can proceed via the NC mode (emission of Z° and light
neutrino) or the CC mode (emission of W= and charged lepton), depending
on the refative coupling of NHL to Z° and W'*. The relative branching ratios
also depend on the mass of assumed NHL, In the case of the neutral current
decay mode, the virtual Z° can materialize by coupling to pair of leptons ( v,
¢ e, p*p~, or 777 ) or quark-antiquark pair (9g). In the charged current de-
cay mode, the virtual W'* can materialize by coupling to lepton pairs {charged
lepton and accompanying neutrino) or pairs of quarks. NHL which decay to
at least one muon in the final state were assign.ed to the NC — CC channel,
and NHL with muonless decays were assigned to the NC -+ NC channel. The
separation between the hadronic shower from the neutrino interaction and the
downstream shower originating from the decay of the NHL was generated ac-
cording to the decay length of the NHL in the lab frame. Monte Carlo generated
events were categorized into three separation classes: small, intermediate and
large, using same separation definition as in the Double Vertex anal:\'sis. NHLs
decaying within fiducial volume of the Target Calorimeter were classified as the
Target Double Vertex events. and NHLs decaying within the fiducial volume of

the Toroid Spectrometer were classified as the Toroid Double Vertex events.

normalization of the Monte Carlo 10 the data

The absolute number of NHL predicted by Monte Carlo simulation for combined



121

data set of the experiments E744 and E770 was derived by comparing the total
number of observed single vertex neutrino induced interactions in the CCFR
detector, N,_y?®, with the number the of Monte Carlo generated neutrino

induced interactions, N,_yM€:

Juatapmc = Noon®/N,_nMC. (D.9)

The total number of the Monte Carlo generated neutrino interactions was
equal to the number of the MC generated charged current interactions. pass-
ing hadronic energy and fiducial volume cuts. NM€ multiplied by the factor
(1+r,) for neutrine induced interactions or (1+r;) for antineutrino induced
interactions. where 7., (r;) represents the ratio of the neutral current (NC)

to the charged current (CC) cross-sections for neutrino (antineutrino) induced

interactions.
r,= 2K {D.10)

= "—r"’ (D.11)

We have used following values for r, and (r;), as measured by the CDHS Col-

laboration ;29 :

r, = .3072 = 0.0032 (D.12)

r5 = 363+ 0015 (D.13)
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L Scanning of the In-Time Double Vertex Events ' In-Time '-I’oroid Double Vertex Events
Fiducial Volume Region : - separation between Showers
Target | Toroid | Combined ! L Small | Interm. : Large
Comp. selected events 123 69 1927 NC - NC 1n 3 i 13
{L DC hits in quiet gap ! 2 l 13 | 15 :! ! NC »CC : 1 2 : 19
Scrnpitng the edge ! 7 | 7 j: ;;ombined ' 12 z 5 : 32
v Remaine;i after vis. scan : 121 19 ' 170

Table 4.3: Number of In-Time Toroid Double Vertex Events.

Table 4.1:  Summary of the visual scanning of the In-Time Double Vertex Events.

In-Time Target Double Vertex Events

separation between Showers

* Small ' Interm. . Large .

"NCo NG 9, 12 | 10
N : 1 I

| NCoCC 2 | 0 ] 7
i Combined 92 | 12 ; 17

Table 4.2:  Number of In-Time Target Double Vertex Events.
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Scanning of the Out-of-Time Double Vertex Events

’ Fiducial Volume Region ]

F J Target | Toroid Combinedjt
Comp. selected events - 194 248 ] 442
cosmic ray events | 3 1 4

Scraping the edge 0 3 ! 3 !

':emnined after \I; scan u 191 244 i 43:;

Table 5.1:  Summary of the visual scanning of the Out-of-Time Double Vertex

Events.

