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Chapter 1

Introduction

"

2

or the coupling to the charged currents W-+ (W-) (Figure L2b):

1.1 Overview

NHL~ ----0 ,.,-(I'~)+ X

1.2 Neutrino Mass

( 1.3)

The deca)" of the :'IIHL j,\'ould proceed throup;h thf' coupling or the ~HL to lbe

neul ral current ZO (Figure 1.2a):

This thesis reports on a search for !"eutral Heavy Leptons C"HL) conducted b)' the

Chicall;o-Columbia-FermiJab.Roehester (CCFR) Collaboration. The experiment was

performed at Fermilab for the purpose of stud)'inS the interactions of neutrinos from

the TnatTon Quadrupole Triplet Beam (QTB) with an iron target. The data used in

I his anal)'sis \\'as recorded during two Te\'alron fixed targel running pt'riods in 1985

(Ft'rmilab Experiment (744) and in 1987 (Fermilab Experiment EiiO).

The possibilit)' of neutral cum'nt rouplings betwt'en V" and XHL wuld gi\"l~ rise

'0 secondllTY \'ertices a~sociated with XHL production and its subseqnent d..ca)· in

v.-X interactions. The production of ;>\HL would procet'd via the exchange of neutral

gauge bosons (Figure 1.I J:

II~ - N ----0 ,'IIH L~ .,. X

.VHL~ .--+ V .. + X

(l.l )

(1.2)

The existence of a neutral, light. spin 1/2 particle (with mass of the order of magnitucle

of the electron) was first suggt'sled by Wolfgang Pauli in 1930 :)). in order to explain

the continous rnergy spectrum of electrons from nuclear ;3 decay. Since then tIlt'

question of tht' possibilit), of a non-zero nt'utrino mass has bt'en intriguing theorists

and experimental physicists. Emico fermi in his theory of ;3 dt'cay publisht'd in 1934

2 rt'cognized t hat the mass of a neutrino ('QuId be deduced from the shape of 1he 3

spectrum and roncluded that it was much smaller than the el..clron mass.

The ordinar)' Dirac fermion is described with a (our-component 51att' funnion,

with two states of helicit)· for particles and two states o( hdicity for antipartirlrs. If a

the nrutrino has a finite mass it must occur in both helicities, sincr a positi\'l' helicil)'

state ran be transformed into a negalive one b)' Lorentz transformation, However, if

lhe neutrino is exactly massless. nep;ative or positive hdieit~· slat~s are independent

solutions 10 the Dirac equatioll. Thus only parity consernlion would require bolh of

1he hdicit)" states to occur. The discovery of the parity \'iolatioll in wf'ak interactions

;3 led to the 'two-component neutrino' theor~' 1(. According to this tbear)' right­

handed neutrinos and left·handed antineutrinos are absent from all wf'ak interactions
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and therefore it is possible to reduce two dellrees of freedom in the Dirac equation,

About 10 yearSAlIlO, a polarized electron·deuteron scattering experiment at SLAC

.5~ demonstrated that parit~' violation was a characteristic of the weak interactions,

and not exclusin·J), the feature of the. neutrino particles, Thus. the question of neu-

4

where we have used the followinll convention for chirality-projection and charlle con·

junction (antiparticle) operators:

II" = e.,°ll· = i.,211,

(ve) = liTe

trino mass has become interesting again.

Today, the experimental data on the mass of nt"utrinos of the three known lepton

families is ('onsisl rnt with zero:

11£ = HI - "5)11

11ft = HI + "5)11

Ill. = (lid" = HI - .,S)II" == (11"),1

( 1.6)

• Ihe limit of m(II.) < 18 e\' al 90'!'! confidence level (90o/tCL) comt"s from the

analysis of the energy sl't"ctrum from the tritium ad('('ay :6;:

II" = (11ft)":: HI - .,s)lI" = (11")£

A Dirac mass tt"rm, which couples left·handed fit"ld 11£ with right. handed fit"ld 111/.

is im'arianl under 1he global phase (8) transformation:

• the limit of m(II,,) < 250 k.. \" (90'ilCL) was obtained by measuring 111<' rn .. rgy

spectrum of the muons erniut"d ill r.' deca~' at rest :7::
II ---t v' = f"'" ( I. i)

• tht" limit of m(II.) < 35 1\1('\' (95~CL) comes from the study of tht" T or,cay 10

;, pions and II. ,R".

1.2.1 Dirac and Majorana Mass Terms

alld tht"refort" consen'("s I he tot al lepton number. In contrast, ~Iajorana mass t.. rms

connut states of the same chiralit~" which rnllkes tht" Lagrangian no Illnger inl'Brianl

under global transformations and It"ads to the \'iolation of fermion number. Thus

l\1ajorana neutrino masses would lead for instance to neutrino-less double a deca~':

There are two types of the Lorentz im'ariant mass 1erms that can bt" formed from

fermion fields: a Dirac mass term:

(Z - I) -+ (Z ... I) .,. 2r - . ( 1.8)

I
-C'D = 2mDii£lIft - h.c.

or a ~Iajorana mass tt"rm:

1 .
-eM:: i(mLVLIIL - mRiiRIlI/) -'- h.c.,

(1.4)

(1.5 )

1.3 Theoretical Motivations for Neutral. Heavy Leptons

The Standard l\10deli9) of electroweak interactions has only massless neutrinos. The

simple Higgs structure ( one set of Higgs doublets) leads to global symmetries cor·

responding to the separate const"rvation of e-, /1.-, r.lt"pton numbers. which forbids
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the Majorana mass term vi. . On other hand, thl're are no "R that could combine

with "L to form a Dirac mass tl'rm. In other words, ti,t' masslessness of the neutrinos

is related to the restricted particle content being considered in the Standard hlode!.

However, there are several possible extensions of thl' Standard Model in which m..

is nonzero. The introduction Df a right, handed neutrino allows a Dirac mass tt'rms.

In addition. the introduction o( more complex Higgs fields. leads to the brt'aking of

I\lobal s~·mmt'lr,· and allows !llajorana mass It'rms.

1.3.1 Fourth Generation Neutrinos

Since the numb..r of lepton generations is not predkted b,· the Standard :\Iodd. tht'rt

is tht' possibility (,f a fourth. y..t unknown. (amil,· of I.ptons. Thus. ill gelleral. ont'

may expect that 11,,· light~st member o( the fourth generation of leplolls is a lIeutrino.

Such a neutrino. Ofll"n caliI'd a st'qul"ntial :\l"utralllt'ny I.epton, would· h.. a Jnt'mbt'r

'l
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t'xplain of the symmetry and s"mmetr,' breaking of weak interactions. and it does not

explain the origin o( parity ,·iolation. There exists a class o( models that attempt to

address these issues, One class lUI' Left-Right Symmetric Modeh (LRSMs)lIOj. The

main frat urI' of Left Right S"mmetric l\lodeis involves the restoration of parity in

the weak interactions to the Irvel of a conserved quantum number. At low t'nugies.

LRSMs are consistent with prt'dictions of the Standard ~Iodel. bul at high energies

the,' introduce nt'w features. We IIOW discuss LRS\1s in analog,' to the Standard

!'Ilodt'!.

Tht' lRS:\1 theories are based on the gauge group 5fi(2)L x 5U(2)1I X /·(I)S-L.

wht'rt~ S('(2)L is the symmt'uy of left "'t'ak isospin. 5"'(2)" is thl' s)"mmetry of th"

right isospin and 1'(1 )8-1, is gent'ralor corresponding to the B - L quantum numbers.

The particles are charactt'riz('d by 3 quantum numbers: 13L • I,,,, and r -- (B - L).

TIlt' t'!t'ctric formula:

of the Sl"(2)L doublet. lind could acquirt' its mass Ihroul!,h t he mixing will, its right- I
Qc=/3L -hn-'2(B-L) (1.91

handed partner.
is an analog of the Standard :\Iodel's Q= 13 -+ ~ 1'. We hav.. t he following dou blt'ts:

1.3.2 Left-Right Symmetric Models (LRSMs)

The Standard lIlodel o( e'1t'ctro,wt'8k interactions bast'd on SlT(2)L x U(I)r gauge

groups has bt'e'n an unquestionable' sucCe'SS. It predicted the nistence of neulral

curr..nt interactions. and the' r..lationship bt'lwC't'n Ill" masses of gauge bosom w=

and ZO and the Weinberg Ilngle 91\'. :\evertheless it does nOI answer all the questions

regarding t'!ectro·w..ak inte'ractions. It does not explain fermion masses: it does not

.,{):.. (J
q, e ( :) q." ( : )

L R

( 1.101
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and the~· are characterized by the following quantum numbers:

Ii'L: 0,0, -I)

"'R:(O,~,-I)

Ch: 0,0.0

QR : (O·l,l),

(1.11)

"'here

< ~R >= (0 0]
VR °

< ~L >= (0 0]
VI. 0

(1.15)

(1.16)

where the numbers in brackets correspond to 131., 13R' and }' '= (B - L), respectively,
,

In this model. t he following lIil':gs particles are introducE'd:

~L:(1.0,+2)
(1.12 )

~R : (0.1, -'-2)

and

tlR « k

A,2
VI. = "') )( ­

t'R

( 1.17)

(1.18)

in additiou to tht" lIi~gs of the Standard :\Iodel. namely:

1 I
.. : (2' 2,(1) (1.13 )

The massE'S of fermions arl" determined from 11.1' lagran~ian drscribiug couplings

of scalar Higgs fidds to thE' fermions:

em... = hll;,'LtPt'R - h2~J,t'R-

Sincethl"rc is an allditional SF(2)R s~'mmE'try, threE' additional gau~1" h"solls Ir~

and ZH arl" introduct'd,

1.3.3 Fermion masses in Left-Right Symmetric: Models

In this section WE' rresE'nt an 'example of the calculation of fermion masses ill Left,

Right Symmet ric l\lodels. This calculation can be found in its original form in

Ref, 10.

",hE'rE' :

h3QLl/J'!R - h4QLNR-

ih~ (l;·r('T2~LJiJL - dCT2~RtJR)- h.c"

J, =T2l/J'T2,

< 0,= (: :]

(1.19)

(1.20)

(1.21)

The ,'acuum E'xpectation values of IIiggs fields are given b~':

<h(::]. (1.J.l)

and C is charge conjunction matrix. Thus, from the abo\'E' lagrangian I"lcctron. and
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u and d quarks acquire followin!! masses:

m. = h2 11:

m u = h3 1c

m" = h.k.

The neutrino sector of the la!!rangian is equal to:

l:;.... = h, [VL (V[CVL -lIiC"lIi) + VR (lIhCIIR + II;;C-II~)] +

h.k(iiLIIR - II/jilt)

(1.22)

( 1.23)

where M is given by:

M.(::)
and

a =hsv£

b = -hSVR

c = ~hlk.

The eigenstates of this mass matrix are:

(1.28)

(1.29)

One can rewrite the above ..quation ill terms of two·component spinors II == 11£ and

!V == C(ilR)T. r sing the follo"'illg propert iI's of charge conjunction matrix:

II. = II cos( + .\" sin (

.V. =-llsin ( + .Y cos{.

( 1.30)

.V. := b

I'sing equations 1.18 alld 1.29 olle gets the following expressions for the light and

cT = -('

('2:= _I

C1 p C T
:= -1;

olle can obtain following rl'latiolls:

liRe-II;' = -NTCN

iiRII£ -= .\,T('II =vTC.'\'.

Thus t he equation 1.23 can bl' rewritten as:

( 1.2t)

(1.25 )

where:

2c
tan2{ = b- Q ::::2cjb

Sillce b » a. c, one gets:

V. := a - c' /b

hl'avy ~Iajorana neutrino masses:

m •• =(hs'+!~)~4 hi l' ..

(1.31 )

( 1.32)

( 1.33)

l::.... = hs (t,£,.TCII - "liNTeN) or lI,kvT (' X ~ h.c. ( 1.26)
mN. = -lIsVR.

The important feature of the abo\'e equation is that in .,"e limit of mass of right-

handed boson IrR approaching infinity, the mass of hea\'y neutrino all>O becomes \'er~'or in the matrix lorm:

£. lk,T )M{: ),', ( 1.27)
large, and the mass of li!!ht neutrino goes to zero:

,1111'" -t oc (l1I4t is VR -t ')C) ( 1.3~)
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we get:

• 12

1.4 NHL signatures

mN. --+ 00

m",.. --+ O.

( 1.35) We now describe possible experimental signatures of NHL and discuss existing limits

In this case \\'eak int..ractions become purely I..rt·hand..d and LR5M becom..s equiv-

alent to the Standard Model. The relation between the mass of light neutrino m v•

and th.. mass of heny neutrino mN. is known as the see-saw m..chanism ;Il!.

The relation betwe..n the mass of light neutrino and the mass of corresponding

on masses and couplings of a lliH L. This discussion is based on the review article.

by 1\1. Gronau, C.:'\. Leung and J.L. Rosner jI3:, and by F. Gilman,H:. In the

Standard l\Iodel of electro-weak interactions, the charged (CC) and neutral (NC)

currents im'olving neutrinos are given by:

dlarged fermion can be studied b~' comparing equations 1.22 and 1.33. If parameter

., is small:

Jtc = ii.L"'!"fL - ii"L,"IIL ~ DTL,'''TL

and:

( 1.38)

h~
"Y« h1 (1.36)

J~c = ii.L,"V.L - D,.L",!"V"L - DT/.,"V.L ( 1.39)

t hen we get r('lation:

m•• :::: O(m~/mll'.)' ( 1.37)

where v•. v"' v•. e, Il, and Tare t lie lepton spinor fields. The t'xistt'nce of t ht' additional

l'\eutral Heavy Leptons. which are isosinglets under standard 8F(2)L. modify these

which links mass of light nt'utrino with tht' mass of corrt'sponding charged f~rmion. equations by introducing tht' admixture of the heavy statt's into thf' weak isodout.lets:

1.3.4 Neutral Heavy Leptons in Grand Unified Theories
V.L - ML :::: V.L(1 - ! L 1',.,2) - L 1',• .\'.

2 • •
( lAO)

\eutral Hea\'y Leptons are also present in models attempting to unif~' the pr..sentl~·

o!Jsen'ed interactions into a single gaugf' thf'Ory. Examples are models with 50(10)

symmetry:12 i in which ~HLs acquirt' mass through the mixing with other fermion

singlets.

lIere i= f. Il, T. and the sum is o\'t'r all heavy lepton species a. Thf' weak eigenstates

are now N,L: the mass eigenstates are v, (light neutrino) and N. (!lieutral lIeavy

Lepton). The matrix Ui • is a unitar~' matrix that mixes weak eigenstates and mass

eigenstates. There are se\'eraltypes of experiments which are st'nsitive to the existence

of ~Hl:

• uni\'ersality constraints:

!'\HL admixture in \C 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:

14

tain a small component of heavy neutrinos. Such neutrinos rna)' have originated

from the decay of psC'udoscalar mesons. which are produced in the interaction

(I - ~L;l.'.al~)
a

(1.41 ) of protons with the target, and then decay in the delector:

The unitarit~· requirement of the Kobayashi,Maskawa matrix. the lifetime of

Ihe rand Ih.. measurement of R= H::::I, yield the following constraints i 13

U:. ~ 4.3 x 10. 2

• heavy neutrinos originating from charmed mesons in beam-dump experiments:

if the proton beam is dumped into a thin target, some fraction of the n..utrinos

have origin in the short-li\'ed charmed particles such as 0'5 and F's, This

l:;~ ~ 0.8 x 10- 2

u~, ~ 10. X 10- 2

11.42) provides a means for searching for heavy neutrinos witl. masses up to 1.8 Ge\-.

A similar anal~'sis call be done for B meson Ihereb~' t"xpanding the mass range

The conslraint for tht" U..2 follows from the comparison of theorNical predic-

tions and Ihe experimental results for the life-time of r- meson:

up to 5.3 Ge\";

• XIIL producrd from b quark decays in e-f' annihilation:

r'''eor
R = -'- =I _ ":('., 2

T~Z'pt L-, 'f,••. •, .
• direct s('arches for ~ Ills produced in 7r and 11' drcays at r('st:

(1.U)
f" e' collidt"rs (for example. CESR at ('ornell l'nin'r5il~' , :'Ii"!") • which run

the center of mass (C~I) enrrgies corresponding In lilt' Ilroduction of I he T

resonances provide another possible' sourc.. of \'Hls: on.. can look (or secondary

the dt'cay of 11' --+ (fo ... ) is hf'licit~· suppressed by a factor of 10-~ for massless

neutrinos, but the suppression is not effecti\'e for massive neutrinos. Thus the

11' ~ f deca~' is a fllvor~d reaction in which to search for e\'idence of loy: mass

heav}' neutrinos coupling to electrons. The analysis is done b)" searching for a

monochromatic prali in the energ)' spectrum of c from 11" deca)'s at res\. A

similar anal)'sis is done for K deca)'s;

• search for decays of ~HLs from 11. K in flight:

II neutrino beam. in addition to its major component of light neutrinos. ma~' con,

(detached) \'erticC's originating frum the semi-Jeptonic d..cays of the lJ mf"SOIlS

into I\lIls:

• ]Ii II L coupling tu ZO and production in C f - collisions

in the past decade. there ha\'e been experimental searches for NIILs that couple

to zo's produced in ('f- collisions, Experiments which run at C1\I energi..s

below the mass of ZO han look..d for l'\HLs .coupling to \·irtual ZO. The recent

a\'ailabilitr of LEP ISLe machines operating at the eM energies equal to the

mass of the Z gaugt' boson has opened up the possibility \0 search {or ~lIL!
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arising from Z decays. Figures 1.3a • J.3c illustrate Feynman diagrams of dif­

ferent processes leading to the production of NULs in e-t e- colliders at the ZO

peak.

a light neutrino from the three known generations (Figure 1.3c):

e"'e- -+ Z -+ liN (1.46 )

Figure 1.3a represents the fe~'nman diagram for A production of a pair of 4th

genrration, sequential ~IILs. IItii4:

Figures 1.3h and 1.3[ reprt'srnt the Fe~'nman diagrams of processes It'ading \0

the production ofisosinglet Jl\IILs. The production of a pair of isosinglet \HLs.

shown of Figurr 1.3b:

Sincr these !\IIILs are isodoublets under StAndard Sl'(2)L, &ltV; pair lI'ould

couple to ZO with same strength as a pair of light neutrinos from tllrer known

generations. However. l.". the square of mixing matrix elements (eqn 1.-10)

affects the Iifetimr of such \HLs. The results of a search for !'\IILs produced

in such proct'ss.'s ha\'(' bet>n presrnted b~' the ALEPH Collaboration 15.. TIlt'

limits on the rxi~tence of such fouuh generation n.'utrinos has I",rn extend.,d

up to nt'uuino masst's of 42 CeV Ic'.

e- e- -+ Z --> IItll4 (1.44 )

the coupling of such a pAir of neutrinos to ZO would be suppressed onl~' by a

factor U' relative to the coupling of ZO to the pair of light neutrinos. Recently,

the OPAL Collaboration has presented the results from a search for isosinglet

\IILs produced in such processes !16:. ))owevrr. high statistics lIt'utrino scat­

tering experiments are more sensitive to isosinglet ~HLs. as will he discussed

ill the following sections.

