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THE PRODUCTION OF NUUTR1N0S AND NEUTRINO-LIKE 

PARTICLES IN PR0T0N-NUt:Li:UG INTERACTIONS 

John Patrick Dishaw 
Scanford university, June 1979 

An experimental search was performed to look for tho direct 

production of neutrinos or neutrino-like particles* i.e., neutral 

particles which interact weakly nit)} hadrwis, in proton-nucleus 

interactions at 400 GeV incident proton energy. Possible sources of 

such particles include the semi-leptonic decay of new heavy particles 

such as charm, and the direct production of a light neutral Hir.̂ s 

particle such as tho axion. 

The production of these part icier, has been inferred in this 

experiment by energy nonconservation in the collision of a proton 

with an iron nucleus. The total visible energy of the interaction 

was measured using a sampling ionization calorimeter. The calori

meter was calibrated with muons. This calibration was id "just ed 

slightly by ryquirii.f, consistency in the calorimeter shower profile 

for primary interactions be£.ii«nin£ at various depths in the calori

meter. Fluctuation? in the electi oma^netic and hadronic opponent:; 

were reduced usiii£ a weif.hted measurciru-nt algorithm. After correct

ing Lor Loans intensity effects *.ind cutting the data to eiiminiite 

^ystenatic otrects in thu niear.nren.cnt, tho final resolution of the 

calorimeter wai; i.r,\*. and increased with. dccreasLnr. incidinr bran 

energy with a .square root dependence on the beam enorj'.y. 

Ê ior̂ y noncon.serV'jLion in the tUt-i is manifest as a ncnGaussian 

distribution on the low side oi the calorimeter n.easiurod energy. 
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Model calculations yic-id Hie ; raci-luri ot evc-nts rxoecLi-..! in {.hi* 

tionGa.uss.iaT> behavior for the various sources of r.-*itr-iri'ĵ  or 

trino-like particles. A Maximum likelihood lit to rhu d.-ii-a with 

the theoretical fraction of events sxpecnGi! v-̂ ,,i .1 r ti,,, Qr<\ „0,.*-;_ 

dence level production cross section upper limit valuer. The inner 

limits for general production of neutrino-like particles for var-iou 

parameterizations of the production cross section are precentud. 

The following specific upper limits have been established: 

charm particle production < fj/O pb&rns 

supersymmstric particle 
3.3 ubarns (mass of 1 GeV) production carrying an < 

additional quantum number "R" 8 l'barns (mass of 3 CeV) 

axion production production 
crocs section 

r.ojUiC'iê r, omenta 

Thi^ e^eriineia, J.i.!:e any u.. ... t'laf.iuF. of appro*: iai-le magnitude, 

iuvolv^o Lite tireluss effort^ Ji .: iiunibt-r of individuals. It î . H 

:.') siio'jre to acknowledge tiitse people. 
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also thank him for his endless patience in teaching this graduate 

student the art of experimental physics. I couldn't have had a 

better tutor. 

Barry Barish offered brilliant insights in both the running 

of the experiment and during the analysis. I arc especially thank

ful for his guidance during the early days of ray experimental 

experience on the neutrino experiment. 

I thank Frank Herritt for his work on the calorimeter cali

bration and maintenance of the analysis program. I also thank him 

for his intelligent comments and his many major contributions to 

all phases of the experiment. Dr. Herritt's Herculean work habits 

and dedication provided inspiration for us all. 

I thank Arie Bodek and Mike Shaevitz for the construction and 

maintenance of ihe toroid spectrometer. 1 especially appreciate 

their indulgence in the game of musical chambers we played between 

the neutrino target and the toroid spectrometer. 

I thank John Liu for his work on the initial phases of the 

experiment and the preliminary version of the analysis program. 
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the tape writing routines. The shower calibration technique Alain 

initiated vas truly brilliant. 
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Rasmussen for his help in the mechanical aspects &• tbf experiment* 

especially the CD chamber system. Cliff'K abilities arc truiy 

remarkable. I also thank Hank Thoman for his help in the initial 
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I thank the many people who worked on the toroid spectrometer, 

in particular James Lee and Paul Lindsay for their work on the 
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Introduction 

The weak force play;; a unique rcle J- UG scheme of particle 

physics. The weak interactions are respc •" the decays of 

^he long lived partides. These particles .• decay via the 

strong interactions because; of either kinematic or quantum number 

effects involved in the decay. 

As an example con aider the decays of the charged pi-meson (pion) 

and K-meson (kaon). The pion itr> a mender oi the .lightest strongly 

interacting multiple!'. Consequently the pion cannot det:ay by strong 

interactions into other hadrons and can only decay weakly. The pion 

decays almost 1DD percent of the time into a muon and a neutrino. 

Other pion decays are nrvrra.'. orders oi" magnitude lens probable f.dau 

the above muon decay. The decay of the kaou is a more interesting 

case. The kaon has a mass of more than three times the mass of the 

pion and one would naively e^oeot the kcion would decay very quickly 

into pions by way of the strong interactions. The Kaon does not 

decay this way, however1, because it carries an additional property 

called strangeness. Strangeness is conserved in .strong interactions 

and the kaon is the lightest particle with this property. Thus, ds 

with the pion, t"he kaon only decays through the wectk interactions. 

Unlike the pion, the kaon has a large contribution to it?, decay rate 

from hadronic deciys, but its branching ratio into a muan -3no a 

neutrino is still large, about 6" percent {.J I. As ,-s comparison 

between the effect;; of strong and weak interactions in the decavs 

of particles, consider the t'ho meson. This particle is allowed to 

decay via rrtronj* ini'̂-rnc-t- l-.jiv.i. The rhn me:;on hi:-, a liN'tiiti'1 ••'• 
-24 10 ?,ccr. fll and r!i.-ivlV:; -jl:r!061: exc3 nr.;ive>1 y into l wo ],]>„,•.. 'f\,-

lifetime of the Y.\(>u M, 'he- other hand if; it)" ' see:; (II. 

The same quantum n'.mho.r considerations which play :;ijr)i a 

dominant role in the decay oi tru: lightest strange p.iT'ticler. :iur:h 

as the kaon play an analogous role in the. dec ay r. oJ the "new" parti

cles, the lightest charged mesons (2}. L'nergy eonserva I ion requires 

that a heavy particle decay into a lighter partie i.e. The I ip.ht 

charmed hadrons cannot dec-.y into lighter hadrons and a till conserve 

their charm characteristic. Since charm is conserved in i-.trong 

interactions these particles can not decay via strong interactions, 

but can only decay weakly into other particJes, Because the charmed 

particles are so heavy, the number of weak hadronic decay modes :~ 

much larger than ;.n the kaon cast, but the leptonlc modes in the 

decay of this particle are still s.ignif leant, their sum being 

approximately 22 percent {?}. 

In view of the above- quantum imbiber effects in the decays of 

strongly interacting particj.es, a natural experimental question is 

how one can go about detecting the production of new particles in 

strong interactions. If this new particle is heavy, such as in the 

charm case, the haurcnic decay modes constitute a major fraction of 

the decays. Traditionally in searches for new stater,, combinations 

of secondary pions (and/or kaons) are studied and an enhancement in 

the effective mass distribution of these pjens is viewed as an indi

cation oi a particle, for the "new" particles, this method has prob

lems, iiince the production cross section for these "new" particles 

is presumably small, ju:;t the phase space combinatorics of uncorrelated 
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particles will swamp the search with a large background. These 

hadronic backgrounds can be circumvented however, if one concentrates 

on the leptonic decays. One important question is whether the branch

ing ratio into leptons io large enough to accommodate a significant 

yield in the data. From the previous discussion, :t would seem that 

the leptonic branching ratios are large enough to produce a measura

ble rate. A problem with this technique is that the neutrino in the 

final state is not detected, and thus the mass of the decaying particle 

cannot be reconstructed. Because of this fact, production of these 

"new" particles is manifested as an enhanced signal of icptoniu final 

states over the background in lieu of ;i mass bump in an effective 

mass distribution. 

In an experiment performed at the Fermi national Accelerator 

laboratory, our' collaboration decided to search for tbn production 

oi new particles in proton-nucleus collision? by concentrating on 

these leptonic decay modes, Mucnic decay mode:; were used in lieu of 

electronic modes because of the easy identification of mu\>nr, t-y tbc;.r 

penetration through larj-e amounts oi mutter. Thi& identification, 

ds well as momentum analysis ot the rroducod nmena, can he accom

plished by using a solid ;;tee.L toroid system placed behind the las-get 

that bd:.- been magnetized to saturation. Ly dicpersinr. spar^ ch-imber::. 

throughout; the toroid system, one can mt;j;jiiru r.\\e' dcfle/--1 IMP oi t.!:<_ 

vinuon trajectory in tht; inar.netic [ieifi in th.- i.teol and deu.-rmne- the • 

mtJiuontur,, Identii Ica.U.t.v« i;; achieved r.ii^ly by thf. petiotr^t li.u. 

'Alone vrith--iTi1aen:'-':;'rjneutriiH;E. art: pi<>. j|i,a.U.y prcaiicx-d' ii, th*-

decay Qt these nuWj-p.ii iLi£'l.i.-r . A typ-lra] .•irriac^ir for" .: Y.cw.j .D ti<;li.' 

dPCdy then, would iiu a muM. with ,eh< rr.y minr ii,.- froi:. ĉ lit:-lir,t r-t ir.-t'io'n. °° 

Thi'a missing energy is due to the neutrinos which carry away energy 

from the decay. The missing neutrino energy can be determined if 

the target is also «. calorimeter. The calorimeter would measure the 

total energy of the hadronic system in the interaction. This meas

urement, in combination with the muon energy would yiald the neutrino 

energy. The neutrino energy is found by comparing the sum oE tbe 

calorimeter- and muon energies-to,,the incident proton energy. Any 

difference between these two must be due to /neutrinos. 

Since the incident energy io important in the missing energy 

comparison, it should be known precisely for each event.11 In thi3 

experiment, the incident brcton wes allowed to ..pass through an air..-

gap magnet immediately before, the target-calorimeter. By measuring v' '"'' 

the deflection of the proton trajectbi /an this magnetic iield, one_;-

obtains the momentum of-each" proton-'striking-the target-calorimeter, •-'•• 

removing any doubts about the incident, energy. ^ 

Combining all of the above elements together the result is a —• 

consistent set of apparatus for measuring the muonic decays cf new •> 

particles. Thi.-.; apparatus consist a of a momentum analysed proton 

Lcam ctrikinr. u t-ir^et-caioi i:ryj .r with- the final sta^e tiiuon energy ' 

measured in a ::<_lid rtool r.dfnr t' pyi'.tun.' ' ^ -.' ' ^ 
•'.'/ 

As: welJ aa i..̂ a:-uj L:.-' tht neutrino energy issoeiated with mucn's 

produced in ij'-w i ..tr t:i;_l<- Jecav, the/^.ilorinieter allows UL; to measure 

the i ivduc: i on c: .vTher' ;..:"' -rl-:v- al:;o. To see this, consider the 

iiitt'i'jcti-.ri of •• :i-t'.r. \v. th- cil 03 1 r>jtor. • .At somO lt;vol thv 

:v.'.\irui'K\i 'mi,'-. •hi-.-^fL^. ta; i:,tî :aJ in nature, Juadinj', to .1 i.-iat^siah^ 

i'r;i-;.,'- >-';n< tiu :-.f"'V:,̂  • -.-u:/-::'".i. >. nt-i'̂ y. Trio f'-ju:.;:i'm ."hapf car, 

N- >ji tiTt.'i, )<c.•.-•;>•••:, :.t ••! :..•:•.(.• v u.cn lar/e amounts of energy were 



leaving the calorimeter undetected. Lluoh a source o: urui'-1 <:- '.•..: 

energy would be the production or neutrino^ '"•! noi:t.* i -.o-i Lk-1 r-i :•]-:-• !.; 

which interact only uo.jk.ly with the nuclei in t!,e cdlurimotc-r. Sin;^ 

they do not interact, any energy going in to U.^e objects will hot 

be deposited in the- calorimeter. This alters the tiuuGsian i:rofile 

of the calorimeter distribution b the addition of a low energy tail 

arising from those events which have a large amount of uergy going 

into this neutrino-like sector. 

A calorimetry search is sensitive to the abeve production 

over a wide and previously unexplored region of kinematic variables. 

