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Abstract 

The 1earch for Neutral BeaYJ Leptom (NHL) ha the Neutrino­
Nudeon (11-N) lnteractiona hu been condnded uthag the CCFR 
Detector and the Fermilab Quad Triplet Beam. (FNAL-E744 and 
FNAL-E770). No eYidence for NHL WU ro-d in the charged 
current decay chamael, NHL- ,.- + X. NHL with - be­
hn1en 0.5 and 3.0 GeV /c1 were excluded for coupling to mnon1 
below 1 to 10-4 of Fermi 1tnmgth, depending on the NHL mua. 
An exceaa of 5.2 +/· 2.3 NHL C&Ddidatea, in the neutral current 
decay chaanel, NB L _. " + X, wu found for eftllil with the 
aeparation bet- the production 't'ertex and the decay 'ftrtex 
greater than 2.3 meters. No nidence for NHL wu found ha the 
neutral current decay chaanel, NHL- 11+X for eftllts with the 
1eparation between th!' production 't'ertez and the decay 'ftrtex 
between 0.8 meten and 2.3 meter.. NHL with m&11e1 between 
0.5 aad 2.0 GeV /c1 were excluded for coupling to muon neutri· 
n01 below 1 to 5 >< 10-4 of Fermi atnmgth, depending on the 
NHLmau. 
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Chapter I 

Introduction 

1.1 Overview 

This thesis reports on a search for !'\eutral Heavy Leptons (XHL) conducted b)· the 

Chicago-Columbia-F'ermilab-Rochester (CCFR) Collaboration. The t'Xperimt'nt was 

performed at F'ermilab for the purpose of stud~·ing the interactions of neutrinos from 

thr Tl'\'atron Quadrupolr Triplet Bram (QTB) with an iron target. Thr data ust>d in 

this anal~·sis \\·as recorded during two Te\·alron fixed target running pt>riods in 1985 

{ Fermilab Experiment Ei44) and in 1987 (F'ermilab Experiment EiiO). 

Thl" possibilit~· of neutral currt'nt rnuplings betwt'en v,, and \HL could gi,·l" risl' 

to st'conduy \·ertices usociatl"d with XHL production and its subsequent dl'CB)' in 

v.-X intl"ractions. Thi' production of :'\HL would procet-d via the exd1ange of neutral 

gauge bosons ( Figurr I.I J: 

11,. - N ___, NHL,. .,. X (I.I) 

The df'cay of the :'llHL lo\'ould proceed through thr coupling or the ~HL to the 

neutral current zo (Fi gull" 1.2a ): 

.V H L,. ·--+ 11,. + X (1.2) 

't 

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

( 1.3) 

1.2 Neutrino Mass 

The l"Xistence of a neutral, light. spin I /2 particle (with mass of the order of magnitucle 

of the electron) was first suggrslt'd by Wolfgang Pauli in 1930 : I). in order to explain 

the continous t'nergy spectrum of electrons from nuclear 3 decay. Since then tl1e 

question of thl' possibility of a non-zero neutrino mass has bl"en intriguing theorists 

and experimental physicists. Eurico Fermi in his theory of 3 dt"ray published in 1934 

2 rt'cognizt'd that thl" mass of a nrutrino rould be dt'duced from t hl" shapt" oft he 3 

spectrum and rnnrluded that it was much smaller than t ht> elt-ctron mass. 

Thl" ordinar~· Dirac fermion is described with a four-compo11ent state fumtion. 

with two states of ht>licit~· for particles and two states of hdicity for antiparticles. If a 

t hl" neutrino has a finite mass it must occur in both helicities, sin rt' a positiw helirity 

stalt' can be transformed into a negali\'e one by Lorent2 transformation. Howl"\'l"r, if 

the neutrino is exactly massless. negati\'e or positive hdicit~· states art" indept"ndent 

solutions to the Dirac equation. Thus only parity conserntion would requirl" both of 

t ht" helicity states to occur. The discovery of the parity \'iolation in Wf'lk intnactions 

;3 ll"d to the 'two-component neutrino' t.heor~· I(. According to this theory right­

handl"d neutrinos and left-handed antineutrinos are absent from all wrak intt'rartions 
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and therefore it is possible to reduce two degrees of freedom in the Dirac equation. 

About 10 years.ago, a polarized electron-deuteron scattering experiment at SLAC 

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

and not exclusi,·ely the feature of the. neutrino particles. Thus. the question of neu-

trino mass has become interesting again. 

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

families is ronsist t"nt with zero: 

1 the limit of m(v.) < 18 e\" at 903 ronfidence le\"el (903CL) coml's from thl' 

analysis of the l'nl'rgy SJlt"ftTllm from the tritium fJ dC'cay :6:: 

• thl' limit of m(11.,) < 250 ke\' (90%CL) was obtained by measuring th•· <'llt'rgy 

spt'ctrum of the muons ernitlt>d iu r.' deca~· at rest :1:: 

1 tht" limit of m(11.) < 35 l'lll'\" (95o/iCL) comes from the study of the T dcrny to 

5 pions and v • . !I'. 

1.2.l Dirac and Majorana Mass Terms 

Then· are two types of the Lorentz im·arianl mass terms that can br formrd from 

fermion !irids: a Dirac mass term: 

or a !\lajorana mass tt"rm: 

I 
-C'D = ·-moiiiVR - h.c. 

2 
( 1.4) 

( 1.5) 

where we have used the following convention for chirality-proJection and charge con-

junction (antiparticle) operators: 

11i = H 1 - 1'sl11 
( 1.6) 

llR = w + "h)ll 

11£ =(vi)<= Ht - "ls)v< = (v•),1 

vii= (vR)< =Ht - 1s)11' = (11')£ 

A Dirac mass tf'rm, which couples left-handt'd fif'ld 11£ with right-handt'd fif'ld v11 • 

is im·ariant under the global phase ( 8) transformation: 

" ---t v' = f'''v (I. i) 

aud thf'refor<' consen·es the tot al lepton number. In contrast, !\lajorana mass i<'rms 

ronnf'C't states of the sam<' rhiralit~·, which m11kes th" Lagrangian no longer innriant 

under global transformations and lf'ads to the \·iolation of fermion number. Thus 

'.\1ajorana neutrino masses would lead for instance lo neutrino-less double J deca~·: 

( Z - I) -+ ( Z .._ I) .,. 2c - . ( 1.8) 

1.3 Theoretical Motivations for Neutral. Heavy Leptons 

The Standard !\1odeli9) of elrctroweak interactions has only massless neutrinos. The 

simple Higgs structure ( one set of Higgs doublets) leads to global symmdries cor-

responding lo the separate conserntion of e-, µ-. r-lepton numbers. which forbids 
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the l\lajorana mass term ii£ . On other hand, thrre are no VR that could combine f'Xplain of the symmetry and symmetr~· breaking of weak interactions. and it does not 

with vi to form a Dirac mass term. In other words, tl1f' masslessness of the neutrinos explain the origin of parity ,·iolation. There exists a clan of models that attempt to 

is related lo the reslrictrd particle content being considered in thr Standard J\lodrl. address these issues. One class a.re Left-Right Symmetric Modeh (LRSJ\ts)IIOj. The 

However, there are several possible extensions of thr Standard Model in which m., main feature of Left Right S~·mmetric l\lodels involves the restoration of parity in 

is nonzero. The introduction Df a right-handed neutrino allows a Dirac mass tt'rms. the weak interactions to the level of a conserved quantum number. :\t low t'nugies, 

In addition. the introduction of more complex Higgs fields. leads to the brf'aking of LRSJ\ls are consistent with predictions of the Standard !\lodel. but al high energies 

global s~·rnmf'tr~· and allows !\lajorana mass ll'rms. the~· introduce new features. We now discuss LRS\1s in analog~· lo the Standard 

!\lodel. 
1.3.1 Fourth Generation Nl'utrinos 

The lRS'.\I theories are based on the gauge group Sfi(2li x SU(2)11 x l"(l)B-t· 

Since the numb .. r of lepton generations is not predicted b)· the Standard :\lod.-1. tht'rr whrre St'(2)i is the symmf'try of left w .. ak isospin, 5F(2),. is the srmmetry of the 

is the possibility ,,fa fourlh. Y"t unknown. famil)· uf lrplons. Thus, i11 ge11eral. onr right isospin and l'(I )s-t. is generator rnrresponding lo the B - L quantum numbers. 

may expect that 1 l1<· lighkst member of the fourth generation of leplous is a 11rutrino. The particlt>s art' characterizt·d by 3 quantum numbers: / 3 i. Im. and r -_ ( B - l ). 

Such a neutrino. oflrn callt'd a srqu .. ntial :S .. utral llt'ny l.l'pton, would· be a mrmber Tilt' eleoctric formula : 

of the 51'(2)i doublet. and could acquirl" its mass through I hl' mixing witl1 its right- (1.91 

handed partneor. 
is an analog of th .. Standard :\lodel's Q= /3 -+ ~ l'. We have I he following doublets: 

1.3.2 Left-Right Symmetric Models (LRSMs) 

The Standard !llodt'I of l'lf'ctro-weak interactions based on SIT(2)i x ll(J )r gauge 
( 1.101 

groups has bf'en an unquestionable success. It predictl'd the nistencl' of neutral 

curr .. nt interactions. and the rt'lationship bt>tween tl1f' masses of gauge bosom w= 

and zo and the Weinberg angle Bw. :\evertheless it does not answer all the questions 

regarding electro-weak interactions. It does not explain fermion masses: it do'5 not 



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

11'1.: 0.0, -1) 

•R:(0,~ 1 -I) 

C?i=o.o.o 
QR: (0. l• l), 

i 

(I. I I) 

where t lir numbers in brackets correspond to / 31,, / 3R, and }' = ( B - L ), rrspertively. 

' 
In this model. t lie foJlo.,..ing Higgs particles are introducf'd: 

~1.:(1.0,+2) 
( 1.12) 

~R: (0.1, -'-2) 

in addition to tli<" Higgs of the Standard '.\lodel. namely: 

( 1.13) 

Since there is an a1lditional 5F(2)R s~·mmf'try, three additional gaugr ho~ons II'~ 

1.3.3 Fermion masses in Left-Right Symmetric Models 

In this section Wf' pfesf'nt an 'example of the calculation of fermion masses in Left· 

Right Symmetric ~lodels. This calculation ran be found in its original form in 

Ref. 10. 

The ,·acuum rxpectation values of Higgs fields are given b~·: 

(l.J.l) 

and 

< ~R >= ( O O l 
VR 0 

< ~L >= ( O O l 
vi 0 

11R « k 

A·2 
V£ = ") )( -

t'R 

(1.15) 

(1.16) 

( 1.17) 

(1.18) 

Thr massf's of fermions arr determined from the lagrangian d<'scribir1g couplings 

of scalar lligg~ fit>lds to thf' fermions: 

( 1.19) 

whrre: 

( 1.20) 

(1.21) 

and C is charge conjunction matrix. Thus, from the abovf' lagrangian <'lcctron. and 
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u and d quarks acquire following masses: where M is given by: 

(1.22) 
M·(::) (1.28) 

and 

a= hsVL 

The neutrino st'ctor of the lagrangian is equal to: ( 1.29) 

c = ~h,k. 
( 1.23) 

The t'igenstates of this mass matrix are: 

One can rt'write the abovt' .. quation in terms of two-component spinors v =: vi and 
v. = v cos ( + .\" sin ( 

( 1.30) 

!V = C(ilR )1 . r sing the follo"·ing proper! il"s of rhargt' conjunction matrix: 
.V. = -vsin { + .Y cos{. 

where: 

C1 = -C 

('1 = - I ( l.2t) 

2c 
tan2( =I>-

0 
=:::2c/b ( 1.31) 

Sinre b »a. c, one gets: 

one ran obtain following rt'lations: 
( 1.32) 

.v. = b 

\"sing l"quations J.18 and 1.29 one gt'ts the following t'Xprrssions for the light and 
( 1.25) 

ht>avy '.\lajorana neutrino masses: 

Thus I hr equation 1.23 can b .. rewritten as: -(h ..... !~)~ m., .. - s1 · 4h1 l'R 
( 1.33) 

( 1.26) 
The important feature of the abo\·e equation is that in .•lie limit of mass of right· 

or in the matrix form: handed boson lr11 approaching infinity, the mass of hea\'Y neutrino ali.o bt'comes \·er~· 

large, and the mass of light neutrino goes to zero: 
( 1.27) 

( 1.3~) 



we get: 1.4 NHL signatures 

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

In this case "'eak int .. ractions become purely t .. ft-handrd and LRSM becomt"s equiv-
on masses and couplings of a JliHL. This discussion is based on the review article. 

alent to the Standard Model. The relation between the mass of light neutrino mv, 
by l\f. Gronau, C.'.'\. Leung and J.L. Rosner j13:, and by F. Gilman,J4:. In the 

and tht" mass of heB\'y neutrino m/V, is known as the see-saw mt"chanism ;11!. 
Standard Model of electro-weak interactions, the charged (CC) and neutral (NC) 

Thl' relation betwrt"n the mass of light neutrino and the mass of corresponding 
currents inYolving neutrinos are gi\'en by: 

d1arged fl'rmion can bt" studied b.\' comparing equations 1.22 and 1.33. If parameter ( 1.38) 

/ is small: 
and: 

(1.36) 
( 1.39) 

then """get r<'lation: 
where"•· IIµ, v •. e, µ,and Tare I lie lepton spin or fields. The t'Xistt'nce oft hr additional 

( 1.37) 
l'\eutral Heavy Leptons. which are isosinglets m1dl'r standard SF(2)i. modify these 

which links mass of light nrutrino with thl' mass of corrt'sponding charged f~rmion. equations by introducing thl' admixture of the hea\'y st a It's into thf' weak isodoulilets: 

1.3.4 Neutral Heavy Leptons in Grand Unified Theories 
( 1.40) 

\eutral ffl'a\'Y Leptons are also present in models attempting to uni(~· the prt'sentl~· 
Here i = t. µ, T. and the sum is ovt'r all heavy lepton species a. Th" weak eigenstate~ 

obsen•f'd interactions into a single gauge theory. Examples are models with SO(JO) 
are now N.i: the mass eigenstates are 111 (light neutrino) and Jl/0 (!\eutral Heavy 

symmeuy:l2' in which \HLs acquirf' mass through the mixing with other frrmion 
Lepton). The matrix U;. is a unitar~· matrix that mixes weak eigenstates and mass 

singlt'ts. 
eigenstates. There are St'\'eral types of experiments which are srnsitive lo the existencr 

of ~HI.: 

• uni,·ersality constraints: 

!'\HL admixture in \C and CC leads to violation of universality of the coupling 
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of lhe neulral and charged currents: the coupling of a light neutrino is decreased tain a small component of heavy neutrinos. Such neutrinos ma)' have originated 

by the Caclor : from the decay or psc-udoscalar mesons. which are produced in the interaction 

{t - ~L'u,.12) 
• 

{ 1.41) of protons with the target, and then decay in the detector: 

The unilarit~· requiremenl of the Kobayashi-Maskawa matrix. the lifetime of • heavy neutrinos originating from charmed mesons in bt>am-dump experimenls: 

the r and th .. measurement of R= n::::J. yield the following constraints i 13 if the proton beam is dumped into a thin target, some fraclion of the nrutrinos 

have origin in the short-li,·ed charmed particles such as D's and F's. This 

r:;~ ~ 0.8 x 10- 2 ( 1.42) provides a means for searching for heavy nt>utrinos witl1 masst>s up to 1.8 Ge\". 

u~. ~ 10. x 10- 2 A similar anal~·sis can bt> done for B meson t hereb~· l'Xpanding the mass range 

The constraint for thr U., 2 follows from the comparison of theoretical predic-
up to 5.3 Ge\"; 

lions and the experimental results for the' life-time of r- meson: • XIIL produrrd from b quark decays in e·t- annihilation: 

f'"' e· colliders (for example, CESR at Cornell l"ni,·t>r.it~· . :'liY) . which run 
(1.H) 

the center of mass (C~I) energies corresponding In ll1e production of I he T 

• direct st' arches for .'\Ills produced in w and 11· drcays at rest: resonances pro\'ide another possible· sourc<" of \'Hls: on .. ran look for serondarr 

the decay of 'Ir -+ (t.11) is hrlicit~· suppressed by a factor of 10-~ for massless (detached) \"ertices originating from the srmi-leptonic dt"cays Qf the B mrsons 

neutrinos, but thf' supprrssion is not effecti'"" for massive neutrinos. Thus tht> into J\Hls: 

11' ~ f deca~· is a favored reaction in which lo search for e\•idence of low mass 
• ]Ii H L coupling to zo and production in Cf- collisions 

heavy neutrinos coupling to electrons. Thr analysis is done by searching for a 
in the past decade. thrrr ha\"e been experimental searches for NII Ls that couple 

monochromatic prali in the ene-rg)' spectrum of t" from 11' • decays at rest. A 
to z0 ·s produced in f - t- collisions. Experiments which run at Cl\! energirs 

similar analysis is done for K decays; 
below the maS& of zo han lookrd for l'\HLs .coupling lo '·irtual zo. The recent 

• search for decays of ~HLs from 11'. Kin flight: a\·ailability of LEP /SLC machines operating at the Cl\1 energies equal to thf 

11 nf'utrino beam. in addition to its major component of light neutrinos. ma~· rnn· mass of the Z gauge boson has oprnrd up the possibility to search for '.llllLr 
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arising from Z decays. Figures l.la - I.le illustrate Feynman diagrams of dif­

ferent processes leading to the production of NHLs in e-+e- colliders at the zo 

peak. 