1.4.1 NHL signatures in II..-N scattering experiments

As mentioned in the Over\'iew, an isosinglet NUL could also IIr produced in thr 11-\

interactions. Tllr Fe~'nman diagram for such a procrss is shown on Figures 1.1. Such

a :'-IIIL would couple with suppression faelor F'. rdati\'r to the coupling of light

.neutrinos. Thr factor (..', also Affects the lifetime of an isosinglet ;IIHL (Figure 1.2a

and 1.2b). Therr are several characteristic signaturrs of l'\HLs that can be louked for

in 11.. - '\ intt'ractions:

is suppressed b~' factor (.it, relative to the production of a pair of light neutrinos.

which makrs prt'st'nt c' (.- t'xperiments at SLC And LEP inst'nsitivr to sllch

proct'sses. However. if an isosinglet NHL could Dr product'd in association with

e'e" -+ Z -+ /tIN (1.45 ) • Opposite sign dimuon events:

if XH Ls werr producrd in the neutrino-induced interactions,

II.. -t".V --t NHL.. -.\' (1.47)

,.
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about 10% of time the ~ULs would decay through the coupliflg to a light

neutrino and a virtual ZO, with ZO materializing into a pair of muons:

Thus in thl' final state one would observe two muons oppositely charged. The

kinematic distributions of the dimuons originating from !IIUL decays would b..

distinct from the distributions for dimuon events associated with such conven·

tional sourr..s as for ..xampll', c1larged current neutrino inll'ractions. with the

sl'cond muon coming from the d..cay oC a D or a K meson in the hadronic sho;'-,

..rs. A search for :\IIL using til .. above signature was performed by the CCFR

Collaboration usiflg data from r..rmilab Experimeflt [744 Iii:, This St"arch is

sensiti"e 10 1\HLs with masses up to 18 GeV fez .

/I.''HCu ~ lIu + Z' -. lIu + ,.-,.- (1.48)

1.5 Overview of the Thesis

This thesis describes a search for NUL using thl' Double V('rtn signature. In Chap.

ler 2 we give a brief description of the ..xperimemal SeWp, and in Chapter 3 We

present the event reconstruction. The selection of l'\HL candidates is described in

Chapter 4. and in Chapter 5 we discuss different background processes for the Dou­

hie Yertex signature of l'\HL production and d..cay in our apparatus. In Chapter 6 we

discuss our results and compare the experimental data with \Ionte Carlo calculations

for :'ill L production and deca~·.

• Double \·..rlex (O"l'nts:

For a c.. rlain rang.. of ."'"L lir..timc.s. thl' decay (If til.. SHL can occur outside

of the hadronic shower that is associated with the neutrino interaction. Such

a decay would Ind 10 ""ents with two sl'parated showl'rs. or Doubl.. Y..rtex

events. Herl' the primar~' showl'r originates Crom the" interaction in which the

l\IIL i~ producl'd and thl' s..condar~· shower results from thl' !liHL dl'cay. The

sl'arch in this channel has bl'l'n conducted by two l'Xperim..nts: thl' CHARM

Collaboration at CER:'\ ;18:, and the CCFR Collaboration at Fermilab using a

neutrino ~arro\Y Band Bl'am (~B8) data _19).

Figure IA illustrates the r..sults of sl'arches for differ..nt t~'pes of NHL.



Chapter 2

The Experimental Setup

Prior to the 1985 running period, the Fermilab accelerator had undergone a major

. upgrade. !\ew magnets, equipped with superconducting coils, had been installed in

the Main Ring tunnel, enabling the maximum energy of accelerated protons to be
"

raised to almost I reV, gi"ing Ihe accelerator its name. the Te\'81ron. For experi,

ments using neutrino beams, the upgrade had a twofold effect: first, it has allowed

the exploration of the new, higher'energy regime ( above 300 Ge\'), and secondly,

the highrr energy of primar~' protons has resulted in more a fopious production of

secondaries and Ihus an overall improvement in neutrino event statistics.

In this chapter we describe the Fermilab Quad Triplel ~eulrino ueam used in

t'xperiments E7-I4 and EnO and summarize the main f..alures of the CCFR D..lector.

2.1 The Beam Line

2.1.1 Time Structure'of the Beam

The time structure of the !\euuino Beam reflected the way primary protons ..ere

accelrrated in different stages of Fermilab machine. The Linac accelerated protons

using a series of radio· frequent}· cavities (RF' cavities) in which particles receivrd

successive increments of energy. The particles were clustered in groups, so called 'RF

20

buckeb', A typical time spread of a RF bucket was 2 nsec, and the separation between

RF buckeb was about 18.6 nsee, 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 buckel5 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

~1ain Ring and finally illto the Tevatron. There were 12 Booster batches in one turn

of the Tevalron. Thus a fully injected Tevatron would contain about IIJ3 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 full, with only about SOO

buckets.

The detailed layout of the beamline is shown on Figure 2.] .

2.1.2 Neutrino Beam Extraction

After being accelerated to an energy of 800 GeV. Ihe protons were extractrd from

the Tevatron ring and directed into the Switchyard. Here beams were split bet wren

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 ever}' cycle of the Tevatron (every 60 seconds) . lht'

protons were then directed onto the primary target. The collisions of the protons

with the 310 mm ber~·JIjm.primary target resulted in the production of secondary

particles, predominantl}' To" and K mesons. These secondary particles were then di·
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The time structure of the "'eutrino Beam reflected the "'ay primary protons were

accelerated in differt'nt stages of Fermilab machine. The Linac accelerated protons

using a series of radio· frequency cavities (RF cnities) in which particles rt'ceived

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 nsee, and the separation between

RF buckets was about 18.6 nsee, corresponding to the period of the RF cavities. The

Linac at Fermilab accepted 750 keY protons and accelerated them to an energy of

200 MeV. At that sta!e 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 enerllY of 8 GeV, the protons were injected into Ihe

'lain Ring and finally into the Tevatron. There were 12 Booster batches in one turn

of lhe Tevatron. Thus a fully injected Tevatron would contain about 1113 Rf buckets

spread uniforml~' around the ring. However, sometimes not all 12 batches were put

into the Main Ring and the accderaior W85 running half full, \\·it h only about 500

buckets.

The detailed layout of the beamline is shown on fil')ure 2.1 .

2.1.2 Neutrino Beam Extraction

After being accelerated to an energy of 800 GeV, the protons wert' extractt'd from

the Tevatron ring and directed into the Switchyard. Here beams were split betw..en

the Proton, Muon and Neutrino lines.

The protons for the Neutrino Beam Line were extracted in two to four spills, of 2

milliseconds duration (pinl')s) for eveT}' cycle of the Tevatron ~"ver)' 60 seconds) . The

protons were then directed onto the primary target. The collisions of the protons

with tht' 310 mm beryllim primary target resulted in the production of secondary

particles, prt'dominantl)' 11' 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 Oux of secondaries entering the decay pipe. A fraction or the

secondary particles decayed in Oight, predominantly into muons and neutrinos. The

remaining Oux of secondaries was stopped in a 6 meter long aluminium beam dump.

The beam dump was followed by Ihe 900 meters of steel-impregnated earth herm

which was designed to filter out the muons. The resulting neutrino beam was com­

posed or neutrinos and anti-neutrinos with a Oux ratio v :iI of about 2.5 : 1, reOecting

the dominallce of positively charged secondaries produced in proton-nucleoli collision

in the primar~' target. .

The neutrino heam consisted predominantly or muon type neutrinos. The t'1t'(lron

neutrino contamination was about 2.5% 120:'

2.2 The Detector

The CCFR Detector was located in the Lab E Neutrino area. about 14;4 meters

downstream 01 the primar)' target. It consisted of a 690 ton Target Calorimeter

and 420 ton 1\1 uon Spectrometer. The purpose or 1he 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 drilt 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 or the Target Calorimeter is shown on Figure 2.4. The

calorimeter was divided into 6 identical, movable carts. Each cart consisted of 28

3 m x 3 m x 5.2 cm steel plates, with liquid scintillation counters, i2lj, :221 every 2

platt's (10.4 cm of steel) and drift chamber stations every 4 plates (20.8 cm of sll·el).

There Wt're a total of 84 target counters.

2.3.1 Scintillation counters

The scintillation counters used in the instrumentation of the calorimett'r were made

out of ribbed acrylic tanks filled with liquid scintillator. The counters were reinforct'd

on the outside vdth polyethylene bags filled with water in order to maintain hydro.

static pressure against the steel plates. The energy of the hadronic and dectromag­

netic showers produced by neutrino interactions was proportional to the total light

output or scintillation counters. The process of light collection can be summarized as

follows: charged particles passing through the counter excited a primary scintillator

Ouor, which emitted ultra-violet light. The VV light was absorbed by st'cond nuor,



23

which re-emitted blue Ii~ht. This light traveUed about 1 meter to the edges of the

counters, where it was absorbed by wave-Ien~th shifter bars (plastic acrylic doped

with BBQ fluor) absorbing blue light and emittin~ ~reen light. This system was used

to collect light from a lar~e area (3m )( 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 collected by a photomultiplier tube. Four photomultipliers ( RCA

6342A) located in each corner of the counters "'ere uSf'd to read out thf' light output

of thf' wunters. Analog signals from the phototubes were digitizf'd by a LeCroy 4300

FERA ADC system.

2.3.2 Drift Chambers

The positions of showers produced b~' neutrino interactions werr determined using

a s)'stem of drift chambers. Thr basic operating idea of these devices is a~ follows:

as charged particles pass through the chambers. the gas in the drift ct.ambrrs i~

ionized and the rlectrons drift toward the sense wires. Thr drift time of the electrons

recordrd for nch hit in the chambers is translated into the position of the hit by

multiplying it by the drift \'elocity of the electrons. The drift chamber system used

in the CCFR detector has been previousl)' described in detail 123. 2~;. Herr we onl~'

mention the most important 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% ethanr gas mixture. The drift \'elocity of electrons was about 5 cm/p.sec. which

combinrd with the 4 nsec clock of a ~evis Transport electronic digitizing system gavt'

24

the position resolution of hits of about 250 ,.meters. The dead·time induced by the

Time to Digital Converters (TDC) was about 12.3 Ilsec. 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 momf'ntum kick of 2.4 GeV Ic for muons passing through thr entirr length

of the magnet. The spectrometer was instrumented with drift chambers and scin­

tillation counters. In addition to the chambers in the middle of rach toroid there

wt're drift chambrr stations. each containing 5 chambers in x and y view, aflf'r each

loroid. Tracking information from the toroid chambers was used to reconstruct tht'

trajectories of muons bendin~ in the magnetic field and thus to measure their mo­

menta. Additionall)', there were two drift chamber stations located downstream of

the last toroid in order to improve thr momentum reconstruction of high energ,\' 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 photomultiplien 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 "'hole toroid system.

separated by 10.2 cm steel plate from the last target scintillation counter. These

counters were used to calculate the l'nergy of showers from interactions taking place

inside the l\Iuon Spectrometer.

2.4.2 Trigger counters

A hodoscope made of solid scintillator counters was located in the gaps bel ween toroid

(·arts. There were 3 planes of the counters after the first toroid (T2. HI and H2) .

and 2 planes of the counters after the second toroid (13 and "3). These counters

were in the trigger for charge current events.

2.4.3 Scintillation Counter Numbering

The targf't counters were numbered from 1 to 84, with counter 84 being the most

up&tream counter. The Toroid counters were numbered 0 to -24. with counter -24

being the most dou>n&tream 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 \'ertex

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 l\Iuon Trigger) was used in the studies of non-uniformity in

the neutrino beam intensity per RF bucket .

• Trigger 1 (Charged Current Muon Trigger):

The Trigger I 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 first four

downstream-most calorimeter counters (counters 1 through 4) ill 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 tligger

planes in the first toroid gap. The trigger also required that 1he ,·eto counters

at the front of the detector did not fire.

• Trigger 2 (~I'utral 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 COUD­

ters, which included both the ~roup of 4 and the next 4 downstream 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 velo counters

at the front of the detector did not fire.

• Trigger 6 (Straight.Through Muon Trigger):

Figure 2.9 prest'nts the logic for Trigger 6. It selected events with muons orig­

inating from charged current neutrino interaction upstream of thr CCFR'dr.

tector: this trigger required signals from at least one counter from six widely

separated groups of four adjacent Target Calorimeter couitters. To ensure that

a muon ..nfered the detector from upstream. counters 81 or 82 had to be on.

Toroid penetration lI'as ensured by requiring the PTOR logic to fire. Tht' PTOR

logic (Figur.. 2.10) I4!lectrd a high energ)" muon b~' requiring the muon to tra­

verse the samr quadrant throughout thr entire length of the Toroid.

2.5.1 Neutral Current Trigger Efficiency

The l\;eutral Currrnt Trimer (Trigg!'r 2) was implemented only in the Target Calorime­

ter. Figure 2.11 shows the distribution of the longitudinal position of 11.-:"/ interactions

record!'d with Trigger 2. "\s can be seen from the figure, the sensiti\'ity of Tri~ger 2

spanned between counters 82 throush 8. Neutrino interactions in the detedor region

of counters 84 and 83 (upstream part of the Target Calorimeter), between counters 7
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through ] (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 Wf'rf' part of Trigger 2 logic wrre 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. countl"rs 83 and 84 were part of the veto logic rejectin@ intl"ractions taking placl"

upstream of thl" drtector. For some fraction of thr interactions in thl" upstream

most region of the target, a backsplash of showering panicles could Sl"l countl"rs

f!3 and M on and thereforr vrto the event.

The efficiency of Trigger 2 as a fundion ofshower energ.'· was measured using the

charged current trigger (Trigger I). Fi~ure 2.12 shows tile efficiency of Triggl"r 2 as

a function of hadron energ}·. Trigger 2 was fully efficient for NC interactions with

Ehad greater than 15 CeY. For NC interactions with hadronic energy of 10 GrV the

efficil"ncy of Trigger 2 was about 90%.
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2.6 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

• scintillation counters:

~

liquid scintillator counters covering the full transverse plane of the calorime-

ter;

• hadron energy sampling:

hadron energ.v sampling inten'al corresponded to about 11.6 cm of steel,

(0.6 ~'NT);

• drift chambers:

drift chambers were located every 20 cm of steel. e\'er~' 2 counters:

2. The Toroid (!'Iluan Spectrometer)

• scintillation counters:

four quadrants of solid scintillator counters with a central hole ,,'ilh radius

::::: 12.7 em. for return of the magnet coils;

• hadron energy sampling:

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

(1.2 ~'/I'T);
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• drift chambf!rs:

drift c:hambf!rs stations were located every 1.6 m of steel, e\'ery 8 counters;

These differences have resulted in dill'erences in the resolutions for reconstruc-

tion of the hadron energy, timing and transvene vertex position of hadronic showers

occurring in these two different parts of the detector.
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The Event Reconstruction

In this chapter we discuss the reconstruction oC the event variables used in the search

for Double \'ertex Events.

Before going into the detail of the eVf'nt reconstruction procedures we make a

historical note, Traditionally, in the anal~'sis of charged current and neutral current

11·1\ interactions the CCfR delector was used in the following mode: t he upstream

part, the Target Calorimeter, was instrumented with triggers designed to detect

neutrino·inducf'd interactions and to measure the positions and the energies ofhadronic

showrcs, On the other hand, the main function oC the Muon Spectrometer was to

measure the momenta of the outgoing muons in the CC v-induced intrractions. The

Toroid was also instrumented with the scintillation counters. however they wrre onl~'

used as a part of the trigger l08ic.

The initial search for Double Yertex signature of 1'\HL in the E7H data was

done by S. l\1ishra !25~ and was restricted onl~' t.o the fiducial volume of thf' Target

Calorimeter. The preliminaQ' results of that search were ver)' intri~uing: 5 ~IIL

event candidates were found, '/l·ith less than 1 event expected Cram the background

processes. This result provided the motivation to expand the search into the fiducial

volume of the Toroid. By doing so '/l'e have substantially increased the phase space

available Cor the decay oC a assumed NHL, On other hand. the different hardware
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instrumentation of the Toroid, not optimized Cor calorimetry, has resulted in the

poorer resolution for reconltruction oC the ener~y and the vertex positions of showers

in the Toroid. Since the driCt chambers were placed only every 1.6 m oC iron, some

of the showers were contained beCore reachin~ the driCt chamber stations and could

not have their transverse positions reconstructed. The Cact that the Toroid counters

were placed only every 20 em of iron resulted in poorer ener~y resolution and poorer

efficiency for the findin~ the showers, especiall~' of the t'lectromagnetic type,

The Collowing quantities played a crucial role in search for Double Yertex signat ure

of :'\eutral Heavy Leptons:

• the longitudinal and transverse positions oC the t\l'O showers

• the I'"nergies associated with the upstream and the I!ownstrl'am shower

• the relative timing between the two showers

• the I..ngt h (charged particle penetration) oC each sho\l'er

We now define the above ,'anabIes and describe the way the~' were reconstruct.-I! 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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• 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)

• SHEND (shower end) corresponded to the number of the most downstream

counter with pulse height > 4 MIPs, foIlowed by at least three counters each

having the pulse height < 4 MIPs,

Transverse (x· and }'.mordinates) positions of a shower (V.. and \'1') were defined as

Ihe centroids of the drift chamber hits in the shower region, The TDC information

from the drift chambers bf'tween counters corresponding to PLACE and SHE!'\D was

used, For thf' showf'rs inside the Toroid Spectrometer, drift chambers immediately

downstrf'am of SHEXD Wf're uSf'd as weIl.