If tlie source of these neutrinos were the decay of some unstable 

particle, then the decay has to occur before the particle can inter

act with the nuclei of the calorimeter. This requires that the 

lifetime of these particles be shorter than 10" sees. If this 

undetected energy is due to the production of some new neutrino-

like obj r JL, then this means that the particle must leave the calori

meter withou.*: interacting. This implies that the particle-nucleus 

erase section ii.Uot be less than one percent of the proton-nucleus 

cross section for a typical calorimeter of approximately 20 absorp

tion lengths. If these neutrino-like particles can decay* then the 

fact that they must leave the calorimeter before decaying puts a 
-9 lower lLmit of 10 sees for the lifetimes of these particles. 

An experiment of this magnitude searches for new particle 

production in several ways. One hopes to see an enhanced signal of 

single muons coining from the primary interaction as an indication of 

new particle production. Simultaneous decay of pair produced new 

particles would lead to muon pair production with a large amount of 
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u'.r-jhu- 'jiit.-rry. finally, uxtr.'i low energy t^ils on the calorimetry 

•-. .u:a v/c',:I';: yieJu evideiice for n-.-w part i c Le production. Wha + fellows 

.idd :.•<-::: re:'. tli*j last or these [ CL;:: lb] o signals. During the course of 

the rri'.iot; running indicate;.: above, a jirriaJJ. fraction of prolan cali

bration livonta were taken as a run nine, monitor of the calorimeter 

performance. This thesis is an analysis of this calorimetry data 

in order to search for the production of neutrinos or other neutrino

like objects. 

Chapter II is a discussion of a few viable theoretical candidate:-, 

for these particles, Chapter III is a discussion of the apparatus, 

and Chapter IV describes the data taking procedures of the experiment. 

Chapter V is a detailed presentation ol the calorimetry analysis 

and finally, Chapter VI gives the rnjults and conclusions derived 

from the calorimetry data. 
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CHAPTER II 

Theoretical Motivation and Exi&ting Data 

As discussed in the previous chapter, a calorimetry search is 

sensitive to two classes of particles. The first class is those 

states that decay rapidly into neutrinos or neutrino-like particles. 

The second class is particles which are long-lived and interact only 

weakly with the nuclei of the calorimeter. To emphasise this point 

further Table I shows the ran^e of lifetimes and cross sections for 

which a calorimetry sear-ch is sensitive. Also noted are the other 

types of experiments which are sensitive in these particular ranges. 

The* rest of this chapter will discuss these two classes of particles. 

A. Heavy Particle Decay 

1. Charmed Particles 

A very likely candidate for thu new particle decays would bo 

hadronic production oi charmed particle^ {4}. A,; mentioned in the 

first chapter, the l'f}htost clwi'iiied mosaiir; ciin only decay weakly. 

Th& strong decays are forbidden by conservation at" char-m. Because 

of Uiis. rhfi bran'.-hint; rntio iov cbarnu.-d mesons into leptons hi }dr*a. 

Measurements at e -t: colliding beam accelerators indicate ceiiii loptonic 

branching rat. ios oi approximately 1:11. Copious production of charmed 

partici&s in proton-nuci'iiii. coliir.ionti followed by their scinilep tonic 

decay, a.s shown in figure 1(a), viuula .Û i1, to a substantial production 

of neutrinos. 

The experimental :.«ituaLii-'ii in hadroruc charn> production hau 
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pN — - T + T ~ + X 

Fig. 1 (a) Hadronic pair production of charmed D r̂n :̂;ons and seini-
leptonic decay of these incsons into K"l"v(v). 

(i>) Hadronic production of t T via a quark-anti-quark anni
hilat ion process. The i decays producing a \) plus i i na l 
s ta tes containing other lcptons and hadrons. 
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then Lhc cross section limits range from < 3 ubarns to as much as < UO 

ubarns. A recent measurement by Ushida et al. lias established a 

positive charm signal of 25 ± \3 ubarns for charm production at 400 GeV 

which is inconsistent with previous limits. This inconsistency may 

be due to scanning inefficiencies in the earlier experiments. Even 

so, a charm cross section of from 5-15 ubarns is not inconsistent 

with these experiments. 

The anomalous production of e~ u + pairs in hadronic interactions 

has been investigated as an indication of charm production. This 

final state configuration cannot come from electromagnetic sources 

such as lopton pair production or the decays of known mesons, but 

could be due to the associated production and weak decoy of charmed 

particles where one of the particles decays into an electron and one 

decays into a muon. Two colliding beam experiments at 53 GeV center 

of mass energy have published results on this signature {12). L. Baum 

et al. have set 3 limit of < 91 ubarns for the production of charmed 

particles from this source (taking a 10% branching ratio into leptons 

for1 D decay). A. G. Clark et al . have seen a positive signal of 

70 i "*6 ubarns for charm production. Scaling this number to 400 GeV 

(center of mass energy of 27.4 GeV) {6,18} yields a cross section of 

23 ± 12 ubarns for charm- This is consistent with a limit of 51 

ybarns set by an e~ JJ+ search using 300 GeV neutrons {13}. 

As well as the production of lepton pairs, the production of 

single leptons in hadronic interactions is also indicative of weak 

decays of new particles. Investigating a prompt muon signal, our 

collaboration has determined that approximately 50% of the prompt 
t 

muons in the kinematic range of p„. from .9 < p T
P < 1.5 GeV/c and 

- 1 1 -

low x .̂ (12 < E + •; 50 GeV, where L + i s the miion energy) occur s i n g l y . 

Assuming t h a t a l l of t h e s e prompt s i n g : e muons o r i g i n a t e from weak 

decays y i e l d s a c ro s s s e c t i o n of approximately 30 ubarns/nucleon fer

ti le p roduct ion of charm p a r t i c l e s { l u } . An e a r l i e r measurement of 

t he p o l a r i z a t i o n of prompt muons had p rev ious ly s e t a l i m i t of les:-

than 10% of t h e prompt muons a r i s i n g from wt;ak decays of new p a r t i c l e s 

{15}, This p r ev ious experiment was performed a t high p and i s not 

i n c o n s i s t e n t with t h e s i n g l e muon measurement of our r.roup. 

Of the lep ton s e a r c h e s , the ones most d i r e c t l y a p p l i c a b l e to t h i s 

a n a l y s i s a r e the so c a l l e d beam dump experiments {'(}. In these expe r i 

ments , one dumps a beam of p ro tons onto a th i ck t a r g e t and attempt:; to 

d e t e c t n e u t r i n o s produced in t h e proton i n t e r a c t i o n s downstream of the 

t a r g e t . The t h i c k t a r g e t s e v e r e l y suppres ses n e u t r i n o product ion 

from u n i n t e r e s t i n g long l i v e d p a r t i c l e df,cay so t h a t neu t r inos could 

only be coming from the decays of sho r t l i ved o b j e c t s such as charmed 

p a r t i c l e s . After s u b t r a c t i n g for a r e s i d u a l c o n t r i b u t i o n t o t he de

t e c t e d n e u t r i n o s from unabsorbed background decays , one i s l e f t with 

an enhancement i n d i c a t i n g a prompt neu t r i no s i g n a l . Using var ious 

models for t h e p roduc t ion and decay cl chorm p a r t i c l e s , t he prompt 

n e u t r i n o s i g n a l yieLds a charm j r o s s s e c t i o n , The- high energy beam 

dump experiments have ?.1.1 seer. p.Ob i t :'-'<• :;; glials f cr prompt r.tuti : no 

p roduc t ion . Model de^encent c a l c u l a t i o n s /i t-Id charm cross s^cticr .s 

oi" from ct t o ft;,1 utarn;" (assuming l i n e a r A depfiideiiCe) t o r HE'BC an 1 

Sargamel le , The CDt-.V-, prooj. hat: mea^ur^a .i smal ler cror,-- nc-Lticr. t>i 

10 u t a r n s . The d i sc repancy Lei ween tht Oil '; m^asurctri^r. I and the- •''th'M 

two measurements i s net f r e c e n t l y ur.derr.t .-,rd . 

i t i s very d j : f i.-.ul; t c corj a: e thr.- (-harm suajij:. * :•.; >.J: imr nts 



because of the model dependent ea h:ulal ions tor IIK- .-;sj./cr]!in.;iUiJ 

acceptance. The problem lit.-, in the fact thai most <j>;per iniunr.;. L-.-.-LJ 

only a snail pern Lint ace oi the produced charmed part 11:1. es . The i ruc

tion detected is intimately connected tu t'tu; dynamics oi the production 

process. Di fferent models rcu1 these product ion mechanisms lead to a 

different acceptance and thiiia to o different total cross section. 

The problem is compounded further by the fact that most experiments 

use nuclear targets rather than hydrogen. To obtain the cross section 

on protons alone (i.e. cross section per nucleoli) one must: assume a 

model for the A dependence of the cross; section. Given all of the 

above fiats, it appears that a charm crone section o" from 10 - 50 

Vbarns is not inconsistent with the available data. 

?. Heavy Lcpton Decays 

The discovery of the i heavy K-pt.on in o -• ~ annihilations (1CJ 

indicates that there now exist three charged leuton ] airs in nature, 

the electrons, muons, and this TS. Unlike the other two, the i is vei-y 
-1 -12 

short lived (V < 2.3 x 10 sees.) f17} and decay;. quickly into a 

T neutrino (u ) plus other particles, some of which could be additional 

neutrinos. Iladronic production oi a T T pair an shewn jn figure i(b), 

could lead to a missing energy tail due to these neutrino:;. 

The number of T leptons produced in praton-nucleus interactions 

can be calculated using thn data from rcct M M production in hadronie 

interactions {10} 

"total ( p p + T V ) = ?m T 3ff ( P P -> , , + , ," ) d M 

-13-

aiid assur.In̂  a Mai y distiiLutiiji:, the above integral yiuld:-

Of the 150,000 proton interactions considered in this thesis, the 

above total cross section corresponds to .002 events. Thus T I 

production is not ;» major contribution to the low energy calorimeter 

distribution. 

'•i • Neutral Vector Boson Decays 

Production and decay of the ne.itral intermediate vector boson, 

1 tl9}, could be a possible source of neutrinos in hadronic interac

tions. One possible mechanism would be the production of the /,° thruur.h 

quark-anti-quark annihilation similar in spirit to the Drell-Yan model 

{'2D}. Thii* mechanism is shown in figure 2(a). Because ol tho limited 

energy available in the center oi" m. :ss, "00 ( W proten interactions on 

a stationary target wcuid only be sensitive to masses for the :'.1 oi 

?'? GeV or less. [Jauge theoiy estimates c t the Z mass | iacc it in The 

area ot 7C-J00 OoV {19) sc that such quark-anti-quark mechanisms should 

.-° not produce a ... . 

A virtual Z could be produced through resonance production ul 

a -̂ (3100) 121} and its subsequent decay into a virtual Z . Such a 

mechanism is shown in figure 2(b). LstLmates of the \m decay mode C, 

the t|;(ol0C) {22} yield a ratio 
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tr-ansf ormat ions, but also invariant:e upon transformations of spin, 

i.e., from fermions to bosons and vice versa. Such a symmetry is called 

supersymmetry {25) and has been under theoretical investigation for 

che past several years. 

In supersymmetric theories, rotations of spin ar& accomplished 

by application of spinorial generator:; which rotate fermions into 

bosons and vice versa. The spinorial generators farm an algebra with 

the Poincare generators and the Lagrangian of the interaction is for

mulated in such a way to be invariant under all transformations. If 

supersynunetry were exact then for each fermion there would exist a 

boson partner and vice 'ersa in a large particle multiplet. This 

leads to such undesirable characteristics as spin-Q leptons and spin-

1/2 vector bosons. Clearly, supcrsyinmetry has to be broken. However, 

if it is broken in a gauge invariant way, then the interaction may still 

be supersymmetric even though the undesirable particles are extremely 

massive and undetectable {26}. 

Supersymmetric theories lead to an interesting phenomenology. 