Figure I.la represents the fe~·nman diagram for a production of a pair of 4th 

generation, sequl'ntia.I \II Ls. v4 jif: 

( 1.44) 

Siner thl'se !'\l!Ls are isodoublets under Str.ndard Sl'(2)i, v•vt pair would 

rouple to zo with same strength as a pair of light neutrinos from threr known 

generations. However. C: 2• the square of mixing matrix elements (eqn J..JO) 

affl'cts the lifetime of such \HLs. The results of a search for :'l:llLs produced 

in such processt•s ha\'l' bt"en prl'sented b~· the ALEPH Collaboration 15 .. Tl1l' 

limits on the t'Xi~tence of such fourth generation neutrinos has lwl'n exte11dt•d 

up to neutrino masses of 42 GeV /c2• 

Figures I.lb and I.le represl'nt the Fe~·nman diagrams of proresses leading to 

the production ofisosinglet NllLs. The production of a pr.ir of isosinglet '.Oils. 

shown of Figure I .lb: 

( 1.45) 

is suppressed by factor li4 , relativ" to th' production of• pair of light neutrinos. 

which makes pres"nt t' t·- experim,nts at SLC r.nd LEP inst'nsitive to such 

processes. However. if an isosinglet NHL could hr produced in association with 

a light neutrino from the three known generations (Figure I.le): 

( l.46) 

the coupling of such a pr.ir of neutrinos to zo would be suppressed onl~· by a 

factor U2 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 

\Ills produced in such processes !16;. llowevrr. high statistics 11eutrino scat­

tering experiments are more sensitive to isosinglet '.'tHLs. as will be discussed 

i11 the following sections. 

1.4.1 NHL signatures in v.,-N scattering experiments 

As mentioned in the Over\'iew, an isosinglet NHL could also hr produced in thl' v-\ 

interactions. Tl1l' Fe~·nman diagram for such a prorl'ss is shown on Figures 1.1. Such 

a :'\llL would rouplt' with suppression factor F 2 • rdati\·e to the coupling of light 

.neutrinos. Tl1t' factor F 2 also affects the lifetime of an isosinglet '.llHL (Figure J.2a 

and J.2b). Thert' are several characteristic signaturt's of l'\HLs that can be looked for 

in v.,- \ interactions: 

• Opposite sign dimuon events: 

if '.'\H Ls werr produced in the neutrino-induced interactions, 

v,. -1' .V __, NHL,. - .\' (1.47) 
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about 103 of lime the ~HLs would decay through the coupli11g lo a light 

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

( 1.48) 

Thus in the final slate one would observe two muons oppositely charged. The 

kinematic distributions of the dimuons originating from !llHL decays would bt' 

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

tional sourrt's as for l'Xample, cl1arged current neutrino inlfractions, with I he 

second muon coming from tht' dt'cay or a Dor a K meson in tht' hadronic shoi.._ 

ers. A search for :\HL using tl1t' above signature was pcrform<'d by the CCFR 

Collaboration usi11g data from f<'rmilab Experime11t [74-t Iii:. This St'arch is 

sensiti1·" 10 1'\JILs with masses up to 18 GeV /c2. 

• Doublt> \"l"rtex t-1·enls: 

For a certain rangf' of .'\llL Ii If-times, the decay "f tlit' SHL ran occur outside 

of the hadronic showrr that is associated with the 11eulrino i11teractio11. Such 

a decay would lead to t'1·ents with two separated showers. or Double \"ertex 

events. Herc the primar~· shower originates from the 11 interaction in which the 

l\llL i~ produced and the sccondar~· shower results from tht' !'iHL decay. The 

search in this channel has been conducted by two experiments: the CHARI\! 

Collaboratio11 at CER:\ :ts:, and the CCFR Collaboration at Ft'rmilab using a 

neutrino Xarrow Band Beam (XBB) data . 19j. 

Figure 1.4 illustrates the rr5ults of searches for different types of NHL. 

1.5 Overview of the Thesis 

This thesis describes a search for NHL using thl' Double Vrrtt'X signature. In Chap· 

ler 2 Wt' give a brief description of the r-xperimental se1Up, 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 dilferr-nt background processes for the Dou­

ble Yertex signature of l'\HL production and deray in our apparatus. In Chapter 6 we 

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

for :\JI L production and deca~-. 



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 !\lain Ring tunnel, enabling the maximum energy of accelerated protons to be 

" 
raisc-d to almost I TeV, gi,·ing the accelerator its name. the Te\·atron. For experi· 

men ts using neutrino beams, the upgrade had a l wofold effect: first, it has allowed 

the exploration of the new, higher-energy rf"gime ( above 300 Ge\'), and sf"condly, 

the higher energy of primar~· protons has re~ulted in more a ropious produrtion of 

secondaries and t bus an overall improvement in neutrino event statistics. 

In this chapter we describe the ff"rmilab Quad Triplet '.lie111rino ueam used in 

experiments E7-14 and Ei70 and summarize thf" main f,.atures of the CCFR Detector. 

2.1 The Beam Line 

2.1.1 Time Structure.of the Beam 

The time structure of the r\eu1rino Beam rdlf"cted thf" way primary protons .-ere 

accel .. rated in different stages of Fermilab machine. The Linac accelerated protons 

using a series of radio-frequency cavitie1 (RF' c8\"ilif"s) in which particlt"s rf"ceiv .. d 

successive increments of energy. The particles werf" clusterf'd in groups, so callf"d 'RF 

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

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

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

200 MeV. At that stage particle buckel& 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 

~fain Ring and finally i11to the Tevatron. There were 12 Booster batchf"s in one turn 

of the Tevatron. Thus a fully injected Tevatron would contain about 1113 RF buckets 

spread uniformly around the ring. However, sometimes not all 12 batches were put 

into the Main Ring and the accelerator was running half full, with only about SOO 

buckets. 

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

2.1.2 Neutrino Beam Extraction 

After being accelerated to an energy of 800 GeV, the protons werf" extractrd from 

the Tevatron ring and directed into the Switchyard. Here beams were split het ween 

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). 1hE' 

protons were then dirf"ct~ onto the primary target. The collisions of the protons 

with the 310 mm bf"r)·llim .Primary target resulted in the production of secondary 

particles, predominantl}· r. and K mesons. These secondary particles were then di· 
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reeled 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 Hux of secondaries entering the decay pipe. A fraction of the 

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

remaining Hux of secondaries was stopped in a 6 meter long aluminium bt"am rlump. 

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

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

posed of neutrinos and anti-neutrinos with a Aux ratio v :ii of about 2.5: I, reftecting 

the dominance of positively charged secondaries produced in proton-nucleon collision 

in the primar~· target. . 

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

neutrino contamination was about 2.53 1201. 

2.2 The Detector 

The CCFR Detector was located in the Lab E Neutrino area. about Hi4 meters 

downstream of the primary target. It consisted of a 690 ton Target Calorimt"ter 

and 420 ton 1\1 uon Spectrometer. The purpose of t ht' 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 slate muons were measured in the Muon 

Spectrometer. In the analysis presented here the acrylic counters located in the Muon 

Spectrometer were also used to detect secondary showers and to measure their energy. 

Two additional drift chamber stations were located downstream of the spectrometer. 

Figure 2'.3 shows the layout of the experiment. 

2.3 The Target Calorimeter 

The detailed structure of the Target Calorimeter is shown on Figure 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, i21 ], ;22l e\'ery 2 

plates (I0.4 cm of steel) and drift chamber stations every 4 plates (20.8 cm of st .. el). 

There were a total of 84 target counters. 

2.3.1 Scintillation counters 

The scintillation countt'rs used in the instrumentation of the calorimeter were made 

out of ribbed acrylic tanks filled with liquid scintillator. The counters were reinforced 

on the outside v.-ith 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 lo the total light 

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

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

Huor, which emitted ultra-violet light. The CV light was absorbed by second Huor, 
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which re-emiUed blue light. This light travelled about 1 meter to the edges of the 

counters, where it was absorbed by wave-length shifter bars (plutic acrylic doped 

with BBQ ftuor) absorbing blue light and emitting green light. Thia system was used 

to collect light from a large area (Jm x Jm) 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) !orated in each corner of the counters 'l\"ere usf'd to read out thl' light output 

of the rnunters. Analog signals from the phototubes were digitized by a LeCroy 4300 

FERA ADC system. 

2.S.2 Drift Chambers 

The positions of showers produced b~· neutrino interactions weu• dett-rmined using 

a system of drift chambers. Thr basic operating idea of these devict-s is a~ follows: 

as rhargrd particles pass through the chambers. the gas in the drift cliamb<"rs i~ 

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

recorded for each hit in the chambers is translated into the position of the hit by 

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

in the CCFR detector has been previously described in detail 123. 2~;. Ht-re we onl~· 

mention the most important features of the system. There were 42 drift chambt>rs 

in the calorimeter. each with 24 drift cells. The chambers wt>re filled a 503 argon-

503 ethane gas mixture. The drift ,-clocity of electrons was about 5 cm/µsec. which 

combined with the 4 nsec dock of a ~evis Transport electronic digitizing system gavt" 

the position resolution of hits of about 250 µmeters. The dead-time induced by the 

Time to Digital Converters (TDC) wu about 12.3 µsec. 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 ea.ch, 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 /c for muons passing through thf' entire length 

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

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

wt"rc drift chamb<"r stations. each containing 5 chambers in x and y view, aftf'r earh 

toroid. Tracking information from the toroid chambers was used to reconstruct the 

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

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

the last toroid in order to improve thP momentum reconstruction of high energy muon 

tracks. The rms momentum resolution of the spectrometer was about 113 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 JO 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\luon Spectrometer. 

2.4.2 Trigger counters 

A hodoscopt' made of solid scintillator counters was located in the gaps bt'IWt't'll toroid 

•·arts. There were 3 planes of the counttrs after tht first toroid (T2. HI and 112) . 

and 2 planes of the counters aftl'!r th<'! sl'!cond toroid (13 and HJ). These counters 

were in the trigger for charge currmt events. 

2.4.3 Scintillation Counter Numbering 

The target counters were numbered from I to 84, with counter 84 being tht' most 

upatream counter. The Toroid counters were numbered 0 to -24. with counter -24 

being the most doumatream counter. 

.. 
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2.5 Detector Triggering 

The triggers selected events wilh sneral different topologies. Triggers used in this 

analysis are described below: the main trigger used in the search for Double \'ertex 

t'vents 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, Triggl'r 

I (tht' Charged Current l\luon Trigger) was used in the studies of non-uniformity in 

the tll'utrino bt'am intensity per RF bucket. 

• Trigger I (Charged Current Muon Trigger): 

The Trigger I logic is shown on Figure 2.7. This trigger selt'cted charged currl'nt 

neutrino interactions. with a momt'ntum 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 I through 4) i11 coincidc-nce 

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 I through 4 and 9 through 12) and a signal Crom trigger 

planes in tht' first toroid gap. The trigger also required that the \•eto countt'rs 

at the front of the detector did not fire. 

• Trigger 2 ( '.lil'utral Current trigger): 

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

current n<'utrino interactions; it required 2 countl'rs in a group of 4 adjacent 
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counters to be on, in coincidence with ?: 10 GeV of energy deposition in 8 coun­

ters, which included both the group of 4 and the next 4 downstream counters. 

In the E7H/E770 fiducial region, there were 36 such overlapping groups of 4 

counters (in counters 80 through 3). The trigger required that the veto counters 

al the front of the detector did not fire. 

• Trigger 6 (Straight-Through l\f uon 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 ·de­

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

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

a muon <'ntered the detector from upstream. counters 81 or 82 had to be on. 

Toroid penetration 11·as ensured by requiring the PTOR logic to fire. The PTOR 

logic (Figurt' 2.10) selected a high energy muon b~· requiring th .. muon to tra­

verse the samt' quadrant throughout the entire length of the Toroid. 

2.5.1 Neutral Current Trigger Efficiency 

The Neutral Currrnt Trigger (Triggtr 2) was implementl'd only in the Target Calorime­

ter. Figure 2.ll shows the distribution of the longitudinal position of 11.-!11 interactions 

recorded with Trigger 2. As can be seen Crom the figure, the sensiti\·ity of Trigger 2 

spanned betwt't'n counters 82 through 8. Neutrino interactions in the detector region 

of counters 84 and 83 ( up&lream part of the Target Calorimeter), bf'tween counters 7 

through l (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 thl' region betwt'en counters 

between 82 and 79: 

l. the most upstream counters which wt're part of Trigger 2 logic were counters 80 

and 79. Thus. short showers that started at counter 82 or 81 and did not reach 

counter 79 could not set the Trigger 2 logic on; 

2. counti-rs 83 and 84 were part of the v'to logic reji-ctin@ inti-rartions taking plact' 

upstream of thi- detector. For some fraction of thi- interactions in thi- upstream 

most region of the target, a backsplash of showering particli-s rould si-t counti-rs 

83 and 84 on and therefore vr-to the r-vent. 

The efficiency of Trigger 2 as a function ofshower energ,1· was measured using I he 

charged current trigger (Trigger I). Figure 2.12 shows tl1e efficiency of Trigg!"r 2 as 

a function of hadron energy. Trigger 2 was fully efficient for NC interactions with 

Ehad greater than 15 Ge\". For NC interactions with hadronic energy of 10 GrV !he 

efficii-ncy of Trigger 2 was about 903. 
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2.6 Comparison of the Target and Toroid Instrumentation • drift chambers: 

Below we present the comparison between the instrumentation of the Target and the 
drift chambers stations were located every 1.6 m of steel, e\·ery 8 counters; 

Toroid: These differences have resulted in differences in the resolutions for reconstruc-

1. The Target Calorimeter 
lion of the hadron energy, timing and transvene vertex position of hadronic showers 

occurring in these two different parts of the detector. 

• scintillation counters: 

~ 

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

ter; 

• hadron energy sampling: 

hadron t>nergy sampling intenal corresponded to about 11.6 rm of s1t>el, 

(0.6 ~INT); 

• drift chambers: 

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

2. The Toroid (!\luon Speclrometer) 

• scintillation counters: 

four quadrants of solid scintillator counters with a central hole M·ilh radius 

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

• hadron energy sampling: 

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

(J.2 ~INT)i 
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The Event Reconstruction 

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

for Double \·ertex Events. 

Before going into the detail of the evPnt reconstruction procedures Wt' make a 

historical note. Traditionally, in the analysis of charged current and neutral current 

11· !\ interactions the CCFR detector was used in the following mode: the upstream 

part, the Target Calorimeter, was instrumentf'd with triggers designed to detect 

nl'utrino-induc!'d interactions and to measure the positions and the energies ofhadronic 

showrrs. On the other hand, the main function of the Muon Spectromf'ter was to 

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

Toroid was also instrurnent«"d with thf' scintillation counters. howevf'r they wrre on)~· 

used as a part of the trigger logic. 

The initial search for Double \'ertex signature of l'\HL in the E7 H data was 

done by S. Mishra \25~ and was restricted only t.o the fiducial volume of thf' Target 

Calorimeter. The preliminary results of that search were very intriguing: 5 ~llL 

event candidates were found, 11·ith less than l event expected from the background 

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

volume of the Toroid. By doing so 11·e have substantially increased the phase space 

availablf' for the decay of a assumed NHL. On other hand. the different hardware 
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instrumentation of the Toroid, not optimized for calorimetry, has resulted in the 

poorer resolution for reconstruction of the energy and the vertex positions of showers 

in the Toroid. Since the drift chambers were placed only every 1.6 m of iron, some 

of the showers were contained before reaching the drift chamber stations and could 

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

were placed only every 20 cm of iron resulted in poorer energy resolution and poorer 

l'fficiency for the finding the showers, especial!~· of the t'lectromagnetic ty1u·. 

The following quantities played a crucial role in search for Double \'ertex signal ure 

of :'\t'utral Heavy Leptons: 

• the longitudinal and transverse positions of the two showt'rs 

• the enf'rgif's associated with the upstrt'am and the downstr!'am shower 

• the relative timing bet wren the two showers 

• the lrngt h (charged particle penetration) of each shower 

\\"r now define the above nriables and describe the way the~· Wf're reconstructed in 

the off-line analysis programs. 

3.1 Vertex Position Measurement 

Each vertex was characterized by its longitudinal and transverse position. The longi­

tudinal position (z-coordinate. along the neutrino beam direction) was defined using 

the scintillation counters: 
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• PLACE (shower beginning) corresponded to the number of the most upstream agate to the ADC units where they are digitized. In order lo reconstruct the total 

counter of the group of al least 2 counters with energy deposition greater than energy of the shower one needs to know following quantities: 

the equivalent of 4 x minimum ionizing particle deposition (4 MIPs) 
• the gain of the counters G Al N;, that is the energy deposition of a minimum 

• SHEND (shower end) corresponded lo the number of the most downstream ionizing particle measured in ADC counts; 

counter with pulse height > 4 l\llPs, followed by at least three counters each 
• map correction functions lit APCOR(l:,., \ )· );, that is the functions which ac· 

having the pulse height < 4 MIPs. 
count for the fact that the light collf'ction f'fliciency \"Bried with thf' distancf' of 

Transverse (x- and y-rnordinates) positions of a shower (Vt and \'i·) weff' delinf'd as the shower from the photot ubes 

lhe centroids of thr drift chamber hits in the shower region. The TDC information 
• the calibration constant C .4LI B, that is the conversion factor hetwf'en ~!IP 

from tht' drift chambers bf'tween counters corresponding to PLACE and SH END was 
units and Ge\", for hadronic, electromagnetic and muonic interactions. 

used. For the showf'rs inside the Toroid Spectrometer, drift chambt'rs immediately 

downstream of SHEXD were usf'd as well. The gains of the Target Calorimeter counters and the map correction functions haw• 

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

3.2 Measurement of Shower Energy gt'r J) and straight-thro11gh muons (Trigger 6) . The measurf'ment of thf' calibration 

constanl was done using separate data runs. during which a hadron bt'am was <lirectf'd 
The basic principle of the shower energy measurement is that the energy of the inlt'r· 

action is directly proportional to the amount of the light produced by the particles 
onto the target carts. The energy calibration procedure of the Target Calorimeter 

has been described in thf' detail in the rt"cent publication '26'.. 
passing through the counters. As they pass through the calorimeter, they interact 

with the target nucleons and new particles are created. This avalanche continues to 
The energy of a shower was calculated b~· summing llJ> the pulse heights from the 

counters in the shower region. The contribution lo the shower energy from the i-th 
devf'lop until new particles loose most of their energy and are finall~· absorbed in the 

calorimeter material. Each charged particle typically deposits a minimum ionizing 
counter in. th!' Target Calorimeter was following: 

energy. The photons produced through the ionization process are later collected by Ta•••' _ [ . .\DC;!.-WC counbl ] X CALI BTa•i•• 
E; - GAIN;IADC cuunts/.UIPJ x MAPCOR(l:t,\"r); 

the photomultiplier tubes (phototubes). The signals from the phototubes then prop- (3.1) 
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3.2.1 Energy Calibration of the Toroid Counters PLACE to SHEND inclusive: 

Pl.ACS 

EPLSH = L E;, 
As mentionl"d earlier, some or the showers developing in the Toroid could not have (3.4) 

i:SH•ND 

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

cedure in the Toroid had to be modified: the map correction functions could not 
where E; is defined in equations 3.1 and 3.3 for Target and Toroid counters 

respectively; 
be used; instead the gain constants wue found by averaging the energy depositions 

of muons passing through the entire plane of Toroid counters (in case of the Target • EPLSL: 

calibration, gains of tht' counters were measured using muons passing within a small EPLsL was defined to contain also the energy dt'posited b)· showering particles 

central region of l"ach counter). The calibration constant for Toroid counters was downstream or SHEND and also the energy deposition upstream or PLACE, 

assumer! to be: (so called 'albedo region'). The calculation of ErisL required the following 

(3.2) steps: 

corresponding lo the fact that the Toroid counters 11rere separatt"cl by ::::: 20 rm of iron I. finding PLACE, SHEND and Epr,sH 

compared lo lh<' st>patalion of::::: 10 cm of iron betwl"en the Target counters. The 
2. predicting the length of the shower L1ood• exprt'ssed in counter units. L1iod 

rnntribution lo the shower energy from the i-th counter in tht' Toroid was following: 
corresponded to the charged particle penetration of a shower; the paramet riza· 

(3.3) lion of the length of hadronic shower as a function of its energy was ex-

tracted from the analysis of the data takl!n with hadron beams. (see Ap-

3.3 Energy Determination pendix B) 

We have used two •·ariables to describe the energy of a showf'r: 
3. summing up the energy depositions in counters between 

PLACE+J and PLACE· L,,., 
• EPLsH: 

Pl.AC8+1 

EPLSL = L E, 
i:=.P£AC•-I.••• 

(3.5) 
this energy was found by summing the pulse heights in the counters from 
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3.4 Delay Correction in the Energy Calculation 

The measurement of a shower energy deposited in the calorimeter depended on the 

difference betwttn 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 gale. The width of the 

ADC gate was about 240 nsec : since the typical width of the phototube pulse was 

abe>ut 50 nsec, this allowed for the full integration of the signal from the counters. 