3.2 Measurement of Shower Energy

The basic principle of the shower energ)' measurement is that the energy of the inter·

action is directly proportional to the amounl of the light produced b}' the particles

passing through the counlers. As they pass through the calorimeter. Ihe}' interact

with the target nucleons and new particles are created, This avalanche continues to

devf'Iop until new parlicles loose mosl of their energ)' and are finall)' absorbf'd in the

calorimeter material. Each charged particle typically deposits a minimum ionizing

energy, The photons produced through the ionization process are later collected by

the photomultiplier lubes (phototubes), The signals from Ihe photolubes then prop-

..
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agate to the ADC uniu where they are digitized, In order to reconstruct the total

energy of the shower one needs to know foIlowing quantities:

• the gain of the counters GAlNi • that is the energy deposition of a minimum

ionizing particle measured in ADC counts;

• map correction functions 1lIAPCOR(\-:... ')' )i. that is the functions which ac·

count for the fact that the light collf'ction f'fliciency varied with the distance of

the shower from the photot ubes

• the calibration constant C .4LI B, that is the conversion factor hetween ~IIP

units and Ge\', for hadronic, electromagnetic and muonic interactions.

The gains of the Target Calorimeter counters and the map correction functions ha\'e

been measured using muons from the CC neutrino-induced events (taken with Trig.

gf'r 1) and straight-throllgh muons (Trigger 6) . The measurf'ment of the calibration

constanl was done using separate data rUIlS, during which a hadroll beam was direCIf'd

onto the target carts, The energ)' calibration procedure of the Target Calorimeter

has bf'f'n described in the detail in the rf'cent publication '26;,

The energy of a showf'r was calculated b~' summing up thf' pulse heights from Ihe

counlers in the shower rf'gion, The contribution to the shower energy from the i·th

counter in the Target Calorimeter was foIlowing:

ETa.,., = [__ .-tDCi!.·WC counbl ] C -tLl BTa.,.'
I GAlNiIADCcuunts/MIP]xMAPCOR(l:... "r)i x .

(3,1)
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3.2.1 Energy Calibration of the Toroid Counters
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PLACE to SHEND inclusive:

As mentioned earlier, some of the showers developing in the Toroid could not have

their transverse vertex position ddned. Thus the shower energy determination pro-

P£Aca

EpLSH = LEi,
i=SH.ND

(3.4)

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 counter). The calibration constant for Toroid counters was

assumed to be:

where Ei is defined in equations 3.1 and 3.3 for Target and Toroid counlers

respectively;

• EpLsL:

EPLSL was defined to contain also the energy deposited b)' showering particles

downstream of SHENO and also the energ)' deposition upstream of PLACE,

(so called 'albedo region'). The calculation of EPLSL required the following

C .-tLlBT...";d = 2 x CALlBr ••"" (3.2) steps:

corresponding to the fact that the Toroid counters .'ere separated by :::: 20 em of iron

compared to the st'paration of::::: 10 em of iron between the Target counters, The

(:ontribution to the shower energy from the i-th counler in the Toroid was following:

I. finding PLACE, SAENO and EpLSH

2. predicting the length of the shower L".d, expressed in counter units. LIt• d

corresponded to the charged particle penetration of a shower; the paramet riza·

r...md _ [ .-tDCiIADC counta~ J x C.4L1BT...o.d

E, - G..t1Ni {ADC counI6/JIlP!

3.3 Energy Determination

We have used two ,'ariables to describe the energ)' of a show..r:

• EPLSH :

(3.3) tion of the lensth 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+] and PLACE· Lit••

Ihis energy was found by summing the pulse heights in the counters from

"'LAC...

EpLSL = L E,
.:=P£AC.-.....

(3.5)
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3.4 Delay Correction in the Energy Calculation
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as a function of the time difference

The measurement of a shower energy deposited in the calorimeter depended on the ~T = T.-.. - TADC,.,•• (3.7)

difference betw~n 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

abDut 50 nsec, this allowed for the full integration of the signal from the counters.

However in the case of two neutrino interactions unconelated in time. only pulses

that triggered the apparatus would have proper timing with respect to the ADC

We should note the fact that the function R".,.~ is n<!t symmetric in respect to

.:iT = 0 : for negative ~T (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

posith'e ~T (shower arrived after ADC gate opened. and only some part of the tail

of the puisI' has heen 'choppl'd off').

Thus in the calculation of the energy for 'out-of-time' (non-triggering) showers WI'

havl' applied thl' following correction:

gate: the other interaction could occur later (or earlier) relative to the triggering

I'vent. ThereforI' the pulses from the counters associated with the second interaction

would arrive later (or earlier) "'ith respect to the ADC gate. Effectively only a fraction

E:h" = E.h x [R".,.:P T)]

3.5 Efficiency of finding showers

(3.8)

of the pulse would be digitized resulting in a lower measured energ)·.

Figure 3.1 illustrates the relative timing between the ADC gatl' and the triggering

and non-triggering pulses from phototubes. tsing 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

"erified by studying the average energy depositions of cosmic ray muons Iraversing

the CeFn detector in the direction opposite to Ihe neutrino beam line. Figure 3.2

The efficiency of finding Double "ertex events depended 011 two factors: the t'flicienn

of Trigger 2 and the efficiency of finding the second, nun-triggering shower. As dis-

cussed earlier. the software condition for finding a shower required two consecuti,'1'

counters to register pulse heights greater Ihaa -I 'lIPs. 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 8nal}'sis the timing of Ihe sho\Vl'r has nDt bel'n yl'l

established. Therefore Ihe fraction of showers that could be found using the .ho,·e

shows the fraction of the phototube pulse digitized by the ADe system R••••:

R".,•• = .4DC(~T).. __I...... ....~, (3.6)

algorithm dependl'd on the relative timing between the ADC gatl' and the timing of

Ihe shower.
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We have studied the efficiency of the shower finding code usinK single vertex

neutrino· induced interactions. In order to imitate non-triggering showers we have

defined a paramet"r ECUT:
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• we have s"lect"d a sample of neutrino interaction in Targ"t Calorimeter

• we have imitated Toroid energy sampling interval by using only every second

Target counter in the search for the showers

4MJP
ECUT(:iT) = Ru,.~(~T)' (3.9)

ADC" > ECUT(:iT)

and then search"d for show"rs with energy depositions in two consecuti\'e counters

greater than ECVT:

.4DC; > ECUT(~T)

.4DCi _ 1 > ECUTPT).

Then 1ht' shower finding t"fficit'nq \\'as defined as:

.4DC2('_') > ECUT(:iT).

• we have deli ned the efficiency of linding showers in Toroid for non· triggering

showers, Ef f'["""..4 as:

Eff;,.""••4(E.".:iT) = # of3houler, found t/.ith ECFT(:iT)
# of ,hower, found with EC[!TPT =0)' (3.11)

Eff:..••' ..( E.
h

• j.T) = # of ,hoUler, found u·ith E.C2f1T(:iT)
# of shoWtr, found t/.ith EClJT(j.T = 0)

(3.10)

where in the numerator and in the denominator Wt' have induded showt'rs found

using only t'\'en-numbered Target counters.

Figurt' 3.3 shows tht' shower finding t'fficiency in the Target as a function of 5howt'r

enerKY E.h • for different values of :iT.

Since the Trigger 2 was only implemented in the Target Calorimeter tht" abovt'

function (t'qn. 3.10) did not reRect the efficienc~' of finding showers from interactions

in the Toroid. Since the ener~' sampling interval in the Toroid was t\\'ice as big as

that of the Targe. Calorimrtt"r. the efficient}· of finding showers in the Toroid was

lower.

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

scheme:

Figure 3.4 shows shOWN lindinp; efficiency in the Toroid. as a function of 5howt'r

energy E.", for different values of :iT.

It is important to realilie that the above function (t'qn 3.11) reflects only the effi·

cienc~: of finding non-triggering showers in Toroid, which have similar ratio of hadronic

to electromagnetic components as .,.. -induced interactions. The inefficienq' caused

by the Jess frequent energy sampling interval in Toroid would b.. 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. 123). The TDC information from the counters was used to establish the timing

of showt'rs relative to the triger time. In order to achieve good timing resolution the

following corrections wt're considered:,
• pulse height slewing correction:

signals with lJigger pulse heights would cross the TDC discriminator threshold

earlier Ihan signals with lower pulse heights, thus contributing a spread of I he

timing. The wrrection accounting (or this effect has been measured by com par·

ing the timing from single counters with the averaged time from all counters in

the showt'r regioll and plotting the difl'erence as a function of the puhe heights of

individual cuunters (se(' Figure 3.5). The resolulion of the timing from indi\'id-

ual counters. shown in Figurt' 3.6 has been calculaud as a function of a ent'r~'

deposited in a given counter. The inverse of the square of the timing resolution

function of single counters was used as a weir;hting factor in the calculation of

the average timing fOf the entife shower.

• correction for time of Right of photons across the counter plane:
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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 effect was less significant. Some of the showers in the Toroid could

not have their transverst' position defined: in such an instance, it was assumed

that the shower was located in the centt'r of a counter.

Due 10 the presence of Ihe" t'lectronic noist' in the TDC s)'slem. an iterative method

had 10 be followed in order to measure the liming o( a shower. A crude eslimate

of the shower timing was (ound using all o\·erlapping.bin method, i.e. Ihe timing

of a shower was defined 10 be a center of Ihe lime bin wilh the highest number of

the TDC hils from the counlers within the shower region. Here the shower region

was defined as counters between PL•.tCE lind SHElVD. Additionally. up to three

counlers downstream of S II EN D were included. if their pulse ht'ights w("rt' abo\'t'

2 !\f1Ps. In the (ollowing iterations the weighted a\'erage of the hits from the most

populated bin was calculated and the pulse. height and position corrected TDC Ilits

away from the average by more than 2 (1 (twice the resolution of the timinr; of an

indh-idual counter) were removed from the sum. Thus the final expression (or the

timing of a shower was following:

.....

dt'pending on the transverse distance of the showt'r to the closest phototube,

the time of flight of photons to the phototubes varied: to account for this 'effect

wt' have applit'd a position dependent correction. This correction was espt'cially

.

T _ LdTDCi - CORpH ( •.tDCi t-CORn(l:,,1i·)]xw;
."o"''''tI' - E. Wi '

(3_12)
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where Wi was a weight equal to the square of the inverse of the resolution of the timing
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3.7 Shower Length Determination

of individual counters:

Wi = 0'2(ADCi )"
(3.13)

The length of each shower, was defined as the number of counters (each Target counter

was separated by material corresponding to about 11.6 em of iron) traversed by

After the above corrections were taken 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 from the muon

track. A sample of charged currenl neutrino-induced interactions was selected and

the timing of the hadronic shower compared with the reference time TREF· TRE.F ""as

an independently established time based on muon timing information from thl' drift

chamhl'rs and from the trigger hodoscopes. Figure 3.7 shows thl' resolution of the

timing for the showers occurring in the Target,

Trigger I was 1I0t implemented for neutrino interactions in the Toroid. thl'refoT('

the most penetrating charged particle. The length of a shower was used to provide

the basis for differentiation bdween NC-type showers (without muons) and CC-type

showers (with muon).

We have introduced the \'ariable SBE:"lD (SBit ElIiD), 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 SBITs on (or no SBlTs associated with the shower) A counter ""as considered

to have its sBlT on associated with the shower if:

the ollly possible wa~' to measure the resolution for showers in the Toroid was to use
TSB1T - T,ho.O?: ~ 28 n .•ec (3.H)

muons which den'loped shower cascades, originating from such stochastic processes

as bremsstrahlung, £ - C 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-p" showers.

was primarily for electromagnetic showen, since muon intuutions are predominantly

from t>!l'clromagnetic processes.

The TDC discriminator threshold corresponded to about ~ 'liP energ}' deposition.

Because of the hole in the Toroid. the Toroid counters did nol cO\'er the whole trans-

verse plane of the detector. Sometimes this resulted in a discontinuity in 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 downstream 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.h • the length of the shower, was defined as:
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was less than or equal to the length of a hadronic shower Lha4 with energy E.h I:

SBEND

L." = ( L Li )
.=I'LACE

where:

L; = 1 for i ~ O( Target counter.!!)

Li = 2 for i < O( Toroid counters)

(3.15)

(3.16)

L,h ~ Lha4( E,h)'

Otherwise the shower was classified as CC·type shower.

3.8.1 Contaminations of NC and CC classes

(3.17)

Here t'ach 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 counters.

Sinct' the TDC hits wt're recorded in :1: J /lsec window around the trigger time,

the abo\'f' definition of the showt'r length was not biased for non-tiggering showers.

3.8 Distinction· between NC and CC showers

In order 10 sludy difl't'rent dt'cay channels of an assumed 7\HL we have distinguished

between !liC.type and CC-type showers. This distinction was bast'd on the length

of the shower. For 1\C 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 parametriZt'd the length of a shower as a function of its energ}·. The shower

was classified as JliC.type if tht' actual length of the shov.·er L,h, defined in eqn. 3.15.

"

The above algorithm classified showers into two classes: the !liC-type class and the

CC-t~'pe class. It is important to realize that although the l"C.t)·pe class contained

predominantly showt'rs without muons. it also contained showt'rs with very low ent'rgy

muons that ranged out inside tht' hardonic shower or with muons that uilt'd the

detector through the sides and did not penf'trate the counters downstream or tht'

hadronic shower..-\dditionall~·, a small number of cosmic ray showers interacting al

the edges of the fiducial volume of the detector, contributed to the :'OC-type class.

TIle contamination of CC e\'ents in the ~C-type sample can be seen by stud~'ing

the ratio of !liC-type showers to CC·typf' showers RNC / CC • Figure 3.9 shows this ratio

as a function of the radial position of the interaction inside the Target Calorimeter

for interactions with hadronic energy greater than 15 Gc-\' taken with Trigger 2. The

increase of RNC /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 the edges of the detector.

1 Thr detail.d dr.cription of hadronic sho...r lenllth paramrtriaation can b. found in the Apprndix

B.



47 48

The aver&&e ratio RNC/CC for sinBie vertex events within the fiducial volume of

square ± 50 inches and a radius cut of 60 inches was:

We should also add that in the case of v.·X 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 rl'construction of neutrino interactions in the Toroid has led to the

larger fOntamination of CC inleractions in the NC·type class for showers ()ccurrin~

in the Toroid. The fraction of CC events with final state muon escaping the detf'ctor

incrf'ased. since the trans~'ersf' posilion of the sho\\'f'r could not be rf'coJlSlrUclf'd

and interactions occurring at the f'dges of the delector werf' included in thf' sample.

Addilionally, "'jth larger fiducial volume (no trans\'ersf' posilion cut) lhe fraction of

cosmic ray background was also larger.

Since the Toroid counters were not parI of the Trigger 2 logic, thf' measurf'ment

of R NC/ CC ratio for interactions occurring in the Toroid could not be done directly.

Instead we used single "ertex neulrino interactions inside the Target Calorimeter and

applied the analysis which mimicked the hardware instrumentation of the Toroid. We

doubled the energ)' sampling interval b)' 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 interactions. Additionally, in the above analysis we did

not rl'strict the fiducial volume of lhe Target Calorimeter to!: 50 inches square. The

systematically higher than lhe average value of the ratio of ~C.lype to CC·lype

inleractions inside the Target, < RNC/ CC >T••,.,.

result of this meuurement is presented on figure 3.10. The ratio RNC/ CC in Toroid,

is plotted as a function of radial position of a neutrino interaction. It demonstrates

increasin~ level of the contamination of NC·type class by CC neutrino interactions

at the outer edges of the fiducial volume of the Toroid. The a\'era~ed ratio of NC·

type to CC.type neutrino interactions calculated in the analysis imitating the Toroid

instrumentation was equal to ;

(3.19)< R",c/cc >T.....tI= 0.60::. /J.02.

(3.18)< RNC / CC >T••,.l= 0.40 ± 0.01
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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

~HL in v.-N interactions. As mentioned before, we concentrate in this analysis on

the search for the Double Yertex signature, that is the search for the e\'ents wilh two

showcrs: the upstrcam shower associated with the incoming neutrino interaction. and

the downslream shower originating from the decay of the assumed ~eutral Hea\'}'

Lepton, The topology of such an event is depicted in the Figure 4.1.

Thl're are 1\\'0 major conventional physics background sources of such l'\'cnts:

• nl'ulral bad ron punch-through events:

In v':'; interactions, neutrons and Kf produced in the primary hadronic verll'X

or in Ihe sl'condary interactions of the hadrons inside Ihe primary shower ma~'

penetrate and interact dO~'nstream of the end of the primary shower (Figure

~,2): these 'neutral punch-through events' are the dominant background for the

Double \'ertex events with small separation between the showers

• random o\'erlay events:

,.\ cl'r1.ain fraction of the time, two independent neutrino interactions will take

place inside the fiducial volume of the detector and within the timing gate of
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Ihe trigger (Figure 4.3); depending on the time difference between these two

interactions and the timing resolution of our apparatus they mayor may not

look like the simultaneous evenh. These 'random overlay events' are the main

source of the background for the Double \'ertex events with long separation

betWf'en the showers.

• 01 her backgrounds:

Additional background events that mimick 'Double \'l'rtu EVl'nls' could arise

from cosmic ray showers happening within Ihe ADC gate of the sysll'm, or

from partiell' showers interacting at the edges of Ihe dl'teclor and being nol

full~- absorbed within Ihe fiducial volume of the target iron plates. in effecl

scraping the side of tbe detector.

\\'l' now describe the selection criteria for the Double Vertex t'\'ents. The caleula-

lion of hackground sources of Double Vertu events originating from such convrntional

prOCl'SM'S as neutral hadron punch-through and random coincidences of uncorrrlatl'd

neutrino interactions is presented in the following chapler.

4.2 The Event Selection

Therc lI'l're thrl'e lopological components of the Double \'crtcx Event selection:

I. IItl' cuts sel..cting the upstream shower;

2, Ihe 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 penetraling that region

during the time of the interaclion.
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4. determining the timing (relative to the ADC gate) of the upstream shower

T.".
5. applying timing correction to the energy and requiring:

The selection of the Double \'erlex events was done in Iwo passes. Below we list

the cuts used in the selection of the preliminary sample.