There exist realistic models or elementary particle interactions in

corporating 5upersymmetry (27). These have an additional conserved 

quantum number designated R. Demanding R invnriance in th<j interaction 

of elementary particles requires that the supersymrnetric partners of 

the octet of gluons (gluinos) should be massless. Sinco gluinos inter

act with quarks strongly, this gives rise to new hadrons, R-hadrons, 

containing this new quantum number. The traditional particles all have 

R=0 while an interesting managerie of particles exist with R=l. In 

addition, some of these hadrons will decay, as shown in figure 3 

("nuino" stands for a gluino or photino, the fermionic partner of the 
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gluino quark 

l c _ _ _ 5 _ _ _ 9 j . 
spin- 0 quark 

quark 

gluino quark 

S ^ k ° 

quark 
«2 

Fig. 3 Diagrams contributing to the decay of a supersymmetric particle, 
"gluino" is the super symmetric partner of the gjuon, "nuino" 
represents a photj.t.u (the supersyrimeu ic part LT of the photon) 
of a gluino, g is the strong coupling const;; t and g , g,, arc 
the coupling fcr thu nuino and the spin-0 qiM k. 



photon). The lifetime of such particles can be estimated if it is 

assumed that supersymmetry is broken in a way similar to weak inter

action spontaneous symmetry breaking {27}. In this case the mass of 

the exchange particle in the t (m ) and s (m ) channels is m » the 

mass of the intermediate vector-boson. The coupling constants in those 

two channels, g , and g respectively, are then equal to the weak cou

pling constant g so that the decay coupling strength is 

6 l e c B S c fcc e 

2 2 
where g is the strong coupling constant. Taking g /Uit = a and g /UTT = 
.1 "y 1 an estimate of the lifetime for a R-hadron mass of approximately 

factor in these decays. This lifetime rang<a is well within the sensi

tivity of this experiment as shown in Table I. h requirement for de

tection of these particles in this experiment v=; that the nuino leaves 

the calorimeter without interacting which implies, from Table I, that 

the nuino-nucleus cross section be less thar 1" of the total proton-

nucleus cross section. To get an estimate of the nuinr interaction 

cross section we only need to lock at the diagrams in reverse. This 

leads to a cross section estimate of 
2 

0 . , 1 ° . 
nuino-Di oton 2 vp 

g * 

again, well within thu limit of 10 o, required in this experiment (27} 

All of the above considerations are highly model dependent, but 

serve to illustrate that a ealorimotry search is sensitive to this type 
-19-

of production. It is also worth adding that although our sensi t ivi ty 

does require a certain window on the nuino interaction cross section, 

th is window is not very res t r i c t ive and makes this nxperiinent much more 

insensitive to th i s model dependent calculation than other' experiment3 

which require the nuino ta interact to be detected. 

B, Weakly interacting Particles 

As previously discussed and shown in Table 1, a caloriinetry search 

is sensitive not only to the production and decay of short lived hucivy 

par t ic les , but also to the direct production of wea/Uy interacting 

par t ic les . As indicated in Table 1, the lifetimes of these part icles 
_ 9 have to be longer than 10 sees in order to leave the calorimeter 

before decaying. Also, the interaction cross section of these part icles 

with nuclei has to be less than 1% cf the proton-nucleus interaction 

cross section since they must leave the calorimeter (•• iO interaction 

lengths) without interacting. 

There exist several theoretical candidates for' -such [native: weakly 

interacting par t ic les . The Higgr- p,irt i L lu:. in :U-indard gauge them icr. 

vi wedk interactions would sat is iy such conotidints {2'6). Lately, 

interest hai- turrit J tc a iipric j,seudo-;-c..i.let Hi>',KC-type [-article ci.-Urd 

the «xion {^9}, which may h-;- m>co;;sarv in removing Ct> violdtion in 

stron," interactions. This rarti^K' w i JI be discussed IIKA e 1 ully below. 

intended thocrie;- o! t;-,,, weak ir.t.-i act ior, \*ith large >-augo groups requir 

heavy neutrji ^in^.^ whic;; cc^ia \.<: ui-rect'-: in ,1 calorimetry search 

;-,i;i;h UJ thi;> i.")j. r.t;cvi;L ly K. '..ahr. h-rj postulated that the next genera 

tior. CM' rjuarki. Ur^th .ir.d l.ca--:y) rray he ina^i-^t dhlc. -inri tall into the 



category ot weakly interacting *anci lung-lived particle:; luiJ. Ir 

these ideas are correct then a caloriirjetry search is sensi t ive to this 

typo of production. 

Present experimental iimit:s and tho axion case are discussed 

below. 

1. Axions 

In the last years, there has been a tremendous amount of theoreti

cal discussion concerning the possible existence of a light., neutral, 

quasi-stable particle called the axion or bigglet {29). Briefly, this 

particle arises in a somewhat natural way in the consideration of field 

theories of strong interactions. Due ro non-unique vacuum solutions to 

the field equations of the theory (instantons) {32], the hangrangian 

of the theory contains a form which violates CP (charge conjugation 

times parity) invariance in strong interactions ("30). Strong experi

mental evidence indicates that CP is a conserved quantum number in 

strong interactions so that these CP violating terms in the Langrangiaii 

must be spurious. One method to eliminate these terras is to impose an 

additional symmetry (with a symmetry group V(l)) on the Ijangrangitfn (3li) 

Invariance under this new symmetry then allows one to rotate into a 

frame where these CP violating terms vanish. To impose this additional 

symmetry, one incorporates a new doublet of particles. After all of the 

dust settles (spontaneous symmetry breaking, Higgs mechanism, etc.), 

one is lctt with a light (-100 KeV) lo-ig li«ed (T = .3 sees) neutral 

particle, the axion. 

Model dependent estimates of the axion decay mode of the kaon [ 29,J 

yield values which are only an order of magnitude less than the pre:-.r.r.t 

-21-

up-per lj.siit on this cecity ijb). 7hcori.-t icai c-jiculzz iour> {si,} L.'. ',he-

product of the axion productJ en n̂d ii-.ter,,cti-jn c 0So IJIN:'- ion--. ;;•« .^:.-

proximateLy an order of Tr,ag;dt\;ce oi n^r« greater than the- uppe: limits, 

i o: this quantity free; the beam dump exper i.ment s i'(}. Although These 

limits do not bode well for the axion, there .s some room left in the 

experimental data for the axion to exist {2G}. There are models of the 

axion with a larger symmetry group which would incorporate tho kaor. 

data and still leave the axion intact Lo help with CT {37). Also, 

t>>° axion could be more massive than first Relieved {30). if the axion 

exists, it should be produced in hadronie interactions, estimates of 

the axion-pro-ton cross section yield values on the order of 10 times 

the pion-proton cross section (29j . Thus the produced axion would leave 

the calorimeter without interacting. This would yield a missing energy 

tail, similar to neutrinos in the measured energy distribution and thus 

this experiment is sensitive to chis production and can establish limits 

on its cross section. 

It should be not-id that there are other mechanisms besides the 

axion mechanism which would eliminate the L? non-conserving terms: in 

the Lagrangian. One way is to require thaL UJIL- of the quarks be mass-

less (39J. The massless quark is usually taken to bo the up quark, 

rhci-ts are problems with this approach because of tin; fact that calcula

tions using curt ̂n*- al^ohra relations and the SI)(3) properties u/ the 

pseudoscaler mesons yield a finite mass for the quarks {'t0). One must 

be sure that in assigning a massless up quark, one is consistent with 

these calculations. Recent work seems to indicate that tiiese current 

algebra results remain when the up quark is massless {39}. 



2. Existing Data on Long-lived Particles 

Several searches fov long-lived particles have been performed at 

high energy accelerators. Most of those searches have looked for 

massive charged particles. In these types of experiments, one chooses 

a momentum for the particles produced in a target. The mass of the 

produced particle is then determined by time of flight information for 

the particle. Using this method several experiments {41) have set 

limits on the invariant cross section of from .01-4 ubarns/GeV for the 

production of massive penetrating charged particles. These limits are 

sensitive to the mass and lifetimes of these particles. 

Only a iew searches have been performed looking for neutral parti

cles. Gustaf'son ct al. 0*2} have performed a search for neutral hadrons 

with mass greater than 2 GeV usin^ time of flight techniques and a hadron 

calorimeter to measure the neutral particle energy. Using their data 

they set limits oi 

E OJL < JO" 3 2 - JO"3" C r a
2 Gey"2 

dp 3 

for various? m.-j:ir.r:r;. Since the particle is required to interact in the 

calorimeter- This places a lower .limit of > ,1 c for the interaction 
PF 

cross section of these particles. Bochis at al. (43) have searched 

for neutral heavy leptons produced or. p-<- interactions by looking down

stream of a thick tarcet for the decay 
, o + 1 I, -• u TT 

They quote a limit of 

BR(L° •*• MV')o(pN •* b°) < 3 x 10 _ 3 5cni 2/nucieon 

for masses less than 1 GeV and a lifetime range between 10~ i 0 and 10~8 

sees. This measurement also requires x = p" /2/s to be greater than 

-'12-

0.2. Tlio iacL that the heavy leptons must pass throufjh the thick 

target, implies an uppe^ limit ror the interaction cross section oi 

< .02 o . 
PP 

In addition to neutrinos, the beam dump experiments mentioned 

previously can place limits on the production as neutral weakly inter

acting part icles cis well. In this case, an excess of neutral current 

type events over that expected from normal neutrino interactions would 

indicate the production of a new neutral par t ic le . Since this neutral 

part icle must irvtcvact to be detected, one can only set limits on the 

product o(pN -+• a ) a (a M •+• X) where a is the neutral part icle and N 

the target nucleus. The high energy beam dump experiments set limits nf 

o<pN - a°) a (a°H -»- X) < 1 0 - 6 7 cm" 

This is to be compared with 9 x 10 cm as calculated by Ell is and 

Gdillai'd {35} for the case where a is the axion discussed above. If 

one assumes that both the interaction and production cross sections of 

these part icles is related to The pion cross sections 

u<pN -> a°) = :-.c(pN + TI°) ; u(a°N -' X) = RuU°N •+ X) 

Ih'.-Ti one obtains 

R < ; o " B 

which is 2 orders oi magnitude smaller than the limit from kaon decay 

tor d li£ht neutral particle {32} 

r ^t^ •* a n ) 

-2D-
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The beam dur̂ p limits wo^ld hove to hr- corrected however, if the neutral 

particle had a shorter' iiret iino thon expected because of pose ib.1 e 

decay bei-ore reaehinp. the detector . 

C. Summary 

How does a calorimeter search compare with the beam dump experi

ments? Since calorimetry measurements are affected by the incident 

beam intensity, the data taking rate is limited, '['he beam dump experi

ments on the other hand ai*e only limited by the accelerator intensity. 

Correspondingly, the been: dump experiments ere more sensitive to direct 

neutrino production. However, a calor i.meteT- search is nieuly suited 

for detecting particles that decay into something other than neutrinos 

where the decay product has an interaction cross section less than l9o 

of the proton interaction cross section but greater than the neutrino 

interaction cross section or where the decay product ha^ an interaction 

cross section much less than the neutrino cross suction. 

For detection of weekly interacting particles a calorimetry search 

is less sensitive than a bean dump experiment tc theoretical estimates 

of the particle interaction cross section srince *he particle need not 

interact to be detected but only has to leave without interacting. 

This advantage is negated somewhat by the Unite resolution of the 

calorimeter. 

for the detection of new long-lived particles, a calorimeter search 

has the advantage that the beam search experiments do not have that all 
-9 masses and all lifetimes greater than 10 sees are simultaneously 

measured. However, this property also implies that if something were 
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leaving the calorimeter, the mass and lifetime are unknown. Since 

the neutral particle must interact to be detected, the same comments 

with regards to the interaction cross section of these new particles 

for the beam dump experiments elso apply to the beam search experiment: 



CHAPTER III 

Experimental Apparatus 

This experiment was performed at the Fermi National Accelerator 

Laboratory using the hadrcn beam in the Neutrino area. Four hundred 

GeV protons from a production target 1 km upstream of our apparatus 

were incident on the target calorimeter located in Lab E. The inci

dent energy of each beam particle was momentum analyzed and the energy 

of the interaction was measured in the hadron calorimeter. Located 

behind the calorimeter was a steel toroidal magnetic spectrometer for 

measurement of final state muons produced in the interaction. 

Scintillation counter banks were located behind the calorimeter, 

in the toroidal spectrometer, and behind the toroidal spectrometer. 

These counters were used to identify muons and select events of interest 

Wire spark chambers in the toroidal spectrometer measured the curva

ture of the muon and thus determined its momentum, 

A small PDF 11 computer was used to collect data from the various 

detectors and transfer this data to magnetic tape far further analysis. 

The computer also monitored the performance of the apparatus and pro

vided analysis of" some of the data as it was collected. 

It is useful to consider each aspect of the apparatus in detail. 

Since this thesis is concerned only with the cdlorimotry aspects of the 

experiment, the toroid spectrometer will not be discussed. The inter

ested reader is referred to references 1^ and 2U. 

A. Beam 

The beam v:as first accelerated to 400 GeV in the wain ring, then 

extracted and delivered to the experimental areas, shown in figure 4. 

This experiment used only a small fraction of the total beam available 

from the accelerator. This small fraction then struck a 30 cm copper 

target. Secondary particles produced in the target from nuclear inter

actions with the protons were then transported approximately 1 km 

downstream to be used for physics purposes in the calorimeter-tore idal 

spectrometer apparatus located in LAB E. The schematic of this 1 kn 

long beam line is shown in figure 5. Both the charge and momentum of 

the beam particles could be selected and this was accomplished by the 

first series of cipoles in the beam. 