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

that triggered the apparatus would havt' proper timing with respect lo the ADC 

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

l'\'ent. Therefor" the pulses from the counters associated with the second intt'raction 

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

of tht' pulse would be digitized resulting in a lower measured energy. 

Figure 3.1 illustrates tht' relative timing between the ADC gait' 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 gaie and the pulse from a phototube. This measurement was 

,·erified by studying the average energy depositions of cosmic ray muons traversing 

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

shows the fraction of the phototube pulse digitized by the ADC system R.,.1 •• : 

.4DC(.H) 
R.,., •• = A.DC(.1T = 0)' (3.6) 
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as a function of the time difference 

(3. 7) 

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

:!i.T = 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 :::i.T (shower arrived after ADC gate opened. and only some part of the tail 

of the pulsl' has heen "chopp«'d off'). 

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

havl' applied the following correction: 

(3.8) 

3.5 Efficiency of finding showers 

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

of Trigger 2 and tht' efficiency of finding the second, nun-triggering shower. :\s dis-

cussed earlier. the software condition for finding a shower required two consecuti'·" 

counters to register pulse heights greater than 4 \IIPs. This pattern recognition 

was done using pulse heights not corrected for the timing delay relative to the A DC 

gate. since al that point of the analysis the timing of the shower has ne>t been yet 

established. Therefore the fraction of showers that could be found using the aho\•e 

algorithm depended on the relative timing between the ADC gate and the timing of 

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

neutrino-induced interactions. In order to imitate non-triggering showers Wt" have 

defined a paramet.,r ECUT: 

4MJP 
ECUT(j.T) = Ro1ei.~(~T)' (3.9) 

and then searched for showers witli energy depositions in two consccutfre counters 

greatrr than ECVT: 

.4DC; > ECUT(.:lT) 

.4DC;_ 1 > ECUT(.iT). 

Then 1ht> shower finding t"fficil'ncy was defined as: 

# of ahowera found u·ith ECC'T(j.T) 
Eff.r,. •• ,.,(E.,.,.l.T) = ---'-..:.....----'------

# of showtra found with E<7i°JT(j.T = 0) 
(3.IU) 

Figure 3.3 shows thr shower finding efficiency in the Target as a function of showl'r 

energy £.,,, for different values of .:l.T. 

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

function (eqn. 3.10) did not rl'ftecl the efficiency or finding showers from interactions 

in the Toroid. Since the energy sampling inter.-al in the Toroid 111"&& twice as big as 

lhal of the Target Calorimeter, thl' efficiency of finding showers in the Toroid was 

lower. 

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

scheme: 

• we have s.,lected 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 •howers 

ADC,, > ECUT(.lT) 

.4DC2(•-•l > ECUT(.lT). 

• we have drfined the efficiency of finding showers in Toroid for non-triggering 

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

#of 3hou1era found v•ith ECFT(.l.T) (
3
.ll) Eff?',.""0 '"(E.i.,j.T) = _::.._....::.... ___ _:. _______ ...:____;:....__ 

# of ahowcra found with ECl'TPT = 0)' 

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

using only "''en-numbered Target counters. 

Figure 3.4 shows showt'r finding efficiency in the Toroid. as a function of showrr 

energy £.,,, for different values of .l.T. 

It is important to reali;i;r 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 11,.-induced interaction&. The inefficienq· caused 

by the less frequent energy sampling inter\"al in Toroid would b,. more significant for 

showers with high electromagnetic component. 
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3.6 Timing Determination important for the Target Calorimeter counters, since their transverse dimensions 

As mentioned earlier, the pulses from the pholotubes wl're split and signals sent to 
( 3 m x 3 m) could lead to time of flight difference of up several nanoseconds. 

both the ADC and TDC systems. The TDC system has been described in the dl!'lail 
Since the acrylic counters in the .Muon Spectrometer were smaller ( 1.5 m x 

in ref. 123]. The TDC information from the counters was used to establish the liming 
1.5 m) this effect was less significant. Some of the showers in the Toroid could 

of. showers relative lo the trigger time. In order to achieve good timing resolution the 
not have their transverse position defined : in such an instance, it was assumed 

following corrections were considered: 
that the shower was located in the centf'r of a counter. 

• pulse height slewing correction: Due to the presence of the' l'lf'ctronic noise in the TDC system. an iterative method 

signals with !Jigger pulse heights would cross the TDC discriminator threshold had to be followed in order lo measure the timing of a shower. A crude estimate 

rarlier than signals with lower pulse heights, thus contributing a spread of I he of the shower timing was found using an o\·erlapping-bin method, i.e. the timing 

timing. Tlie rnrrection accounting for this effect has been measured by rnmpar- of a shower was defined lo be a center of the time bin with the highest number of 

ing the liming from single counters with the averaged time from all counters in the TDC hits from the counters within the showt'r region. Here the shower rl'gion 

the showl'r region and plotting the difference as a function of the pulse heights of was defined as counters between PL,.tCE and SHElVD. Additionally, up to thret' 

individual countl'rs ( stt Figure 3.5). The resolution of tht' timing from inrli\·irl- rounlers downslrl'am of S II END wl'rf' iucludf'd. if their pulse heights were abo\'E' 

ual counters. shown in Figure 3.6 has bt'Cn calculattd as a function of a euergy 2 !\IIPs. In the following iterations the weighted a\·erage of the hits from 1hr most 

deposited in a givtn counter. The inverse of the square of the liming resolution populated bin was calculated and the pulbe-height and position corrl'cted TDC l1its 

function of singlf' counters was used as a weighting factor in the calculation of away from the average by more than 2 " (twice the resolution of the timing of an 

the average timing for the entire shower. indh·idual counter) were rt'moved From the sum. Thus the final expression for the 

• correction for time of ftight of photons across the counter plane: 
timing of a shower was following: 

depending on the transvers" dillance of the shower to the closest phototube, (3.12) 

the time of flight of photons to the phototubes varil'd: lo account for this 'effect 

we have applied a.position dependent correction. This correction was especially 
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where w; was a weight equal to the square of the inverse of the resolution of the timing 3. 7 Shower Length Determination 

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

W; = 0'2(ADC;)" (3.13) 
was separated by material corresponding to about I 1.6 cm of iron) traversed by 

After the above corrections were taken into account, the resolution of the timing 
the most penetrating charged particle. The length of a shower was used to provide 

of a single shower was measured using events with muons in the final state. since 
the basis for differentiation bdween NC-type showers (without muons) and CC-type 

the timing information for such events was independently available from the muon 
showers (with muon). 

track. A sample of rharged cum·nt neutrino-induced interactions was selert .. d and 
We have introduced the \'ariable SBE'.llD (SBit END), which corresponded lo 

the timing of the hadronic shower compared with the reference time TREF- TnEF ,.·as 
the number of the downstream most counter with SBlT (TDC hit from scintillation 

an independently established time based on muon liming information from th!' drift 
counter) associated with tht' shower followed by al lt'ast three rnnsecutive rounters 

chamhl"rs and from the trigger hodoscopes. Figure 3.7 shows the resolution of the 
with no SBITs on (or no SBITs associated with the shower) A counter v;as considered 

timing for the showers occurring in the Target, 
to haYt' its SBIT on associated with the shower if: 

Trigger I was not implemented for neutrino interactions in the Toroid. therefort· 

the only possible wa~· lo measure the resolution for showers in the Toroid was lo use 
TsstT - T,,_,O?: ~ 28 n.•tc (3.H) 

muons which den•loped shower cascades, originating from such stochastic processt"s The TDC discriminator thrt'shold corresponded lo about ~ 'llP t'llergy depo&ition. 

as bremsstrahlung, c - C and photonuclear interactions, so called ""deep-µ .. showers. Because of the hole in thl" Toroid. the Toroid counters did not cm-er the whole trans-

Figurl' 3.8 shows thl' resolution of the timing for lhe showers occurring in the Toroid. verse plane of the dt"tt'Ctor. Sometimes this resulted in a discontinuity in the strings of 

Note that the timing resolution of the Toroid, as measured from ~deep-µ'" showers. SBITs associated with muons emerging from the shower. Thus for showers developing 

was primarily for electromagnetic shower&, since muon intuutions arl' predominantly inside or continuing to the Muon Spectrometer wr have st"arched for the end of the 

from <>lf'ctromagnetic processes. most penetrating charged particle starting at the most downstrl'am 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 hi' SBEND. 
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Then the L,h, the length of the shower, was defined as: was less than or equal to the length of a hadronic shower Lha' with energy E,h 1: 

SBEND 

L,,. = ( L L;) (3.15) ( 3.17) 
1=l'LACE 

where: Otherwise the shower was classified as CC-type shower. 

L; = I for i 2'.' 0( Target counter.!1) 
( 3.16) 

3.8.1 Contaminations of NC and CC classes 
L; = 2 for i < 0( Toroid counters) 

Here each Toroid counter contributed doubly to the length of the shower, since the The above algorithm classified showers into two classes: the NC-type class and the 

Toroid counters were separated by about twice the amount of iron as compared lo CC-t)·pe class. It is important to realize that although the l"C·t)·pe class contained 

the Target counters. predominantly showt'rs without muons, it also contained showt'rs with very low enrrgy 

Sinre the TDC hits wt"re recorded in ::i: µsec window around the trigger time, muons that ranged out inside thl' hardonic shower or with muons that uited the 

the abo\"f' definition of the shower length was not biased for non-tiggering showers. dett'ctor through the sides and did not penf'trate the counters downstream of the 

hadronic shower. Additionall)·, a small number of cosmic ray showers interacting al 

3.8 Distinction· between NC and CC showers 
the edges of the fiducial volume of the detector, contributed to the SC-type class. 

In order 10 study dill't>rent decay rhannels of an assumed 7\HL we have distinguished Tl1e contamination of CC e\'ents in the '.liC-type sample can be seen by stud~·ing 

between !liC-type and CC-type showers. This distinction was bast'd on tht' lt'ngth the ratio of !liC-type showt"rs to CC-typt' showers RNC/CC· Figure 3.9 shows this ratio 

of the shower. For f\C showers this variabll' corresponded to the length of hadronic as a function of the radial position of the interaction inside the Target Calorimeter 

shower. while for CC l'Vents it was normally much largl'r due to thf' penl'tration of for interactions with hadronic energy greater than 15 Ge-\" taken with Trigger 2. The 

the muon. increase of RNc/CC for larger radii is caused by increasing number of CC interactions 

The length of hadronic showers depends on the energy of the interaction. Using with muons escaping from the fiducial volume of the detector and due lo cosmic ray 

the test beam data taken with hadron beams directed onto the Target Calorimeter, interactions' at the edges of the detector. 

we have parametrized the length of a shower as a function of its energy. The shower 
1 Thr detailed drscription of hadronic shower lrngth parametrisation can be found in the A pprndix 

B. 

was classified as JliC-type if thr actual length of the shov.·er L,h, defined in Pqn. 3.15. 



47 

The average ratio RNc/CC for single vertex events within the fiducial volume of 

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

(3.18) 

We should also add that in the case of v.-X interactions, both NC and CC interactions 

would fall into NC-type category, since thr electron emerging from the charged current 

interaction would be contained inside the hadronic shower. 

The poorer rrconstruction of neutrino interactions in the Toroid has led to the 

larger contamination of CC interactions in the NC-type class for showers occurring 

in the Toroid. The fraction of CC events with final state muon e~caping the detector 

increased. since the trans~·ersr position of the shower could not be reconstructed 

and interactions occurring at the rdges of the detector were included in the sample. 

Additionally, "'ith larger fiducial volume (no trans\·erse position cut) the fraction of 

cosmic ray background was also larger. 

Since the Toroid counters were not part of the Trigger 2 logic, tht' measur«'ment 

of RNcfCC ratio for interactions occurring in the Toroid could not be done directly. 

Instead we used single \•ertex neutrino interactions inside the Targrt Calorimeter and 

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

doubled the energy sampling interval by using only even-numbered counters in the 

shower finding algorithm , in the calculation o{ the energy of interactions and the 

assignment of the type of the interactions. Additionally, in the above analysis we did 

not rrstrict the fiducial volume of the Target Calorimeter to !: 50 inches square. The 

result of this mea.surement 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 

increasing level of the contamination of NC.type class by CC neutrino interactions 

at the outer edges of the fiducial volume o{ the Toroid. The ueraged ratio of NC­

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

instrumentation was equal to : 

(3.19) 

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

interactions inside the Targrt, < RNc/CC >T•• .. •. 
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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 conc"ntrate in this analysis on 

the search for the Double Vertex signature, that is the s"arch for the e\·ents with two 

showc-rs: thr upstrram shower associated with the incoming neutrino interaction. and 

the downstream shower originating from the decay of the assumed !l\eutral Hea\"Y 

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

There are f\\"O major conventional physics background sources of such r\·rnts: 

• nrutral hadron punch-throu~h events: 

In v·:" interactions, neutrons and Kf produced in the primary hadronic vertex 

or in the secondary interactions of the hadrons inside the primary shower ma~· 

penetrate and interact do1rnstream of the end of the primary showl'r (Figure 

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

Double \"ertex «-vents with small separation between the showers 

• random o\·erlay events: 

..\ c"rt.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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the trigger (Figure 4.3); depending on the time difference between these two 

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

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

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

bet wttn the showers. 

• other backgrounds: 

Additional background events that mimick 'Double \'rrtex Events· could arisf' 

from cosmic ray showers happening within the ADC gate of thr system, or 

from particle showers interacting at the edges of the detector and being not 

fully absorbed within the fiducial mlume of the target iron plates. in effrct 

scraping the side of the detector. 

\\"r now describe the selection criteria for the Double Vertex nrnts. The calcula· 

lion of background sources of Double Vertex events originating from such conventional 

procrs•rs as neutral hadron punch-through and random coincidences of uncorrelat"d 

neutrino interactions is presented in the following chapter. 

4.2 The Event Selection 

Ther<" wrre three topological components of the Double \'c-rt"x Ev"nt selection: 

I. the cuts s"lrcting the upstream shower; 

2. th" cuts selecting the downstream shower: 
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3. the cuts designed to ensur' that the region between the upstream and down­

stream showers was 'quiet', ie there were no particles penetrating that region 

during the time of the interaction. 

The selection of the Double \"ertex nents was done in two passes. Below we list 

the cuts used in the selection of the preliminary sample. 

4.2.1 First pass cuts 

• Trigger cuts: 

I. ev"nt should b, triggered hr Trigger 2. "·ith Trigger 6 not firin!') 

2. evt'nt should be taken during Fast Spill gate ( IGATE,,,J.2.3 or 4). corre­

sponding to fast spill pings I - 4. 

• t: pstream shower cuts: 

I. finding an upstream shower. and requiring that its longitudinal n•rtex 

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

Target Calorimeter) and counter 82: 

82? PL.4CE1 ? I 

82 ~ SHE.'VD,? -8 

2. defining transverse position l'.\'J and 1)- 1 

3. calculating ErLSH 

( 4.1) 

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

T.1o1 

5. applying timing correction to the energy and requiring: 

EiLSH -· 2'. 7.5 Gel' 

• Cuts selecting downstream shower. 

I. searching for downstream shower and requiring that: 

82 ~ PLACE2 2: -14 

82? SH EN D2 2: -24 

2. defining transverse position l'.u and \ )·2 

3. calculating map-corrected energy Ef LSH 

(-1.2) 

( 4.3) 

4. detl'rmining the timing (relative lo the ADC gate) of the downstream 

shower T.~2 

5. applyirig timing corrrction to the enrrgy and rrquiring: 

EfLSH .... 2'. 2.1 G~1· ( 4.4) 

• Cuts selecting 'quiet gap region' 

I. defining 'quiet gap region' as the rrgion between end of the upstrram 

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

region' corresponded lo the counters: 

SH END, - I-----> PL.4CE2 'T" I (U) 
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and the number of counters in the 'quiet gap region' N .... , was equal lo: 

SHEND1-l 

N,.,. = ( L I), (4.6) 
i:P£ACE1+I 

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 : 

PH;""' •or•$ 0.5 MI P 

(b) the u·erage pulse height in the 'quiet gap region· : 

I [ SHEND,-1 ] 
<PH >GAP= N _ L PH;m•pc .. • $ 0.5 .11/P 

•~,. 1:PLACE,+J 

(c) if there was more than 10 counters in the "quid gap regio11': 

N,.,. ~ 10 

(4.7) 

( -t.8) 

(U) 

than the region between the showers was quiet if any of Ill ronsecutivf!' 

counters within 'quiet gap region· would satisf~· one of th<" criteria 2.a) 

or 2.b) listed above. 