Out-of-Time Target Double Vertex Events

T
1
t

' .
' separation between Showers

l ! Small l Interm. l Lar5:
NC - NC 2 ‘ (Ti 36
L NCocet T g 18 ; 122
:Combined 9 E 2, 18

Table 5.2:  Number of Qut-of-Time Target Double Vertex Events.
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Table 5.3:

i
Out-of-Time Toroid Double Vertex Events |
J

— =

i
separation between Showers :
Small | Interm. Large
NCNC| 3 6 84 |
- i
NC - CC 3 4 14 |
L
| : -
+ Combined | 6 i 10 228 .
Number of Out-of Time Toroid Double Vertex Events.
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Tables N Tables : -
Summary of Signal and Background of Double Vertex Events
separation between Showers
Target, NC - NC Small Interm. Large -
In-Time events . 90 12 10 Number of In-Time CC — CC random overlays
Random Overlay Bkgd. | 0.24 £0.00 | 0.62£0.17 [ 4.8 £0.8 l
Punch-Through Bkgd. | 82.8+9.6 76 +3.1 0 | Running period
Total Background 83.+:9.6 [ 82131 [48+08 — ; )
: E744 | ‘E770 : Combined
1 |
separation between Showers TRI—TR1: 15! 11 26
Target, NC — CC Small Interm. Large ! )
In-Time events 2 0 T 'TR6 - TR1. 3 . 10 13
Random Overlay Bkgd. | 0.61 £0.23 | 1.61 £ 0.41 | 12.0 £ 2.3 i |
Punch-Through Bkgd, 1 0 0 i Combined 1821 39 |
Total Background | 1.61 £0.23 | 1.61 £ 0.41 | 120 £2.3 ‘

Table C.1a: Summary of the number of In-Time CC — CC random overlay events.

separation between Showers
Toroid, NC — NC Large
| In-Time events 13
Random Overlay Bkgd. 16.0 + 2.9 |
Pﬂ;:il;lTB"kil:o:::d.. 160 :!:2:: * Number of Out-of-Time CC — CC random overlays |
. |
' ‘ Running period l
- | . :
separation between Showers . E744 . ETT0 Combined !
Toroid, NC — CC Large ' | : . ;
In-Time events 19 TRI—»TR1, 72 ;| 83 ; 15:5 |
Random Overiay Bkgd. 26.7 £ 4.9 i |
Punch-Through Bked.. 0 'TR6 ~TR1| 20 | 96 | 116
Total Background 26.7+4.9 ; 7 : .
Combined 9.2 I 179 27.L|

Table 5.7: Summary of Sigaal and Background events in Double Vertex search.
. Table C.1b: Summary of the number of Out-of-Time CC — CC random overlay

events. normalized to 1 RF bucket.
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Vu l NHL,

} X . Figute 1.2a: The Feynman diagram for the decay of NHL via the coupling to 2°.

Figure 1.1: The Feynman diagram for the production of isosinglet Neutral Heavy
Lepton in v — N interactions.

Figure 1.2b: The Feynman diagram for the decay of NHL via the coupling to w=.
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no suppression

Figure 1.3a: The Feynman din.g.nm for the production of a pair of fourth
generation NHLs.

suppression U*

Figare 1.3b: The Feynman diagram for the production of a pair of isosinglet NHLs.
suppression U3

¢ L4

Figure 1.3c: The Feynman diagram for the inodnction of isosinglet NHL in
associstion with a light neutrino from kaown three generations.

= 104

Figures . 136
NHL Limits
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Figure 1.4: Existiog limits on the coupling suppression factor U} as a function
of mass of isosinglet Neutral Heavy Lepton NHL,, as obtained from various exper-
iments: (1) SIN = — uv [30]; (2) KEK K — v [31}; (3) CHARM beam dump
experiment (18]; (4) BEBC beam dump experimeat [32); (5) FNAL beam dump ex-
periment [33); (8) universality constraints (34); (7) CHARM double vertex Search {18];
(8) CCFR double vertex Search [19); (8) CCFR dimuon search {17}; (10) OPAL limit

on NHL production from Z° decay [16).
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Figure 2.1: The FNAL Tevatron accelerator and the neutrino beam line.

Figure 2.2: The Quadrupole Triplet Neutrino Beam line.