The total phase space accepted by the beam line downstream of the 

production target was very small with an angular acceptance of .3 

usteradians and a momentum bite of 1% {44}. The data in this thesis 

used 400 GeV protons, but some calibration runs were tal-.en at lower 

energies from SO to 300 GeV. Some calibration data wai also taken at 

a test run ci the accelerator at 450 GeV. Varying th? beam energy 

allowed us a check on the calorimeter lineariiy. 

In audition to normal hadron running, the beam line could be used 

to produce momentum analyzed muons. To accomplish, this, the beam line 

was set to some nominal energy less than 400 GeV. Maons from hadrons 

aeeayir:,- both Leiore momentum selection and si'Ler momentum selection 

wore-- • iv;n transported down the beam 2 ine. To h Up remove undecayed 

hacrens still left in the beam, six feet of polyethylene was place.* in 

the beam at the last tocac before the detf-tor. A reasonable flux of 
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Fig. 5 The hadron beam line to the 15' bubble chamber used in this experiment. The last 
bend (16 nr) provided momentum information for each proton hitting the detector. 



TT>uons was obtained by this method. The best muon/hadron ratio 

obtained was 30% hut typically it was more like 15%. 

As a protection against off-momentum particles, the momentum of 

•the incident beam particle was measured for each event by a tagging 

system upstream of the apparatus- The system consisted of two planes 

of proportional wire chambers upstream of a magnetic dipolc, followed 

by two more proportional wire chambers downstream. The last chamber 

was immediately upstream oi" the target calorimeter and provided inter

action vertex information as well as momentum tagging. The chambers 

measured both the horizontal and vertical portion of the beam with M8 

wires in each direction with 1 mm spacing. The dipole magnet consis

ted of two ?0 foot main rinc tiipoles with a it inch horizontal and 

y inch vertical gap. The total bend was 16 mr and provided a momentum 

resolution of 2°. 

B. Calorimeter 

The- hadron calorimeter consisted of two major sections. Tue front 

section of the calorimeter-, known affectionately ;*G "MacMurphy" t^S}, 

contained mo:;t of the shower. The rear uoccion, known just as affec

tionately as the "Chief," was primarily lor absorbing Ions, showtrs and 

identification of muons prior to the: toroids. figure 6 i,hows <* schematic 

of the calorimeter. 

MacMurphy consisted of '*!> steel plat us 30 inches ou a r,ic]e. 

These forty-five plates were divided into twesntv t/12 inch thick 

plates followed by twenty-P.it/y 2 inch thick plates. Thn first 41 

plates wftvi! <.-âh separately l̂ ounied pn-.a cylindrical bee'rinp rail 

.{j cJ.Lonp, tho top nupport I-hctm. Bv moving those plate:; i;a ' 
' = • a° - ' . ,o " ' •' ({ •• 

"°'-v- ° * ^ J '° 

Wire Spark Chambers 

PWC 
Upstream 

Calorimeter 

BEAM 

HALO I BZ 

Albedo Filter 

T 
40 cm 

4~ 2 0 0 -
cm Muon Identifier Downstream 

Colorimeter 

r i g . 6 Upstream p o r t i o n of '.hi? exper imenta l apparatus: . The upstream 
' c a l o r i m e t e r i s r e f ei • d t o a s "MaeKurphy" i n t he t e x t . T h e 

_, downstreara'calor-inif- " h; t h e "Chief". B0, HI, B2, and HAE0 
ai-e c o u n t e r s used i) t h e t r i £ £ c . r . ^ • 

ft " 



the beam direction it was possible: TO change the raonn density or the 

calorimeter for study of the hadron decay background. for this analysis 

only the most compacted centiguration was used. 'Die last four plates 

were welded to the support .I-bean1 lor structural reasons. 

Mounted tc the back o.l each steel plate was a 30 inch x 30 inch 

x 1/4 inch plastic scintillator with an adiabatie light pipe made from 

UVT acrylic plastic. Kach scintillator was viewed by a RCA 3342A 

photomultiplier tube. The high voltage base for each photomultiplier 

contained an amplifier (xMQ) SO that both <m amplified (HI) and an un-

amplified (LO) signal was obtained from each tube. Each counter was 

also equipped with an UJD which could be pulsed both manually or by 

computer control. The LEDs wore used extensively a:> counter diagnostics 

and to cross calibrate the unampliiied and amplified outputs of each 

counter. 

The phototubes were vertical and alternated top to bottom for 

every counter. The position of the phototube was left-right asymmetric, 

with the direction of this asymmetry rotated every other counter. This 

was done to facilitate close packing of the counters and to remove 

systematic geometric effects. fc>r precise calorimetry, it was crucial 

that the response of- each counter by uniform across the entire counter-

To insure this, each counter was mapped in both the horizontal and 

VGI ;.cal directions with a nuclear source. Noriuniformitics in the 

horiaontal direction were reduced by systematically degrading the signal 

in those portions of the light pipe that transported light from seg

ments of the counter showing relatively larger pulse height. This 

difference was typically less than 10"u across the counter. In the 

vertical direction, a ?b% systematic shift was found in the counter 
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pulse height as one roved the fT'-Livo i ro;:i the function of the counter 

and the light guide tc the edge of the counter. It. was determined 

that this effect was due to blue scintillation light being attenuated 

in the counter and was corrected by placing yellow filters in front 

of the photocathode. 

Portions of the calorimeter had several hundred minimum ionising 

particles traversing the oounters, and with a several, hundred kHz 

beam rate, this corresponded to large amounts of light impinging on 

the photocathode. Each phototube was measured to chu^k it:: gain versv̂ . 

this large rate. These measurements are discussed in Appendix B. It 

was evident that some tubes experienced significant gain changes as 

a function of the incident rate- Jn assigning phototubes to the counters, 

care was taken to place the tubes most insensitive tc rate at shower 

maximum, with the other tubes further downstrean.. Also, the direction 

of the gain changes were alternated as much as possible to partially 

cancel residual effects. 

The gains of the photomultiplier tubes were monitored on an event 

by event basis and a long ten-, basis by a spark zap light :'lusher which 

was viewed by a fiber optic bundle. The fiber <;t.ic bundle ce.>.\:; i-.-.Uv. 

ot 35 separe'-e fiber ~pt n: t.-traud:;, M went to the : ii si 31 counter;; In 

calorimeter, while :< more went to nhotctubei; external te the c.\i;\ ir> ter 

and 1 was kept as a spare. The Ihrei. external [ hctotul.es :-. erred UL a 

reference for tx-rmaliEatxon ci the spar':-: gap 'oij'r..i.1. Two ,;'. thv:-tr ref

erence tubes also viewed an Awericium source iiTihi-.ldod i r, \ Na.UTJ ) 

crystal. The signal in these tubes S row the Amei - iur.i .itloJ .;:• -m 

absolute normalization for the phototube gains-
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The flasher was triggered once before the beam spill and once 

after each event taken during the spill. The flasher signals taken 

before the spill served two purposes. The ratio of the counter signal 

to reference tube signal for the off-spill flasher triggers, along 

with the Americium information in the reference tubes, was used to 

adjust the phototube gains in the off-line analysis for long term 

gain drifts. In addition, these off-spill ratios served as a calibra

tion for the sar" ratios calculated from the event flasher triggers 

taken during the spill. The spill ratios were used in studying 

heam rate associated effects. The trigger logic for the light 

flasher system is shown in figure 7. The gate to the flasher ADGs 

was generated by the coincidence in the reference tubes due to the 

pulsing of the flasher. Due to hardware difficulties, the actual 

flashing of the spark gap occurred several tens of usees after being 

triggered. To keep noise voltage from giving spurious gates during 

this time, the coincidence of the reference tubes was only allowed to 

occur within a 10 usee window which opened after an 80 usee wait time. 

The "Chief" consisted of ten 4 inch thick steel plates, 48 inches 

vertically, and m inches horizontally. These plates were mounted on 

an i-bcarn support structure positioned approximately 58 inches behind 

MacMurphy. Behind uach steel plate were four 1/2 inch x 48 inch x 10 

inch plastic acini iliaicr counturs which measured the energy deposition 

These counters wore 'oicwed by Atnperex SE> AVF phototubes attached to a 

luc.itc lijc.ht pii'ic. Cach counter had an I.r.l) attached to the bottom of 

the counter for diacn' ̂ tic purposes. The: direction of the phototube 

was alternated ai:ter each pi.dtc to avail: yy stoma tics due to attenuation 

in the- counters and ulco for close packing considerations, 
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The main purpose oi the Chief wnr. t>- .d.~;L>rb :inojna.lou;;iy ivitg 

hadron showers. The intensity at the Chici wa.-; on the average very 

low and no provision was made to monitor the gain. The Chief also 

served to identify muons by penetration of the inuon through the forty 

inches oi steel in the Chief, This property was u^ed to eliminate 

muons from the events of interest which will be discussed in Chapter V. 

The electronics involved in the ealoritnetry measurement Lr. nhown 

in figure 8. Briefly, the LOs for each MacKurphy counter were fanned 

out through resistive divider's. Tho 1/4 output from this divider was 

then ganged together to form a Sb'VURLO. The SUPEKLO war. used to calcu

late the pulse height in a counter when the 1,0 for the counter uaturdted 

This will be discussed in a later chapter- Tor counters 1-31 the 3/H 

output from the resistive divider war, f-dtnned out through a d.c. coupled 

fan out. One of these outputs went into the calorimeter ADCa, the 

other into the flasher ADCs, Tor counter:"! 2 through 9, a third output 

was hardware uummed to torm the F" -I" requirement for the be.im trigger. 

All ADCa except the flasher ADCs, were then gated by a level frum the 

"ei- trigger' module when a trigger was. received. The HI outputs 

l«..-. .._ticd phototube signal) were directly coupled to the Arc through 

on ("i.e. coupled fan out. 

The signals from the Chief counter:; <-»->ru tanned out. through an 

a.c. coupled fan out. One output went directly to the ADC:; l:or pu-lue 

height analysis. The other output was added to the three other counters 

in the appropriate plane to form a total signal for eacii pLane. The 

plane pulse heights were then added to form a SUPEIHLO for the Chirf 

counters. The plane pulse heights in planes G through 10 wert also 

used in \t.^ two muon trigger. Ev«ri though the shower particle intensity 
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Eig. B Electronics used in the calorimeter energy measurement. The 
triangular figuies represent linear adders and provide a total 
sun of ail of the inputs. The outputs labeled SUPERLO are 
u.™ed fcr counters that saturate their ADCs (see _ Chapter V). 



at the Chief was on the average very small, some affects due to the 

a.c. coupling were evident in the front few planes of the Chief. 

Because of this, the a.c. fan outs were replaced with resistive 

dividers in the second half of the run. 

C. Trigger Counters and Logic 

A schematic of the apparatus showing the positions of all the 

trigger counters is shown in figure 9. The counters downstream of 

the Chief (C, SI, S2, ACR1-3, T2, Pl-3, HV, S3, T4 ) will not be dis

cussed here since they were used only for defining the muon topology 

for the event. The interested reader is directed to theses of WyatT 

Brown and Eric Siskind. 

Since any energy measurement ultimately rests on the energy of 

the incident heatn, the beam particle as defined by the trigger counters 

should be as clean as possible. The initial beam was defined by the 

upstream trigger counters BO, Bl, B2 and HALO shown in figures 6 and 

9. BO was located farthest upstream and just covered the hole in HALO 

immediately downstream. The dimensions of BO were 3 inches ;-: 3 inches ;< 

1/16 inch. The thickness was kept to a minimum to reduce background 

frcm interactions in the counter. HALO was identical to a MneKurptf/ 

counter (30 inch a 30 inch x 1/4 inch) with a 2 1/2 inch x 2 1/2 inch 

hole in the center to allow passage of the proton beam. HALO was 

mounted to the upstream side of a steel block to prevent backSÊ lash 

from the proton interaction in the calorimeter from giving spurious 

hits in the counter. This "albedo filter'1 was made from a 30 inch x 

30 inch x 12 inch steel block with a 2 1/2 inch >• 2 1/2 inch hole in 
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the center to exactly match the hole it, HALO, further definition of 

the beam was given by Bl U 1 inch x 2 inch x. 1/4 inch) and 132 (30 inch 

x 30 'nch x 1/4 inchj. The size ot Bl iva? a goad match to the beam 

envelope at the face, or the calorimeter. All ai the beam ccunxers 

were viewed Ly Ampercx SG AVP phototubes. The outputs from these 

counters wore also pulse height analysed. 