4.2.2 Second pass cuts 

All e\'Pnts that have passed the above set of preliminary cuts were subject to the 

second pass analysis. In the second pass we rrcalculated variables the PLtCE11 

SI/END., PLACE2 , SHEND2 so that these variables WPte based on the counter 

pulse height& after map correction and timing delay correction have been applied: 

(4.10) 

For counters upstream of P LAC E2 .f. 1 the delay correction was calculated based on 

the timing of the upstream shower T,,.., and for counters downstream of P LAC E2 + I 

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

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

timing cuts: 

• U pstrt'am shower cuts: 

I. longitudinal position of the upslrram sho"·'"r: 

82? PL.-tCE1? 10 
(Ul) 

82? SHE.VD,? --ll 

2. transn•rse position of the upstream showrr: 

il:n; $ 50" 

( 4.12) 

3. energy of upstrum vertex: 

( 4.13) 

4. upstr .. am shower type assignment: 

to ensure that there was no minimum ionizing particle emerging from the 
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up5tream 5hower, we required that the up5tream vertex was NC-type, a& 

defined in previous section. 

• Q_ownstream shower cuts: 

I. longitudinal position of the downstream showrr: 

82? PL.4CE2? -14 

82? SHEND2 ? -24 

At this point we hR\·e srparated the events into 2 classes: 

(a) Target Events 

(4.14) 

Events for which the downstrt"am shower has startt'd within the Target 

Calorimrtrr: 

PLACE2 ? 3 ( 4.IS) 

werr called Target events: both upstrt'am and downstr«'am showers 

were contained inside the Target Calorimeter. which guarantf'ed that 

the transverst" positions of both showers could bt' calculatt'd. 

(b) Toroid Events 

Toroid events were events with the upstream intC"raction inside the Tar­

get Calorimeter and the downstream showt'r beginning at the down· 

strC"am edge of the Target or vl'ithin the Toroid Spt'ctrometer: 

2 ~ PLACE2? -14 ( 4.16) 
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The above ensured that there was at least 2.3 m of iron in the Toroids 

downstream of the interaction. This was required for the idrntilica­

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

penetration of minimum ionizing particle. 

2. transverse position of the downstream shower: 

(a) For Target events we have applied the transverse p05ition cuts on the 

downstream shower: 

:Vnl :5 SO" 

1l'nl C::: SO" ( 4.17) 

r.h2 = JW\'2)2 ... (' i·,)2 c::: 60" 

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

the downstream shower, since some of the showt'rs could not havt' t ht"ir 

transverse position defined. 

3. the energy of downstream \'ertex: 

here for both, Target Events and Toroid E\'ents we applit'd same rut: 

E.h2 = EfLSL -·? IS Gel' (4.18) 

• Cuts selecting 'quiet gap region· 

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

sponding to the amount of material separating adjacC"nt Target Calorimeter 



counters, be greater than 5: 

where: 

[ 

SHEND1-I ] 

L .... 1 = L L, 
i:P£ACE1+l 

> 5, 

L; = I for i ~ 0( Target counters) 

L; = 2 /or i < 0( Toroid counters) 
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( 4.19) 

(4.20) 

Target counters were separated by 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 r1·quire· 

ment that the beginning of the downstream shower was stparated from 

the f'nd of the upstream shower by material t'quivalent to at least 70 cm 

of steel. 

2. rf'quiring 'qu.iet gap' based on a counter pulse ht>ights, conditions 2.a). 2.b). 

or 2.c) as described in thf' previous section. 

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

wf're at lf'ast half of the counters with no SBIT hits associatt>d with T,M 

nor with T.u. If the counter separation betwttn the two showers. N._ 

was greater than 10, tht' region would be defined as quiet. if in any group 

of 10 consrcuti\•f' counters .within the 'quiet gap region' at least five of the 

counters had no SBIT hits associated with T.hi nor with T,,.1 . 

" 
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4.2.3 Angle between the upstream and the downstream showers 

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

joining the beginning of the upstream and the downstream showers as 9 : 

9 = arctan 
(.l l'x )2 + (~ l'y)l 

(A \'z )1 
( 4 .21) 

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

assumed NH Ls with the mass in the range of 0.5 GeV /c2 to 3 Ge\' /c1 ( the sensitivity 

of our experimt'nl to the Double Vertex signature of NHL is limited to that mass 

range) is \'ery narrow and over 983 of the assumed !'\HLs would b., produced at thf' 

angles 9.,,Ht, less than 125 mrads. 

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

applif'd thf' following cut: 

9 ~ 125 mrad (4.22) 

For events with the downstream shower contained inside the Toroid. thf' abon 

cut was not applied, because the downstream shower \'f'rtex position could not be 

drfined for a fraction of the events. 

4.2.4 Selection or 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 bt'tween th~ upstream and downstream showers. The sample 
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of events se)ec!ed with the above described cuts contained both NHL candidates and buckets: 

the events coming Crom conventional background sources. The background sources ( 4.23) 

include NC neutrino interactions with neutral punch-through showers, and events 
'.liHL candidates, neutral hadron punch-through events and accidental overlays of two 

originating from random O\:erlays of two independent neutrino-induced interactions. 
neutrino interactions coming from same RF bucket were included in this category. 

For NHL candidates and single vertex neutrino NC interactions with neutral 
Based on the timing resolution studies presented earlier, we estimated that the above 

hadron punch-through showers, the timing difl'erence between the upstream and 
timing cut was over 99% efficient for the claS& of events with both the upstream 

downstream showen should be zero, within the timing resolution. On oth..,r hand, 
and downstream shower contained inside the Target Calorimeter (Target e"ents) and 

the random overlay events were uncorrelated in time. For some of these thr timing 
about 963 l'fficient for the class of events with upstream interaction inside the Target 

difl'erence would be within the timing resolution of the detector, while others would 
Calorimeter and a thr downstream shower inside the Toroid (Toroid events). 

appear as the Out-of-Time events. In order lo select NHL candidates and estimate 

the background originating. from random o\·erlays wr have used cuts based on the 4.3 Classification of In-Time Events 

ti~ing of the upstream and downstream showers. Figure 4.4 shows the distribution 

of the relative timing between the upstream and the downstream showers for Target 
The sample of Double Vertex In-Time Events was visually scanned. The sample 

events and for Toroid e\'ents. The multi-peakrd structure ol this distribution reflects 
ll'as then subdivided into sf'veral classes based on the amount of material separation 

the time structure of the accelerator bt>am, \\"hf're particles are bunched into RF buck-
bet wren the two showers and on the presence or absence of high energ~· muon in the 

downstream shower. 
els. 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 o( the timing 4.3.1 Event Scanning 

difference between two uncorrelated showers is about 3.5 nanoseconds. 
The purposf' of the visual scanning of even\& was to verify th<" computer al~orithm 

In order to select events correlated in time (later referred to as the In-Time events), 
selection of Double \'ertu nents. The topology of Double Yertex events was bas!'d 

we have required that the absolutf' value of the timing difl'erence between the upstream 
on the presence of a 'quiet gap region' between the end of the upstream and the 

and downstream shower is less than ~ of time separation between two consecutive RF 
beginning of thr 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 SBIT hits in a group of counters. In such a case, a single charged 

current neutrino interaction could imitate the topology of a Double Vertex event. This 

po&Sibility 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 ( i.e. events with the downstream shower starting 

inside tlu· Target Calorimeter). resultf'd in rejection of two CC neutrino interactions 

that passed the selection criteria for In· Time Double Vertex events. In these t"vents, 

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. 

As mt"ntioned earlier, the Toroid counters consisted of four quadrants with a hole 

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

tran5\'erse cross-st"rtion of the i\luon Spectrometer. That in effect causf'd ineflicienry 

in identifying muons from charged current nt"utrino interactions in the downstream 

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

hole region of the Toroid. mimicking 1 '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. llowe\'er. the drift chamber stations in the Toroid would record the 

track, and such e\'ents 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 

•, 

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 r-vents. Sevt"n such r-n~nts were 

found in sample of computer selected In-Time Toroid C\'ents and were removed from 

the Double Vertex sample. 

Using the computer selection algorithm described above. a total of 192 In-Time 

Double \'ertex E\'ents were found. The sample included 123 Target e\'ents (with 

both showers occurring inside the Target Calorimeter) and 69 Toroid en~nts (with 

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

As the rf'sult of ,·isual scanning, 121 events remained in the Target ln-Timf' sample 

and 49 events rl'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 f>rocf'ss. 

4.3.2 Material separation between the upstream itnd downstream show-

ers 

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

high ener11;y neutral hadrons with long lifetimes (i.e. neutrons and neutral K mt'sons) 
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arc produced. Since thetc hadrons arc electrically neutral, they do not dcp05it 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 crou-scction of neutral hadrons. The nuclear 

interaction length, A1NT, for neutral hadrons is equal to the mean free path betwttn 

inelastic interactions1 • 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 sample. The rate of thesr neutral 

hadron punch-through events depended on the amount of material bt"lwcen the end 

of upstream shower and the beginning of the downstream shower, L,, •• 1 (as defined 

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

events into three classes: 

I. Small separation: 

(U4) 

2. Intermediate separation: 

( 4.25) 

3. Large separation: 

( 4.26) 

11n the CCFR deledor the "'Jlafalion betwee• coanters in the Target Calorimeter rorresponded 

to about 0.6~1N1' (the 1tparstio1 between Toroid couters •as about 1.2AiN7')· 

The neutral hadron punch-through background for each of the above classes is 

described in detail in the nexl chapter. 

4.S.S Shower type of secondary vertex 

In the earlier stage of the analysis, we have required that the upstream shower was 

classified as NC-type, in order to ensure the absence of a minimum ionizing particle 

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

of the downstream shower: 

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. 

The above classification was introduced in order to categorize Double Vertex 

events on the basis of the presence (or absence) of a high energy muon among the 

decay products of the assumed NHL. 

The presence of the hole in the Toroid counters has resulted in poorrr dficicncy 

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

If a muon travelled through the hole then the algorithm would fail lo identify it 

and the event would be incorrectly assigned to the NC -> NC group. On other 

hand. since the parametrization of the length of hadronic showers was extracted 

using the Target Calorimeter, the different material densiliE-s in Target and Toroid 
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introduced the systematic uncertainty of the shower length parametrization and lead 

to misidentification of NC showers. Therefore we have scanned the Toroid In-Time 

sample and assigned them to the NC --+ NC or the NC --+ CC group based on 

the presence (or absence) of muon as registered by the drift chamber stations in 

the Toroid. The comparison of the shower type assignment based on shower length 

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

following results: 

I. Clear !\ C el'ents 

\re found 23 events which had the downstream shower assigned to the '.liC-t~·pe 

group based on shower length algorithm and no muon track emerging from the 

downstream shower. 

2. Marginal i\C events 

There were 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 events with CC-type classification of the downstream shower and 

momentum analyzable muon emerging from the shower . 

4. Clear CC l'\'l'nts, but XC according to length algorithm 

We found I event "·ith clear muon emerging from the downstrParn shower. 

6 

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

it as NC-type. 

5. Ambigious CC events 

We found I event, with downstream shower classified as CC-type on basis of 

shower length algorithm, with muon track present, but not momentum analyz­

able. 

.-\s the result of the ''isual scanning of Toroid events. el'ents from 'Clear :\C' group 

and '~1arginal !\C' group \\'f're includf'd in thf' NC --+ NC channel, while e\'ents from 

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

Table 4.2 and 4.3 summarize the number of Douhlf' l'ertex f'\•ents in each of the 

abo,·e described t·ategories. 
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The Background Estimation 

5.1 Overview 

Different types of backgrounds play the dominant role for each or tht' classes of events 

described in the previous chapter. The background for NHL in thl" .'VC -+CC rhan-

nel camt' predominantly from random overlay events. In case of the NC ... NC 

channel, the background for Small St'paration events was dominated by tht' neutral 

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

hadron punch-through events and random overlay events rnntribute to the hack-

ground, and for tht' Large Separation NC---+ NC events, the background originated 

almost exclusivt')y from random overlay evt'nts. \\'e now disruss tl1t' Y•ays in which 

the background sources or Double \'ertex evt'nts wl"re estimated. At th<' t'nd of this 

/_chapt<'r we compare the background estimates with tht' number of observed NHL 

candidates. 

5.2 The Random Overlay Background 

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

and downstream showers: 

I 
,T,M - T,i.21 < - RF - 2 ( 5.1) 
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could arise from random coincidence of two uncorrelated neutrino-induced interac-

lions. Since the resolution of the relative timing between two showl"rs was about 

3.5 nsec as compared to the 18.6 nsec separation between two adjacent RF buckets, 

virtually all of these coincidences originated from interactions of neutrinos from same 

RF bucket. 

5.2.1 Selection of Out-of-Time Events 

In ordt'r to estimate the random O\'t'rlay contribution to the background of Double 

\'ertex events, we have searched for overlays of nt'utrino interactions uncorrl"lated 

in time. i.e. from different RF buckets. The selection or Out-of- Time evt'nts was 

performed using the cuts described in Sections 4.2.2 and 4.2.3. These ruts wne 

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

The timing range for Out-of-Timt' evt'nts was dett'rmint'd to ensure full Trig· 

ger 2 efficiency and high efficiency of finding hadron showt'r associated with th .. non-

triggering interactions: 

• Triggering efficiency: 

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

actions with showers starting in the upstream counters 81 or 82 triggert'd this 

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

• finding non-triggering showers: 

The shower-finding algorithm was based on energy depositions in the counters. 
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as digitized by the ADC system. For non-triggering showers the timing of the actions in Out-of-Time events be no more than 160 nsec (160 nsec = 8~ RF units): 

ADC gate was not correlated with timing of pulses from PMTs. This resulted in 
(5.4) 

a lower efficiency of finding the non-triggering showers which were 'out·of-time' 

relative to the interaction that set the trigger on. 5.2.2 Timing range or Out-of-Time events 

For the events with both interactions taking place inside the rl"gion of foll Trigger 2 The above considerations led to the following set of cuts on the timing of Out-of-

efficiency (counters 80 through 8), the interaction occurring first would al .. ·ays trigger Time e\•ents. These cuts depended on the longitudinal location of the upstream and 

the apparatus. Tl1erefore the non-trigg"ring interaction would always appear as late downstream showers. P LAC E1 and P LAC E2: 

relative to the ADC gate: 
• Tarret Events: 

(5.2) 

Howt'ver, for Double \'ertex events in which one of the interactions took place in lhl" here we required that the downstream shower triggert'd the apparatus. and 

rt'gion where Trigger 2 ·was not fully efficient (counters 81 or 82) or not implcmentrd thf' upstream interaction occurred after the trigger; 

( countl'r i through -14), the non-triggering interaction could appear as latt' or as 
(5.5) 

early relative to the ADC gate. The delay correction function R'•'•v(~T) for 'late· 

(with ~T > 0) interactions •·as a slowly changing function of ~T. For 'early' inter-
In this fiducial volume region random coincidencrs of neutrino interactions, 

actions (with ~T < 0), the delay correction function was strongly dependent on ~T 
separated in time by up lo 8 RF buckets would fall into the above timing 

(see Figure 3.1). Therefore we have used only events, for which the non-triggering 
range. Therefore the normalization factor, .'l'RF1•" =8 had to be used 

interaction occurred after the triggering one: 
in order to find number or Out-or. Time events per I RF bucket for that 

re~ion. 

T,,., ...... _, .. , - T,i., 1 .. , ~ o (5.3) 
2. IO :5 PLACE,::; 80, PLACE2 ~ 8: 

In order to preserve high efficiency for finding non-triggering showers (Figures 3.2 in this region, both the upstream and the downstream interaction& could 

and Figure 3.3) wr required that thr time l!!!paration between two uncorrelated inter· 
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trigger the apparatus with full efficiency, with the earlier interaction al- in hardware if a VETO bit was on at the time of the trigger coincidence. The 

ways setting Trigger 2 on. Consequently the non· triggering interaction \'ETO logic required a coincidence of hits from two arrays of 27 solid scintillation 

was always 'late' relative to the ADC gate. Therefore we required: counters. Theae were mounted in two 25 feet x 15 feet arrays upstream of the 

(5.6) detector. Additionally the two most upstream calorimeter counters were included in 

For this fiducial volumf' region the normalization factor, NRFTa• 2 was equal 
the VETO logic. Thus Trigger 2 was also vetoed by SBITS firing in both counters 

to 16. reRf'cting the fact that both the upstream and downstream showers 
83 and 84. The veto logic has resulted in greater than 99% efficiency in rejection of 

could trigger the apparatus. 
interactions upstream of the detector. 

For interactions beginning at counter 81 or 82, albedo (backscattered hadrons) 
3. 10 'S PLACE, :5: 80, 3 '.::PLACE, :5: 8: 

from the hadron shower could reach counters 83 and 84 and set the VETO bit on. 
in this region. only the upstream interaction could set Trigger 2 on. so we 

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

for interactions in the upstream most region of the detector. In the case of t 11·0 

(5.i) 
independent interactions occurring inside the detector within the duration of the 

The normalization factor for this region, N RF T••3 was equal to 8. 
..\DC gale, the interaction in the upstream most part of the detector could also set a 

\'ETO bit on. However if the \'ETO signal arrived al the trigger logic unit after the 

in this region onl~· the upstream shower could trigger the apparatus, thus w .. Trigger 2 coincidence was formed by the downstream interaction, the trigger could 

required: not be rejected. Efl'ectively, the trigger efficiency for Double \'ertex events with: 

(5.8) 
81 ~PLACE,~ 82, 

The normalization factor for this region, NRFT"' was equal to 8. 
PL.4CE, ~ 8 

5.2.3 VETO Rejection or Out-of-Time events 
depended on the r .. lative timing between the two interactions and was biased against 

As mentioned earlier, in order lo eliminate the background ennts originating from events with upstream interaction occurring before or at the time of the downstream 

interactions occurring upstream of the CCFR detector, Trigger 2 events were rej,.cted interaction. 
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The effect of trigger rejection by VETO bits not correlated with the triggering 

interaction can be seen by looking at the relative timing distribution between VETO 

hits and Trigger 2 time, shown on Figure 5.1 . The sharp cut-off in the distribution 

implies that events with TtETO - T, .. , smaller than 10 TDC clock counts (I TDC 

clock count = 4 nsec) were vetoed. Random VETO hits occurring very l'arly before 

the interaction time could not veto the trigger, since the duration of the VETO pulse 

was about 150 nanoseconds. 