140

Figures

139

Figures

ounters, and the

Structure of a typical calorimeter cart, The shaded rectangles

Figure 2.4:

represent steel plates; the white rectangles represent scintillation ¢

rectangles with diagonal lines represent drift chambers.
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The CCFR neutrino detector.

. Figure 2.3:
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Figure 2.6:

with the magnet coil going through the hole. Acrylic scintillation counters are placed
between the washers and five 1-wire drift chambers are mounted in each toroid gap.

Diagram of a toroid cart. Each cart is made of eight iron washers

The Muon Spectrometer (the Tozoid),

Figure 2.5:
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Figure 2.7:  The diagram of Trigger 1 logic.

Figures . 144

TRIGGER 2(NEUTRAL CURRENT TRIGGER

ST

i
\
3

Figure 2.8: The diagram of Trigger 2 logic.
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Trigger 2 Efficiency as Ep o4
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Figure 2.12: Efficiency of Triggef 2 as a fanction of the hadronic energy of
peutrino-induced interaction. The trigger was fully efficient for interactions with
Epeq greater than 15 GeV.

Figure 2.11:  The distribution of the longitudinal potition of the interactions
recorded with Trigger 2. Trigger 2 was fully efficient for neutrino induced interactions
occurring between counters 8 and 80.
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Figure 3.1a: The diagram of the relative timing between the ADC gate and the
phototube puises associated with the triggering interaction.

] —

Figure 3.1b: The diagram of the relative timing between the ADC gate and the
phototube pulses associated with the intersction occurring a fter the interaction that
triggered the apparatus. The tail of the signal is not integrated.

Figure 3.1c:  The disgram of the relative timing between the ADC gate and
the phototube pulses associated with the interaction occurring before the interaction
that triggered the apparatus. The raising edge of the pulse is not integrated.
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fraction of the PMT pulse integrated

The timing correction function Rye)ey(dt)
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Figure 3.2: The delay correction in the energy calculation Ru.,.. as & function of
the difference between the shower timing and the ADC gate. Negative values of AT
correspond to showers occurring before the trigger. Positive values of AT correspond

to showers occurring after the trigger.
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Shower Finding Efficiency in the Target vs Ey g4
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Figure 3.3: The efficiency of shower finding aigorithm as as function of shower
energy for shower occurring inside the fiducial volume of the Target. The solid line
corresponds to the efficiency of finding showers occurring AT= 4 RF units after
the trigger time. The dashed line corresponds to the efficiency of finding showers
occutring AT= 8 RF units after the trigger time, and the dotted Line corresponds to
the efficiency of finding showers occurring AT= 9 RF units after the trigger time.
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efficiency= Torgy (8t)/Torg, (6t = RF)

Shower Finding Efficiency in the Toroid vs Ey,

T T T ]
1.00 2l
0.75 —

|
b -
- , ]
050 [+ | : _
I ¢ ' ]
H | :
025 [~ - -
I ]
) 1
ooo Lo o v v o e b ]
20 40 60 80 100

!:h.d[GcV]

Figure 3.4: The efficiency of shower finding algorithm as as function of shower
energy for shower occurring inside the fiducial volume of the Toroid. The solid line
corresponds to the efficiency of finding showers occurring AT= 4 RF units after
the trigger time. The dashed line corresponds to the efficiency of finding showers
occurring AT= 8 RF units after the trigger time, and the dotted line corresponds to
the efficiency of finding showers occurring AT= 9 RF units after the trigger time.
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Figure 3.5: The pulse height dependent timing correction as a fanction of energy

deposited in individual counter.
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Resolution of individual counter timing
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Figure 3.6: The resolution of individual counter timing as a function of energy

deposited in the counter.
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Timing resolution for the Target
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Figure 3.7: Timing resolution of showers occurring inside the fiducial volume of

the Target.
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Timing resolution for the Toroid
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Figure 3.8: Timing resolution of showers occurring inside the fiducial volume of
the Toroid.
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Ratio of NC to CC events, Rnc /CC in Lthe Target