4.2.1 First pass cutl

• Trigger cuts:

I. event should be triggered br Trigger 2. "'ith Trigger 6 not firing

2. event should be taken during Fast Spill gate ( IG ..\TE", 1.2.3 or 4). corre­

sponding to fast spill pings 1 - 4.

EPLSH _. > 7.5 Gel'. -

• Cuts selecting downstream shower.

I. searching for downstream shower and requiring thaI:

82 ~ PLACE, 2: -14

822: SH EN D, 2: -24

2. defining transverse position l:u and 1)"

3. calculating map-corrected energy EfLSH

(U)

( 4.3)

• t: pstream shower cuts:

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

shower T.",
I. finding an upstream shower. and requiring that its longitudinal \'I'rtex

position, PLACE was between counter 1 (downstream most counler in

Target Calorimeter) and counter 82:

5. applyir.g timing correction to the energ}' and requiring:

EiLSH eOP' 2: 2.1 G~l'

• Cuts selecting 'quiet gap region'

(4.4)

822: PL.-leE. ? I

822: SHEND, ? -8

2. defining transverse position 1-,\"1 and IY•

3. calculating ErLSH

(4.1 ) I. defining 'quiet gap region' as the region between end of the upslream

shower and beginning of the downstream shower. Thus the 'qui..t gap

region' corresponded to the counters:

SHEND. - 1-----> PL.4CE, 'T' 1 (4.5)
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and the number of counters in the 'quiet ~ap region' N.... , was equal to :
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pulse heights after map correction and timin~ delay correction have been applied:

SHEND,-I

N•.,. = ( L II,
i:P£ACE.+1

(4.6)
PH'··

PH-' = ..,....,....,....",..."....=~---:.,....,.--=---;-:-=
MAPCOR(l'x,\yl x Rd,'aup.T)

(4.10)

2. requiring one of the following 3 conditions:

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

pulse heights such that:

For counters upstream of PLACE, -+ I the delay correction was calculated based on

the timing of the upstream shower T." .. and for counters downstream of PLAC E, +I

the delay correction was based on the timing of the downstream shower T."z, In the

second pass analysis we have also applied more stringent fiducial volume, energy and

PH;na, .... $ 0.5 /II I P

(b) the a,'erage pulse height in the 'quiet gap region' :

I [SHEND'-I ]
< PH >CAP= N. L PHi

ma
, eM' '50 0.5.1/1 P

.~,. .:PLACE,+J

(c) if there was more than 10 counters in the 'quiet gap regioll';

N••,. ~ 10

(4.7)

(...8)

(U)

timing cuts:

• Upstrt'am shower cuts:

I. longitudinal position of the upstrram sho\\-..r:

82 ~ PL.-tCE. ~ 10
(4.11)

82 ~ SHE.VD. ? --Il

2. transn'rse position of the upstream shower:

than the region between the showers was quiet if any of III ronsecutive

counters within 'quiet gap region' would satisr~, one of the criteria 2.8)

or :l.b) listed above.

4.2.2 Second pass cuts

All e,'ents that have pused the above set of preliminary CUIS were subject to the

second pass analysis, In the second pass we recalculated variables the PL.-tCE..

ilx.; $ 50"

;l YI I'S50"

T."I = J('v:t'" ... (\),.)z $ 60"

3. energy of upstrum vertex:

E.M = Eiu £ c..' ~ 15 Ge\'

4. upstr..am shower type assignment:

(-t. I2)

(4.13)

SJlEND.. PLACE" SHEND, so that these variables wrre based on the counter
to ensure that there ,..as no minimum ionizing particle emerging from the
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upstream shower, we required that the upstream vertex was NC-tJ'pe, &6

defined in previous section.

• I!ownstream shower cuts:

l. lon~itudinal position of the downstream showrr:
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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 idrntifica­

tion of muons emersing from the shower. based on the depth of the

penetration of minimum ionizing particle.

2. transverse position of the downstream shower:

82 ~ PL.4CEz ~ -14

82 ~ SHENDz ~ -24

(4.14)

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

downstream shower:

(4.17)
At this point we ha\'e srparated the events into 2 classes:

(a) Tar~et Events

Events for which the downstrt'am shower has slarled within Ihe Target

Calorimrtrr:

:Vnl ~ SO"

'l'nl :5 SO"

r.hZ = JWn)' ... (l j'l)2 c::: 60"

(b) For Toroid rvents, wr did not impose any transvrrse position cuts on

PLACEz ~ 3 (US)
the downstream shower. since some of the showrrs could nol havr I ht'ir

Iransversr position drfined,

3. the energy of downstream "ertex:

herr for both, Target Events and Toroid Events we applird same cut:

werr called Tar~rt evenls: both upstrram and downstrram showers

were contained inside the Target Calorimeter, which guaranll"ed that

the transversr positions of both showrrs could br calcu/atrd,

(b) Toroid Events
E.hZ = EfLSL _. ~ IS Gel- (4.18)

Toroid events were events with the upstream interaction inside t he Tar­

get Calorimeter and the downstream sho\\'rr beginning at the down­

stream edge of the Target or \\·ithin the Toroid Spt'ctromrter:

• Cuts srlecting 'quiet gap rrgion'

I. material separation between two showers L.,••I, expressed in units corre­

sponding to the amount of material separating adjacent Target Calorimeter

2 ~ PLACEz ? -14 (4.16)
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counters, be I';reater than 5:
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4.2.3 Angle between the upstream and the downstream showers

[

SHEND.-I ]
L,.ocl:= L L.

i=P£ACE,+1

where:

> 5, (4.19) We have defined the angle between the direction of the neutrino beam and the line

joining the bel';inning of the upstream and the downstream showers as 9 :

L; := lIar i ~ O( Target eounter~)

L; = 2/ar i < O( Toroid eounter~)

(4.20)
9 = arctan

(.ll'X)2 + (~l'yF

(A l'Z)l
(4.21 )

Target counters were separated b}' about 11.6 cm of equivalent steel, while

the material separation between two Toroid counters was corresponding to

about 23.3 cm of steel. Therefore, the above rut corresponded to r(·quire·

ment that the beginninl'; of the downstream shower was separated from

the end of the upstream shower by material equivalent to at )"ast 70 cm

of steel.

2. requiring 'qu'iet gap' based on a counter pulse ht'ights. ronditions 2.a). 2.b).

As will he discussed in the Chapter 6.4, the predicted angular distribution of

assumed NHLs with the mass in the range of 0.5 GeVle2 to 3 Ge\'le1 ( the sensitivity

of our experiment to the Double Vertex signature of NUL is limited to that mass

range) is very narrow and over 98% of the assumed ~HLs would b" produced at the

angles 9"'H£, less than 125 mrads.

Therefore, for the events with both showers contained inside the Target, we have

applied the following cut:

or 2.c) as described in th" previous section. 9 ~ 125 mrad (4.22)

3. an additional 'quiet gap' cut required that in the 'quiet gap region' there

w"re at least half of the counters with no SHIT hits associatt'd with T.M

nor with T,h2' If the counter separation betwt'en the two showers. N__

was greater than 10, the region would be defined as quiet, if in any group

of 10 consecuth'" counters .within the 'quiet gap region' at least five of the

counters had no 58fT hits associated with T'h' nor with T. Io2 •

"

For events with the downstream shower contained inside the Toroid. the abo\'('

rut was not applied, because the downstream shower ""rtex position could not be

defined for a fraction of the "vents.

4.2.4 Selection of In-Time Events

So far in the analysis, the timing information was used only to correct the energy of

non-triggering showers and to ensure the absence of the minimum ionizing particle

penetrating into tht' gap bC'tween the upstream and downstream showers. The sample
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of events selecled ",ith the above described cuts contained both ~HL candidates and
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buckel5:

the events coming from conventional background sourcel. The background sources I
IT.hI - T."JI ~ 2 RF:::: 9.3 n,ec (4.23)

include NC neutrino interactions ",ith neutral punch.through showers, and events

originating from random o"erlays of two independent neutrino·induced interactions.

For NUL candidates and single vertex neutrino NC interactions with neutral

hadron punch· through showers, the timing dilference between the upstream and

downstream showers should be zero, within the timing re50lution. On oth"'r hand,

the random overlay events were uncorrelated in time. For some of these th", timing

difference would be within the timing resolution of the deleclor. while others would

appear as the Out·of·Time events. In order to select NUL candidates and estimate

the background originating. Crom random o\'erlays Wt' have used cuts based on Ihe

liming of the upstream and downstream showers. Figure 4.4 shows the distribution

of the relative timing between the upstrPam and the downstream showers for Targt't

evenl& and for Toroid e,·ents. The multi·peaked structure of this distribution reflects

Ihe time structure of the accelerator beam, w'here particles are bunched into RF buck·

ets. Each bucket is separated by about 18.6 nanoseconds. The intrinsic time spread

of RF buckets is about 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 correlated in time (later ref"'rred to as the In·Time events),

we have required that the absolute value of the timinll difference between th", upstream

and downstream shower is less than ~ of time separation between two consecutive RF

:'iHL candidates, neutral hadron punch.through events and accidental overlays of t",o

neutrino interactions coming from lame 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 cla" of events with both the upstream

and downstream shower contained inside the Target Calorimeter (Target e,'ents) and

about 96% t'lfieient for the class of events with upstream interaction inside the Target

Calorimeter and a tht' downstream shower inside the Toroid (Toroid events),

4.3 Classification of In-Time Events

The sample of Double Vertex In·Time Events "'as visually scanned. The sample

lI"as then subdivided into several classes based on the amounl of material separation

between the two showers and on the presence or absence of high energ~' muon ill tlte

downstream shower.

4.3.1 Event Scanning

The purpos", of the visual scanninll of evenli was to verif~' th .. computer al~()rilhm

selection of Double Vertex nents. The topolO8Y of Double Y..rtex events was basl'd

on the presence of a 'quiet gap region' between the end of the upstream and the

bellinning 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

energy depositions or SOIT 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 \'isual scan of Target Events ( Le. events with the downstream shower starting

inside tlH' Target Calorimeter). resultf'd 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 Auctua­

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.

:\s mentioned earlier, the Toroid counters consisted of four quadrants with a hole

for the return of the magnet coils. Therefore Toroid counters did not CO\'er the entire

lranS\'erse cross·section of the Muon Spectrometer. That in effect causf'd inefficiency

in identifying muons from charged current nf'utrino interactions in the downstream

part of the Target Calorimeter. for which a final state muon penetrated the central

holf' rf'gion of the Toroid. mimickinl\ a 'quiet gap region'. As the muon emerged from

the hole. it intersected the active area of the downstream counters and df'posited

energy in them. 1I0we\·er. 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

'.
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with muon passing through the Toroid hole were found and r~jected 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 f'vents. Sf'ven such e\'f~nts were

found in sample of computer selected In- Time Toroid e"ents 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 12J Tarllet events (with

both showers occurring inside the Target Calorimeter) and 69 Toroid e"ents (with

downstream shower occurring inside the fiducial volume of the Toroid Spectrometer).

As the rf'sult of "isual scanning, 121 events remained in tht, Target In·Time sample

and 49 events rf'mained in the Toroid In·Time sample. Table 4.1 summarizes the

numbers of In-Time Double Vertex events selected by the computer anal~'sis and

number of events remaining after the visual scanning process.

4.3.2 Material separation between the upstream hnd downstream show-

ers

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

high energy neutral hadrons with long lifetimes (i.e. neutrons and neutral K mf'sons)
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are produced. Since thete hadrons are electricaUy neutral, they do not dep05it 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

cucades depends on the interaction croS5-section of neutral hadrons. Th.. nuclear

interaction length, ).,NT, for neutral hadrons is equal to the mean free path betw~n

inelastic interactionsl . Therefore, in the NC neutrino interactions, secondary showers

produced by neutral hadrons, which interacted downstream of the end of thr primary

shower contributed to the In· Time Double Vertex SIImpJe. The rate of thesr neutral

hadron puncb.through events depended on the amount of material brt",r..n the end

of upstream shower and the beginning of the downstream shower, L.,••, (as defined

in Eqn 4.19). Therefore we have subdivided the sample of In- Time Double Vrrlex

events into three classes:

I. Small separation:
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The neutral hadron punch· through backsround for each of the above classes is

described in detail in the nexl 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 ionizins particle

in the gap between two showers. Here we classify events depending on the assignment

of the downstream shower:

I. :'\C -> NC events

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

2. ~C -> CC events

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

lIn lhe ceFa detector the ",paration belween eoanlers in the Tar!!"l Calorimeter corresponded

to about O.6~/N7' (lhe separsliol between TOIOid coulers "'II about J.2AIN7')'

2. Intermediate separation:

3. Large separation:

6 ~ L.t • d ~ \0

11 ~ L.ted ~ 20

L.- ~21

(4.24)

(4.25)

(4.26)

The above c1usification 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 the hole in the Toroid counters has resulted in poorrr efficiency

in the identification of muons emerging from the downstream shower in the Toroid.

If a muon travened through the hole then the algorithm would rail to identify it

and the event would be incorrectly assigned to the NC ----0 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 ~ CO 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 assip;nment based on shower length

algorithm done by computer with the assignment based on visual scan has yielded

following results:

I. Clear !Ii C el'ents

We found 23 events which had the downstream shower assigned to Ihe "'C.t~·pe

group based on shower length algorithm and no muon track emerging (rom Ihe

downstream shower.

2. Marginal i\C events

There w~n 4 events which had the downstream shower identified as CC.t)·pe.

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 event. with CC·lype classification of the downstream shower and

momentum analyzable muon emerging from the shower.

4. Clear CC I"'ents. but XC according to length algorithm

We found J event ,,·jth clear muon emerp;inp; from the downstream shower.

..
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(based on drift chamber information). for which the lenp;th algorithm classified

it as NC.type.

5. Ambigious CC events

We found 1 event, with downstream shower classified as CC·type on basis o(

shower length algorithm, with muon track present, bul not momentum analyz·

able.

.-\S the result of the "isual scanning of Toroid events. e\'enls from 'Clear i\C' group

and '~1arginal !\C' group "'ere included in the Nr. ~ NC channel, while e\'ents from

rl'maining three groups fell into the NC -+ CC channel.

Table 4.2 and 4.3 summarize the number of Douh!1' "I'rlex I','ents in each of the

abo,'1' described (·ategories.
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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 NlIL in the .'VC -+ CC chan-

nel came predominantly from random overlay events. In case of the NC --+ ,'olC

channel. the background {or Small Separation events was dominated by the neutral

hadron punch-through events. In the Intermediate Separation region both neutral

hadron punch-through events and random overlay events ('onlribute 10 the hack-

ground, and for the- Large Separation NC - NC events. the background originated

almost exclusive-Iy from random overlay events. We now dis('uss tll(, \\'ays in which

the background sources of Double \'ertex events were estimated. At the ("nd of this

/,chapter we compare the background estimates with the number of observed NHL

candidates.

5.2 The Random Overlay Background

As mentioned earlier. In-Time events with timing difference between the upstream
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could arise {rom random coincidence of two uncorrelated neutrino-induced interac-

tions. Since the resolution of the relative timing between two showers was about

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 oC Out-oC-Time Events

In order to estimate the random o\'erlay 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 Sections 4.2.2 and 4.2.3. These cuts ",pre

designed not to introduce any biases betwe-en In- Time and Out-of-Time events.

The timing ranlle for Out-of-Time- events was dete-rmined to ensure fuJI Trig·

ger 2 efficiency and high efficiency of finding hadron shower associated with the non-

triggering interactions:

• Triggering efficiency:

Only counters 80 through 8 inclusive were- part of the Trigger 2 logic. Inter-

actions with showers atarting in the upstream counters 81 or 82 triuered this

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

and downstream showers:

I
,T.M - T.A2 1 < - RF- 2 (5.1 )

• 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· triggering showers the timing of the

__________________-.H

actions in Out-of·Time events be no more than 160 nsec (\60 nsec = 8~ RF units):

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,

\
T.,., ...... - ••i. - T.,., •••• ~ 82RF

5.2.2 Timing range of Out-of-Time events

(5.4)

For the events with both interactions taking place inside the rt"gion of full Trigger 2

efficiency (counters 80 throu!h 8), the interadion occurring first would al"'aystrigger

the apparatus. Tllerefore the non-triggering interaction would always appear as late

relative to the ADC gate:

The above considerations led to the following set of cuts on the timing of Out·of·

Time e\'ents. These cuts depended on the )('lngitudinallocation of the upstream and

downstream showers. PLACE. and P LACE,:

• Tarret Events:

.IT:: T.I.. ......_••;. - TADe ,.,. ~ 0 (5.2)
1. 8\ ~ PLACE\ ~ 82, PLACE, ~ 8:

Howe'ver, for Double Vertex events in which one of the interactions took place in .ht"

re'gion where Trigger 2 'was not fully efficient (counters 8\ or 82) or not implemented

here we required that the downstream shower triggerrd the apparatus. and

the upstream interaction occurred after the trigger;

(counter i through .\4), the non.triggering inte'raction could appear as late' or as

early relative to the ADC gate. The delay correction function R4,'av(.lT) for 'late'

1 t2RF ~ T,M - T.", $ 82RF. (5.5)

(with .lT > 0) interactions .-as a slowly changing function of .IT. For 'early' inter·

actions (with ~T < 0), the delay correction function was strongl)' dependt"nt on ~T

(see Figure 3.1). Therefore we have used only events, for which the non.triggering

interaction occurred after the trigering one:

In this fiducial volume region random coincidence'S of neutrino inte'ractions,

separated in time by up to 8 RF buckets would fall into the abovt" timing

range. Therefore the normalization factor, .'1'RF1a•• =8 had to be used

in order to find number or Out·of·Time ev~nts per \ RF bucket for that

re~ion.