In order to rrmovr the \'ETO bias in the selection of random overlay events the 

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

81 ~PLACE,~ 82. 

PLACE2 ~ 8 

we required that there were no VETO hits such that: 

T1·Ero - T.,., < 10 TDC cloclr count! (5.9) 

Figure 5.2 shows the distribution of the relative timing between the VETO bit and 

the liming of the non-triggering shower in this class of Out-of-Time Double Vertex 

Events. 

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

In order to verify the topology of the Out-of-Time events. the sample l\'as visually 

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

.. 

related neutrino interaction•. However, a cosmic ray shower which deposited ionizing 

energy in the upper parts of the detector could also trigger the apparatus and mimick 

the Double Vertex topology (two showers isolated by a quiet gap). A section of the 

shower could hit the upstream ·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. ,\s a result of the visual 

scanning, four cosmic ray shower events were rejected from the sample of Out-of-Timl' 

Double \'ertex e,·ents. Additionally three events, for which the drift chamber infor­

mation indicated that the downstream interaction did not originate from a neutrino 

interaction inside the fiducial \"Olume of the Toroid Calorimeter Wf're rejected .from 

thf' Toroid Out-of- Time &ample. 

Table 5.1 summarizes the numbt>r of Out-of-Time Douhlr \"ertex events selectt'd by 

the computer analysis and the number of events remaining after the visual scanning 

process. As the result of the &election b~· the computer algorithm and the ,-isual 

scanning scan. 402 f'\'enll 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-Time Double \'ertex faents, into the following groups: 

• Target and Toroid Events. based on the longitudinal position of the do11rnstream 

shower; 
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• the NC -1 NC channel and the NC -->CC channel, based on the presence or 

abse11ce of a11 outgoing muon in the do1rnstream shower; 

• Small, l11termediate and Large Separation, based on the amount of material 

separating the end of the upstream shower and the beginning of the downstream 

showf'r. 

Similar!~· as in tl1e caseo of thr In-Time Toroid Doublf' Vf'rtu samplr. to verify 

thf' downstream sl.ower type assignment based on thf' computer algorithm. we ha\'t· 

scanned the Toroid Out-of-Timr events and assigned them to the NC -• NC or 

the NC -1 er group. The assignment was basf'd 011 the presence (or absence) of 

a muon iu the dow11stream shower, as r~istered by the drift chamber stations. Thr 

romparisnn of the shower typr assignment based on shower length algorithm dune by 

compult>r with thr a~signment basrd on visual scan has yit"ldrd following results: 

l. Clear ]\;(' rvent• 

We found 84 events which had tht' downstream shower assigned lo the NC-type 

group bast>d on showt>r length algorithm and no muon track emerging from tht> 

downstream shower. 

2. l\larginal l'\C events 

Thrre wl'r" I! events which had downstream shower identified as CC-type. based 

on the l"ngth of tlit' shower, but there was no muon penetrating the Toroid 

downstream of it. 
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3. Clear CC evf'nt& 

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

and momentum analyzable muon emerging from the downstream shower. 

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

We found 5 eovents with dear muon e~erging from the downstream shower. 

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

it as '.\IC.type. 

5. Amhigious CC e\•ents 

We found 16 e\·ents, with the downstream shower classified as CC-type on 

basis of shower length algorithm, with muon track present, but not momentum 

analyzable. 

As a results of the ,·isual scanning of Toroid Out-of-Time sample. l'Vt>nts from 

Tlear \(" 11roup and ''.\larginal :\C' group were included in the NC -1 .\'(' rhannd. 

while e\'ents from remaining three groups fell into the NC' -1 CC channel. 

Tahir 5.2 and 5.3 summarize the number of events in t>ach of the above groups. 

Thr estimation of the random overlay background in the In-Time Double \"ertex 

sample was done in the following way. First, Out-of-Time events, in nch of the 

above categories s"parately, were normalized by the factor NRF, (equal to £ or /g. 

as discussed in the previous section) lo determine the number of the Oul-of-Time 

random coincidences per one RF bucket. Then the numbers in the /l'C _, NC 

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

the Target, f~c,.1 and /~c.,,.1 and in the Toroid, f~c""' and flc°'4
; 

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

particles, R.~; 

• a correction accounting for tht' inefficiency of the shower-finding algorithm for 

Out-of-Time evl"nls in the Target, 1/J'!,,":j•; and in the Toroid, l//'[,."'."/1-

These correction factors are discussed in dt"tail in the following three sections. 

5.2.5 The Ratio RrvCfCC for the Out-of-Time sample 

Since the Out-of- Time Double \"ertex events originated from random o\·erlays of neu· 

trino induced intt'ractions, the ratio of the number of NC --+ .VC e\·ents to the 

number of .IV(' --+ CC t'\'ents in the Out-of- Time Double \'ertex sample should ht' 

equal within statistical errors to RNcicc, the ratio of NC-t~·pe to CC-t~·pt> single nt'U· 

lrino interactions. As discussed t>arlier, for interactions occurring inside the Target 

Calorimeter, this ratio was equal lo: 

(5.10) 

and for interactions inside the Toroid : 

( 5.11) 

The measurement of the ratio of NC-type to CC-type interactions in the CCFR 

' 

7 

detector. using the sample of Out-of-Time Double Vertex events gave the following 

results: 

Rivc1cc~~~ .. 1 = 0.30 ± 0.06, (5.12) 

and for interactions inside Toroid : 

( 5.13) 

The agret"ment, within statistical errors. with the average < R11c1cc > as mea· 

sured for single neutrino interactions confirmed that the shower type assignment was 

not biased for nents with Double Vertex topology. 

In order to increase the statistical power of the random ovt'rlay background esti-

mation. the background for each channt'I was calculated by summing up the contri-

hutions from o\·erla~· e\·ents with the downstream showt"rs coming from both '.'\C and 

CC interactions and then multiplying it b~· tht> factor equal to: 

< Rivc1cc > ftvc = ---~--
1-.. < Rivc1cc > · 

for the NC -+ NC channel background and by the factor: 

fee = ---=-----
1- < Rivc1cc >' 

(5.14) 

(5.15) 

for the NC --+ CC channel. Jn the calculation of the above factors, values of < 

Rivctcc >Tari.i (eqn. 5.10) and < R11c1cc >Toroid (eqn. 5.11) were used for Target 

Events and Toroid £,·t'nts resp~ctivel~·. 
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5.2.8 The Superbucket Correction referred to u the •uperbucket ratio R,. 1 , is equal to: 

The number of Out-of-Time overlays (two uncorrelated neutrino interactions orig- R 
In - Time overlays F' ••= =I+ t· Out - of - Time overlays 

(5.20) 

inating from different RF buckets) would be exacdy equal to number of In-Time 

The source of the per bucket flux non-uniformit,· can be summarized as follows: 
overlays (two uncorrelated neutrino interactions coming from same RF bucket) only 

the number of protons in RF buckets originating from a single booster batch is fairly 
in the case of an rqual flux of neutrino particles in individual RF buckets. Jlowe,·er, 

uniform. Howevt'r. as protons are accelerated in the Main Ring and later in the 
a bucket-to-bucket variation in the flux of particles would lead to higher number of 

Tevatron the longitudinal and transverse size of the buckets and their momentum 
In-Time accidentals relative to the number of Out-of-Time accidt"ntals. Tl1is <'ffecl 

dispersion may var~· for i:idividual buckets. The extraction of primary protons from 
follows from the fact that In-Time overlays are proportional to the u·erage of the 

th<' T<"vatron ring to the ~<'utrino B<'am Line is done hy forcing the particles into 
square of thf." beam intensit~· < / 2 >,while Out-of:Time overlays ar<' proportional lo 

a resonance trajt'clory and then separating tht"m from the Te,·atron orbit using an 
thr squart' of thr avrrage bum intensity< I >2• 

electrostatic st'ptum. The amplitude of this resonance dt'pends strongly on the mo-
Let us denote the fractional standard de,·iation of the beam intensit.I". t•qual to 

mentum of the protons. Through the resonanc-e. 1he orbit of a particle becomes 
standard deviation of the intensity distributio11 per RF buckf't divided b~· 1he ml'an 

unstahle, and the amplitude of the oscillation depends on thr momentum of tl1e par-
of th<' intrnsit~· distribution as F1: 

ticle. The particlt's with higher momentum cross thr elertrostatic sq>tum earlirr. and 

tT/ 

F1 = < J >. (~.16) thus leave the ring first. 

From the St't of <'quations listed bf'low: 
T11e estimation of the superbucket correction has bc:en discussed in detail in Ap-

pendix C. Here wr quote onl~· the result of this measurement: 

(5.1 i) 

R,. = 1.5 ± 0.25 (5.21) 
Jn - Timt accitlenlala -< /1 > (5.18) 

Out - of - Time accitlentals -< I >1 (5.19) 
This value of R,b rnrresponds to an r.m.s. spread of intensities per RF buckets of 

1 The origin of this name comes from th• ract lhat al Ftrmilab, pu-but••t ftu1 non-uniformil~ was 

it follows that tl~e ratio of In-Time O\"rrlays to the Out-or. Time O\"erlays. later ofttn ref•rred to as a ·supubudet tll"t<1', ondtncoring th• uisknct or RF' bucketa •·ith extr•m•h· 

hip;h numbu of particles relativt' to th .. numbc!r or particles in tvpical RF budel. 
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• pions constituted the dominant component of the beam, with the proton fraction 
PLACE, ;::: Nmu(Cart)- 5 (5.28) 

of about 20% at 100 GeV. Electron contamination was about 10% at 50 GeV 
(5.29) 

and increased with decreasing energy, and a kao11 fraction was about 53 or less. 

However. most o( the beam electron interactions took place in the material 
With the exception of the longitudinal fiducial volume cuts, the selection criteria 

upstream of the Target Calorimeter and did not trigger the apparatus. 
of the Test-Beam Double \'ertex sample were identical to the selection performed on 

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

During the Test·Beam running period, the detector was triggered by the coin-

cidence of a bt'am signal and a signal of energy deposition in the CCFR Target 5.3.3 Test-Beam Double Vertex Analysis 

Calorimeter, e1111i\'alenl to the Trigger 2 for neutrino running. 
Figure 5.3 illustrates the distribution of the relative timing between the upstream 

5.3.2 Test-Beam Double Vertex Seleetion 
and the downstream shower for thf' Test·Beam Double \'ntex saltlple. Since the 

random overlar background was negligihll'. for \'irtually all the events the aLsolut<" 

The search for the upstrf'am shower startf'd at the most upstream t'ountt'r nposed 
,·alue of the time difference bet wren the upstream shower (originating from a primary 

to the bram .\'maz(Carl) : counter 28 for the 2·Cart configuration. countl'r ~2 for 
hadron interaction) and the downstteam ~hower, (originating from the interaction of 

the J. Cart ronfiguration and rounter 56 for the 4-Cart configuration. \\'t' havt' al~o 
tht' neutral hadrons produced in th<" upstrum shower) was less than~ RF. For nt'utral 

required that tht> hadronic interaction took place within the 5 upstream mosl counters 
hadron punch-through evt'nts, both the intrinsic spread within the RF but'k<"ts and 

(3 AINr) from th«' upstrt>am t'nd of the target carts. Sincf' the horizontal positions 
the timing correction for the dependence on the transverse position o( the showt'r 

of the calorimt'tt'r rarts were offset relative to the Toroid Spectrometer_ the search 
were the same. This resulted in ver~· good timing resolution for Test-Beam Dou bl .. 

for the downstrram showf'r was restricted only to the rnlume of the Target <'arts. 
\'ertex e\"ents, with an r.m.s tr of the difference in time between the two showers of 

Therefore thf' longitudinal fiducial volume cuts in the 1est-Beam data analysis were 
2.4 nsers. 

as follows: 
Figure 5.4 shows the angular distribution of Test-Beam punch-through "'ents. 

Here the angle was defined as: 

PLACE,$ N,,, .. (Cart)' (5.27) I~':" ~'>· 
81.B. = arctan( \' ( ~ \ .

1 
- < fix > )2 + ( .i \ 'z F ), (5.30) 
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where < Bx > was equal to the average angle between the beam direction and the 

direction or th .. detector axis: 

< Bx >= 65 mrad. ( 5.3 I) 

figure 5.5 presents the energy spectrum of the downstream sh0111·er. En·nts with 

E,u grt'ater than 9.0 Ge\' are shown. One should notice the exponential Call-off the 

energ.1• or I he seconda.r~· shower&. 

l'i11:ure .'Ui sl1ows the distribution of srparation between the end of the primary 

hadronic shower and the bt"ginning of the second.ary, downstream shower. 

The t'1·ents wrre ratrgorized on the basis of thr L,.,,, : 

• I he Small SeJlaration e1·ents. with 6 $ L,,,,, '.S 10. 

The T t'St· Bram Double \ .. •rtE'x samplE' includrd 65 such r1·rnts. 

• tht' lnlt'rmediatc separation en•nts. with 11 <; L,, .. 1 <; 20. 

The Test-Beam Double Vl"rtex sample included 6 such en·nts. 

,'\o en·nts with material separation between tw·o showen. l,, .. 1 greatrr than 20 

counters were round. ll is important to realiz" that only tlie J.Cart and -1-Cart 

configurations 11:ere sensith·e lo th" neutral hadron punch-through evE"nts w·ith Large 

srparation. 

All Test-Beam Double Vertu l'l'ents were classified as thE' lVC --+ NC cH•nts. The 

probaLilit~· of a muon production in h.dron interutions with the incident t>nergy less 

than JOO Gr\· is le11 than JO 3 • Thus ir1 a sample of less than 100 Double \'rrtrx evE"nts 

8 

one would expect not to find a secondary hadronic shower with a muon emerging from 

it. However since the shower type usignmcnt was based on the parametrization of 

the length or hadronic shower such that it would include 911% of all NC showrrs for 

given range or shower energy, one could expect to find few rvents in the Test-Beam 

Double Vertex &ample that would be daHified as NC ~ CC. although a high t'llergy 

muon would not be present. 

5.S.4 The Normalization orthe Test-Beam and the neutrino-induced Dou­

ble Vertt'X Samples 

We hnr rstimatr1l the nrutral hadron punch-through background in thr 111-TimE' 

sample of Doublr \"·rtex neutrino induced interactions b~· multipl~·ing the raw numbrr 

o{ Double Vrrtex rn·nts found in the Test-Bram data by SE'\"E'ral normalization ractors. 

The following normalization factors were considerE'd: 

• thE' ratio of the total number of single NC neutrino i11teractions to the total 

number of hadronic interactions in the Test- Beam data: 

• 1 correction accounting for different gE"Ometrical acceptance of the detector dur­

in.g neutrino running relative to Test.Beam running; 

• a correction accounting for the different trans1·ersr distribution tht• neutrino 

and hadron Test-Beam; 

• a correction accounting fot the different angular distribution of th<" neutrino 

induced and hadron induced neutral punch-throu11h events 



• a correction accounting for the different hadron energy diatribution of the Teat· where< RNc/cc > was equal to the measured ratio of the NC to the CC neutrino-

Beam and neutrino data. and induced interactions in the CCFR detector (eqn. 5.10). Thus, the total number of 

Below we deacribe in the detail the calculation of theae fac:tora. The total number 
aingle vertex neutrino interaction• clusified as NC-type, that could produce neutral 

hadron punch-through eventa with aeparation: 
of aingle vertex neutrino interaction• N.,, was calculated uaing following cuta: 

11:SL...,:S15 (5.41) 

PLACE:S82 (5.32) 
wu equal to: 

PLACE~ 10 (5.33) 
Nf,"/; = .460 x 101 event.. (5.42) 

SH END~ 19 (5.34) 
The abaolute normalization correction of 1.12 wu applied for Double Vertex eventa 

E.,. ~ 30.GeV (5.35) 
with aeparation 6 :S Latnl :S 10: 

IVxl,IVrl :S SO" (5.36) 
N!,C"" = .515 x 101 evmta. (5.43) 

R.,. = ./VJ + V/ :S 60". (5.37) 
Thia correction correaponded to 123 larger number of neutrino NC interactions that 

The requirement SHEND ~ 19 ensured full geometrical acceptance for the Target could produce neutral hadron punch-through evenb with separation: 

Double Vertex eventa with aeparation L.e-1: 
6 :SL_, :S 10 (5.44) 

10 < L_, :S 15 (5.38) The number o{ aingle hadronic interaction• for each of the three different Teat-

In the combined data aample of E744 and E770, we haYe found the total number 
Beam cart configuration• Nr.B. wu calculated uaing following cuta: 

of neutrino induced interaction• N.,: PLACE :S N-(Cart) (5.45) 

N., = 1.61 x 101 evmta. (5.39) 
PLACE~ N,_(Cart)-5 (5.46) 

E.,. ~ 30.GeV (5.47) 

The number of eingle neutrino NC interaction• wu defined u: 
IVxl, IVrl :S 50" (5.48) 

N N. < RNc/cc > 
NC= "X t 

l+ < RNC/CC > 
(5.40) 

,. a1a = ./VJ + V/ :S 60". (5.49) 
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The number of hadronic interactions passing the abon cut& in combined data sample The detector setup during the Test-Beam data taking employed a smaller numbrr 

of 2-Cart, 3-Cart and 4-Cart configuration was equal to: of Calorimeter earls than the typical setup of the CCFR Deiector during neutrino 

Nr.B. = .352 x 106 evenb. (5.50) 
running period. This resulted in a smaller relative acceptance for the Test-Beam Dou-

ble Vf'rtex events with long separation between the primary and secondary showers. 

Therefore. the absolute normalization factor between the neutrino-inducf'd and 
The acceptance was only lower for the 2-Cart· configuration, since only 28 counters 

Test-Bl'am inducl'd data was equal to: 
were exposed to the hadronic beam. Thus, a geometrical acceptance correction for 

., lnl 
"NC 

~Vu. 
(5.51) t.31 Test-Bl'am Double Yertex events had lo be taken into account. Tliis corrertion ins 

for tht' lnlcrm1·diate Sl'paration rf'gion and 
calculated using a :\lonte Carlo simulation in the following way: 

NNc Smoll 
- = 1.47 
Nr.B. 