Figures

Ratio of NC to CC events, Ryc /CC in the Toroid
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Figure 3.10: The ratio of the NC-type to the CC-type interactions Ryc/cc, for
events occurring in the Toroid, as a function of the radial position of interaction. Tl.le
dashed line corresponds to the average value of the ratio < Ryc/ce >Toreid within
the fiducial volume of the Toroid. '

Figure 3.9: The ratio of the NC-type to the CC-type interactions Ryesec, for
events occurring in the Target, as a function of the radial position of interaction. The
dashed line corresponds to the average value of the ratio < Ryc/cc >T*** within
the fiducial volume of the Target.
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NEUTRAL HEAVY LEPTON DOUBLE VERTEX SEARCH

NHL:
. Decay (C
Production (NC) . y (€O NEUTRAL HEAVY LEPTON DOUBLE VERTEX SEARCH
v o —s e
Neutral Hadron Punchthrough Background
Production (NC): Decay (NC):
K. n

) “8“_" 4.1: Double VM signature of Neutral Heavy Lepton production in »-N Figure 4.2: Neutral hadron punch-through background of the Double Vertex
interaction. The upper diagram corresponds to the a decaying into muonic channel signature of NHL decaying to muonless channel NHL — v + X,

NHL ~ p 4+ X. The lower diagram corresponds to a NHL decaying to muoniess

chapnel NHL — v+ X.
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NEUTRAL HEAVY LEPTON DOUBLE VERTEX SEARCH

Random Overlay Background: Two coincident v,N interactions.

NC event: CC event:
v
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Random Overlay Background: Two coincident v, N interactions.

NC event: NC event:

Figure 4.3: Random overlay background of the Double Vertex signature of NHL
production.
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Target Double Vertex events: Timing distribution
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Figure 4.4a: Distribution of the timing difference between the upstream and the
downstream showers in the sample of neuntrino-induced Double Vertex events. The
downstream shower occurred inside the fiducial volume of the Target. Non-zero buck-
ets contain random overlay events. Bucket 0 contains random overlay events, neutral
hadron punch-through events and possible NHL candidates. Target Double Vertex
events with separation L, greater than 5 counters are included in this sample.
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Toroid Double Vertex events: Timing distribution

T rv T l—l‘]ifﬁl T l T L E—

lor

NP BN I

T

A I

i

-
LS EN S

Py

number of events/ 0.1 RF buckets

v

I N IR 1 .

0 5
Teh1-Tsh2 (RF buckets], 1 RF=18.8 nsec

Figure 4.4b: Distribution of the timing difference between the upstream and the
downstream showers in the sampie of nentrino-induced Double Vertex evemts. The
downstream shower occurred inside the fiducial volume of the Toroid. Only Toroid
Double Vertex events with the downstream shower occurring gfter the triggering
interaction in the Target took place are included in the sample.
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Timing distribution of random VETO hits
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Figure 5.1: Distribution of the difference between interaction time and timing
of random VETO hits for sample of Trigger 2 events.
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Out-of-Time Double Vertex sample: Tveto — Tshi
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Figure 5.2: Out-of-Time Double Vertex Events with upstream interaction oc-
curring at the edge of fiducial volumé of the Target (with PLACE, =81 or 82):

Distribution of the relative timing between upstream shower and the VETO hit.

Test Beam Punchthrough Events: Timing distribution
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Figure 5.3: Test-Beam punchthrough events: Distribution of the relative tim-
ing between the primary and secondary shower. The r.m.s. resolution of the time
difference was equal to 2.4 nsec. .
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Test Beam Punch b Events: distribution Test Beam Punchthrough Events: Eg; - distribution
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Figure 5.4:  Test-Beam punchthrough events: Distribution of the angle between
Figure 5.5: Test-Beam punchthrough events: Distribution of the energy of

the hadron beam direction and the direction of the neutral hadron punchthrough. secondary shower.