A schematic of the beam logic is shown in figure 10. A primary 

beam particle trigger was defined as a coincidence between BO, Bl , B2 

* with no hit in HALO. The primary trigger was put in anti-coincidence 

with (B0+H)*B2, called BLOB, delayed by 60 nsecs and advanced by 

GO nsecs. These timing coincidences were to insure no additional hits 

in the calorimeter near the beam particle of interest. As well as this 

time requirement, the primary beam trigger was also put in anti-coinci

dence with BO delayed J5 nsecs (5 r.f. buckets) and advanced 5 5 nsecs. 

Again this was to insure that ther^ were no additional beam particles 

near the beam particle of interest. '~c be certain that thorr was only 

one particle in the triggering r.f. bucket, an added requirement called 

for the total hardware sum of all the ccuniurG (*'.„..„) be Icsn than fjOH ry' 

Finally, the trigger demanded that the proton interact within the 

first eight pJates by requiring that the hardware rjuin ot counters ') 

through 9 be greater than 270 m.i.p. The final trigger, caJl IHV, w,i::. 

IBV - M- Bl-B2.S^. EL0 B l ) E L A V t ; D.BL0 B A D V A l l c l ; D-B0 D I. L. H : 1 J 

'^ADVANCED ' ( E S U H < 6 0 ° G e V ) ' ^Jl ' 7'° - i -P- ' 

where N. i s t h e number of minimum i o n i z i n g p a r t i c l e s In coun t e r i . D'V 

was t he only t r i g g e r r equ i rement fo r t h e e v e n t s used in t h i s analvc-in. 

even t s wi th only an IBV t r i g g e r were l a b e l e d INTERACTING BEAM ( I . H . ) eve 

- 4 1 -

;.| h;r.];f)jd 0 0 

u - V 
k/:- :\/ V A ). 



D. electronics 

Most of the electronics used to process signals in this experiment 

were fairly standard and do not deserve added comment. However, some 

of the hardware was of unique design and should be discussed. Further, 

problems encountered with some of the conventional modules need to be 

elaborated. 

The phototube gain measurements discussed in Appendix B indicated 

that the large anode currents associated with large beam intensities 

could severely affect the phototube signal. To correct for these effects 

in the off-line analysis, it uas crucial that one had a measure of the 

beam intensity during the time the event was taken. To this end, special 

modules were built to measure the beam intensity before the event. The 

modules were the EVENT HISTORY, the FLASHER HISTORY, and the FLYIN 

SCALER. 

The EVENT HISTORY and FLASHER HISTORY measured the beam intensity 

on a short time scale. Each module provided a history of the beam on 

a singlo r.f. bucket basis up to 192 r.f. buckets (approximately 3 

usees) before the event. Briefly, these devices were effectively so

phisticated shift registeii-. The input to the shift register was the 

logical signal BLOB defined previously. This logical signal is simply 

any particle striking the caloi itneter. The clock to this shift reciter 

was provided by the r.f. signal of the accelerator. Hits in BLOB 

registered as 1 dt the input and were shifted .J.'...[,g by the v.i. Clock

ing for the EVENT HISTORY was inhibited Ly an event trigger in tho 

apparatus, This inhihii occurred a fixed time (approximately 10 r.f. 

bucket:-;) after the tri^gei dominion so that a ],«n spil'e cv.-.n'ied in 

the EVLNT HISTORY for the hit associated with the beam partic 1 e" which 

gave the trigger. Clocking for the FLASHER HISTORY was inhibited by 

the reference tube coincidence which generated the gate 1 or' the {lasher 

ADCs. This inhibit also occurred a fixed time after the coineidence, 

but due to an oversight, the flasher gate arrived just ofi scale of thr? 

FLASHLR HISTORY for most of the run. This oversight wau corrected late 

in the run by add.'tion of a delay to the inhibit of the FLASHEK HISTORY 

and allowed a determination of the timing. This is only relev.mt for 

corrections to the flasher ratio from tails due to beam particles hit

ting the calorimeter immediately before the flasher fired. Kadi module 

was also equipped with internal diagnostic hardware for checking thi-

operation of the module. 

A typical EVENT HISTORY distribution is shown in figure 11. One 

notices immediately the peak due to the trigger particle. In addition, 

requirements in the trigger requiring no additions! bceati particles 

near the event can be seen as voids in the bacKground distribution 

before and after the trigger particle. This device was most useful in 

the rate correction to the measured ennrgy. The hit pattern fur both 

of the IlISTOFVs wra:; vritten to t.ij '• foi eath event th'.-n cleared to 

continue com,ting. 
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F i g . 11 Typictil h i t d i s t r i b u t i o n in t h e EVENT HISTORY. The l a r g e 
peak i s t h e p o s i t i o n of t h e p n r t . i c U which t r i g g e r e d the 
e v e n t . D e p l e t i o n s be fo re and a l t e r t h e trir,^c>r:.n£ par-t icK-
a r e due t o t h e t ime r e q u i r e m e n t s in tht> bourn t r i g g e r . 

'Aral i u u i . The : . : . . i . , : . : . ^ : ..:.•.. th- :Cai i ; r? wt: e i n h i b i t o : wl. «.••!, J:I 

avt>nt t r i i ^ e r o c c u r r e d . 1c. V:L- :. — I TT. I: I -..- :i.o id:,t s c a l e r c i u a r v ;, •;*.•' 

checked the b i t p a t t e r n in the :•.: . ^ u n t o f . In t h i s way, cne '.-;l tuin-j : 

t h e jjoam i n t e n s i t y u*- t e J I O u ^ r . s ho'.oi'ii '-ho even* , l-ut ever. b c i t e i , 

the a c t u a l t ime s t r u c t u r e >'- -" t he bear, in v a r i o u s increments was a luc 

o b t a i n e d . Since t h e r e i s s<"n::e over l . ^ ' in t he coun t ing ran^c c:l the 

v a r i o u s g r a i n s of t h e FL'Vlti? ScALIlk, J c o r r e c t i o n for double .-omit i nj; 

was made cc de t e rmine the tirr.e ^ t r u c i J r e . The va lue o: thy r , t . counte r 

diid 12 s c a l e r v a l u e s were r '-cordod on i<>.\e for each e v e n t , c l e a r e d , 

and then al lowed t o con t inue coun t ing . 

The Mai s i g n a l •„• n ob ta ined by a h i rd-wired histogramming module. 

Tho hicLo^rammor c o n s i s t e d ^i 10.:" K h i t words o! memory. The t i rs j t 

h.ili of t h i s memory w u v.:'U '. ••; :•• : c ivnco tube 1 (KIT i > , the o the r 

l u l l l o r i u i c i v i i c e t u i e . I > ia . ) . TbL. hibtogrummer a l s o con ta ined 

two r.i-V u n i t a to i -i^*.- ';.-.• -,_>- ii..'ly".i. ' h e i i f . n a i s from RET 1 am! RIT . \ 

The v a l u e s oi t h e y^l^ he ight ;;; rh«.- A^Cs were t r a n s f e r r e d to the 

Lii-LL^raimriL-r excui t : i,r ihe fiat-Lii s i g n a l , both ADC valued wei c 

r-jco] ii^Kl ou ta;-e : c : ea.:b t ' / e n i . The hu;tocrammer memory wdi- a i i^ . 

recorded on t a p e ; , r i o r t c the bean u r i l l and immediately a l t e r tho 

;,eani i i ; , i i l . 

Tho ,\[)C u n i t s u'jt'J. : - r ',.'-il;\o h.:i)',liL .Analysis wa\> .AaiKhnV. ; . ^ ' : o \ ' 

'i^nA AIX' module;;. The a . ' t r . werv ;;.puci i iod t o ho l ine . i r i •" w i th in 

. 2!Vw or t h e nun i t e r o; chdr.injis pin;, or- minus-. 2 channe l s (M.J hut a 

measurement of t h e i i n e a r i t y IndicaLed sifynit l e a n t d e v i a t i o n ; . . A 



correction for this nonlinearity was made in the analysis. The actual 

charge, Q, deposited in the ADC was derived from the channel count in 

the ADC from the relation 

Q = KC a 

where C is the channel number and K and a are constants, a ranged 

from 1.00 to about 1.08 depending on the ADC channel. Unfortunately, 

only the first one hundred and forty-four channels of the ADCs were 

measured. This means that the flasher ADCs were not corrected accord

ing to the above formula. The linearity of the flasher ADCs had to 

be determined separately from the low intensity INTERACTING BEAM 

running. 

E, Data Collection 

A DEC PDP 11/4!] computer was used to collect the data for each 

event and transfer this data to magnetic tape. In addition to these 

collection functions, the computer also acted as a monitor of the equip

ment performing several tests during the data collection to insure the 

quality of the data. Most of the data was transferred to the computer 

using standard CAMAC hardware to interface to the experimental equip

ment. The CAMAC system was then interfaced to the PDP 11 by KINETIC 

SYSTEMS CAMAC interface. The Nal hardwired histogrammer was attached 

directly to the PDF 11 UNIBUS. These devices were read directly into 

the computer via DMA transfer. 

As mentioned previously, the computer monitored all phases of the 

experiment. The pedestal values .for each ADC channel and the values 

for these ADCs when the EEDs for each counter were pulsed weic monitored 
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before each beam spill during the entire run and a message was printed 

out at the terminal if they were outside windows set by the experi

menter. The rLYTNG SCALER was continuously checked for reasonable 

counting rates by calculating the beam intensity from the scaler counts. 

The computer also performed diagnostics on the spark chambers such 

as checking fiducial values, spark bank overflow, spark chamber yfii-

ciency, etc. Probably the single most useful diagnostic was the single 

event display on the graphics terminal. Problems became very obvious 

by simply looking at a few events on this display. The histogramming 

capabilities of the on-line program were almost limitless. Flexible 

conditions on the histogramming allowed one to study any experimental 

parameter under any condition. This allowed for a close watch to be 

kept on the apparatus and insured the integrity of the data. This 

program, a version of MULTI (Kulti-task system) written and r-:utr;equeiitly 

adapted for this experiment by o.F. Bartlett, contributed gieatly Lu 

the success of the experiment. 
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CHAPTER IV 

Data Taking Procedures 

A. ilormal Running 

Several different types of data records were taken during the 

course of the experiment. At the beginning of a data run a data re

cord was written to tape denoting the start of a run. These BEGIN 

t RUN records contained pertinent information about the run such es 

magnet current, purpose of the run, etc. Prior to each beam spill 

three additional types of records were taken. The first of these 

recorded the ADC values without any particles striking the counters-

These PEDESTAL records were used to determine the charge associated 

with each ADC due simply to the gating of the ADC. This has to be 

subtracted from the ADC measurement to determine the ADC signal ior 

real energy deposition in the counters. The second of these pre-spill 

records recorded the ADC values after the LCDs in each counter were 

pulsed. These LED records were used to check that each phototube war, 

operating correctly. The light flasher was also fired and the corre

sponding ADC values recorded on the pre-spill LED records for use in 

flasher studies without complications from beam particles in the 

calorimeter. The last record, the BEGIN SPILL recoi ;, wrote the 

Mai hardware histogram information to tape for later analysis. During 

the beam spill both events with muon triggers and INTERACTING BEAM 

triggers were taken. The INTERACTING BEAM events (I.B.) were normal 

interacting protons without any muon requirement whatsoever. The 

only requirement for this trigger was a good beam particle as defined 

in the previous chapter. i-ocaii'-e this .logical coiribinat i on u'ca'rt-ci 

very often, not every proton s.̂ ti s: vii.g thic 1 e-;uii ovr.uiit w.n. .icc-ptcij . 

[inly after a preset number o: icf.iea] sir.nals was a trigjv-:- accepted. 

This prescaling had the e:ie,.T -:' distributing the INTERACTING BEAM 

triggers randomly in ti.e s;iii. This htlj-s avoid systematic efiects 

which could occur if the INTKF-ACTING BEAM events were associated with 

a given time in the spiil. One iina] record was written after the beam 

spill. Theu« END SPILL records contained additional Nal histograrcmer 

information and the values 01 all ol the scalers which counted during 

tlie spill. 

B. I.B. Runs 

As well as the I.B. events taken during the normal running, a lew 

runs wore taken with only I.S. triggers. During these runs all of th.e 

uiuon triggers were turned c:'l and the p:escaler on the logical ;.!>. 

signal was set to 0 :;o that every I.B. ce inc. Ueiicu generated an event. 