( 5.52) • first, the longitudinal position (PLACE) of the hadronic interaction was gener· 

ated according to the fraction of the Test-Beam data taken with different cart 
for the Small separation region. 

configurations; 
\\'e no\\· rompare thl' geometrical acceptances· of the neutrino and the Test- Uram 

detl'ctor sr>lup. Figurr> 5.i illustrates thl' gt'ometrical acceptanrr for the Double \"rrtrx • then, the end of the primar~· hadronic interaction shower (SHE~D) was gcnrr-

.. vents of tht' m·utrinu running detector setup , as a function of L,,,,,. This al'Cl'p- ated hased on thf' distribution of the hadronic sho\<-.•rs in the Test-Beam data: 

lance function was determined using the sample of the Targf'\ Out-of-Time Double • finally, the separation bet'lll·een SHE!'\D and counter #3 (the downstrnm most 

\'ertex Events. ( the combined sample of the NC ..... NC and NC ..... CC channf'I. counlff within the fiducial volume of the Test- Beam setup) was calculatr1I: 

.without angle cut) and normalized to the acceptancl' for the events ,.·ith the separa-

L, .. , =SH END - 3 - I. ( 5.53) 
tion between tht' upstream and the downstream shower. IU < L,, •• , :S 15. The lowt'r 

relati,·e acct'ptanct' for events with L,1 • ., shorter than 10 countf'rs, has resulted from £1.,1 11·as then compared "·ith the separation L,1 .. 1, ~•nt'rated according to tl1e 

the irre~cienl'y of the quiet gap cut for small separation events. As can be seen from neutrino setup relative acceptance function, (Figure 5.7). In the above Monie 

the figure. high acceptance of the neutrino setup extended bryond L,, •• 1 equal to 20 Carlo calculations we have assumed the full acceptance for the small separation 

counters. events, since the inrfficiency of the quiet gap cut was also present in the selection 
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of the Test-Beam Double Vertex sample. neutrino induced neutral hadron punch-through events. 

• The event was accepted if:. 
Another factor affecting the relative normalization between neutral punch-through 

L,.,, 5 L ,, •• , {5.54) 
events induced by neutrino interactions and b:v hadron interactions was the angular 

distribution of the punch-through event&. In case of hadron interactions, the angle 9 of 

Figure 5.8 illustrates the Test-Beam relative geometrical accl'ptance, Rd :lccT.B.f•, 
the n .. utral hadron punch-through was calculated relative to the hadronic interaction 

as a function of L, ... 1, normalized to the neutrino setup acceptance for separation: 
shower direction. which was identical with the direction of the hadron beam. However 

IO < L,, •• , 5 15. f 5.55) in the rasl' of thl' l\"C neutrino interactions, th,_. hadronic showl'r was coming at the 

angl ... such as to balance the trans\'erse momentum, PT of the scattered neutrino. 
Tlie slt·p-like fall-off of this acceptance function reHects different cart co11figurations 

Since the abo\'l' angle could not be reconslruckd on the C\·ent by e\'ent basis. th,_. a11gle 
during the Tcst-Ueam data taking period. 

9 of the nl'utral punch-through c-vents from neutrino inducl'd showers was calculated 
Each of the Trst-Beam Double \'t"rtex events was then multiplied b:v the weight 

rdati\·r lo the detector beam axis. 
equal lo illV!'rSe of lhl' ~elati\•e 8CCl'plance function for gin•n St"paration \wt Wt't'n thl' 

The average angle of the hadronic shower in the neutrino NC interactions is: 
show('rs L,, •• 1• The a\'f•rage relati\"t" longitudinal corr~ction factor for the T •»1- Heam 

Doubli- \"1·rtelt t"\'l'nts in Intermediate S('paration was t'fJual lo 1.09 . Tiu· rrlati\'(' (.S.56) 

longitudinal acceptance corrc-ction for tl1(' Small St>paratio11 Test-Beam Double \"('rtex 
The angle of the hadronic shower is inversely proportional lo its energy: 

events was equal lo 1.0 . 

Tl1e trans,·erse dimensions of the neutrino beam were comparable with the trans-
{5.5i) 

\"t'rsc- size of lht' detector resulting in a wide radial distribution of the neutrino inter- On other hand. due to the energy threshold of the nt"utral hadron punch-throu11h 

actions. llowe\•er. the transverse size o( the hadron beam was only frw inches and showers: 

most of the Test-Bea~ data was taken with the hadron beam steered into the geomet- E.i.2 > 15 Gel' (5.58) 

rical center of the upstream most target cart. This resulted in the higher trans,·erse 
the rat" of neutral hadron punch-through evt'nls depended on the total energy of th,_. 

acceptance for neutral hadron punch-through events in the T"st-Beam relative to the 
primar~· hadronic shower. Low energy hadronic showers were less likely to produce a 
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neutral hadron shower wi\h E.h1 above 15 GeV. In effect, in v-N interactions. there • using l ~ .. l~i. ~. and the smeared neutral hadron punch-through angle, Br"B~', 

was an inverse correlation between the angle or hadronic shower B,,,.c and the rate of calculate transverse positions of secondary showers , l ~z. l~2 and require that 

neutral hadron punch-through events. they are within fiducial volume of the detector. The fraction of Double Vertex 

We havf' used a l\lonte Carlo simulation lo calculate the correction accounting events passing the above cut was: 

for the lower transverse acceptance and for the wider angular distribution or the 
.-tcc~!T.B. = 0.94. (5.60) 

neutrino induced neutral hadron punch-through events. The simulation consisted or 

the following st rps: • finally we r .. quired that llr".'J~' is less than 125 milliradians. The fraction of 

• genrratr thr trann·rrse position of the primary hadronic interaction. I~ •• I ~1 
Double \"ertex events passing the above cut ••as t'qual to: 

according tot hr neutrino interactions transverse position distributions: Acc;tT.B.Smell = O.SI (5.61) 

• g•'nt"rale I hr longitudinal ~l'paration betw.,en the primary and s<'condary show-
for events in th .. Small separation and: 

t'fS • .l,: 

~.-= :(PL.-tCEi) - z(PL.-tc'E2 ), (5.59) 
.-tcc;tT.B.lnl == 0.94 (.'i.62) 

according to 1 ht· .l, distributions or the Test Bram Double \"•rtex nrnls in for events in the lnterm<'diate separation. 

Small and Intermediate rl'gions separatd~·; In summary, the punch-through background in the Target Double Vertex sample 

• generate th<' angle or th<' neutral punch-through particles, 8r.B. acmrding to was estimated using following expression: 

th<' angular distribution of thr Test Beam Double \'l'rtex events in Small and 

lntermediatr regions separately; 

NC r •• ,.. < RNC/CC > N,, • •/T.B. x A v/T.8. x { " ,,T.8 ....... x --Bkgrl,._;,..ou,h = x -- x ... cc,, cc, L , , 
I+ < RNcrcc > Nr.B. .=L..... llt1 

(5.63) 

• use angular distribution or hadronic showers in neutrino interactions. Bhad to Jn the above <'quation N['8
··•••· corresponds to the raw number of neutral hadron 

smear 6r.8.i punch-through events found in the Test-Beam data with the separation l'qual lo: 

L.1 .. 1 = i countera. (5.64) 
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and Rel Accf-8·1" is equal to the Test-Beam longitudinal acceptance relative to the 

neutrino setup for a given separation L.1 .. ,. 

Table 5.6 summarizes the neutral hadron punch-through background estimation 

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 11-N interactions 

The abovt' estimation of the of neutral hadron punch-through background in v-1\ 

intt'rac-tions was bast'd on the analysis of neutral hadron punch-through from hadron 

induced showt'rs . Tht're are two possible sources of systematic uncertaintit's in thl' 

estimation of this background: 

• diffl'rl'nt ent'rg~· spectra of neutrino-induced and hadron induced int!'ractions 

• differrnt fragmentation functions for neutral hadron production in neutrino and 

l1adron induced interactions 

Below we discuss the possible systematic errors associated with these differences. 

The hadron <'nergy distribution of neutrino interactions is shown on figurt' 5.9a. 

The a\·erage value of the total energy was equal to : 

< E~., >= 98 GeV (5.65) 

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

peaks correspond to the different energy settings of the hadron beam. The average 

98 

value of the total energy was equal to : 

( 5.66) 

The approximate agreement between the average energy of neutrino data and the 

average energy in the Test-Beam interactions .was purely accidental. A Monte Carlo 

calculation was done in order to check if the different hadron energy spectra of the 

neutrino data \'S the Test-Heam data introduce a systematic difference in tht' numbt'r 

of secondary showers. We found that systematic effects associated with difft'rl'nt 

energy spectra of primary interactions wt'rt' smaller than 5%. 

It is important to realize that the estimation of the punch-through background 

in the nt'ulrino induced Double \'ertex e\"ents was based on the implicit assumption 

that thr fractional t'nergy carried by the llt'utral hadrons produced in neutrino induced 

showt'rs is sarnt' as the fractional energy of the nt'utral hadrons produced in t lw pion 

induced showl'rs. This assumption is \"Blid if most oft he neutral punch·throui;h •·,·rnts 

originatt> from t hi' neutral hadrons produced in the secondary hadronic interactions 

of the primary fragments (so called 'shower component'). 

However neutral hadrons may be also produced at .the primary vertex interaction 

( so called 'Hrtex component'). We have studied the possiblt' systematic differe11rt' 

in the punch-through rates in neutrino and pion induced interactions arising from 

different fragmentation functions, /(::) 

ldN 
/(z) = fid;' ( 5.6i) 
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where fragmentation \'ariable z is defined as: 

Fragment Energy z = ~~......::;~~~~--'-'~ 
· Total H adronic Energy 

( 5.68) 

We have used fragmentation functions for neutral kaon production in neutrino 

and pion induced interactions 127, 28] and applied the nuclear rl'weighting correction 

accounting for nuclf'ar effect& in hadronic fragmentation [24!. The comparison of 

the resulting fragmentation functions for neutral kaon production in 11-Fe and 11'-fe 

interactions is shown on Figure 5. IO. A Montl' Carlo simulation of the Sl'con.dar~· 

shower energy spectrum of neutral kaons based on the abovr fragmentation func~ons 

indicated that lhl' production rate of neutral kaons from the primary c-ollisions in 

pion induced interactions with punch-through shower energies abo1·e 15 G .. \. would 

be about 30% higher than in neutrino induced interactions. Howf'ver sinrr more than 

2/3 of neutral hadron punch-through r1·ents originate from St'condar~· intf'ractions wr 

estimate thf' difTrrenct' hetween pion induct'd and neutrino induc-ed showr'rs to ht' ll'ss 

than 103. 

5.4 The Total Background Estimation 

The total background estimation was calculated b~- adding the Random Overla~· bade-

ground and the Punch-Through background for each category of the Double \"ertex 

events separately. 

The summary of the background for neutrino induced Double \'t'rlex sample is 

prese11ted in the Table 5.7. 

Chapter 6 

Results and Comparisons with 

Theoretical Predictions 

6.1 Overview 

In this section, wl' use the data described in the pre1•ious chapter lo set limits on 

the possibility of production and subsequent decay of '.'Oeutral Hra\'y Leptons in 11-N 

interactions . We explain the method used to determine the statistical significance of 

the results. Finally, we compare the experimental results with Monte Carlo simulation 

of lhf' production and decay of NHL. 

6.2 Calculation of the statistical significance of the limit 

\Ve define an excess of observed Double Vf'rtex e1·ents . .'V.,c .. • as: 

(6.1) 

In order to estimate the statistical significanct" of an excess of obsent"d e1•enh 

abov.- the background, we have to take into account two uncertainties: 

J. the uncertaillty in the mean number of background rvrnts, described b~· uw..,i; 

depending Oil the statistics and the systematic uncertainties of the background 
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estimation. the distribution of mean number of background events may follow is the Poisson probability of observing n events, given the number of background 

Poisson or Gaussian statistics or some combination thereof. events µs, and the number of signal events µ5. For a mean number of background 

2. the fluctuations, according to Poisson statistics, of the actual number of back-
events, l'B and the observed number of events N.i,,, C L(µs) is the probability of 

ground events. 
seeing more than N.i,, events, if the mean number of events from the signal is /JS· 

We set limits on the signal l's at the 903 confidence level by defining l'sm•n and 

The total error is calculated by combining, in quadrature, the uncertainty of the 
#JS mo~: 

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

the square root of the number of background events: 

(6.6) 

(6.2) 
C L(µs"''") = .lo (6.7) 

\\'e exprrss I hi' significance of the excess in terms of the ratio: Therefore the signal, l's, is bounded, at the 90?( confidence level: 

t1rzcr11 
(6.3) 

µs""" < l's < µs"'"' (6.8) 

If thl' numb!'r of tl11· observed t'Vents is consistent with the barkground l'stimation. 
C l(µ 5 = 0) corresponds to the probabilit)·. that givt"n no signal. fluctuations in 

we set limits 011 the possibilit~· of the existence of the signal. The limits arr rxpressed 
the background would gi\·e more than N.i,, obsernd events. For values of l's < l's'" 

in terms of the confidence level as a function of the assumed signal /J.~. Assuming 
there is a greater than 903 probability that the number of observed events would b1• 

that the relati\"e uncertainty in the background estimation is negligible, the confidence 
N.i,, or less; for p.5 > ,,5•• there is a greater than 903 probability that we would 

level (.' L(µs) is defined as: 
obsen·e more than N.i,, events . 

... 
CL(p.s) = L P(µa -t- µs:n), (6.4) The definition of the confidence levrl (Eqn 6.4) is modified in case when thr 

n:N_.1 TI 

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

P(µs - p.s;n) . (6.5) 
distribution function of the background rate, µs': 

(6.9) 
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given the average background rate of PB, with systematic error u9, the confidence (6.12) 

level C L(µs) is expressed as: 
{6.13) 

(6.10) 
Since the significance of the number of the excess events (NHL candidates) is 

only 1.5 %, we use µ5_.,. = 10.8 events to set the upper limit on the number 
6.3 Limits on observed number of NHL events 

or NHL obsened in this channel. 

In srlling the limits on the production and the decay of NHL we consider thf' following 
2. NC _, .VC. intermediate separation Target Double \'ertex C\'ents 

four .. hannds: 
In this channel. the number of observed events, .V_., is 12, and the total es· 

I. NC --+NC, Large Separation Target Double \'f'rtex evrnts: timated background. NB'" is equal to 8.2 ::_ 3.1 events. The background is 

the number of obsen·ed events (number of the In-Time events), N.,i,, is 10. dominated by neutral hadron punch-through events. The uncertainty in thf' 

and the estimated background, .V1o1r,.. is 4.8 ± 0.8. The dominant source of background estimation is coming from the Poisson statistics of the 6 neutral 

the background for this channel are random overlay events and the unct·rtaint~· punch-through events observed in the hadron Test-Beam sample. and the uncer-

in the background estimation is dominated by the I i 17i fractional t>rror in the taint~· in t ht' relati\'e normalization between hadron Tt'st -Beam Double \-.·rtex 

<'Stimation of the sup .. rhucket correction R ••. The total trror on t ht' l'JICess ur sampl<" a11<l the neutrino induced Double Vertex sample. 

the observed events abov<" the t>stimated background. u,~ .. ., is equal to 2.33 
Using values of N_., =12, PB= 8.2 and us= 3.1 we obtain: 

events. Thus in the above channel, tl1e excess of 5.2 events repres .. nts a ·2.2 rr 

effect'. Jn other words, if one would perform largt' number of measur<"ments of 
C L(ps = O) = 23.3 (6.14) 

a process with PB = 4.8 :t 0.8, on average in about 1.53 of the experiments (6.15) 

one would obsef\"t' morl' than 10 t\"ents. Using values of N,.. =to, PB= ~.8 and Ps"' .. = 9.8 events (6.16) 

·uB= 0.8 we obtain: 
Since the number of observed events is consistent "'ilh th .. f'Stimated background 

C L(µs = o) = 1.5% (6.11) we use this result lo set limits on the number of NHL observed in this channel. 
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3. NC -+ NC, small separation Target Double Vertex events 

In this channel, the number of observed events, N.,,,, is 90, and t.he estimated 

total background. N•~ttl is. 83. ± 9.6. In this channel, the background comes 

almost exclusively from the neutral hadron punch.through events. l"sing values 

of .Val>, =90, µs= 83. and as= 9.6 we obtain: 

(6.17) 

(6.18) 

Since the number of observt'd e\•enls is consistent with the estimated background 

we ust' this rt'sult lo set limits on the number of NHL observed in this channel. 

4 . .\"(' -+CC. combined Taq~et and Toroid Double Vertex e\·ents 

We use I his channel lo set the limit on number of observed :'\eutral Heav~· Lep­

tons with at least one muon emerging from the decay ,·ertex. In the :'VC' -• CC 

channel. the background e\·rnts originate predominantly from random o,·erlays 

of neutrino interactions. The contribution from the neutral hadron punch· 

through background is negligible. Therefore in setting the limits on number of 

observed NHL events in this channel. we have combined the Target NC -+CC 

sample from Small. lnlermrdiale and Large separation classes. 

The toroid hole introduces the systematic uncertainty in the amount of the 

material separatiqg the upstream and the downstrt'am showers. This leads lo 

uncertainty in the background estimation for the Toroid Double Vertex evl'nts 
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in the Small and Intermediate separation regions. Therefore in addition to the 

Target Double Vertex NC -+ CC events only the Toroid Double Vertex 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, Na1>, is 27, 

and the total estimated background, .'Vb~gd is equal to 40.9. ± 7.0 events. r~ing 

\'Blues of N°", =27, µ 8 = 40.9 and ue= 7.0 we obtain: 

µs"'°"' = 9.6 Events 

(6.19) 

(6.20) 

Since the number of observed is consistent with the estimatrd background wr 

use this result lo set limits on the number of NHL obsef\·rd in this chann<'I. 