Solid line corresponds to Small Separation events and dashed line to Intermediate

Separation events.
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Test Beam Punchthrough Events: Shower Separstion Dist .
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Figure 5.6: Test-Beam punchthrough events: Distribution of the separation

between the end of primary shower and the beginning of the punchthrough shower.
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Longitudinal Acceptance for DV events: v—data
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Figure 5.7: Longitudinal acceptance of the CCFR detector for Double Vertex
events as a function of the separation between the end of upstream shower and the
beginning of the downstream shower. The acceptance function was calculated using
sample of Out-of-Time Double Vertex events and normalized for 10 < Lyou < 15.
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Longitudinal Acceptance for Test—Beam Punchthrough events
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Figure 5.8: Longitudinal acceptance of the Test-Beam detector configuration
relative to the acceptance of the neutrino induced Double Vertex events. The step-
like function corresponds to the 2-Cart, 3-Cart and 4-Cart configurations of the Test-
Beam setup.
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Energy spectrum of single vertex v—-data
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Figure 5.9a: Energy lpecth:ﬂ: of single vertex neutrino induced interactions.
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Comparison of m—p and v-p fragmentation functions
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NHL - vX decay channel, 5 < Lgiee] < 10
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Figure 6.1: NHL — v + X, Small Separation region: Monte Carlo generated
number of NHL as a function of coupling suppression factor U?, relative to the Fermi
coupling Gr for different values of mass of NHAL mywz. The dashed line corresponds

to the limit, at 80% CL of number of observed NHLs in this channel.
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NHL - vX decay channel, 10 < Lgieej < 20
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Figure 6.2: NHL — v + X, Intermediate Separation region: Monte Cazlo
generated number of NHL as a function of coupling suppression factor U?, relative to
the Fermi coupling G for different values of mass of NHL mupy. The dashed line
corresponds to the limit, at 90% CL of number of observed NHLs in this chanael.
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NHL - vX decay channel, Lgioe) > 20

to the limit, at 90% CL of number of observed NHLs in this channel.
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Figure 6.3: NHL ~ v + X, Large Separstion region: Monte Carlo generated
number of NHL as a function of conpling suppression factor U2, relative to the Fermi
coupling Gp for different vaiues of mass of NHL myg;. The dashed line corresponds

number of predicted NHL events
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NHL -+ u"X decay channel
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Figure 6.4: NHL — p 4 X, Small, Intermediate and Large Separation regions

combined: Monte Carlo generated number of NHL as a function of coupling suppres-
sion factor U2, relative to the Fermi coupling Gp for different values of mass of NHL
myg;. The dashed line corresponds to the limit at 80% CL of number of observed
NHLs in this channel.
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Figure 6.5: NHL limits for charged current and neutral current decay chaunels

and different regions of the separation between the end of the upstream and the
beginning of the downstream showers. The limits are presented as a function of NHL
mass My y;, and the coupling suppression factor U?.
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"NHL Limits
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Figure 6.6: Comparison of results for NHL limits for charged current and neutral
current decay channels from this thesis with NHL limits from other experiments.
Dashed line (11) corresponds to NHL — p + X channel and dot-dashed line (12) to

NHL — v~X channel The references to other experiments are same as for Figure 1.4
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Figure B.1: Distributions of s length of hadronic showers for different settings of

hadron energy beam. Hadronic shower length was defined as: PLACE-SHEN D-1.
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Hadronic shower length parametrization vs Ejaq
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Figure B.2: Parametrisation of the length of hadronic showers as a function
of hadronic energy Epe¢.: data points and solid line correspond to the 99% length
containment para metrisation; dashed line corresponds to 99% energy containment

parametrization.



Figures 183 Figures " 184
6t=(T,, ~ T,3) For CC » CC Events 6T=(Ty, — Tya) For CC = CC Events
T T T T =T ! 1 T T T
128 .
) sl i
10.0 -
& ) 2 20 .
; 75 o
} -
i S S +___
3 &
i 5.0 |- o x {
g b3 10 -
2 1 § {
z
25 4
o ELOTE LA e, 1“ ! le. oL . . , .
’ 0 5 10 16 20 0 5 10 15 20
#T=(T,, - T,4) In RF BUCKETS ST=(T,, - T,a) in RF BUCKETS
Figure C.1: Distribution of the relative timing between random overlays of two Figure C.2: Number of random CC — CC overlays as a function of the timing
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