T.", """_.... - T.", .... ~ 0 (5.3)
2. 10 ~ PLACE\ ~ 80 , PLACE, ~ 8:

In order to prest"rve high efficiency for finding non· triggering showers (Figures 3.2

and Figure 3.3) we required that th~ time separation between two uncorrelated inter.

in this region, both the upstrnm and the downstream interactions could
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trigger the apparatus with full eRidenc:y, with the earlier interadion ai-

ways setting Triuer 2 on. Consequently the non.tri~ering interac:tion

was always 'late' relative to the ADC gate. Therefore we required:
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in hardware if a VETO bit was on at the time of the triuer c:oinddenc:e. The

\'ETO logic: required a c:oinddence of hits from two arrays of 27 solid sdntillation

counters. These were mounted in two 25 feet x 15 feet arrays upstream of the

I I2RF 'S IT,M - T,,,,I 'S 82RF, (5.6) detector. Additionally the two most upstream c:alorimeter counters were induded in

For this fiducial volume region the normalization factor, NRFTa.' was equal

to 16. reRecting the fact that both the upstream and downstream showers

could trigger the apparatus.

3. 10 'S PLACE,:5: 80 ,3 ~ PUCE,:5: 8:

in this region. only the upstream interaction could set Trigger 2 on. so we

required:

the VETO logic. Thus Triuer 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 (backseattered hadrons)

from the hadron shower could reach counters 83 and 84 Bnd set the VETO bit on.

causing the rejection of the Trigger 2 event. This resulted in an inefficiency of Trigger 2

- R~RF ~ :T,,,, - T,,,,I S -~RF.

The normalization factor for this region, IVRF T••3 was equal to 8.

• :Toroid E"enls

(5.i)
for interaclions in the upstream most region of the detector, In the case of t 11'0

independent interactions occurring inside the detector within the duration of the

.-\DC gate. the interaction in the upstream most part of the d('\ector ('Quid also set a

\'ETO bit on. However if the \'ETO signal arrived at lhe triuer logic uni. after the

in this region onl~' the upstream shower could trigger the apparatus, thus w..

required:

Trigger 2 coincidence was formed by the downstream interaction, the trigger could

not be rejected. Effectively, the triuer eflidenc:y for Double "ertex events with:

1 I
- 8

i
RF 'S IT"" - T,,,,I S -iRF.,

The normalization factor for this region, NRFT'" was equal to 8.

5.2.3 VETO Rejection or Out-or·Time events

(5.8)
81 S PLACE, S 82,

PLACE, ~ 8

depended on the relative timing between the two interactions and was biased against

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

interactions oc:curring upstream of the CCFR detector, Trigger 2 events were rejected

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

interaction,
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In order to rrmove the \'ETO bias in the selection of random overlay events the

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

81 ~ PLACE. ~ 82.

PLACEz ~ 8

Fir;ure 5.2 shows the distribution of the relative timing betwf'l'n the VETO bit and

the timing of the non-triggerinr; shower in this class of Out-of-Time Doublf' Vertex

Events.

The eITect of trir;ger rejection by VETO bits not correlated with the triggerinr;

interaction can be seen by looking at the relative timinr; distribution between VETO

hits and Trir;ger 2 time, shown on Figure 5.1 . The .harp cut-oll'in the distribution

implies that e"f'nts with TtETO - T ,r., smaller than 10 TDC clock counts (I TDC

clock count = 4 nsec) were vetoed. Random VETO hits occurring very early beCore

the interaction time could not veto the trigger, since the duration of the VETO pulse

was about 150 nanoseconds.

related neutrino interactionl. However, a cOlmic ray shower which depolited ionizing

energy in the upper parh 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 could hit the upltream 'end of the detector while another section the down­

stream end. However, the time difference 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 e"ents. Additionally three events, Cor which the drift chamber infor­

mation indicated that the downstream interaction did not originate from a neutrino

interaction inside the fiducial "olume of the Toroid Calorimeter were rejected .from

the Toroid Out-of- Time sample.

Table 5.1 summarizes the number of Out-of· Time Doubl!' "ertex events selected by

the computer analysis and the number of events remaining after the visual scanning

process. As the result of the selection b~' the computer algorithm and the ,'isual

scanning scan. 402 e\'f'nU remained in the Out-of-Timt Double Vertex sample.

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

In-Timf' Double Vertex ["ents, into the followinr; r;roups:

(5,9)T1'ETO - T.M < 10 T DC clock count!

we required that there were no VETO hits luch that:

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

In order to verify the topoloB)' of the Out-of-Time events. the sample was visually

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

• Target and Toroid Events. based on the longitudinal position of the dO\ll'nSlream

shower;

..
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• the NC -l NC channel and the NC -t CC channel, based on the presence or

absellce of all outgoing muoll in the dO"'nstream showerj

• Small, Intermediate and Large Separation, based on the amount of material

separating the end of the upstream shower aIld the beginning of the downstream

shower.

Similarl~' as in tllf' case of thf' In· Time Toroid Doublt> Vt>rtf'X sample. In verify

tht> downstream sl,ower IYlle assignrnelll based on tht> compuler algorithm. Wf' ha\'f'

scanned lhf' Toroid Out·of·Timf' f'vf'nls and assigned them 10 the NC -, NC or

the NC -l cr group. The assignment was based 011 the presence (or ausence) of

a muon in I !If' downslream shower, as r~istered b)· tbe drifl chamber stations. Thr

comparison of lbf' showf'r t)'pf' assignment based on shower length algorithm dune by

comJlult'r wilh thf' assignment basf'd on visual scan has yielded following resulls:

l. Clear ]1;(' f'vt'nls

We found 84 events which had the downstream shower assigned to the NC-type

group based on showf'r length algorithm alld no muon track emerging from the

dmrnstream shower.

2, l\larginal ]'\C eVf'nts

Thf'rt" were" events which had downslream shower identified as CC-I)·pe. based

on tllf' lenglh of the shower, bul there was no muon penetrating the Toroid

downslream of it.
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3. Clear CC evt>ntl

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

and momentum analyzable muon emerging from the downstream shower.

4. Clear CC enntl, but NC according to len!th algorithm

We found 5 events with clear muon e~erging from the downslream shower.

(based on drift chamber informalion), for which the lenglh algorithm classified

il as ~C·type,

5. Amhigious CC e\'ents

We found 16 e\'ents, with the downstream shower classified as CC-lype on

hasis of shower length algorithm, with muon track present, but nol momell1um

analyzable,

As a results of the \'isual scanning of Toroid Out·of· Timf' sample, !'vents from

'Clear \(" group and ':\larginall\C' group were included in Ihe NC -l .\'r' channd.

while f'''f'nls from remaining three groups fell into the NC -l CC channel.

Tablf' 5.2 and 5.3 summarize Ihe number of events in each of the ahovf' groups.

Thr eslimation of Ihe random overlay background in Ihe In- Time Douule \'ertex

samplf' was donf' in Ihe following way. First, Out-of- Time evenls, in «'Bch of the

above categories separately, were normalized by the factor NRF, (equal to i or /i,

as discussed in the previous section) to determine the number of the Out-of-Time

random coincidences per one RF buckel. Then the numbers in the /l'C -f NC

channel and NC -f CC channel were added, and multiplied by three faclors:



77

• a factor representing the expected fraction of NC-type and CC.type events in

the Target, /~C"l and f~C'''1 and in the Toroid, /~c"'" and f~c"4;
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detector. using the sample of Out-of·Time Double Vertex events gave the following

results:

• 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 ev..nts in the Target, I//:;'·:j'; and in the Toroid, 1//;;.....,/1-

R/VC/CC~~~"1 =0.30 ± 0.06,

and for interactions inside Toroid:

R/VC/CC~~o;4 =- 0.62 :t 0.08.

(5.12)

(5.13)

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

5.2.5 The Ratio RIVC/cc for the Out-of-Time sample

Since the Out·of· Time Double "ertex en'nlS originated from random o"erlays of neu-

trino induced interactions, the ratio of the number of NC -+ ,Vc e"ents to the

number of Nr -+ CC e"ents in the Out·of· Time Double "ertl'X sample should be

equal within statistical errors \.0 RNC / CC , the ratio of NC-I~'pe to ('C·I~·pe single neu-

The agreement, within statistical errors. with the average < RNc/CC > as mea·

sured for single neutrino interactions confirmed that the shower type assignment was

not biased for ('\"enlS with Double Vertex topology.

In order to increase the statistical power of the random ovC'rlay background esti·

mation. the background for each channel was calculated by summing up the contri·

hutions from o"crla~' e"ents with the downstream showC'rs coming (rom both :XC and

CC interactions and then multiplying it b~' the factor equal to:

Irino interactions. As discussed earlier, for interactions occurring inside the Target

Calorimeter, this ratio was equal to:
< R/Vc/cc >

f,vc = J-t- < RNC/ CC > (5.14)

< R/Vc/cc >T....I= 0040 ± 0.01,

and for interactions inside the Toroid:

(5.10)
for the NC -+ NC channel background and by the fador:

I
fcc = 1- < R/Vc/cc >' (5.15 )

< R/Vc/cc >T.....4=. 0.60 ± 0.02. (5.11 )
for the NC -+ CC channel. In the calculatton of the above (actors. values of <

R/Vc/cc >Tar,'l (eqn. 5.10) and < R NC /CC >Tor..d (eqn. 5.11) were used for Target

The measurement of the ratio of NC·type to CC·type interactions in the CCFR

..

Events and Toroid E"C'nls resp~ctivel~"
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5.2.8 The Superbueket Correction
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referred to as the superbucket ratio R.. I • is equal to:

The source of the per bucket flux non-uniform;t,- can be summarized as follows:

The number of Out-of- Time overlays (two uncorrelated neutrino interactions orig-

inatin~ from different RF buckets) would be exactly equal to number of In- Time

overlays (two uncorrelated neutrino interactions coming from same RF bucket) only

R
Ira - Time tnterlays F l•• = . =1+ /_

Out - of - TIme overlays
(5.20)

in Ihe case of an rqual flux of neulrino particles in individual RF buckets. 1I0\\"e\·er.

a bucket-Io-bucket variation in Ihe flux of particles would lead to higher number of

In- Time accidt.nlals relative to Ihe number of Out-of- Time accidentals. Tl,is t'/reci

follows from Ihe facl that In-Time overlays are proportional to the average of Ihe

square of the beam intensit~· < 12 >. while Out·orTime overlays ar.. proporlional 10

the square of the av..rilge bum inlensity < / >2.

Let us denote Ihe fractional slandard de\'ialion of the beam intens;I.'". t'qua' 10

slandard devialion of the inlensity distribution per RF buckel divided b~· the mean

of tit.. inte'nsit~, dislribulion as F,:

the number of protons in RF buckets originating from a sin~le 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 var~· for iadividual buckets. The extraction of primary protons from

the Tevatron ring 10 the ~eutrino Beam Line is done hy forcing the particles into

a resonance traj..ctary and then separating th..m from the Te\'alron orbit using an

elecl rostatic septum. The amplitude of this resonance depends strongly on the mo-

m..ntum of the protons. Through the resonanee. Ihe orbit of a particle becomes

unsta!>le. and Ihe amplitude of the oscillation depends on lhe mome'nlum of llir par-

liele. Tile parlicles with higher momenlum cross Ihe e1e'rtr05Iatic seplum earlirr. and

tT,
F,,, <J>

From tlte' sel of e'quations Iiste'd be'low:

tT: =< /2 > _ < I >2

(~.161

(5.1; )

thus leave the rillg first.

Tl,e estimalion of the superbuckrl correction has bc:..n discussed in drlail in Ap-

pendix C. Hrre we quote onJ~' the result of this measuremenl:

In - Time occitlentals _< /2 > (5.18)
R.. = 1.5 ± 0.25 (5.21)

Out - of - Time aecitlentals _< I >2 (5.19)
Tltis value of R.b corresponds to an r.m.s. spread 01 intensities per RF buckets of

I Th. o.illin of Ihi. name come. 'rom Ih. 'aellha' al '-.,milab. per-bUt.'1 BUI non-uniformil~ wa.

it follows that ll~l' ratio of In-Time o\'crlays 10 the Out-or. Time o\·erlays. later oft.n ref.rred to a. a '.up..,bud.1 ....eel·. onde:nco,inlllhe: ..i.knee or RF' bucketa ,.'ilh utremc:h·

hillh number of particl.s relalive ,,, Ihe: number of partide. in typical RF budc:t.
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• 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 decreasing energy, and a kaoll fraction was about 5% or less.

PLACEt;:: Nmu(Cart) - 5

PLACE2 ;:: 3

86

(5.28)

(5.29)

However. most of the beam electron interactions took place ill the material

upstream of the Target Calorimeter and did not trigger the apparat us.

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 tlte cern Target

Calorimeter, e1luivalent to the Trigger 2 for neutrino running.

5.3.2 Test-Beam Double Vertex Seleetion

The search for t he upstream shower started at the most upstream rOllnter exposed

to lhe beam .'·m•• IGart) : counter 28 for the 2·Cart configuration. counler ~2 for

the J. Cart ron figuration and rounter 56 for the 4-Cart configuration. \\'1' have also

requirf'd tltat thf' hadronic interaction took place within the 5 upstream musl counlers

(3 AINr) from thf' upstream f'nd of the tarSe! carts. Since the horizontal posilions

of the calorimeter rarts were offset relative to the Toroid Spectrometer. lhe search

for the downstrf'Bm shower was restricted only to the mlume of lhe Target rarts.

Therefore the longitudinal fiducial volume cuts in the lest-Beam data analysis were

as follows:

With the exceptioll of the longitudinal fiducial volume cuts, the selection criteria

of the Test-Beam Double "ertex 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 "ertex saltlple. Since the

random overlay backgrollnd was negligible. for "irtually all the events the aLsollltl"

\'alue of the time difference Letween the upstream shower (originating from a primary

hadron interaction) and the downstream ~hower, (originating from the interaction of

the neutral hadrons produced in thl" upstream shower) was less than ~ RF. For nf'utral

hadron punch-through evenls, both the intrinsic spread within the RF burkl"ls and

the timing correction for the dependence on the transverse position of the shower

werf' I he same. This resulted in ver~' good timing rf'solulion for Test·Beam Doubl.·

\'erlex e"ents, with an r.m.s (1 of I he difference in lime belween the two showers of

2.4 nsers.

Figure 5.4 shows lhe angular distribution of Test-Beam punch-through e,·ents.

Here the angle was defined as:

PLACEt:S N",••(Cartj' (5.27) I ~\'f ~\)'
81B =arctan(\I(--' - < (I •. »2 + (__ )2). . . ~l'z .• ~\'z'

(5.30)
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~
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where < Ix > was equal to the avera!:t' anglt' belween the beam direction and the

direction of th.. detector axis:

• Ihe Small st'llaration r\·ents. with 6 $ L.,••, ~ 10.

Th.. T..sl- Bram Double \·.. rlrx samplr included 65 such r,-rnls.

figurt' 5.5 presrnts the enerS)' spt'cltum or the downstream ,h01,,·er. En'nts wilh

E.h2 grt'ater than 9.0 GeV are shown. One should notice the exponential fall·olT Ihe

rnerg.'· of Ihe 5t'condilr~- sbowen.

I'ifl:urt' ,'Uj sllo\\"s Ihe distribution of srparation between the end of Ihe primary

hadronic shower and the beginning of the second.ary, downstream shOWN.

The t"'rnls wt'rt' ratrgorized on the basis of thr L...., :

< 'x >= 65 mrad. (5.J1)

one would expect not to lind a secondary hadronic shower with a muon emer!:inK from

it. However since the shower type usignment was based on the parametrization of

the length of hadronic shower such that it would include 911% of all NC showrrs for

given range of shower energy, one could expect to find rew rvents in the Test·Dram

Double Vertex sample that would be classified as NC ~ CC. although a high rllergy

muon would not be present.

5.3.4 The Normalization oUhe Test-Beam and the neutrino-induced Dou­

ble Vertt'X Samples

We hnr ..stimatrll Ihe n..utral hadron punch.throu!:h hackgroulld in Ihr Ill-Tilllr

sample of Doublr ,"I'rtex neutrino induced interactions b~' muhipl~'illg Ihe raw numbrr

or Double Vrrlex rH'nls found in the Test· Beam data by u"'rul normalization faclors.

The following normalizalion factors were considered:

• lhe Inlermediate separalion ('\'t'nls. with 11 <; L••••• <; 20.

The Test-lJram Double Vt'rtex sample included 6 such e'·enls.

,,\,, (,\"f'lIts with material separation between t.·o showers. L••••• greatrr Ihan 20

countef5 wer(' found. It is important 10 realize that only tile J·eart alld .j.Cart

configurations ,'('re sensith'e to the neutral hadron punch. through evrnts w'ilh Large

s..paralion.

All Test-Beam Double "ertn e"ents were c1as5ili('d as thr lYC .... lYe c'·enls. The

probaLi1it~· of a muon produclion in h.dron interactions with thr incident ('nergy less

Ihan 100 (;('\. is le5& than 10 3 • Thus irl asampleoflesslhan 100 lJouble '-('rtex evrnts

• lhe ralio of the total number of single NC neulrino inleraClions \0 Ihr lolal

number of hadronic inleractions in Ihe Test- Beam data:

• • correction accounling for different grometrical acceplance of the delec«or dur­

in!: neutrino running relative to Test-Beam running;

• a correction accounting ror the different trans"rrsr distrihulion tht' neutrino

and hadron Test·Beam;

• a corrt'clion accounting fOI the different angular distribution or the n..utrino

induced and hadron induced neuual punch-throul\h events
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• a correction accountins for the different hadron energy diatribution of the Teat·

Beam and neutrino data.

Below we de-cribe in the detail the calculation of theae factora. The total number

of ainsIe vertex neutrino interactiona N", waa calculated uains following cutl:
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where < RNC/ CC > waa equal to the meaaured ratio of the NC to the CC neutrino-

and induced interactiona in the CCFR detector (eqn. 5.10). Thua, the total number of

ainsle verlex neutrino interactiona claaaified aa NC-type, that could produce neutral

hadron punch-throush eventl with aeparation:

Thia correction correaponded to 12% larger number of neutrino NC interactiona that

The abaolute normalization correction of 1.12 wu applied for Double Verlex eventl

PLACE~82 (5.32)

PLACE ~ 10 (5.33)

SHEND ~ 19 (5.34)

E." ~ 30.GeV (5.35)

IVxl,lVrl ~ SO" (5.36)

R." = /Vi +VI ~ 60". (5.37)

The requirement SHEND ~ 19 enaured full seometrical acceptance for the Target

Double Vertex eventl with aeparation LaCftl:

11 ~ L..., ~ 15

waa equal to:

NIt/; =.460 X 10' event..

with aeparation 6 ~ LaCftl ~ 10:

N!,c-' = .515 X lOa event..

could produce neutral hadron punch-through eventl with aeparation:

6 ~ L.., ~ 10

(5.41)

(5.42)

(5.43)

(5.44)

10 < L.., ~ 15 (5.38) The number or ainsIe hadronic interactiona for each of the three different Teat-

In the combined data aample of E744 and E770, we haft found the total number
Beam cart confisurationa NT.B. wu calculated Dains followins cutl:

of neutrino induced interactiona N,,:

N" =1.61 x lOa event,.