In summary. thr above results show a 2.2 u excess of the numher of the ohsrrved 

rvents above the expected background in the fl"(' -+ .VC channel, where the S<'para­

tion between the end of the upstream and tht" beginning of the downstrt'Bm showers 

in larger than 2.3 meters of steel. However the numbrr of obsened r\·ents is consisten 

with the expectt'd background in the NC -+ NC channel with the St"paration be­

tween the end of thr 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 

.'IJC -+ CC channel for events with the separation between end of the upstream and 

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

We use the results summarized.in the previous section to set limits on Neutral HeaYy 

Lepton production and decay in our apparatus. To that end we compare the upper 

limit or the number or observed NHL events with the predictions of NHL Monte Carlo 

generation program. 

The parameters of the l\lontf' Carlo generation program are the mass or Neutral 

lieu·~· Lepton mNHL and the coupling suppression constant U1 relative to the Fermi 

coupling CF. The l\lonte Carlo generation of the production of NHL and its sub­

st"quent deca~· in the CCFR a1>paralus is described in thro detail in the Appendix 

D. 

The absolutl' normaliz~tion or the number or :!'ltonte Carlo g<"nerated l'iHL is bast"d 

ori the number or ohsen•t"d NC intl"ractions in the entire nf'otrino data sample. Fig­

ures 6.1 through 6.3 show the number of Monte Carlo generated NHL e\·rnts that 

would ht" ohsf'rn•d in the CCFR apparat11s, in the NC __, NC channel in th .. Small. 

Intermediate and Large Separation classes. The number or predicted NHL events is 

plotted as a function or a suppression coupling constant U2 • relative to the Fermi 

coupling G F for different ,·alues of parameter mNHL· The horizontal lines correspond 

to the upper limits. at 90'1 confidence level. of the number of NHLs observed in this 

experiment in a giYen channel. 

Figure 6.4 shows the number of. l\lonte Carlo generated XHL events that would 

be observed in the CCFR apparatus. in the NC -+ CC channel. In setting limits 

on mNHL and U2 using the NC --> CC channel, to maximize the sensitivity to NHL 

production and decay in our apparatus, both data and Monte Carlo events were 

required to have a separation between the primary and the secondary showers less 

than Lm.,,. L ..... was chosen for each mNHL and U2 to contain 953 or all NHL decays 

within the fiducial volume of the CCFR detector. Figure 6.5 shows the limits, al 903 

confidence level, for NHL production in the mNHL. U2 plane. 

6.5 Conclusions 

We have searched for the Double V«-rtex signature or Seutral Heavy Leptons pro­

duc .. d in the neutrino-nucl«-on interactions. No evidence of a NHL was found in the 

charged current decay channel, NHL __, µ · + X. '.liHL, with masses bt"twt't'n 0.5 

GeV/c7 and 3.0 GeV/c2 were exclud"d for coupling to muons b .. 10>1• I to 10- 4 or the 

Fermi strength, depending on the value or NHL mass. In the neutral current decay 

channel, for separation betw«-en the end of the primary showl'r and the beginning or 

the secondary shower greater than 2.3 meters, we have found an excess or 5.2 ± 2.33 

events above the estimated background from conventional physics procf'sses. This ex­

cess represents an upper limit or IO events at a 903 confidence lnel , a 2.2 standard 

deviation effect. However. no e\'idence of NHL was found in the neutral current dt"cav 

channel, for separation betwf'en the end of the primary shower and the beginning of 

the secondary shower betwf't"n 0.6 mf'ters to 2.3 meters. rsing thf' above data we 

set limits on production of l'ieutral Heavy Leptons decaying through neutral current 
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channel. .'VHL--+ 11 + X. '.'\HL with masses between 0.5 GeV,'c2 and 2.0 GeV/c2 

were excluded, at 903 confidence level, for coupling to muonic neutrinos below I to 

5 x 10-• of Fermi strength, depending on the NHL mass. 
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. .tppendiz B 

Parametrization of the hadronic 

shower length 

In this sertion wt' describe the procedure used to determine the parametrization of the 

length of hadronic sliowen as a function of hadronic shower l'ncrgy. The parametriza· 

lion was us<'<I in a dl'termination of hadronic interactio11 typt- of the upstrram and 

downstream showrrs in the Double \"t'ft«'X l'\"f'nt sample: if lht> actual shown length 

was longn than the length predicted by the param .. trization, thr sho..-er was del'med 

to bl' CC-typl'. and if shortl"r. it was retained in the l\C-typt' sample. 

In ordt·r '" dt'lt'rmine thl' sl1apl" .of thl" hadronic showt'r lrngth distrihutio11 Wt' 

ha\"t' analyz<'il tlu· hadron trst lwam data rrcordt-d during th1· nperime.nl Ei~·I 1. 

During tl1at running pt"riod the hadron heam1 with ent'rgit>s RI 25 Ge\'. ;,o G<'\·. JOO 

Ge\". 200 (;.,\" and JOO Ge\" wrrf' dirt>cted into lht" CCFR Target Calorimrter rarts. 

Pions constituted the dominant component of the hadron bt>am. The electron b .. am 

contamination was removt'd b~· rf'quiring that the ratio R3 \21 . hetwttn the t'nrrgy 

cleposit«"d in tht" first thrtt most upstrt'am counters and total eungy containl'd within 

the shower boundries: 

RF E(I)-'- £(2) + E(J) 
Eror 

1 Thia analysis ,. . .,. perform~ by R. Bernstein. member of lht CCFR Cullaboration 

(B.1) 

be less than 0.96. Electrons have a ratio close to 1.0 and hadron interactions populate 

the region betwttn 0. and 1.0 . 

The length of a shower was defined as: 

L,,, =PLACE- SBEND + l, (R.2) 

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 th .. equivalent of 4 x 

minimum ionizing particle depositions, and SBE!'\D was detrrmined by searching for 

three' consC'cuti\"e counters with 110 TDC hits. The discriminator thrC'shold for th«' 

TDC signals corrrspondt'd to about 0.25 x minimum ionizing partidl' d .. po,ition. 

Figure B.l shows L,,, distribution for different energy st'ltings of l1adron Test-

Beam. These distributions wt're used to determine 98'7. length containment L••d· 

I hat i' the lt'ngth past which only 2% of hadron showers penl'lrate. 

r 11.J 1 

Figure B.2 shows tht" 983 l"ngth containment, L,.,.d, as a function uf a l1adro11 

energ~-.. The solid line corresponds lo tht" L~ • ., parametrization used in the \•1·rtl'x 

typt" assignmt'11l (~C-type or CC-t~·p") in the Double \'ertex analysis. 

Th" lf'ngth of the hadronic showt"r, in units of Target counlt'rs (matrrial b .. twt't'n 

each Targt"l counter was equi\'alent to=:: 11.6 cm of Fl") was parametrizl"d as a function 
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of hadronic energy of the shower: 
.-tpprndiz C 

Calculation of the superbucket 
(B.4) 

Lha.i(E) = R, + R2 x E forE < 50 Gel', 

where nlues of above parameters Wl're: correction 

I', = -5.84 

As discussed earlier. a bucket-to-bucket nriation in the flux of neutrino particles in 

R1 = 12.0 
individual RF buckets would lt"ad to a higher number of In· Time accidC'ntals rt'latin· 

to tht' number or Out-of-Time accidl'ntals: 
R2 = 0.08 

For the J>Urpose of a comparison Wt' show altl'rnativ .. J>arametrization of the In - Time overlays 
R,& = = I + Ff, 

Out - of - Timf ot•erlays 
(C.1) 

hadronic slio\\"t"r lt"ngth based on 99% <'nergy containment criterion, that is the <'Vl'nt 
where F1 denotes th<' fractional standard deviation of t ht> bt•am inl<"nsit~·. 

length J>ast \\'hich only I')'( of the merg~· ll'aks oul. llowt"ver this length d<'finition 
\\'e ha\'t" analyzed e\·ents with accidental ovl'rla~·s of charged current ll<"Ut rino 

ran not be direct!~· applied for shower type assignml'nt dul' to fluctuations in f'n<'rgy 
int<"ractions to meas11n• the ratio R,b. In this anal~·sis tit<" CC l'\"ents wrr .. rcquirr1I lo 

d<"positions of outgoing muon in charg<'d currt"nt neutrino interactions. The dasl1ed 
have momentum analyzabl<· track traversing the l\luon Sprctrometer. Thi' timing of 

line on Figure B.2 corresponds to the shower l<'ngth parametrization based on 999' 
each 1t<'utrino interaction was determined using drift rl1amber track fitting algorithm. 

energy containment. 
The following cuts were used in the selection of the CC -+ r.c oH•rla~·s: 

• Only Trigger I (Chargt'd Current Muon Trigger) evt'nls were included in thl' 

analysis. 

• We have selected e\·ents with two chargt"d current neutrino intl'ractions hy rr· 

quiring two muon tracks irr the l\fuon Spectrometer. 

I. 
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• The longitudinal position of both intnactions, had lo b .. contained brtwttn of two uncorrelated charged current neutrino interactions. 

counter 76 and countt'r JO. Figure C.J shows the relative timing distribution bet"·een the two charged cur-

• The transverse vertex positions of both the upstream and the downstream 
rent neutrino interactions. The events in the central bucket correspond lo random 

charged currt'nt neutrino interactions "·ere rt'quired lo he within 60 inches of 
o•·erlays of two uncorrelated neufrino interactions occurring in same RF buckt't. while 

the cenll't of the Target Calorimeter and inside :::so inches central squarr. 
the events in non-zero buckets correspond to accidental overlays of charged current 

neutrino interactions from differtnl RF buckets. Figure C.2 shows the number of 

• Both muon tracks had to link with al least two toroid srgments in both x and 
arcidental overlays pt'r one Rf buckt'1. Th<' events from the posit iv .. and th .. n<'gative 

y \"it'ws, and J,., momE'ntum analyzable. 
buckets were avt'raged togetht'r. Wt' found 26 In-Time CC CC overlay rvt'nts. 

• The timing of each interaction was determined using the informatio11 from the with the relative timing difference betwttn two muons: 

drift chamber stations locat.,d in the toroid gaps. 
T. T ' ~RF ' pl - ,.2, ~ 2 (C.3) 

• \\'"required that for each track th,. timing extracted ind .. pendrntl~· from x and 

and an 8\"eragc of 15.5 e\'t'nts per RF bucket of re ~ cc o\·rrlays originating 
y \"iew chambers agr .... d: 

from differrnl RF buckets. 

(C.2) Similar anal~·sis •ras prrform.,cl for a case of o\"rrla~- e1·rn1~. 1d1erf' r1·r11t was 

• \\'r required that two uncorrt'lat!'d CC neutrino interactions recorded during 
triggered by a muon originating from the interaction upstr.,am oft he CCFR drtl'rtor 

same e1•rnt were separated b~· no more than 20 RF buckets. 
(Trigger 6) and a non-triggering interaction corresponded lo the charged currl'nt 

neutrino event. In this channl'I we have found total of 13 In-Time ovrrlay nents. 

• The dislann· of rlosf'st approach h<'t111·een the two tracks in the Target Calorime-
with the relath·e timing difference bl'tween two muons: 

t .. r was t<'quirrcl In hr great"r than 8 inches. The object of this rut was to tl'jf'ct 

climuon "'"rnts originating from single neutrino interactions. 
T. "' . ~RF . ,.,-1,.21~ 2 (C.4) 

It is important to rt"aliie that the above method of calculation of th" superbucket cor· and and averagr of 11.6 events per I RF bucket of overlays originating from difft>rent 

rection implicit!~· assumes that all CC---+ CC <'Vent& originatt" from random 01·«'rlays RF buckets. 
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Table C.l summarizes number of overlays found in each of above channels in E744 
.4 pprndiz D 

and E7i0 experiments. Since the beam non-uniformity maJ have bel'n di/Tereont for NHL Monte Carlo generation 
each of the running periods, we have calculated the weighted average of superbucket 

corrl"ction R,& for both experiments using follmdng formula: procedure 

R { !\"h-T;m• } J (E74 ,) . { .'Vin-Time } J (/:'7_ ) 
•& = \-,----- ET44 X ,., "t - N, . E770 X ro/ , 10 , 

· Out -of-Time Owl-0J-T1mr 
(C.5) The l\lonte Carlo generation of the production of :XJIL and its subsequent decay in 

when· f •• 1( £H4) and /,.,( £770) corresponded to the relative flux of neutrino 
the ccrR apparatus consisted of the following steps: 

interaciions recorded in each of the experiments: • neutrino evf'nts spectrum 

\\'e genl'rat .. thl' nl'utrino and antinl'utrino "'"'Ills according to thl' erlt'r!!:r and 

/ •• 1( E744) = 0.43 (C.6) 
position spectrum of the Tevatron neutrino beam, as measurl'd b~· singll' ,.,.rtl'X 

cl1argl'd current neutrino interactions in tire CCrR detl'ctor: \\'t' apply hadronic 
/ •• ,(£770) = 0.57 (C.i) 

enl'rgy and fiducial volume cuts same as in the Douhll' \"t·rtex data anal~·sis. 

Ther<"fore. the weighted u·erageo of superbucket corrf'ction in hoth ex1ll'riments 
• production noss-section of NHL in v·ll' interactions 

was "'l'ral to: 
The production cross-section of ~Ill in 11-Jli interactions, CTNHL was assumed to 

n .. = 1.s ± .25 (C.8) 
b .. proportional to thl" cross-section of the neutrino charged rurr«"nt interactions. 

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

bucket of v'o.5 or about 703. 
(D.I) 

wherl' /.' 2 is the coupling supprl'ssion factor. relative" to GF, due to the mixiug 

hl'tween thl' incomiug muonic neutrino and thl' JliHL, and thl' expression in tire 

bracket represents a mass dt"pendent threshold factor. 
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• Kinematic \·ariables of ~HL • Decay modes of NHL 

the kinematic variables of NHL in the lab frame were calculated by substituting The decay of NHL can proceed \•ia the NC mode (emission of zo and light 

the mass of a muon from the CC interaction by a mass of assumed NHL: neutrino) or the CC mode (t'mission of H'"' and charged lepton), depending 

(D.2) 
on the relative coupling of NHL to zo and U'"'. The relativ .. branching rati06 

also depend on the mass of assumed NHL. In the case of the neutral current 
v = E. - ENHL (D.3) 

decay mode, the virtual zo can materialize by coupling to pair of leptons ( vv, 
(0.4) 

(2. f; •• (E~HL - m,.. z. y) - m~_HL 
ros( II rm L) ~ 

( -e-, µ+µ-,or r~r-) or quark-antiquark pair (qq). In the chargrd currrnt dt'-

2. E •• JINHL 
(0.5) 

ca~· mode, the \'irtual ll""' can materialize by coupling to lt'pton pairs (charged 

wht'rt' x is l"qual to the Bjorken scaling variable: lepton and accompanying neutrino) or pairs of quarks. !';JIL which dt"cay to 

qi 
X= ----

2 • m, • v 

at least one muon in the final state were assigned to the NC ~ CC channel, 
(D.6) 

and NHL with muonless decays Wt'rl" assigned lo the NC -. .\T channel. Tht' 

~nd y ;, l"<1ual to t hi" fraction of th!" f'nergy lost by n<'utrinu in thl" lab framl": separation betwl"l"n the hadronic show<'r from the neutrino intl'raction and the 

(D.i) 
downstream shower originating from the decay of tht' NHL was gent'ratt'd ac-

cording to tht' dt'ca~· lrngth of the '.\HL in the lab frame. Montt-Carlo gl'nt'rated 

• Life-timl" of !'\ H L !"vents were catt'gorized into three separation classes: small, intermediatc and 

We assume that the lift'·tirne of NHL rNHL• is inve_rsely proportional to the large, using same separation definition as in the Double \'erlt'X analysis. :'\HLs 

coupling supprl"ssion factor. 1!2 and has following mass drpendence ! 13J: decaying within fiducial volume of tht' Target Calorimt'ter \\·ert' classified as the 

(D.8) 
Target Double \'ertex evenls. and :'\HLs decaying within the fiducial volume of 

the Toroid Spectrometl"r Wt're classified as the Toroid Double \"ertex t'vents. 

The deca~· rat!" to any gh·en process scales with m~HL• and the additional 

• normalization of the Monte Carlo to the data 
exponential term reflt'cts the rate at which ne•· dt'ray channels open up as 

mNHL incrrases. 
The absolute number of NHL predicted by Monte Carlo simulation for combined 
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data sel of lhe experiments E744 and E770 was derived by comparing lhe lolal 
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Tables 126 

Scanning of the In- Time Double Vertex Events I In-Time Toroid Double Vertex Events 

I Fiducial Volume Region 
1 

I separation betwern Showers 
I 

I Target I Toroid I Combined i I Small I 1nterrn. : Large 

Comp. selected e\·ents 123 I 69 192 NC_, NC 11 3 i 13 

DC hits in quiet gap 2 I 13 15 I 
: 

Nc~cc I I I 2 I 19 
I 

Scraping the t"dge 7 7 I / Comhin"d 12 ! 5 
~--=---=-----_--4======~=========================o 

I 
Remained after ,-is. scan I 121 -19 I 170 

Table 4.3: :'\umber of In- Time Toroid Double \"ertex E\•ents. 

Table -I.I: Summar~· of the \'isual scanning of the In- Time Double. Vrrtex E\'t"nts. 

In· Time Target Double \"t"rtex Events 

st"paration bet Wet"n Showers 

· Small ' lnterm. ; Large , 

NC_, NC 90 12 10 

:vc -+ cc 2 0 7 

'Combined 92 12 17 

Tablt" 4.2: '.I\ umber of In-Time Target Double \'ertex Evrnts. 



Tables 127 Tables 128 

Fiducial Volume Region ! 
i Out-of-Time Toroid Double Vertex Events i Scanning of the Out-of-Time Double Vertex Event& 

I Target I Toroid I Combined I 

I 

i 
separation bet ween Showers j 

I I 
Large I I Small I lnterm. 

I 

Comp. selected events · 194 248 

i 
442 I 

cosmic ray e,· .. nts : 3 l 4 ! 
I 

! 

NC-+ NC 3 6 84 i 
NC-+ cc I I 

! 
I 3 4 144 I 
' ; 
I 

! Combined 6 10 I 228 Scraping the .. dge 0 3 3 

Remained after ,·is. scan 1 191 244 435 
Table 5.3: ~umber of Out-of- Time Toroid Double \",.rtex E,·ents. 

Tabl .. 5.1: Summar~· of the ,-isual scanning of the Out-of- Time Dou bl .. \"l'rtn 

Events. 