Th use runs were taken at a very low beam intensity, typically '• -'• x 10 

proton:; per puLte. Tr.e low intensity kept any udvers--- rate etK'cl::. 

on the calorimetry to J ninirnum. Thir. allowed one to ::tuJy the .MJOI i-

inuter I'Ĝ ccnte without the added complication:: due t<" gain r;l.itt;" i i. 

the phototube:-. This low intensity data also served ai: a oluvk * - J i '.lie 

quality u: tlii rate correction applie;.' ro L h t • niain t-.'dy •ji data. 

C. f'uon Runs 

To c a l i b r a t e t h e e a l o r i m u t r v . fun ten , ana t o . ia«- a l i g n the s;.urk 

charnberrj, uevei a l vun-j w. re taker, wi th a nuon P.earn. V.n- iruon tunning 

- ' ' 0 -



was divided into two parts. The first involved strict alignment of 

the chambers. The alignment data was useful for calibrating the Chief 

counters, but could not be used for the MacHurphy counters because of 

spark chamber noise problems in the HI ADCs. The second part of the 

imion running involved turning off the spark chambers and running only 

calorimeter calibration date. This data was used for calibration of 

both the MacMurphy and Chief counters. 
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CHAPTER V 

Data Analysis 

The final data sample from this experiment consisted of 50 magnetic 

tapes and 15 trillion data bits. The purpose of this analysis is to 

convert this collection of ones and zeros into sore meaningful form. 

The first stage of the analysis consisted of selecting the I.B. events 

out of the total sample by using the trigger bit pattern written on 

tape for each event. The second procedure involved correction to the 

ADC for nonlinearity, calibration of the calorimeter, then finally 

conversion of the calorimeter response to an energy. The lost proce

dure was to improve the energy measurement by judicious use of cuts on 

the data. After all of these procedures the best possible energy 

measurement was obtained. Any neutrino production could then be 

searched for in this energy distribution, 

A. ADC Response 

Conversion of the number of counts in the ADC to energy deposited 

in the scintillator involved several steps. The first step involved 

subtracting the pedestal value for each ADC from the ADC value written 

on tape. This pedestal value was determined from the PEDESTAL event 

taken before each spill. After subtraction of the pedestal, all oi the 

calorimeter ADCs wore corrected for' nonlinearity usinft the coefficient 

determinec lor each Alt'. t\z mentioned in Chapter 111, this correcti^i* 

is ol the lorn. 

C = CU 

where C i s t he c o r r e c t e d chani.el number, C th<; -actual channel iiuniLer 



i 

and a varies from 1 to 1.00 depending on the ADC. Ail .-jubseiiû nt 

analysis was done with the corrected channel number. 

The SUPERLOs mentioned in Chapter III were used to obtain the 

pulse height in thOGe counters which saturated their ADCs. This pulse 

height was obtained using the relation 

SUPERLO, £,. j r 

C_..p,.R is the number ot" channels in the SUFERhO which contains counter 

i, a. is the fraction of the pulse height in counter i which contributes 

times the number of counts in the ADC for counter i 

C. is the number of channel- in the non-sa Curat inn, counters in Sb'PERLO, , 

the above expression it: over .11 ot the nonsaiuratinc counter- in KbTEKLO, 

ll more than one counter is saturated in a ĵ iven SUPERLO, then the excess 

in the SUPERLO beyond the sun: <.>r the nonsaturnting, component is divided 

equally among, the saturating counter's. 

li. Calorimeter 

For calorimetry techniques as discussed in Append i*-: A to work 

effectively, the number of charged particles at various depths in the 

calorimeter' must be counted correctly. Since the response of a counier 

to a minimum ionizing particle (m.i.p.) varied, this numbei- had to be 

determined individually for each counter. This relative calibration 

was accomplished by three different methods: 

(?) 'i.inimi"..! t-i.cn of th<- tc*i.l renc-lut Ion 

"finally, after obtainiuj; the relative calibration for each counter, 

the total calorimeter response could be converted tt.- an energy in CeV 

hy asin^ a momentum anaiy2.ee incident beam. 

Each :;iet:hod of calibration will now he considered in detail. 

1. Muon Calibration 

riuonS ar'G ideally suited for the purpose of calibrating the calori

meter counters relative to each othwr. Huons can penetrate lar^e amounts 

of matter without interacting. Thus, a moderate energy muon, say bO GeV, 

can penetrate' th* whole calorimeter easily. By measuring the pulse 

height in each counter for this muon a ciruultaneous measure of u single 

i:i. i .p. in each counter for the same par x;it:l«j is obtained. This :s 

exactly the relative calibra t icn necessary tor £Oud calorimetry• 

The ai"i iiiic.i outputs (iiir) ti oui the phototube?, were used for the 

iimuri calibration. A typical r.uon puisu height attribution in the ills 

ic shown in t"Lj;,uro 12. one notices immediately the prominent Landau 

tail on this distribution. The best measure of a munn irum this distri

bution is the rioan, but because of the tail, the mean is susceptibly t< 

statistical :luetuutions. Tw circumvent this problem it is useful to 

use the :I:..I;III of the distribution cut at . i"> and 2.1 times the raeavi oi" 

the distribution. Thi.i value was calculated iterativuly. A cut at . . L. 

tinier the mean was use;! to eliminate eflcet^ oi the lon^ tail. The cut 
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at .2b times the mean was to ensure that the distribution viau adequate 'y 

above pedestal and that there vas no contribution from width in the 

pedestal. This procedure was done for each counter and ^subsequently 

yielded the ni.i.p. v<ilue lor that counter. 

Since it is the unantplified output (LO) which is used in the 

caloriJTietry, one must determine the LO calibration from the muon va.lues 

in the His. This required measuring the amplifier gain, i.e. the IN/L0 

ratio, for each counter. This way accomplished in tw w.jys. The first 

method used the LEDs that wore mounted in each counter. The driving 

unit that fired these LEDs had a variable amplitude feature. Tho LCDs 

were pulsed anu the amplitudes changed, h straight line fit to a plot 

of HI versus L0 for different LED amplitudes yielded the HI/1,0 ratio. 

The second method used the :-;;on pulse height itself. Th& events on 

the Landau tail were used to yl<'. MI versus LO. A straight line fit 

tc the plat of III versus LG again yielded the HI/L0 ratio. The muon 

method had an advantage over the L H D G si;, e the frequency spectrum oi 

tiie li^ht emitted by rhe counter from rauonr. •-is the s-i/ne as * rot? th<-

particles t-raversinc the counter (•larin̂  a shower, wherean the IF.V 

frequency spectrum mi^ht have been significantly different. Thi.o is 

an important consi'jerut ic n to* amplifiers with a finite baiKi width. 

There was an ij-.j rex Ir.^U-iv *."'i cvtt«:iidt ic difference in these two mtthodt-

r-or the HI/IX lutio. 
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was creating adverse ertects on the measurement. Km.viJ.1 that the iils 

are a.c. coL-pled to the ADC units. At' a Large pion rate- tins a.c. 

coupling could cause pedestal shifting in tin 'X' units due to build 

up of charge on the coupling capacitors, I'OT these reasons, the muon 

calibration values were adjusted using the shower calibration method 

described in the next section. 

2. Shower Calibration 

This calibration method relies on the fact that on the average, 

the shower profile should be independent of the position of the first 

interaction. Therefore, the profile for showers that begin in plate 

2 should be the same as for showers beginning In plate 1, except shifted 

downstream by the thickness of one plate. Those showers beginning in 

plate 3 would be shifted by a thickness oL two plates, etc. Prom a 

consistency requirement between these variuus sliowur positions, the 

forty-five calibration constants corresponding to a single m.i.p. l'or 

each counter are obtained by minimising the x^ from comparison of these 

showers. 

For this method one needs to define an algorithm lor duirer mining 

the beginning of the shower. By the very nature of the method, the 

calibration is sensitive to the actual details of 'he algorithm. In 

general, the beginning of the shower is found by searching t;or a nosi-

tive gradient in the pulse height distribution of the calorimetry 

counters. If we call i„ the plate in which the shower starts, then 

the positive slope implies 

lBEG 1 'BEG'' 1 i W 2 3 

- 5 7 -

i-e N. i s t h e number of r r . i . p . : i . t he counter 1 behind p l a t e i a M 

^BEC 

i s unambiguously de f ined r"cr f a s t r i s i n g showers. Very ulow r i s i n g 

showers however s can be confused wi th o t h e r showers which have a l a r g e 

b j c k s p l a s h ("aibedc".) From t h e pr imary i n t e r a c t i o n which occurred f u r t h e r 

downstream. The a l g o r i t h m used i n t h i s c a l i b r a t i o n t echn ique used 

N = N = 5 m . i . p . and EI. = 10 m . i . p . a s def ined by t h e muon c a l i b r a t i o n 

above. 

2 
The x obtained froir. comparing the pi of lies for showers at various 

depths is 

v2 = i ! 1 i cA. k- ck-u/i.K-i,i V 

where N. , is the number of n.i.p. in counter k for showers starting 

in plate i as determined irem the muon calibration; u . , is the error 

C, ie multiplied by some fraction f. To remove this ambiguity, an 

additional constraint was imposed requiring that the sum ot the new 

calibration constants by equal to the sum of the muon calibration 

I-.5U0N _ . . 

y C. = 4 5 
i=.l 

This can be added t o t h e above X us inx a Lagrange m u l t i p l i e r \ Li 

o b t a i n 
7 6 **b IC. N. , - C, . .N. . . . ) 

s i L \ 2 Z 2 2 S / 
i = l j = i t l k = l J {C.a. . -f C. . . o . , . .} • \ 

X I (C - 1 ) 
k=l h 
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.diuugc wit!, .i clKi!ij;i- i-ii C. iron th*.' n;uon value 

Di I i eri'ntial inf.-, <; vrith respect t.> C. and s;c-ttin;* tho i LTiult to 0 the 

liquation 
. 2 N '4 5 

° = ^ - = <! I ( I c-d-N- - " cl,N,L 

, ) c i i = i j=a i ^ i i 
4b M . . N . 

:•>(.'! VM,|-, i his uc-t of equation:: yields the 45 calibration constants . 

With infinite statistics, this minimization technique would bo 

the best way to calibrate the calorimeter. However, the futilities 

are DL>t. infinite and the statistical accuracy limited the results of 

thi:; method. Uccauce this experin.unt was only optimizing with respect 

to Lin: resolution, there arose correlations betweo.n the nalibra* ion 

Ci-iol J ii_ients to reduce the resolution which gave nonreasonalle nota

tion.-. for the cujis tants. Because oi these problems the miiiiiuiî it ion 

method wjb only used as a check on the other methods. 

t. Weighting 

As is went ioncd in Appendix A, the rcspor.ee oi the calorimeter is 

different for electromagnetic energy deposition and hadroiric energy 

deposition. The electromagnetic shower initiated by an electron or a 

photon wi*l have a characteristic length governed by the radiation 

length in the steel of the calorimeter, approximately 1.77 cm. That 

is to say, all of the energy associated with an electromagnetic cascade 
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will be dL-j. or.Iti.'ri .in .1 few radiation lengths. Hacronic ahcwei :•:, on the 

other hand, have a. char act ci'-Ls.tic. lesgll. equal to the .a ̂. r ption length 

oi- the; Ciiorii7.ar.er, a;.:.r̂ xi;:.ateiy -7.1 cm, an order <. i magnitude larger. 

Also, the toLal n;eat,ured energy in an eitet: or7.,:gnei i,. shewni is la: f]vi 

than a hadroric shower ~inoi the electromagnetic showe: will not lose 

energy to the nnsampled r.uclear sector. The response-of the calori

meter {"or electromagnetic energy deposition would then be fairly short 

showers with large false height?, while hadronic showers would be longer 

with reduced pulse height. In addition, the resolution is better for 

electromagnetic cascades because there is no width usually associated 

with enc-rgv lost to the unmeasured nuclear sector, 

because OL these differing responses to electromagnetic and hadronic 

energy, the measured energy will be sensitive to fluctuations in the 

•n content in the primary hadronic shower. Since the IT decays almost 

instantaneously into two photons, showers with a large n content wil.l 

have most of the beam energy deposited as electromagnetic showers, being 

±airly short and with large pulse heights. This eliect in the data can 

be studied by invest iga ting the dependence ot the total «.'norp,y and 

resolution on tho second moment of the distribution n , where n is 

defined as 

i=l x i = l 

N. is thi? nuinbei' oi m.i.p. particles in counter- i. for a uniform 

distribution, n is ..149. For a triangular distribution over five 

counters, n is .48. The 1 distribution for an l.B, run is shown Ln 

figure 13. The dependence of the calorimetry parameters on the second 

moment is shown in figure 14. Increasing energy and improving resolution 
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t o r an i n c r e a s e in the second moni_.ui i L- i n d i c a t i v e o! a l a r g e r TT 

component. 