The number of ainsle neutrino NC interactiona wu defined u:

< RNC/CC >
NNC =N" X 1+ < R NC/ CC >'

(5.39)

(5.40)

PLACE ~ N_(Cart) (5.45)

PLACE ~ N_(C."t) - 5 (5.46)

E." ~ 30.GeV (5.47)

IVxl,lVrl ~ 50" (5.48)

"'" =JVi +VI ~ 60". (5.49)
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The number of hadronic interactions passing the abon cuts in combined data sample

of 2·Cart, 3·eart and 4-Cart configuration was equal to:
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The detector setup during the Test-Beam data taking employed a smaller number

of Calorimeter carts than the typical setup of the CCFR Detector during neutrino

NT.B. = .352 X 106 evenb. (5.50)
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.

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

Test-Beam inducl'd data was equal to:

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
Inl

NNe

~VTB,

for thl' Intcrml·diale sl'paralion rl'gion and

1.31 (5.51) Test-Bl'am Double \'ertex events had to be taken into account. Tllis correction IUS

calculatl'd using a ~Ionte Carlo simulation in the follo\\'ing way:

Sm.'1
NNe = 1.47
NT,B,

for the Small separation region.

(5.52) • first, the longitudinal position (PLACE) of the hadronic interaction was genl'r-

ated according to the fraction of the Test-Beam data taken with different cart

We no\\' compare thl' geltmetrical acceptances' of the neutrino and the Test· U..am

detl'ctor sl'tnp. Figure 5.7 illustrates thl' gl'ometrical acceptance for the Doubl.. "prtpx

..vents of thl' l\I'utrino running detector setup, as a function of L.,••/. This arcl'p-

tance function \\'as determined using the sample of the Targf'l Out-of· Time Doubl('

"eflex Events. ( the combined sample of the NC ..... NC and NC ..... CC channl'!.

,without angle cuI) and normalized 10 the acceptance (or Ihe e\'enls "'ith the separa-

configurations;

• Ihen, the end of the primar~' hadronic interaction shower (SHE~D) was g..lI..r·

ated hased on thl' distribution of the hadronic sllo\<'l'rs in the Test-Beam dala:

• finally, the separation bel1l\'een SHE~D and counter #3 (the- downstrnm most

counler within the fiducial volume of the Test- Beam setup) was calculatl'll:

tion between till' upstrnm and the downstream shower. lU < L..../ 'S 15. The lowe-r
£..., = SHEND - 3 - I. (5.53)

relati"e accl'ptance (or events with L...., shorter than 10 countl'rs, has resulted from

the ifle~cienryof the quiet gap cut for small separation events. As can be s«."en from

the figure. high ecc.-ptance of the neutrino setup extended b.-}'ond L••••, equal to 20

counters.

£,... lI'as then compared 1I\'ith the separation L,•••• , ~'''I'rated according to tl,e

neutrino setup relalive acceptance function, (Figure 5.7). In the above Monle

Carlo calculations we have assumed the full acce-ptance for the small separation

l'vents. since th.. inl'ffiriency of the quiet gap cut was also present in the selection
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of the Test-Beam Double Vertex sample.

• The event was accepted if:,

~ _ _ _ _94

neutrino induced neutral hadron punch· through events.

Another factor affecting the relative normalization between neutral punch·through

L,." ~ L,,••, {5.54}
events induced hy neutrino interactions and by hadron interactions was the angular

distribution of the punch.through events. In case of hadron interactions, the angle 9 of

Figure 5.8 illustrates the Test-Beam relative geometrical acceptance, Rd ..lccT .B./.,

as a function of L,•••" normalized to the neutrino setup acceptance for separation:

the neutral hadron punch· through was calculated relative to the hadronic interaction

shower direction. which was identical with the direction of the hadron heam. However

10 < L" ••, 5 15. (5.55) in the case of the 1\"C neutrino interactions, the hadronic shower was coming at the

Tile slc'p-like fail-oil' of this acceptance function reflects different cart CI>Ilfigurations

during tht' Test-Ueam data taking period.

Each of the Test·Beam Double \'t'rtc-x events was then multiplied by the weight

equal I" illV!'Tse of Ihe ~elati\-e acceptance funclion for gh'en st'paration 11\'1 \\'et'll Ihl'

showers L" ••,. The a\'f'rage relati\'t' longitudinal correction factor for thf' T..,t- Hearn

angle. such as to balance the tranS\'erse momentum, pr of the scattered neutrino.

Since the above angle could not be reconstruclt,d on the event h)' event basis. tht' allgle

9 of the neutral punch·through c-vents from neutrino induced showers was calculated

relati\'e to the ddector beam axis.

The average allgle of the hadronic shower in the neutrino :t\C interactions is:

Doubl" ",'rlex e\'ents in Intermediate Separation was f'fJual to 1.09. TIll' relative

longitudinal acceplance corrf'etion for tile Small Separatioll Tesl- Beam Doubl~ "t'rtex

e\'ents was equal 10 1.0 .

Tile tranS\'erse dimensions of the neutrino beam were romparable with the Irans-

< 9 >h.~= 60 mrad

The angle of thf' hadronic shower is inversely proportional to its energy:

9. x E"
9hU~ E

hU
'

(.S.56)

(5.5;)

\'erse size of the detector resulting in a wide radial distribution of the neutrino inter·

actions. \lowe\-er. the transverse size of the hadron beam was only few inches and

On other hand. due to the energ}' threshold of the n~utral hadron punch-Ihrouflh

showers:

mosl of the Test.Bea~data was taken with the hadron beam steered into the geomet. E."2> 15 Gel- (5.58)

rical center of the upstream most targel cart. This resulted in the higher trans\'erse

acceptance for neutral hadron punch-through events in the Test·Beam relati\'e to the

,

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

primar~' hadronie showc-r. Low energy hadronic showers were less likely to produce a
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neutral hadron shower with E.h2 above 15 Ge\'. In effect, in voN interactions. there

was an inverse correlation between the angle of hadronic shower 9".. and the rate of

neutral hadron punch· through events.

We have u~ed a !\Ionte Carlo simulation to calculate the correction accounting
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• using ,~ .. l~h ~. and the smeared neutral hadron punch-through an~e, 9T"B~',

calculate transverse positions of secondary showers,' ~z, l~J and require that

they are within fiducial volume of the detector. The fraction of Double Vertex

events passing the above tut was:

for the lower transverse acceptance and for the wider angular distribution of the

neutrino induced neutral hadron punch. through events. The simulation consisted of
.-tCC~!T.B. = 0.94. (5.60)

the followinl'; Sll'pS:

• gent'ratl' the lran5\'rrse position of the primary hadronic interartion. I ~I, I ~I

• finally we rrquired that ,1T~J~' is less than 125 milliradians. The fraction of

Double "ertex events passing the above cut ....as equal to:

according to t hI' neutrino interactions transverse position distributions:

• g,'nerale t hI' longitudinal ~eparation between the primary and secondary sloow-

t'rs ..l,:

ACC;/T.B.SmOIl = 0.81

for events in tlor Small separation and:

(5.61)

.l, -= :(PL.-tCEJl- z(PL..tCEz), (5.59)
.-tCC;IT.B./nt == 0.94 (.1.62)

according to II,,· .l, distrihutions of the Test Beam Double "('flex l'\('nl~ in

Small and Intermediate regions separatel~'i

• generate the angle of the neutral punch-through particles, Br.B. llcmrding to

the angular distribution of the Test Beam Double Vertex events in Small and

Intermediate regions separately;

• use angular distribution of hadronic show~rs in neutrino interactions. Bh.~ to

smear IIT.B.i

for events in the Intermediate separation.

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

was estimated using following expression:

B L JNC.T••,.t < RNC/CC > N.. • _IT.B. A _IT.8. { " \,T.B ......· X
",g.. t" h = )( -- )( ...eef • )( ee, )( L '. --

p.- ...., 1+ < RNCICC > NT•B . .=L...., /lEI

(5.63)

In the abovt' t'quation NT's corresponds to the raw number of neutral hadron

punch-through evenls found in the Test-Beam dala with th~ separation t'qual to:

L.I.., = i counter" (5.64)
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and Rei AccrB.,v is equal to the Test-Beam longitudinal acceptance relative to the
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value of the total energy was equal to :

neutrino sdup for a given separation L.t..,.

Table 5.6 summarizes the neutral hadron punch-through background estimation

< EToiB, >= 83 Gtl- (5.66)

for the Small Separation and the Intermediate Separation Target Double \'ertex

events.

5.3.5 Systematic uncertainties in the estimation or the neutral hadron

punch-through background in II·N interactions

The abov., estimation of the of neutral hadron punch·through background in "']\

intrrutions was basrd on the analysis of Ol~utral hadron punch. through from hadron

induced sho\\,("rs . There are two possible sourc.,s of systematic unc.,rtainti.,s in th.,

estimation of this background:

• diff.,rent en("rg~' spectra of neutrino-induced and hadron induced int('ractions

• differ('nt fragmentation functions for neutral hadron production in neutrino and

lladron induced interactions

Below we discuss the possible systematic errors associated with these differences.

The hadron energ)' distribution of neutrino interactions is shown on figure 5.9a.

The a\,.,rage value of the total .,nerg)· was equal to :

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 the different hadron energy sp.,ctra of the

neutrino data \'s the Test-Hearn data introduce a systematic difference in th., numb.,r

of secondary showers. We found that systematic effects associated with different

energy spectra of primary interactions w.,re smaller than 5%.

It is important to realize that the estimation of the punch-through background

in the n.,utrino induced Double \'ertex events was based on the implicit assumption

that the fractional energy carried by the nrutral hadrons produc.,d in neutrino induced

show.,rs is samr as the fractional energy of the neutral hadrons produced in till' pion

induced show.,rs. This assumption is \"8lid if most of 1he neutral punch-throuJ;h I'\'('nts

originat., from th., neutral hadrons produced in th., secondary hadronic interactions

of th., primary fragments ( so called 'shower component').

However n.,utral hadrons may be also produced at .the primary vertex interaction

( so called 'Hrtrx component'). We have studied the possibl., systematic differ.,nu'

in the punch·through rates in neutrino and pion induced interactions arising from

< E~", >= 98 GeV (5.65) differ.,nl fragmentation functions, f(::)

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

peaks correspond to the different ("nergy settings of the hadron beam. The average

IdN
f(::) = lid;' (5.6;)
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where fragmentation variable z is defined as:
Chapter 6

Fragment Energy
z = =-.,...--;-...:::----,-...,---=-~­

T atal Hadronic Energy
(5.68) Results and Comparisons with

We have used fragmentation functions for neutral kaon production in neutrino

and pion induced interactions 127, 28] and applied the nuclear rl.'weightin!,! correction

accounting for nuel...r effects in hadronic fragmentation [24!. The comparison of

Theoretical Predictions

the resulting fragmentation functions for neutral bon production in II-Fe and ,..·Fe

interactions is sho\l'lI on Figure 5,10. A MontI.' Carlo simulation of the sl.'con,dar~·

6.1 Overview

shower energy spt'ctrum of neutral kaons based on the aboV<' fragmentation func~ons

indicated that lh(' production rate of neutral kaons from the primary e-ollisions in

pion induced interactions with punch,through shower energies abol'e 15 G..\' would

be aboul 30% higher than in neutrino induced interactions. 1I0wI.'ver sinn" more t.han

2/3 of neutral hadroll punch-through ('\'ents originate from sl.'condar~· interactions 11'1.'

estimate thl.' difTt'fence hetwl.'I.'n pion induced and neutrino indue-ed sholl'rrs to ht' less

than 10%.

In this sl.'ction, \1'1.' use the data described in the prel'ious chapter to set limits on

the possibilit)· of production and subsequent decay of :"Ol.'utral Heavy Leptons in II-N

interactions. We explain the ml.'thod used to determine the statistical significance of

the results. Finally, we compare the experimental results wi! h 1IIontt" Carlo simulation

of thl.' production and dl.'cay of NHL.

6.2 Calculation of the statistical significance of the limit

\Ve define an excess of obser\"ed Double Vertex el'..nts. !V.ze... as:

5.4 The Total Background Estimation

The total background estimation was calculated b~' adding the Random O\"erla~' bade·

Nun., = N... - N••_ (6.1 )

ground and the Punch-Through background for each category of the Double \'ertex

events separately.

The summary of the background for neutrino induced Double \'('rtex sample is

presel.ted in the Table 5.7.

In order to estimate the statistical significance of an excess of obsened el'ents

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

l. the uncertainty in the mean number of background evenls, described b~' u......,;

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 sl atistical error of the actual number of background evr.n1s, given by

t he square root of the number of background events:
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is the Poisson probability of observing n events, given the number of background

events I'B, and the number of signal events 1'5. For a mean number of background

events, I'B and the observed number of events N06" CL(l's) is the probability of

seeing more than N06• events, if the mean number of events from the signal is PS.

We set limits on the signal 1'5 at the 90% confidence level by defining 1'5"'" and

IJSmo~:

u.,.... = J.V••,. T u:.,.,

\\'r. express I h.. significance of the excess in terms of the ratio:

Nezceu

t1rzcrll

(6.2)

(6.3)

C L(ps"") = .90

C L(ps ...... ) = .10

Therefore the signal, 1'5, is bounded, at the 90'1( confidence level:

lis ...... < Ps < 115"'·'

(6.6)

(6.7)

(6.8)

If th .. lIumbl'r (If thl" observed l'vents is consistent with the background "slimation.

we set limits on the possibilit)· of the existence of the signal. The limits are f'xprr.ssed

in terms of the confidence level as a function of the assumed signal P.~. Assuming

t hat the relative uncertainty in the background estimation is negligible, the confidence

level (.' L(ps) is defined as:

C L(ps = 0) corresponds to the probabilit)·. that given no signal. fluctuations ill

the background would gh'e more than N... obsernd events. For values of PS < Il'S'·

there is a greater than 90o/t probability that the number of observed events would bl'

N... or less; for PS > Ils·z there is a greater than 90% probability that we would

obsen'e more than N... events.
COl

CL(ps) = L P(lls -to Ils: n ),
n=N... TI

where:

P(I'B -I's; n)

(6.4 )

. (6.5)

The definition of the confidence levl"l (Eqn 6,4) is modifir.d in case when thl"

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

distribution function of the background rate, #lB':

1(#lB, UB; liB 'j, (6.9)
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given the average background rate of /lB, with systematic error UB. the confidence

level C L(ps) is expressed as:

psm.n = 2.2 event.

psm.. = 10.8 event,
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(6.12)

(6.13)

.. 1"CL(/ls) = L d/lB'!(/lB,UB;ltB'lP(/lB' + /l5;0),
n=N... ,.J 0

6.3 Limits on observed number of NHL events

(6.10)
Since the significance of the number of the excess events (NHL candidates) is

only 1.5 %. we use /15-·" = 10.8 events to set the upper limit on the number

of NUL obsened in this channel.

In setting the limits on the production and the decay of ]IIHL we consider thro following

four ..hannds:

I. NC--+ NC. Large Separation Target Double \'rortex evronts:

the number of obsef\'ed events (number of the In·Time events), /Ii... is 10.

and the estimated background, .\'1>Irfl/ is 4.8 ± 0.8. The dominant source of

the background for this channel are random overlay event. and the unc"rtaint~'

in the background estimation is dominated by the Ij"ll fractional ('rror in the

"stimation of the superhuckel corrroclion R.o• The lotal nror on I II.. ")(('1'5. or

the observed events abovro the rostimated background. U....... is roqual to 2.33

events. Thus in the abovro channr!, tile excess of 5.2 events represents a '2.2 rr

2. ,lVC -+ .VC. intermediate separation Target Double \'ertrox e"ents

In this ..hannel. the number of observed events, .V... is 12, and the total es·

timatrod background. NB't4 is equal to 8.2 =- 3.1 events. The background is

dominated by neutral hadron punch· through events. The uncertainty in thro

background estimation is coming from the Poisson statistics of the 6 neutral

punch-through events observed in the hadron Test-Beam sample. and the ullcer·

taint~· in I hro relative normalization betwroen hadron Tesl· Oeam Double \"'rtex

samplro alltl the neutrino induced Double Vertex sample.

Using nlues of N... =12, /lB= 8.2 and UB= 3.1 wro obtain:

dfed'. In other words, if one would perform large number of measurroments of

a process with /lB = 4.8 :t 0.8, on average in about 1.5% of the experiments

one would obsef\'ro morro than 10 e\'enh. Using values of N... =10, /lB= ~.8 and

"UB= 0.8 we obtain:

CL(ps = 0) = 23.%

P5m
•
n = 0 event$

/l5 m... = 9.8 evenb

(6.14)

(6.15)

(6.16)

CL(/ls ::: 0) =1.5% (6.11 )

Since the number of observed events is consistent "'ilh 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, Ncb. is 90, and the estimated

total background. N6~ttl is' 83. ± 9.6. In this channel, the background comes

almost exclusively from the neutral hadron punch. through events. rsing values

of .'V... =90,118= 83. and 118= 9.6 we obtain:

psm... = 0 evenb

IIS
ma

• = 30 evenb

(6.17)

(6.18)

in the Small and Intermediate separation regions. Therefore in addition to the

Target Double Vertex NC -+ CC events only the Toroid Double Vertex e\'ents

with Large separation between two showers were included in the NC -+ CC

data sample.

Thus, for this combined data set the the' number of observed events, N... is 27,

and the total estimated background, .'Vb~"" is equal to 40.9' ± 7.0 events. r~ing

values of N... =27, P8= 40.9 and U8= 7.0 we obtain:

Since the number of observt'd e\'ents is consistent with the estimated background

we use this rt'sult to set limits on the number of NHL observed in this channel.