Out-of- Timr Target Double \'erlt'X Ev .. uts 

I 

~ st'paration between Showers 

i I : Small . lnterm. ; Large 1 

.'VC-+ NC 2 6 36 

.vc .... (.'(.' ' i 18 122 

; 

; Combint>d 9 24 158 

Table 5.2: !';umber of Out-of- Time Target Double Vertex Evt'nls. 



Table& I31 

Summary of Sipal aad Background of Doable Vertex Eftlli1 

separation beiween Showen 
Targei, NC - NC Small ID.term. Large 

ID-Time eftllil 90 12 10 
Raadom 0Yerlay Bk11:d. 0.24±0.09 0.62±0.17 4.8 ±0.8 
Punch-Through Bkgd. 82.8 ± 9.11 7.8 ± 3.1 0 

Total Background 83. ± 9.11 8.2 ± 3.1 4.8 ±0.8 

separation beiween Showen 
Targei, NC - CC Small ID.term. Large 

ID-Time nmu 2 0 7 
Raadom Onrlay Bkgd. 0.61 :1::0.23 1.61 ±0.41 12.0 ± 2.3 
Punch· Through Bkgd. 1 0 0 

Total Background 1.61 ±0.23 1.61 ±0.41 12.0 ± 2.3 

separation beiween Showen 
Toroid, NC - NC Large 

ID-Time eftllil 13 
Random Onrlay Bkgd. 16.0±2.9 
Punch-Throu11:h Bk11:d •• .o 

Total Background 16.0±2.9 

separation between Showen 
Toroid, NC- CC Large 

ID-T"uneeftllil 19 
Random Onrlay Bkad. 28.7±4.9 
Punch-Throu11:h Bkll:d •• .0 

Total Background 28.7 ±4.9 

Table 5.7: Summary of Signal aad Background eftlltl in Double Vertex 1earch. 

Tables 

Number of In-Time CC-+ CC random overlay& I 

Running period 

I i E744 i .E770 i 
I TRI __, TRI ! I5 11 
I . 
I 
'TR6->TRI. 3 10 
I 

: Combined Ill 21 

I 
Combined I 

I 
26 I 

13 I 
39 i 

I32 

Table C.!a: Summary of the number of In- Time CC __, CC random overlay events. 

'Number of Out-of-Time CC_, CC random ovt>rlays i 

Running period 

Ei44 . EiiO 

TRI__, TRI i.2 8.3 

I TR6 __,TRI 2.0 9.6 

Combined 9.2 : li.9 
I 

Combined 

I5:5 

I 1.6 

27.1 

Table C.!b: Summar~· of the number of Out-of-Time CC-+ CC random overla~· 

events. normalized to 1 RF bucket. 
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NHL,. 

}x 

Figure 1.1: The Feynman diagram {or the production of ilWinglet Neutral Bea~ 
Lepton in " - N interactiou. 

Fi ures 134 

NHL,. 

Figure 1.2&: The Feynman diagram. for the decay o( NHL via the coupling to Zo. 

NHL,. 

Figure l.2b: The Feynman diagram for the decay of NHL via the coupling to W'*'. 
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no 1uppreuioll 

Figure I.la: The Feynman diagram for the production of a pair of fourth 
generation NBLs. 

I 

auppression u• 

135 

Figure 1.3b: The Feynman diagnm for the production of a pair of i-uaglet NBLa. 
suppreaaion U2 

Figure l.3c: The F9JllDl&ll cliapam b tile prodnction of ilOliaglet NHL in 
-Oation with a light neailillo &om known tbfte pnerauou. 
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NHL Limits 
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Figure 1.4: Em.ting limit. oil the coupling 1upprealion factor U! u a function 

of mu1 of i1oainglet Neutnl BeaT}' Lepton NHL,., u obtained from variou1 aper· 

iment1: (1) SIN 11' -+ ,.11 (30); (2) KEK K -+ 1w (31); (3) CHARM beam dump 

experiment (181; (4) BEBC beam dlllllp aperimeut (32}; (5) FNAL beam dump ex· 

periment 133); (8) UDiYerl&lity co111traint1 (34); (7) CHARM double Yertex Search (lBJ; 

(B) CCFR double ...mex Search (19); (9) CCFR dimuon search (17); (10) OPAL limit 

Oil NHL production from Zo decay (18). 
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Figure 2.1: The FNAL Tentron accelerator and the neutrino beam line. 

Figure 2.2: The Quadrupole Triplet Neutrino Beam line. 
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Figure 2.3: The CCFR neutrino detector. 

139 Figures 140 

Figure 2.4: Stnacture of a t:rpical calorimeter cart. The 1haded rectaagles 
represent 1teel plata; the white reduaglea repraent 1cintillation counters, and the 
rectaagles with diagonal lines repraent drift cham.ben. 
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S' x S' Acrylic counters s- x 1 rr Drift ClwllDtn 

Figure 2.5: The Muon Spectrometer (the Toroid). 

Figures 142 

Figure 2.6:. Diagram of a toroid cart. Each earl i1 made o{ eight iron wuhen 
with the magnet coil going through the hole. Acrylic scintillation counters are placed 
between the wuhers aad fiYe I-wire drift chambers are mounted in each toroid gap. 
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Figure 2.i: Tht' diagram of Trigger I logic. 
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, TRIGGER 2(NEUTRAL CURRENT TRIGGER) 
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Figure 2.8: The diagram of Trigger 2 logic. 
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Figure 2.9: The diagram of Trigger 6 logic. 
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PTOR. D 

Figure 2.10: The diagram of PTOR logic. 
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J..oacilucliMI position of Trtaer 2 EYWDt.a 
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Figure 2.11: The diatribution of the longitudinal po1ition of the interactions 
recorded with Trigger 2. Trigger 2 wu Cully efficient for neutrino induced interactions 
occurring between counters 8 and 80. 
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Figure 2.12: Efficiency of Trigger 2 u a function of the hacironic energy of 
neutrino-induced interaction. The trigger wu fully efficient for interactions with 
E- greater than 15 GeV. 
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Figure 3.la: The diagram of the relati.e timing between the ADC gate and the 
phototube pul1ea u1oaated with the triggering interaction. 

Figure 3.lb: The diagram of the telati'ft timing bet•een the ADC gate and the 
pbototube pl111e1 auociated with the interaction occurring 11/teT' the interaction that 
triggered the appuatua. The tail of the lignal i1 not integrated. 

Figme 3.lc: The diagram of the relaliTe timing between the ADC gate and 
the phototnbe paJ1e1 aaociated with the interaction occurring '1e/1JJ'e the interaction 
that triggered the appuatu. The ruling edge of the pule i1 not integrated. 
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The Umins correclion runcuon RctelaylcSt) 
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Figure 3.2: The delay conection in the energy calculation R...11_, u a function of 
the diference between the 1ho•er timing and the ADC gate. Negative values of l:J.T 
correspond to showers occurring before the trigger. Positive values of fj.T conespond 
to 1howen occurring aCter the trigger. 
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Shower Findln1 Elflclency in lhe Tar1el YB Ehad 
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Figure 3.3: The efliciency of ahower fuacliag algorithm u u fuction of shower 
energy for 1hower occurring inside the fiducial volume of the Target. The solid line 
conapond1 to the efficiency of fincliag 1h~ occurring AT= 4 RF unite after 
the trigger time. The duhed line corrapoada to the efficiency of finding 1hower1 
occurring liT= 8 RF unit1 after the trigger time, and the dotted line correaponda to 
the efficiency of fuacliag 1hcnrera occurring liT= 9 RF unit1 after the trigger time. 
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Figure 3.4: The efficiency of 1hower finding algorithm u u function of 1bower 
energy for shower occurring inside the fiducial volume of the Toroid. The solid line 
correaponds to the efficiency of fuading 1hower1 occurring liT= 4 RF units after 
the trigger time. The duhed line correapond1 to the efficiency of finding 1hower1 
occurring liT= 8 RF units after the trigger time, and the dotted line correapond1 to 
the efficiency of fi.ncliag 1hower1 occurring liT= 9 RF unite after the trigger time. 
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Pulse Height dependent Timing correction 
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Figure 3.5: The puhe height dependent timing correction u a function of energy 
depoaited in indiTidual counter. 
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Resolution of individual counter timing 
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Figure 3.6: The raolution of indiTidual counter timing u a function of energy 
deposited in the counter. 
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Tlminc rnoluUon for the Tartet 
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Figure 3.7: Timing re10lution o( 1howen occurring inside the fiducial volume of 
the Target. 
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Tlmiac re80tuUon for the Toroid 
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Figure 3.8: Timing re10lution of 1howen occurring inlide the fiducial volume of 
the Toroid. 
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Ratio of NC lo CC events, RNC/CQ itt th~ TArget 
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Figure 3.9: The ratio of the NC-type to the CC-type interaction• RNctcc, for 
eftlltl occurring in the Target, u a function of the radial p01ition of interaction. The 
duhed line correapond1 to the a..erage ftlue of the ratio < RNctcc >r .. .., within 
the fiducial volume of the Target. 
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Ratio of NC to CC events, RNc/CC in the Toroid 
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Figure 3.10: The ratio of the NC-t1Pe to the CC-type interaction• RNc/CC1 for 
eftlltl occurring in the Toroid, u a function of the radial position of interaction. The 
duhed line correapond1 to the aftralle nlue of the ratio < RNctcc >r..- within 
the fiducial volume of the Toroid. · 
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NEU1RAL HEAVY LEPl'ON DOUBLE VERTEX SEARCH 

NHL: 

Production (NC): Decay (CC): 

N~--~· . v ------- -------- .. c ·- >-

Nm..: 

Production (NC): Decay(NC): 

N~ -·-s@l t I~ 
v ---------- -------- '<T gii> 

Yagme t.l: Double Vena signature of Neutral HeaTJ' Lepton production in 11-N 
interaction. The upper diagram correiiponda to &he a decaying in&o muonic channel 
NB L ...... I' + X. The lower diagram corretp0Dd1 to a NHL decaying to muonlea 
channel NHL ...... "+ X. 

Fi ures 160 

NEUl'RAL BEA VY LEPI'ON DOUBLE VERTEX SEARCH 

Neutral Hadron Punchtbmugh Backgr.nmd 

ProductiOD (NC): Decay (NC): 

Figure t.2: Neutral hadron punch-through background 0£ &he Double Vertex 
•ipature oC NHL decaying &o muonleH channel NB L -+ ., + X. 
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NEUTRAL HEAVY LEPTON DOUBLE VERTEX SEARCH 

Random Overlay Backgrmmd: Two coincident v"N imc:raccions. 

NCevmt: 

----· ---~-----------------------------~· 
----- --------~ ........ •, 

......... v .. 
............ ______________________________ ...... 

Random Overlay Background: Two coincident v11N interactions. 

NC event: NC event: 
v 

---~--------------~--------------~~ .:::> --------~~ .. ~ . ............ ... ......... '! 
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Fipre 4.3: Random cm:rlay background ol the Double Vertex lignature of NHL' 
production. 
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Target Double Vertex events: Timing distribution 
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Figure 4.4a: Di1tribution of the timing diference between. the upstream. and the 
down1tream 1howen ia the 1am.ple of neutrino-induced Double Vertex eYellit. The 
down1tream. 1hower occurred inside the fiducial volume of the Target. Non-zero buck­
et• contain random oftrlay nent1. Bucket 0 contain• random overlay event•, neutral 
hadron punch-through event• and pouible NHL candidates. Target Double Vertex 
eTI!llit with teparaiion L- greater than 5 couaten are included in thi1 sample. 
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Toroid Double Vertex events: Timing distribution 
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Figure 4.4b: Di1tribution of the timing difference bet- the up1tream and the 
dcnrmtream 1howen in the 1ample o{ nnhilao-induced Double Vertex eYmts. The 
dowmtream 1hower occurred iuide the &ducial nlume of the Toroid. Only Toroid 
Doa.ble Vertex eff!ltl with the down1tream. 1hower occurring After the triggering 
interaction in the Target took place are indaded in the 1ample. 
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Timing distribution of random VETO hits 
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Figure 5.1: Diltribution of the difference between interaction time ud timing 
of random VETO hill for 1ample of Trigger 2 Cftllt1. 
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Out-of-Time Double Vertex sample: TvETO - Tshl 
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Figure 5.2: Out-of· Time D01&ble Vena Eftllb with up1tream interaction oc· 

curring at the edge of fid11cial TOlam«! of the Target (with PLACE1 =81 or 82): 

Di1trib11tion of the relatift ·timing bet- llpltream 1hower and the VETO hit. 
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Te1t Beam Punchlhrouch Eftnts: Tlminl diltribulion 
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Figure 5.3: Te1t-Beam punchthrough eYe11t1: Di1trib11tion of the relative tim· 
ing between the primary and 1econdary 1hower. The r.m.1. re10lution of the time 
difference wu equal to 2 • .( n1ec. 
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Tnl Beam PuncbUlroulb Eftllta: Alllular dialribut.ioD 
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Figure 5.~: Test-Beam punchthrough t'\'ents: Distribution of the angle beh1·een 

the hadron beam direction and tht' dirt'ction of the neutral hadron punchthrough. 

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

Separation e\"ents. 
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Figure 5.5: Teet-Beam p-chthrougb. nent1: Di1tribution of the energy of 
secondary 1b.ower. 
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Tnl Beam Puncbt.broqb Ennts: Sbowwr Separalion Di•t. . 
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Figve 5.6: Tst-Beam p-ckthroqh nat1: Di1trib11tion o{ the aeparation 
between the end or primary 1hower and the beginning or the p11J1ckthro11gh 1hower. 
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Longitudinal Acceptance for DV events: 11-data 
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Figure 5.7: Longitudinal acceptance o{ the CCFR detector for Double Vertex 
nenil u a {unction of the 1eparation between the end of 11p1tream. 1hower and the 
beginning of the dowutream 1hower. The acceptance lunetion wu calculated uaing 
sample of Out-of-Time Double Vertex eftllta and normalized for 10 S L...., S 15. 
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Longitudinal Acceptance for Test-Beam Punchthrough events 
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Figure 5.8: Longitudinal acceptance of the Teat-Beam detector con.figuration 
relati-n= to the acceptance of the neutrino induced Double Vertex eftll\a, The 1tep· 
lib function corrnponda to the 2-Carl, 3-C&ri &nd 4-Cart con.iguratio111 of the Teet­
Bam eetup. 
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Energy spectrum of single vertex v-data 
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Figure 5.9&: Energy 1pectrum of lingle ffrlex neutrino induced inter&etiom. 
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Energy spectrum of hadron Test-Beam data 
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Figure 5.9b: Energy 1pectrum ol hadron Tat-Beam data. 
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Comparison of n-p and 11-p fragmentation functions 
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Figure 5.10: Comparison of pion induced and neutrino induced fragmentation 
function• of K 0 production . 
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NHL .... vX decay channel. 5 < Lsteel < 10 
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Figue 8.1: NB L - 11 + X, Small Separation regioa: Monte Carlo generated 
namber of NHL u a function of coapling nppnllion factor U1 , relali'ni to the Fermi 
coapling G,. for dif£eren\ nl11e1 of mu. o{ NHL mN•£· The duhed. line corre1poad1 
to the limit, at 90% CL of D11mber of obtened NHLI in this ch&D.Del. 
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NHL ..... vX decay channel. 10 < Lsteel < 20 
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Figme 8.2: NB L - 11 + X, Intermediate Separation region: Monte Carlo 
generated. n11mber of NHL u a {llJlction of coapling 1upprenion factor U', relatini to 
the Fermi coupling G,. for dif£erent nluea of man of NHL fnNB£• The duhed. line 
correaponda to the limit, at 90% CL of n11111ber of obaerred NHL1 in this ch&D.Del. 
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NHL -+ vX decay channel. I.steel > 20 
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Figure 8.3: NHL - "+ X, Large Sepua&.ioa region: Monte Carlo generated 
namber of NHL u a fudioa of co11pliag nppreuion factor U2 , relative to the Fermi 
c01tpliag Gr {or difrezat ftlt1a of mus of NHL mNB£· The duhed line corrapoads 
to the limit, at 90% CL of namber oi oblerftd NHL1 in this chamtel. 
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NHL -+ µ-x decay channel 
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Figure 8.<t: NHL - I' + X, Sm.U, Intermediate and Large Separation regions 
combined: Monte Carlo gmera\ed number of NHL u a fuction of coupling aupprea· 
aion factor U2 relative to the Fermi coupling Gr for dift'ereut nluea of mu1 of NHL 
mNBI.· The d~hed line corrapo~d1 to the limit at 903 CL of number of obaerYed 
NHL1 in thi1 channel. 
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~THT 1· 't 1·. .., ... 1m1 s 
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F'ipre 6.5: NHL limih for daargecl CUlellt aad 11e11tral current decay chaa11da 
aad di&rmt regiou of the eeparatioa betweea the end of the upstream and the 
begillaiag of the dowutream 1honn. The limiu are pn:aented u a fllllctioa of NHL 
- "'"•£ aad the co11pli11g 111ppraaioa factor U'. 
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Figure 6.6: Comparison of results for !\HL limits for charged cur,.,nt and neutral 

current decay channels from this thesis with ~HL limits from other experiments. 

Dashed line (11) corresponds to NHL - µ.,..\·channel and dot-dashed line (12) lo 

.\' H L ~ 11- .\' channel The reference11 to other experiments are same as for Figure 1.4 
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Hadronic shower length parametrization vs Ehad 
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Figure B.l: Di1tributiou of a length of hadronic 1hcnren for different 1ettiDp of Figure B.2: Parametriatioa of the length of hadronic 1howen u a function 

hadron energy b-. Hadronic 1hower length wu detiaed u: P LACE-SH EN D-1. of hadronic energy E,...: data poiat1 and aolid line corresiiond to the 99" length 

containment para metrisation; duhed liae correapond1 to 99% energy containment 

parametrisation. 
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Figures 183 

cSl•(T,.1 - T,.a) For CC .. CC Events 
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Figure C.l: Distribution of the relatift timing between random o"Rrlay1 of two 

WI.correlated charged cummt interadiou. 
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Figures 184 

6T•(T11, - T,..) For CC .. CC Events 
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Figure C.2: Number of random CC - CC oftfl&J'I u a fWlciion of the timing 

difference between the two muom. The duhed line corresponds to the a•erage of 

random Out-of-Time oftflaya per 1 RF bucket. 
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