To m i t i g a t e t he second moment eMoct>; de s c r i be d above , a weighted 

p u l s e he ight was used in c a l c u l a t i n g tho measured energy . The weight 

ing func t ion was taken t o he of t he form 

w. = 1 - xf(H. ) 
1 1 

where x is some fraction of the function f(N.) to be determined 
i 

empirically and w. is the weight fur counter i. The measured energy 

is then ^5 
K j w.d.N, 

I-
where d. is again the thickne;,. late i. and K iw a normalization to 

insure that the average weighted -juv.vzy ,i.<; equal to the average un

weighted energy. Several functions wort- tried tor l(N.). figure l'J 

shows the energy and resolution of tin1 calorimeter a:; a function of 

the traction x for a linear form of '(N.) 
i 

i(N.) a N. 
1 .1 

A clear minimum in the resolution is apparent. All of the ! or inn 

studied for f(N.) gave a minimum in the resolution. Tho final iorm 

of f(N.) used was the lineal1 function 
i 

f(N. ) = N./1500. l j. 

Noting t h a t t h e minimum occurs a t x = . 2 , one o b t a i n s ttie f i n a l 

weight ing f a c t o r 

w. = 1 - 1.3ifxlO"M N, 
! • J 

For measured energies less than UQO CeV, the weighting factor was 

given an additional energy dependence 

- 6 5 -
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where E„ T, A- is the unweighted measured energy in GeV. E _ c was used rather 

than the beam energy to avoid systematic effects for events with a large 

amount of missing energy, A logarithmic plot of the measured energy after 

weighting is shown in figure 16- There does not appear to be any nonGaussian 

behavior in the measured energy. To reinforce this point, the same distri

bution is shown in a probability plot in figure 17. This distribution is 

linear, indicative of a Gaussian character. 

The response and resolution of the calorimeter usi" g the weighted energy 

are shown in figures 18 and 19. A fit to the form A + BE T _. „. for the weighted 

energy yields A=2.5±.3 GeV, B=1.0D3+.004 with a X 2 of .34 per 5. degrees of 

freedom. A similar fit to the unweighted energy yields A=1.1B±.27 GeV, B=l.DC3i 

.004 with a X 2 of 2.8 for 5 degrees of freedom. The negative offset may a'rise 

from slight pedestal shifts during the spill. Also, there seems to be a small 

systematic (1-4% increasing with deer-easing energy) shift in the weighted energy. 

This shift may be due to a miscalculation in the; licit energy scaling in the 

weighting formula, Taking into account this negative offset, a fit to the 

weighted energy of the farm AE" ... ior the resolution yioids values of 71.311,8" 

and -.510+.005 for A arid B respectively, with a X 2 of 27 for 5 degrees of freedom 

A similar fit to the unweighted energy yields A=(J4. 3+1. &%, B=-. 4841.005, with a 

X 2 of 19 for 5 degrees of freedom. The X 2 for the weighted energy gets a large 

contribution from the low energy points where the weighting scheme may te losing 

its effectiveness. Titting only from 100 to 450 GeV yields A=&1.4 + 3.MA and B = 

-.4&41.01D with a X 2 oi 8.7 for 3 degrees of freedom. 

In conclusion, the weighted energy appears to be a good measure of the 

calorimeter performance at large energies. Degradat-inn effectr, begin to JJ ; c/u 

at the lower energies. The calibration nothods ano the resolution.--, obtained 

from these measurements aro shown in I'.̂l 1.-- II. 
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Table II. 

<'al iln.it i<̂n renultr, 

Method. 

MUONS 

SHOWER DEVELOPMENT 

MINIMIZE RESOLUTION 

SHOWER DEVELOPMENT 
WITH WEIGHTING 

C. Rate Corrections to the Encrp.y 

Figure 20 is the measured energy at a high beam rate (30t) kHz). 

The clashed liistograin in figure 20 is the low intensity measured energy 

with the same number of events. 11. ir» clear that the measured energy 

suffered from beam rate effects. The origins of these effectr, stemmed 

from two sources. The first source arises from contributions to the 

total energy from beam particle that preceded the triRp.orinr. particle. 

The second source of rate uFfeetR is du*» to pain n 11 i F t r: in the photo

tubes due to large currents in the anodes aur.oc iat rri willi HIP high 

counting rate. This second effect was mentioned previously in the 

discussion on apparatus, fortunately, data was available to rorrrct 

the energy for tl—" rate effects. The corrections applied to the 

data to overcome these effects are discussed below. 

1. EVENT HISTORY Correction 

The pulse height -"'" - :'ciatr<l with a shower in the calor iin'.-U'> h,nd 

-7?-
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Fag. 20 High intensity measured enercy before rate corrections 
(solid histogram) and low intensity measured energy 
(dashed histogram). 

a lonp, tail extending out to sovorU hundred :,riv,on,.r_ n;rl.'. . At hip,h 

votes, when the separation betweon consecutive be.im pnrticleu do-

creased, it was possible far another h-?am parttc'.e co irnpinp.e ori tff! 

calorimeter while the tail from the previous particle was still finite. 

This would lead to a measurement of the energy which was too large. 

The flasher system and the rLASHEK M1ST0KY were used for studying this 

overlap effect. Once the effect wan understood the EVENT HISTORY 

could be user! to correct the calorimetry data. 

To determine the amount of pulse height from the tail of preceding 

particles to the flasher signal, first the amount due to the flasher 

itself must he determined. To do this one uses the flasher data from 

the LCD events taken before the spill. Using the flasher values for 

reference tube 1 and the calorimeter counters on this pre-spill event 

one forms the ratio 

i;. = (n,./KtT 11 „ 

a. l LED 

where RHF 1 is the reference tube 1 flasher value and Ph. ir. rhe fl.ishor 

value for counter i. The LF.D indicator on this ratio moanp that it was 

measured on pre-spill events. To calculate the counter flasher valu^ 

for the event flashers, one uses the reference tube t value f"r the 

event flasher and the above ratio. The calculated founter *»vnnt flash

er value is then 

( r , - i > " r N T = « n . . / R r r 1 ) ] j E n (RIT I I E V K N T 

= R, (rax i ) r v r l l T 

Subtracting this calculated vnlu*1 from the actual! flasher v.il«i<% 
I 

(rh.) F ,_, yields the difference duo to the tills from the p.irt ifl^R 
before th> flasher. To study the time dependence of this effect, those 



events with only one hit in the FLASHER HISTORY have been selected. 

Figure 21 is a plot of the function 

31 
fit) - l (Fl.(t)) - ( F L t ) ^ T 

1 = 1 

versus the position of the beam hit before the flasher in the TLASHER 

HISTORY where the sum over i is all of the counters which view the 

flasher. {\ fairly logarithmic dependence on the position is evident 

for times less than 20 r.f. buckets. There is an indication of devia

tion from this behavior at later times, but the effect at these late 

times is small and the statistics are poor. This behavior for each of 

the flasher counters has been fitted to a form 

,.(t) = ( F V ^ W T - ^ V E V E N T ^ I ^ 
where t is in r.f. buckets. A. and \ are to be determined from the 

data. Figure 22 shows the X 2 distribution for this fit for various 

values of A, where X 2 is defined as 
50 31 -t./A 

*! • 11 < w - v * >^ j ( V 

where the sum over i is for a hit within the first 50 r.f. buckets of 

the FLASHER HISTORY, the sum over j is all of the counters which view 

the flasher, and a^-(t:) *-s the error in A-:(t£). The miniTium occurs 

for \=7.5 r.f. buckets although *= 8.0 buckets is not significantly 

worse. For * = 7,$ r.f, buckets, A. was approximately 20^ of the avor-

age shower profile value in counter' i. With A. and \ determined, the 

EVENT HISTORY hit distribution was then used to correct the measurei 

calorimeter energy. A plot: cf the energy I-'-cro and after t'.ie LVENT 

HISTORY correction is shorn in fij-ure 2J. The dn&hfxt hisUH-ran; in 

8 10 12 14 16 
POSITION TO FLASHER GATE 

20 22 
(RF buckets) 

Fig. 21 The function f(t) as defined in the text versus the position 
of the hit in the FLASHER HISTORY before the flanker gate. 
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figure 23 is the uncorrected energy, A significant portion of the 

high tail is now removed from the data. The residual tail will be 

discussed in a later section. 

Although the EVENT HISTORY correction removes some of the high 

intensity effects, a glimpse at figure 23 indicates That there are 

additional rate effects. One such effect is discussed next. 

2. FLYING SCALER Correction 

Prior to the data taking, measurements were performed on each of 

the phototubes to study the effect of the gain at high anode? currents. 

These measurements were mentioned briefly in Chapter III and are dis

cussed at some length in Appendix B. The residual rate effect men

tioned above could certainly be associated "with these effects. The 

FLYING SCALER was mast useful for studying these effects. Although the 

fluctuations are large, a 400 GeV proton will deposit some average 

number of m.i.p. in each counter. Keeping track of how many protons 

hit the- calorimeter and when they arrive will give a measure ot the 

current in each phototube since the total current is just the charge 

deposited at the anode from a single m.i.p. times the eve-rage number* 

of m.i.p.s per proton times the number of protons per' second. It in 

possible to study the measured energy a:; a function of this current. 

As discussed in Chapter III, !he TLYTMn SCALER contained twelve 

scalers. For each acoder the number of protons in a given time inter

val and the tine before* the ovtia at which this intensity occurred is 

available. To study the rate effects with the- FLYING SCALER, it K.U; 

useful to parameterize the FLYIliC SCALLK duta In terms of a quantity 

- 7 0-

called the rate parameter, n, which accounts for possible relaxation 

effects in the gain shifts by using the time information of the PLY

ING SCALER, n is determined from the FLYING SCALER by the relation 

12 -t.A,,_ 
n = I N e 

i=l 

before the event which this i scaler was counting. A is a charac

teristic time associated with the intensity effects on the phototube 

Figure 24(a) shows a plot of the fractional change in the rneas-

a clear monotonic dependence on the rate parameter. The dependence on 

on the rate parameter which best approximated an exponential distri

bution arid was thus chosen for the rate parameter calculation. As a 

comparison, the dependence of the fractional energy on the total number 

of counts in the FLYING SCALER (A „ = ») is also shown in iigure 2M(b). 

The fractional energy change does not go to zero with X = u> as ex

pected if the A,.- - <= rate parameter was a good indicator of the rate 

effects in the phototube. The measured energy in these plots has been 

corrected using the EVENT HISTORY correction. 

Although the energy dependence on the rate parameter was not a 

simple function, this dependence coaid still be used to correct the 

energy for this effect. This is done by simply interpolating between 

the data points in figure 2<*{u). for a given event one first calcu

lates the rate parameter frum tJi-j FLYING SCALLK data. Having determined 
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Fig. 24 (a) Fractional change in the measured energy versus the 
FLYING SCALER rate parameter with A =300 usees. 

Cb) Fractional change in the measured energy versus the 
TLV1NG SCALER rate parameter with \ „ . - " . 

the iMn?,e i:i which this parameter lies in figure 24(a), a linear 

interpolation scheme is usee to determine the fractional energy shift 

with 

n 2 > n > m 
-r-(ri.) is the measured fractional energy change at the value of the 

rate parameter n.- Having determined the fractional change, the FLY

ING SCALER corrected energy is determined from the relation 

where E
MrAq ^ s t^ i e u n c o r r e c t e ^ energy, Picure 25 shows the EVENT 

HISTORY corrected energy before and after the FLYING SCALER correc

tions. The final corrected neasured energy relative to the low in

tensity measured energy is shown in figure 26. After applying the 

cuts described below the final resolution was increased by approxi

mately 3% of the low intensity value. 

D. Data Cuts 

In an attempt to reduce low energy tails arising from systematic 

calorimeter eifects. cuts have been applied to the; calorimetry data. 

These cuts are discussed in detail below. 

\. Position of Primary Interaction 

Events with a large amount oi albedo which occur in the first 

plate will tend to have a lower energy than the rest of the events 

because this albedo leaves through the iront of thu calorimeter. 
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The: -j large albedo events -.'. \.l J1:;O give a largo puli'1- height in 

counter 132 winch is mounti to thr; ironi U» the i jr:-;t plate. By 

Including 'J2 a:; >I counter ;, ;.be ̂ liowur iii,«t?]\i thm i or determining 

the beginning of. the shows.. , thene .large -vlbedo events v;ill appear 

as showers which begin bei> ;o the first plate. 