115
m

." =O. even'~

IIs ma• = 9.6 £vents

(6.19)

(6.20)

4. .\'('-+ CC. combined Taf!~et and Toroid Double Vertex e\'ents

We use I his challll~lto sel the limil on number of observed :"eulral Hea\'~' Le.-p­

Ions with at least one muon e.-merging from the decay \·ertex. In the:'liC' -. CC

channel. the background events originale predominantly from random u\·e.-rlays

of neutrino inleractions. The conlribution from the nt'utnl hadron punch­

through background is negligible. Therefore in selling the limits on number of

obserVl'd l'\HL 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 separali"g the upstream and the downstream showers. This leads to

uncertainty in the background estimation for the Toroid Double Vertex events

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

use this result to set limits on Ihe number of 1'\HL obsern·d in Ihis chann..1.

In summary. the above results show a 2.2 u excess of the numher of the ohs..rved

events above the expected background in the !I'C ......VC channel, where the separa­

tion between the end of the upstream and the beginning of the downstream showers

in larger than 2.3 meters of steel. However the number of obsen-ed e\'t~nts is consisten

with the expected background in the NC -+ NC channel with the separation be·

tween Ihe end of the upstream and the beginning of the downstream showers between

0.6 meters an.d 2.3 meters of steel. There is also no excess of obsen'ed events in the

lVC -+ CC channel for evenls with the separation between end of the upslream and

t he beginning of Ihe 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 N~utral Heavy

Lepton production and d~cay in our apparatus. To that end we compare the upper

limit of the number of observed NHL events with the predictions of NHL Monte Carlo

generation program.

The parameters of the l\Ionte Carlo generation program are the mass of Neutral

lIea\'~' Lepton "'NHL and the coupling suppression constant U2 relative to the Fermi

coupling GF • The l\Ionte Carlo generation of the production of NHL and its sub­

sequent deca~' in the CCFa .I>paralus is described in the detail in the Appendix

D.

The absolute normaliz~tion of the number of ~'onte Carlo generated NHL is bast"d

oli the numher of ohsen-ed NC intt"ractions in the entire neutrino data sample. Fig­

ures 6.1 through 6.3 show the numbt"r of Monte Carlo gt"nerated NHL (""rnts that

would be obsern·d in the CCFR apparatus, in the NC --> NC channel in lh.. Small.

Intermediate and Large Separation classes. The number of predicted NUL events is

plotted as a function of a suppression coupling constant U7 • relative to the Fermi

coupling GF for different "alues of parameter mNHL. The horizontal lines correspond

to the upper limits. at 9091 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 XHL events that \\'ould

be observed in the CCFR apparatus. in the NC -+ CC channel. In setting limits
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on mNHL and U2 usin8 th~ NC --> CC chann~l. to maximize the s~nsitivity to NHL

production and d~cay in our apparatus, both data and Monte Carlo ~vents w~r~

r~quir~d to have a separation betw~n the primary and the secondary showers less

than Lon_. L..... was chosen for each mNHL and U2 to contain 95% of all NHL decays

within the fiducial volume of the CCFR detector. Figure 6.5 shows the limits, at 90%

confidenc~ level, for NHL production in the mNHL, U2 plane.

6.5 Conclusions

We have searched for the Double Vertex signature of Seutral Heavy Leptons pro·

duc..d in the neutrino-nucleon interactions. No evidence of a r\HL was found in the

charged current decay channel. N HL --> p- + X. :'inL. with masses betw....n 0.5

GeV/c' and 3.0 GeV/c2 were excluded for coupling to muons b..lo,,- 1 to 10- 4 of the

Fermi strength, depending on the value of NHL mass. In the neutral current decay

channel, 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 processes. This ex·

cess represents an upper limit of 10 events at a 90% confidence level, a 2.2 standard

deviation effect. However. no evidence of NHL was found in the neutral current decav

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. rsing the above data we

set limits on production of Neutral Heavy Leptons decaying through neutral current
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channel. .'VHL -+ 1/ + X. ~HL with masses between 0.5 GeV/c2 and 2.0 GeV/c2

were excluded, at 90% confidence level, for coupling to muonk neutrinos below 1 to

5 x 10-' of Fermi strength, depending on the NUL mass.
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Parametrization of the hadronic

J12

be less than 0.96. Electrons have a ratio close to 1.0 and hadron interactions populate

the region betw~n O. and 1.0 .

shower length
The length of a shower was defined as:

L,,, = PLACE - SBEND + I, (R,2)

In this senion We describe lhe procedure used to determine the parametrizatio" of the

lenglh of hadronic sllOwen as a function "f hadronic shower energy. The parametriza-

tion was us('(1 in a determination of hadronic interactioll lypt- of the upstr..am and

downstream show..rs in the Double \'ertex e\'ent sample: if tht" actual shOWN length

was longer than Ihe lenglh predicled b)· the parametrization, lh.. sho..-er was deemed

10 be CC·lype, and if shortt"r. il was retained in the l\C-Iype sample.

In ord"r to llt-termine the sllape ,of tht" hadro"ir shower I..ngth distrihulio" Wt"

ha\"{' Bnalyzerl tIlt· hadron test Iwam data rf'cordt-d during th.· experime'nl Ei-t.' I

where PLACE corresponded to the number of the upstrt-am most counter of the group

of at least two counters with energy deposition greater than the equivalent of 4 )(

minimum ionizing particle depositions, and S8E!'\D was determined by searching for

three consc-cuti\'e counters with /10 TOe hits. The discriminalor threshold for the

TDC signals corr..sponded to about 0.25 x minimum ionizing partide deposilio".

Figure B.l shows L", distribution for different energy seltings of hdron '1"'51·

Beam. These distributions were used to determine 98'7. length containme"t L.od'

Ihal is the lellgth past which only 2% of hadron showers p..netrate.

During lhat ru""i"g period the hadron heams with energit"s al 25 Ge\'. ;,lI Ge\·. IUO
f, t.~.. ~
n dr" = 98%.

.. DO 01'"Jo Iii:
r/3.31

GeY. 200 Ge\' and JOO Ge\' wer" dirt"cled into the CCFR Target Calorimf't'" rarls.

Pions constituted the dominant componenl of the hadron bt"am. The eleclron bf'am

contamination was rt'moved b~' rf'quiring that the ratio R3 121 . uetWet"1I the enf'rgy

rtepositcod in tht' first lhrt"f' most upstream counters and total energy containl'd within

Figure B.2 shows the 98% length containment. L""d, as a function uf a 'lad rOil

energ~·. The solid line corresponds to the L"." parametrization used in Ih" \'.'rtex

type assignment (~C-tJpeor ee.t~·pt') in th" Double \'"rlf'X analysis.

Th.. If'ngth of thf' hadronic shower, in units of Tar,;"t counters (material belwl'f'n

the shower boundries:

RF E(I) -'- £(2) + £(J)
ETOT

I Thil analysis ..... ""rfo,m~ by R, Be,nllein. member of lh. ('erR Cullaboralion

(D.! )

"ach Target counter was "qui\'alent to =:: 11.6 em of Ft") .....as parametrizt"d as a function
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of hadronic energy of the shower:
.-tpprndiz C

L".d(E) = PI ~ P2 x 10910(E) forE ~ 50 G~"

L".d(E) = RI + R2 X E forE < 50 Gel',

where \'3lues of above parameters Wl"re:

/'1 = -5.84

P2 =. 5.61

RI = 12.0

R2 = 0.08

(8.4)
Calculation of the superbucket

correction

As discussed earlier. a bucket-to-bucket nriation in the flux of neutrino particll"s in

individual RF buckets would I..ad to a higher number of In· Time accidentals relati\'(·

to th.. number of Out-of· Time accid..ntals:

For I he Jlurpose of a compariSOli w" show all..rnative Jlarametrizatioll of the

hadronic 5110\\·..r length based on 99'i{. energ}' eontainment critt'rion, that is the eVl"nt

R
In - Time overlays F2

.6= =1+"Out - of - Timf ol'erlays

where F, denotes t he fractional standard deviatioll of t ht" b('am intrnsit~·.

(C.I)

length Jlast "'hich ollly 1')'( of the ('/Ierg~' It'aks out. lIowl"\'l"r this length d..linition

call not b.. dir..ctl~' aJlplied for show..r tYJll" assignml"nt du.. to fluctuations in l"nl"rgy

drpositions of outgoin~ muon ill charged curr..nt neutrino interactiolls. The daslled

line on Figure B.2 corr..sponds to the shower I..ngth parametrization based on 99'7<

energy containment.

"'e ha\'e analyzed e"ents with accidental oVl"rla~'s of charg..d cllrrent n<,ul rino

intrractions to meaSllf(' the ratio R.b • III this anal~'sis thr CC ("'l"II1s \l'rrl' r..quirt·,II"

have momentum allalyzabl(' track traversing lht' 1\luon Sp"ctrometer, Thl" ljmin~ of

each n..ulrino interaction was determined usin~ drift chamber track fit1ing algorithm,

The following cuts were used in the selection of the CC -+ r.c o"erla~'s:

• Dilly Trigger 1 (Charged Current Muon Trigger) e\'ents were included in thl"

analysis .

• Wl" have selected e"ents with two chargl"d current neutrino inll"raClions hy rt'-

Quiring two muon tracks irr the Muon Spectroml"ler.

\. ..
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• The longitudinal position of both jntnaclions, had to b.. contained b..t"'....n

counter 76 and count..r 10.

• The transverse vertex positions of both the upstream and the downstream

charged curr..nt neutrino interactions "'ere r..quired to he within 60 inches of

the cent..r of the Target Calorimet..r and inside :::50 inches central squar...

• Both muon tracks had to link with at least two toroid s..!!,m..nts in both x and
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of two uncorrelated charged current neutrino interactions.

Figure C.I shows the relative timing distribution bet"'een the two charged cur-

rent neutrino interactions. The events in the central bucket correspond to random

o"erlays of two uncorrelated neuhino interactions occurring in same RF budd. while

the events in non· zero buckets correspond to accidental overlays of charged current

neutrino interactions from differ..nt RF buckets. Figure C.2 shows the number of

accidental overlays p..r one Rr bucket. Th....vents from the positiv.. and th.. n..galive

y \·i..ws, and (,.. mom..nlllm analyzable.

• Thl' timing of each interaclion was determined usin!!, the informatio" from Ihe

drift chamb..r stations located in the toroid gaps.

huckets Were averaged together. W.. found 26 In-Time CC

with Ihe relative liming difference bet..-....n lwo muons:

'T 1 -T 2 '< ~RF.. .. ,- 2

CC overlay "Vl'nts.

(C.3)

• W.. required that for each track III," liming extracled independ..ntl~· from x and

y \'ie\\" chambers agr....d:
and an nerage of 15.5 e\·..nts per 1 RF bucket of rc ~ CC D\'Prlays orillinaling

from differ..nt RF buckets.

T' - T" < ~ RF.. i = L 2..,. ....t, - 2 (C.2) Similar anal~'sis ..-as p..rform"d for a ra~ of o\"erla~' ,,\·{'nl~. \lhere ..Wilt was

• We required that t\\'o uncorrl'lated CC neutrino interactions recorded during

same ~,,·..nl were separated b~' no more than 20 RF buckets.

• The distance of c10St'SI approach b"tlll'een the two tracks in the lar~el Calorime-

triggered by a muon originatillg from the interaction upslr..am of t he CCFR d"t"clor

(Trigger 6) and a non.triggerin@: interaction corresponded to the charged current

neutrino event. In this channel we have found total of 13 In- Tim.. ov..rlay l'Vents.

with the relath'e timin! difference between two muons:

t..r was r"quir..d tn b.. greater than 8 inches. The object of Ihis cut was to rej..ct

dimuon e""nls originating from single neutrino interactions.
T~I - T..2 ; ~ ~RF (CA)

It is important to r..ali~e that th" above method of calculalion of th.. slIperbucket cor·

rectioll implicitl~' assumes 1hat all CC -+ CC ..venl& original .. from random (II·..rlays

and and Bverag" of 11.6 events per I RF bucket of overlays originating from dilf..rent

RF buckets.
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Table C.l summarizes number of overlays found in each of above channels in E744

and EnD experiments. Since the beam non.uniformity maJ have be..n different for

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

correction R'b for both experiments using follmdng formula:

Appfndiz D

NHL Monte Carlo generation

procedure

R { !\"h-Time} f (E74') . { .'V'n-Time} f (/:'7-)
,& = \-,----- ET44 x ../ .. - Ii, . ETTO X .el ' ,0.

. Out -oj - Time O,,'-oJ - T.mr
(C.5) The l\Ionte Carlo generation of the production of :'IIIL and its subsequent decay in

when' f••,(EH4) and f.e'( E770) corresponded til the relative flux of neutrino

interaclions reforded in each of the experiments:

the CCrR apparatus consisted of the following steps:

• neutrino events spectrum

We gent'rate thl!' nl!'utrino and antineutrino e\','nts according 10 the e.lt'r/i:Y and

I.e'(E744) '= 0.43

l.e,(E770) = 0.57

(C.6)

(C.i)

position spectrum of the Tevatron neutrino beam, as measllrl!'d b~' single \'ertex

c1larged currl!'nt neutrino interactions in tIle CCrR detl!'ctor: WI!' apply hadronic

energy and fiducial volume cuts same as in the Double ",'rtex data anal~·sis.

Therefore. the weighted a\'erage of superbucket corrl!'ction in bolh CXIlt'riments

was {"'Illal 10:

• production cross-section of NnL in /1.11\ interactions

no#> '= 1.5 ± .25 (C.B)
The production cross-section of :'IIIL in /I.r\ interactions, CTNHL was assumed 10

be proportional to the cross-section of the neutrino charged furrent interactions.

This \'alue of n•• corresponds to an average r.m.s spread of intl'nsities per RF

hucket of v'0.5 or about 70%.

CTre:

CTNH£ = CTee. UJ * (1 - m~Htls)2. (D.I)

where {.'2 is the coupling supprl!'ssion factor. relative to GF, due to the mixing

between the incoming muonic neutrino and the JliHL, and the expression in tIle

bracket represents a mass dependent threshold factor.
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• Kinematic "ariables of ~HL

the kinematic variables of ~HL in the lab frame were calculated by substituting

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

_ 120

• Decay modes of NUL

The decay of NHL can proceed "ia the NC mode (emission of ZO and light

neutrino) or the CC mode (l'mission of lV'" and charged lepton), depending

v = E~ - ENHL (0.3)

ENHL'" E"

PNHL = J(E~ - m~HL)

(2· f:•• (E~HL - nil' - Z • y) - mhL
cos(IJI\"HLl ~ 2 E --

• ~·PNHL

wherl' x is l'qual to the Bjorken scaling variable:

0'
z '" •

2-m,,-v

(0.2)

(0.4)

(0.5)

(0.6)

on the relative coupling of ~HL to ZO and n-"'. The relativ.. branching ratim

also depend on the mass of assumed NHL. In the case of the neutral current

decay mode, the virtual ZO can materialize by coupling to pair of leptons ( vii,

(-e", p,+ p,-, or r~r-) or quark-anliquark pair (qq). In the chargl'd currl'nt de·

ca~' mode, the "irtualll''' can materialize by coupling to lepton pairs (charged

lepton and accompanying neutrino) or pairs of quarks. ~JlL which decay to

at least one muon in the final state were assigned to the NC ~ CC channel.

and NHL with muonless decays wt're assigned to the NC -. XC channel. The

and y i, e(lual to the fraction of the energy \051 by n..utrino in tht' lab framt': separation bet"'....n the hadronic show{'r from the neutrino inlt'raction and the

• Life·time of !'\ HL

v
IJ = T:~

(O.i)
downstream shower originatin~ from the decay of tht' XIIL \\'as ~ent'rat ..d ac·

cording to th.. deca~' 1<'ngth of the :\HL ill the lab frame. Monlt· Carlo g..n..rated

..vents were catep;orized into three separation classes: small. inlermedial{' and

We assumt' that the lirt'·tirne of NHL rNHL. is inve.rsely proportiona' to the

coupling suppression factor. l!2 and has followinp; mass dt'pendence !131:

large, using same separation definition as in the Double "ertex analysis. XHLs

dt'caying within fiducial volume of the Tarp;et Calorimeter \\'ere classified as the

r!VHL ~ (4049 x lO,us )(mNHLlI Ge\·)S.19('" (0.8)
Tarp;et Double "ertex events. and :'\HLs decaying within the fiducial volume of

the Toroid Spectrometer were classified as the Toroid Double \"ertex t'vents.

The deca~' rate 10 any p;h'en process scales with m~HL' and the additional

exponential term ref!l'cts the rate at which ne...· decay channels open up as

mNHL incrrases.

• normalization of the Monte Carlo to the data

The absolute number of !liHL predicted by Monte Carlo simulation for combined
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dala set of the experiments E7'H and E770 was derived by comparing the total

number of observed single vl'rlex nl'ullino induced interactions in tht' CCFR

detector, N._N doIO , with the number the of Monte Carlo generated neutrino

induced interactions, N,,_N
MC

:
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Scanning of lhe In· Time Double Verlex Events

~512 !1 Comhin"d

I In·Time Toroid Double Vertex Events

I separalion belwefOn Showers
I

I Small I Interm. : Large
I I

I NC -- NC 11 3 i 13

I NC -- CC :
:

1 I 2 I 19

I

Table 4.3: :'\umber of In· Time Toroid Double "t"rtex ['-enll.
17049 I

I I Fiducial Volume Region:

I I--:;'arget IToroid ICombined i
I I I I .I Compo selected e"ents I 123 69 I 192 i
i DC hits in quiet gap! 2 I 13 j 15 !
1 I I :

, Scraping the t"dge I 7 I 7
===-""======1==========='

Remained after ,·js. scan I 121

Table 4.1: Summar~' of lhe "isual scanning of the In- Time Double. Vt"rln E"..nts.

In·Time Target Double "t"rtex Events

st"pBrllion bet wet"n Showers

. Small I Interm. ; Large,

NC -- NC: 90 I 12!
~ _ ----'-- ~ 1

10

i :vc -+ i:'C 2 o 7

, Combined 92 12 17

Tablt" 4.2: ~umber of In-Time Targel Double "ertex Evt"nls.

~
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Scanning of the Out·of·Time Double Vertex Events

I I Fiducial Volume Region!

[ ~ Toroid ICombined I
Compo selected events ·1 I I

I

194 248 I 442

cosmic ray e\"f'nts I 3 1 1 4i

1 Scraping the edge I 0 I 3 I 3 !
,-- I I

Remained after ,·is. scan I 191 244 I 435:
I !

!Out·of·Time Toroid Double Vertex Events;

,

separation bet ween Showers

I I I
I Small I Interm. Large I

I

NC -+ NC 3 I 6 84

I NC -+ CC I 3 I 4 144

! I i I I
: Combined I 6, 10 228

I

Table 5.3: ~umber of Out-of· Time Turoid Double \'..rtex E,·ents.

Tabl.. 5.1: Summar~' of the "isual scanning of the Out-of- Time Doubl.. \·..rt ..x

Events.

I

I separation between Showers
~- I ~

: Small Ilnterm. ; Large I

158

.'We .... (.'(.' , i I 18

, Combined 9 i 24

j :VC -+ lYe: 2 I 6 i 36 :

122

Table 5.2: ~umber of Out-of· Time Target Bouble Vertex Events.
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I I
Combined III 21 39 i

Number of In-Time CC -+ CC random overlays I

i I Running period i
Ii" II i E744 I.E770 ! Combined I
I I I I I

TRI ..... TRl: 15 ! 11 I 26 I
I .

lTR6 ..... TRl, 3 10 13 I
I,
I

SlUIUIl&rJ' of Sipal ud BackpouDd of Doable Verlex EftIli.
aeparaiiOD beiween Showen

Tarpi, NC - NC Small lnierm. Larse
In-Time eftlli. 90 12 10

Rudom Oyerl., Bklld. 0.24:*:0.09 0.62:*:0.17 4.8 :*:0.8
Punch·Throup Bkld. 82.8:*: 9.lI 7.8:*: 3.1 0

Toial Backsround 83.:*: 9.lI 8.2:*: 3.1 4.8 :*:0.8

aeparaiiOD beiween Showen
Tarpi, NC - CC Small lnierm. Larse

In·Time eftIIh 2 0 7
Rudom OYer"y Bkld. 0.61:*:0.23 1.61 ±0.41 12.0:*: 2.3
Punch-Throup BJrsd. 1 0 0

Toial BacklfOund 1.61 ±0.23 1.61 :*:0.41 12.0:*: 2.3

Table C.la: Summary of the number of In- Time CC ..... CC random overlay events.

aeparaiioa beiween Showen
Toroid, NC - NC Larse

In·Time eftIIh 13
Raadom OYer1ay BJrsd. 16.0 :*:2.9
Punch-Throullh Bklld•• .0

Toial BacklfOund 16.0 :*:2.9

1
, Number of Out-of· Time CC ..... CC random oVfOriays i

Running period

TRI ..... TRl! ;.2 : 8.3 i 15:5 !
I ' I

I TR6 -+ TRl! 2.0 i 9.6 I 11.6

I
Combined 9.2: 1;.9 27.1 I

I I

aepuaiiOD beiween Showen
Toroid, NO - cc Larse

In·Tune_t. 19
Raadom OYer1ay Bkid. 211.7 :*:U
Punch-Throullh BkIld•• .0

Toial BacklfOUDd 211.7 ±U

I
: E744 . EjiO Combined I

I

T.ble 5.7: Summary of Sipal ud BaeklfOund eftlli. iD Double Vertex learch.

Table C.lb: Summar~' of the number of OUI-of·Time CC .... cc random overla~'

events. normalized to 1 RF bucket.
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Fipre 1.2a: The Feynmu diqram Cor the decay oC NHL via the eouplins to ZO.

Fipre 1.1: The Feyumu diasram {or the production of ilWinsiet Neutral Hea~
Lepton in " - N interactiOJll.
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-

Figure 1.2b: The Feynmu diasram for the decay of NHL via the coupling to W:t:.
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Fisure 1.3a: The FeymnaDdi~ for the production of. pair of fourth
SeD.eRuon NULa.
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Fipre Ub: The FeyJUIl&D diapaa for the production of a pair ofi~etNULa.
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Fipre 1.3c: The F8JIIIIWl diapam I« tile prodUctiOD ofi~et NHL in
-oatiOD with a U,ht IlftUillo from boW'll thfte pnerauou.
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Fisure 1.4: EmtillSlimits on the couPUllIluPPrespoll factor u: &I • functioll

of mus of ilosiDslet Neutral Uea~ LeptoD NHL", u obtained from varioul exper-

imentl: (1) SIN 11' -+ ,.Ii (30); (2) KEK K -+ ,.., (31); (3) CUARM beam dump

experiment (181; (4) BEBC beam dlUllp aperiment 132); (5) FNAL beam dump ex·

perimellt 133); (8) UIliYerU1ity coutraints (34); (7) CHARM double Yertex Search (IBh

(B) CCFa double ...mex Search (19); (9) CCFR dimuoD search (17); (10) OPAL limit

on NHL production from ZO decay (18).
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Fisure 2.1: The FNAL TefttroD accelerator and the neutrino beam line.

Fisure 2.2: The Quadrupole Triplet Neutrino Beam line.
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FiSure 2.4: Stnariure of a typical calorimeter can. The .haded rect&asles
represent .tee! plata; the white red&asles repfelent .cintillation counten, &ad the
rect&asles with diasonallines repfelent drift chamben.

Fipre 2.3: The CCFR neutrino detector.
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Fipre 2.5: The Muon Spectrometer (the Toroid).

~

Fipre 2.6: Diasram of a toroid cart. Each cart i. made of eisht iron wuhen
with the mapet coil soinS throush the hole. Acrylic .c:iDtillation counten are placed
between the wuhen IUld fiYe I-wire drift chamber. are mounted in each toroid sap.
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Figure 2.7: The diagram of Trigger 1 logic.

Fipre 2.8: The diqram of Triger 2 losie.
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Fipre 2.12: Efficiency of Triger 2 u a function of the hacironic energy of
neutrino-induced interaction. The triger wu fully efficient for interactions with
E_ sreater than 15 GeV.

Fipre 2.11: The distribution of the lonptudinal position of the interactions
recorded with Triger 2. Triger 2 wu fully eflicient for neutrino induced interactions
occnrrinp; between counten 8 and 80.
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Fipre 3.1a: The di of the reIatift timiDs between the ADC gate and the
phototube pul.es u.oa ted with the trigerins interaction.

Fisure 3.1b: The eli.... o( the telatift timin!! between the ADC gate and the
pbototube pll1aea auociated with the interaction occurrins _teeT' the interaction that
trigered the appuatUi. The tail of the lipal i. not integrated.

Fipre 3.1c: The eliapam of the reluift timiD!! between the ADC gate and
tile photot.be pulsea aaociated with the iateractioD occurrinS 1Ie/""e the interaction
that tri~ the apparatUi. The raisiq edse of the pulse i. not intestated.
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The Umilll correction runclion Rctela,(cSt)
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Fisure 3.2: The delay correction in the enersy calculation R.i."•.. a (unction of
the diference between the .hower timiDS and the ADC sate. Nellative values oC l:J.T
correspond to showera occurrin!! before the triuer. Positive values of fj.T correspond
to ,howen occurrins after the tri8Ser.
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Shower Findln, Elficlenc)' in lbe Tarlel YII Ehad
Shower Flndin, Erriclency In lhe Toroid ... Ehad
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Fiave 3.3: The efliciency of .hower buS alsorithm u u fuction of .hower
eneqy {or .hower occurriq inlide the fiducial yolume of the Tarpt. The IOlid liDe
coneapond. to the efliciency of buS .h~ occurriq AT= 4 RF UDit. after
the triger time. The cluhed line correIpoad. to the efficiency of bdiDS .hower.
OCcurriDS AT= 8 RF unit. after the triger time, aDd the dotted liDe correapoDd. to
the efficiency of buS .howera ocClll'l'ins AT= 9 RF UDit. after the triger time.

Fisure 3.4: The efficiency of .hower fiDdiDS alsorithm u u fuctioD of .hower
enerc for .hower OCcurriDS iD.ide the fiducial yolume of the Toroid. The .olid liDe
correapoDd. to the efficiency of bdiDS .hower. occurriDS AT= 4 RF unita after
the triaer time. The duhed liDe correapond. to the efficiency of fiDdiDS .howen
OCeurriDS AT= 8 RF unita after the triaer time, aDd the dotted liDe correapoDd. to
the efficiency of fiDUS .howen occurrins AT= 9 RF unit. after the triaer time.
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Pulse Height dependent Timing correction
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Fipre 3.5: The pube hapt dependent timiDs correctioD U • fanction of eneqy
depoaited in indiTidual counter.

FiSure 3.6: The resolution of indiTidual counler timias u • function of eneqy
deposited in the counter.
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T1minc raoluUon tor the r....eL
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Fipre 3.7: Timiq reIOlutioD of .howen occurrinS iDude the fiducial volume of
tile Tarzet.

Fipre 3.8: TimiD! reIOlutioD of .howen OCcurriDS iDude the fiducial volume of
the Toroid.
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Ratio of NC to CC events. RNC/ CQ i~ th~ TArget

Figurt's

Ratio of NC to CC events, RNC/CC in the Toroid
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Fipre 3.9: The ratio of the NC-type to the CC-type interaction. RNC/CC, (or
eftDt. occurrinll in the TUlIet, u a function 01 the radial pOIition of interaction. The
duhed line correapond. to the aftRllC ftlue of the ratio < RNC/CC >1'..... within
the fiducial volume of the Tarset.
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Fipre 3.10: The ratio of the NC-type to the CC-type interaction. RNC/cc, for
eftllt. oceurriq in the Toroid, u a function of the radial poIition o( interaction. The
duhed line corretpond. to the aftralle nlue of the ratio < RNC/CC >1'''- within
the fiducial volume of the Toroid. .
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NEU1RAL REAVY LEPfON DOUBLE VERTEX SEARCH

NHL:

Production (NC): Decay (CC):
NEUI'RAL HEAVY LEPl'ON DOUBLE VERTEX SEARCH

Neutral Hadron Punchtbmugh Backgr.nmd

ProductiOll (NC): Decay (NC):

Nm..:

Production (NC): Decay(NC):

_____• V N________ t <t ;;;_- - _I!- ;: - -EEl ! I~

Yapre ••1: Double Vena IiIlD&ture of Neutral BeaTJ' Lepton production in v-N
interaction. The upper diapam COrrelpoau to the a deeaJinIl into muonic channel
N B L ... /& + X. The lower diqram corteIpODd. to a NHt dec:arinll to muonlea
channel N B L ... v + X.

FiIlUre •.2: Neutralhaclron pUDch-throullh backllfOund or the Double Vertex
.ipature or NBt decayiDIl to muome.. channel N B L ... v + X.
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NEUTRAL IlEAVY LEPTON DOUBLE VERTEX SEARCH Target Double Vertex events: Timing distribution

Random Overlay BICkgrmmd: Two coincident vllN inrc:racciDDS.

NCevatt: CC event:
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Random Overlay Background: Two coincident vllN interactions.
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Fipre 4.3: Rudom cm:rlay badrpo_d of the Double Vertex upature of NHL'
production.

....... ''':oIl.

Figure 4.4&: Distribution of the timing diference between the upstream and the
down.tream .howen in the lample of ncutrino-induced Double Vertex eYellta. The
downltream shower oecurred inlide the fiducial volume of the Tarset. Non·zero buck·
etl contain random oftrlay nentl. Bucket 0 containl random overlay eftntl, neutral
hadron punch.through eYents and possible NHL candidates. Target Double Vertex
CYeIlts with separation L_ greater than 5 couaten are included in this sample.
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Toroid Double Vertex events: Timing distribution Timing distribution of random VETO hiLs
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Fipre 4.4b: Diltributioa of the timiq ditrereace between the upstream and the
dcnrutream Ihowen in the IUllpie of ne1ltlUao-iaduced Double Vertex eYmtl. The
dowutream Ihower occmred iuide the Aducial YOlume of the Toroid. Daly Toroid
Doa.ble Vertex eftDtl with the donltram Ihower occurrin& After the trigerins
iateractioll ill the Tarset took place are included ill the IUllple.

Fiprc 5.1: Distribution of the ditrerence between iateraction time and timia&
of random VETO hits for lample of Triger 2 CftDtl.
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Telt Seam PuDchlhroUCh E".nu: TlmiDI d~lribulion
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Fipre 5.2: Out-of-TUDe D_ble Vena EftIlu with upstream interaction oc-

curriDs at the edse of fidllcial YOlam«! or the Tarset (with PLACEt =81 or 82):

DiltriblltiOD of the reiatift'limiJts bet_ Ilpatream IhOftr aDd the VETO hit.

". .

Fipre 5.3: Test-Beam pUDchthrollSh eYelltl: DiltriblltioD of the relative lim­
ins between the primary and secondary Ihower. The r.m.l. reaolutioD of the lime
difference wu equal to 2•.( nice.
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TnL Beam PUDCbUIrouIb EftIlta: AaIuIar diaLributJoD

167 Figures

Teal Beam PuDCbUlroUCb IftIlu: EshZ et..LribUUOD
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Figure 5,~: Test·Beam punchthrough e\'ents: DisLribution of the angle betlll'een

,he hadron beam direction and th~ dir~ction of the neutral hadron punchthrough.

Solid line rorresponds to Small Separation events and dash~d line to Int~rmMiate

S~paration e\·enlS.

Fipre 5.5: Teet.Beam p_chtllf01lSb. nent.: Distribution of the enerv of
secondary sb.ower.



Figures 169 Figures 170

Tnt Beam PuncbtbroUlb Eftnta: Sbowwr Separation DI.t..
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FipJe 5.6: Telt·Beam p_c:kihroqh nat.: Di.tribution of the .eparalion
between the end of primary .hower ud the bqinniq of the p_c:kthrouSh .hower.

Fipre 5.7: Lonptudinal acceptuce of the CCFa detector for Double Vertex
eYenii u a function of the ..paration between the end of up.iream .hower ud the
bepnmns of tbe dowuiream .hower. The accepiuce lunetion wu calcul.ted ulinS
sample of Out·of·Time Double Vertex e'feDt. ud normalized for 10 ~ L..... ~ 15.
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Fipre 5.8: LoqituciiDu aeceptuce of the Teat·Beam detector coDipration
relatift to the acceptance of the neutrino induced Double Vertex eftllb. The Itep·
Ii. (llDdiOll corrnpoDU to the 2-Cart, 3·Can I.Ild "·Cart coDipratiODI of the Teet·
Bam letup.

Fipre 5.9a: EDeqJ Ipectrum. of liDsle Yetta neutrino iDduced interactioDl.
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Energy spectrum of hadron Test-Beam data
Comparison of n-p and II-p fragmentation functions
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Fipre 5.9b: EDeq)' lpectrum or hadron Tat-Beam data. Fipre 5.10: Companion of pion induced and neutrino induced frqmentation
functionl or KO production.
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NHL ~ /.IX decay channel.

NHL ~ /.IX decay channel. 10 < Lsteel < 20
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Fipze 8.1: N B L _ II + X, Small Sepuatioa rqioa: Monte Carlo pIlerated
namber of NHL u a funmoa of coapliDs npplellioa factor U', reI.tift to tbe Fermi
coapliDs G,. for diferent nblel of mu. of NHL mN.£. The duhed. liDe CorreIpODd.
to the limit, at 90% CL of Dumber of obtened NHLa in thi. ch&IIDel.

Fipn 8.2: NB L _ II + X, latermed.iate Separation resin: MODte Carlo
&eDerated. Dumber of NHL u a funmOD of coapliJls .UppreniOD factor U', relatift to
the Fermi cDupliDI G,. for different nlUei of mUl of NHL mNB£' The duhed. line
correlpondl to the limit, at 90% CL of Dumber of obaerYed NHL. in thi. cb&IIDei.
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NAL .... vX decay channel, Lsteel > 20 NHL -+ J.L-X decay channel
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Fipre 8.3: NHL - ,,+ X, Larp SepuaUOIl rqiOll: Monte Carlo smerated
namber of NHL u a fucUOIl of collpliq nppreuion factor U2 , relative to the Fermi
COIlpliq G, for dHrezat 1'111181 of mUi of NHL mNB£. The duhed line corrapoad.
to the limit, at 90% CL of namber oi observed NHL. in this ch&llJtel.

(I ' ..

Fisure 8.(: N H L - 1& + X, Sm.n, Intermediate ud Larse Separation rePon.
combined: Monle Carlo smerated namber of NHL u a fllDction of C01lplinS I"pprel­
.ion factor U2, relative to theF~ coaplins G, for di'ezat nluea of mul of NHL
mNBI.. The duhed line corrapondl to the limit at 90% CL of number of oblerYed
NHL. in lhi. chunel.
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F"JIUe 6.5: NBL limih for daarpcl C1IfteIlt ad lIelltral C1Im!Ilt decay chUllda
ad di&rat rqiou of the tepuaUolI between the end of the IIpatream ud the
IJePuaiDIl of the dOWllltram Ihowal. The limiu are p_ted u a f_dioll of NBL
_ "'''.' ael the COllplillll 11Ippn!l8i0ll factor U':

Fillure 6.6: Comparison of results for !liHL limits for charlled current and neutral

current decay channels (rom this thesis with ~HL limit. from other experiments.

Dashed line (11) corresponds 10 NH L _ " .,. .,. channel and dOl-dashed line (12) to

.Y H L ~ ,,-.Y channel The referencel to other experiment. are same as for Fillure 1.4
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Hadronic shower length parametrization vs Ehad
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Fipre D.l: Di.trib.tioDi ofalelleth of hadroDic .howen for ditrerent .ettiDp of Fipre D.2: Parametriauon of the leqth of hadrollic .howen u a function
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Figures 183 fuures 184

cn-(T", - T,.) For CC .. CC Events cIT-(T,al - T..>For CC .. CC Events
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Fipre C.1: Di.tribution or the relatift tillliq between random oftrlay. of two

ucorrelated charsed ClImlIlt interadiGU.

Fipre C.2: Number or random CC - CC oftrlaYl u a ruciion or the timins

difference between the two muGU. The duhed line corresponds to the ayer&p of

random Out-of-Time oftrlay. per 1 RF bucket.
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