Figure 27 shows the m< ,•-, • < ' •• ' •• ; v. 

beginning. The beginning , • the shower is defined as the first counter 

with more than 30 m.i.p. i. lowed by another counter with more than 30 

ra.i.n., a sl'ghLly different definition than used previously for the 

shower development calibration. A systematic effect is seen for events 

which begin close Lo Lhe i.- .̂nr of the calorimeter. Accordingly, a 

cut was applied requiring t.uit the shower her.in in or beyond plate I 

as determined I rotn the dl^ r Lthn. A .ut was ul:s- applied requiring 

that the interaction occur: <_-A beicii; the 10 ' ; '.,uu I'J help remove 

abnormally long shower;;. 

2. Total Energy Sum 

A cut was placed on the data such that the total interaction had 

less than 500 GeV total energy. This cut was used to eliminate events 

with two particles in the same bucket. 

3. Shower Profile Cuts 

Although on the averag.- the hadron shower is completely contained 

in the calorimeter, longitudinal fluctuations in the shower profile 

could yield systematic effects in the measured energy. In particular, 

very long showers h d v c l o w e r e n G r g i e s d u c t 0 p a r t i c l c s lost out 
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of the back or side of the calorimeter. 

One source of longitudinal fluctuation would be showers that have 

a high energy nadron leaving the back of MacMurphy giving a large pulse 

height in the Chief with possible energy being lost out of the back of 

the calorimeter. One indication of this would he large simultaneous 

energy deposition in contiguous Chief planes. This can be studied by 

using the variable 

SUHCON = MAXIMUM ( r J H I E F
+ n ? , I E F ^ 1 ^ . .. 

CHIEF CHIEF CHIEF CHIEF CHIEF CHIEF, n. * n i + 1 +n. + 2 ,...,na +n g + n 1 Q ) 

where n. is the number of m.i.p.s in the i Chief plane. Figure 

28 shows the measured energy as a function of SUHCON. There is an 

indication that for large values of SUMCON the measured energy is lower 

A cut was applied to the data requiring SUMCON be less than 30 m.i.p.s 

Another source of fluctuation would be the relative amount of 

energy deposited in the first 20 plates to the total energy. A. small 

value for this quantity would indicate that most of the shower occurs 

deep in the calorimeter. The-o long showers could nroduce particles 

which leave the calorimeter through the back or the side. Figure 29 -

shows the measured weighted er.yrgy as a function of the fraction 

20 
I 
i=l 

where E. is the energy measure in counter i. A systematic effect on 

the energy measurement,is readily apparent. The data wat, cut -̂ requiring 

that the ratio :,R be greater t.\ tn 0.5. „, " ;,„ 
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A number of minor cuts K M e ;.ut on the data to help improve the 

quality of the beam. These cuis consisted of requiring the pulse 

height in BO be less than 4 :-..i.;.. and that the number of hits in the 

U ' PWC be less than or e<.>uai to ." in both x. and y. A cut was also 

applied requiring that the- inniantaneous bean; rdif before the Lrigfier

as calculated by the r'LYING SCALER rcte parameter be loss than 212.5. 

Tills last cut was used to facilitate the PLYING SCA.Li:F, rate correction. 

5. Muon Cuts 

Maoris created in the hadronic shower will give rise to a low 

energy tail similar tc v production. Tho^e muons would leave the calor

imeter without interacting, losing energy only through ionization. To 

be aurc that onlv vs iir*j t;.ivfii.r rise to a low energy tail, the events 

with unions in the final ritate have to he r«moved from the data sample, 

Events with :uuons in tht_- data wero eliminated using two cuts, both of 

which rely on the ! -ict that the rauon's penetrating power offers a 

unique signature for identification. Kuona which were at low angles 

to th« bcajn lino were eliminated by a cut on the dhicl pulse height. 

V.'ide ang.le muonc ŵ -re cliriiir.tJtfd us i n̂ . the teroid acrylic countci 

iiii'onnut LJL. '• In- tiorylic counters 'tre shown in figure 9. The pene

tration oi the '•teel ir. Irunt ct these counters gives a clearly identi-

i.iud mucin. Thi' spark chamber information was not used since this datj 

was not available for all oi the runs. 

A m.i.p. in a given Chief plain-* was defined cis any counter in 

that plane giving more than ,'Ab times the muon calibration value ot a 

m.i.p, in the Chiel: 

-90-



where (1 m.i.p.). is either 0 or 1 and means that the Chiet plane i 

had indications of one or more m.i.p. (1 m.i.p.)^ is then summed, 

over all of the planes in the Chief. 

10 
TOTL = I (Im.i.p.J. 

• 1 
and a cut was placed on TOTL to remove penetrating particles, i.e. 

muons. 

To find the position of this cut* the TOTL distribution is studied 

for events with previously identified muons in the Chief. Events with 

TIIUon triggers were selected for this purpose. It was also reqv ired 

that these events with muon triggers have only 1 reconstructed track 

in the spark chambers, that the momentum of the muon be me?"ured in the 

toroid spectrometer, and that the transverse position of the track be 

such that it penetrated all of the Chief, These constraints insured 

that a real rauon penetrated the total length of the Chief. A large 

beam rate was also selected to take acount of a.c. coupling effects in 

the first few chief planes. Figure 30 shows the TOTL distribution for 

these events. There are only 2 events out of the 14,923 events in the 

sample with TOTL less than 5. Thus for the l.B. events it is required 

that TOTL be less than 5, A calculation based on the measured rr.uon 

rate from unbiased proton interacLions (i'i) yields a contribution of 

.25 events with muons which passed the TOTL cut in the iinal data sample 

Wide angle tnuuris in the data sample were eliminated by requiring 

that no more than 1 out of the 3 acrylic counter planus Firea. The 

efficiency of an individual acrylic counter was determined by comparing 

- 9 1 -
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the number of timer; all thv-(,i ci I U- acrylU: JM.'HW-I; tired to UK> number 

of times only two of the planer ! .iro! 1'or IMOU ivenLS with recon

structed nomtiitum. Since the aiuon tripj^r only required that two ol 

the counti-i a fire, this; r.-.czhca £ives an unbiased moufur'"' oi the counter 

efficiency. An individual counter thus measured cave dri efficiency ol 

approximately $0%. The efticiency of the acrylic counters for detect

ing muons if (.wo or more are required to fire is then 

t F,irnr = r'"J + 3H2(1-P) ^ .7 29 + .243 = 97.2% 

WiDL 

where P is the efficiency per plane in the acrylic counters and Pu,n,-

itj the total probability of the acrylic counters to detect the muan. 

Us inf. the prompt u/tj ratio of 10 measured in pro ton-proton lriter-

.T-'.lon:; [W)} and taking N = 10, the calculated number of events in the 

data sample due to wide angle muont; only ir. 

"HIM. = 1 / 3 * mmi * 1D~" r • '?yA0' P R 0 T 0 N r * ""W 
AN(*LL 

- 1 .u events. 

The lactor of 1/3 comes from those wide angle muons which also traverse 

the Chief and were subsequently eliminated by the cut on TOTL. This 

calculation assumes that the prompt muons come only 1rom the primary 

proton interaction in the calorimeter. 

The effect of these cuts on the low intensity J.B. data was to 

decrease the resolution from 3-48?, to 3.10% and to eliminate 16% c.f 

the events. Tor the whole data sample, the effect of the cuts was to 

reduce the number of events from 197,169 to 150,499 and to improve the 

resolution from 3.84% to 3.51%. The fraction ol events lost due to the 

various cuts is shown in Table III. The energy distribution after all 

"•ywn m i lg 

. : < . - 11 

.,.,,. RS l o s t by cut . ; 

T rac t ion Lost (^) 

5 6K 

1 

4 

I 

77 

76 

75 

3D 

61 

Ferctiitat-' 

Cuts_ 

Bog inning oi" s hower 

Total energy 

Ratio of energy in 1° metej 

L'nergy in Chief 

Muon in Chief 

Wide Angle Muons 

Good Beam Particle Cuts 

Particle in ADC gate 1.37 

Rate Parameter 3.80 

HALO cut 1.B0 

Unique beam track 3.75 

Clean beam requirements 5.51 

Total iractiun of events lost by cuts 23.55 
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Fig. 31 Final calorimeter measured energy after all corrections and cut 

CHAPTER VI 

Results and Conclusions 

How can the energy distribution shown in figure 31 yield infor

mation on the production of neutrinos and other neutrino-like particles? 

First, one must determine the contribution due to the calorimetry 

process alone in the low energy distribution in figure 31. Excesses 

beyond this measurement contribution then allow us to set limits on 

the production of weakly interacting particles- Given a model for 

this particle production, one must calculate their contribution to 

the calorimeter response for each of these production models. From 

these model calculations and the observed distribution, a maximum 

likelihood analysis then yields the amount of cross section going into 

these neutrino-like particles. 

A. Calorimetry Backgrounds 

At some level one expects that the measurement process in hadron 

calorimetry will obey the law of large numbers leading to a Gaussian 

response function for the measured energy distribution. figure -3? 

and Table IV are more detailed versions of t)w energy distribution ui 

figure o.i. If we compare the data to the Gaussian distribution calcu

lated from a fit tc the low energy side of the measured energy distri

bution, a slight enhancement is noticed. One is leary of claiming 

evidence for prompt neutrir.es based on this data. There could ^e 

additional sources oi background that might fake cuch a signal. Al

though the data has Leer, cut to ensure complete containment of the 

liadronic shower, the? e is ;,c def in it .vt way oi r-: 3 ing out an inr ;•,<!.-< u: 

-36-
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Table IV. 

Cxpected and observed number of low energy events 
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Fig. 32 Low energy distribution oi figure 3.1. The dashed histogram 
is the measured energy cHFtr-iLrution expected from a Gaussian 
response function uc-in;; the o obtained frcm ,i fit to nhe 
low side of figure 31. 

Energy Gaussian Data Excess 

355-360 201! 191 -13 

350-355 61.1 66 + 1.9 

345-350 17.7 26 8.3 

31G-315 1.27 8 3.73 

335-3'40 .31 2 1.09 

330-335 .17 2 1.63 

<330 .01 3 2.96 

fluctuation in the transverse energy deposition with energy leaving 

the sides of the calorimeter. A naive calculation indicates that, the 

hic.h p process usually d^EOciated with proton-proton interactions is 

unlikely T O cause such a fluctuation- Nevert.ie - ess , t;ome heretofore 

unknown mechanism i::,iy produce such events. L.r P-,c amounts of energy 

Leaving the :;vrc e-J the cslcriineter ccorns unlikely ay a source ol a 

ii>w energy : ̂ i- . 

AL; well i;s the <ilov- mentioned barkground, an enhanced energy 

wJr-".triL'Utic>, could iiriFe li'ur, neutrino due to decays of n.i find Kr, 

;.reduced in the hadronic shower, -.v.nr iaerinr The iacl that the- neu

trino enerr.v has to he f<0 :"<c\' or nor*-, the contribution fro™ ^ and. K 

j.eray can he estimated i.y jupt considering the i irr»t interact inn in 

the calorim^t-'i . Realising that the L, rroduced i:: any decay ha:; to 

r..in>*,e out in the calorimeter tor "the evt-nt to he accepted due tc the 



TTiuon puts on the data, the number of decays is then 

i-MAX , ,Dhad , , , 
K ^ n = BR(h-\>> W L , "n / P, (E ) Hi- (E )Pp!\ n(E JdE 

decay J E. r K ^ S O E >50 

where 

had P 
'THREG dE 

had 

BR(h-v) 

N„ 

THRES 

phad 
* decay (t ) 

= neutrino energy 
= the number of events with E c r eatcr than 50 GeV v 
= the number of Trs (Ks) produced per proton in 

the data sample 

= branching ratio for the hadron to decay to a 

neutrino 

= the total number of protons in the data sample 

= the threshold energy for production of 50 GeV 

neutrinos 

- the probability ttiat a particLo of energy E f 

decays within one interaction Irnpth in the 

calorimeter 

= the probability that a particle of energy E' 

is produced in the first interaction 

= the probability that: a particle of energy E' 

dr*oays to fiive a neutrino onerj'.v f.'.r'Rat i»r than 

50 GeV 

= maximum hadrtn energy cen:; iuroiit wi-:: u mnp.e 

out In the calorimeter 

The decay probability within one interaction i.onj\th is yimply 

had 
(E ) 

„had 

"MAX 

decoy PfCl 

where fc"Y is the Lorentz factor 

T is the hadron lifetime and A is the pion absorption length in the 

calorimeter. The production probability is taken to be of the form {48 

E77 = M**} [ 1 + P T 2 / M 2 ( V ] " dp' 

maximum value of this quantity. The neutrino spectrum is taken to be 

flat from the threshold energy to the maximum allowed neutrino energy 

for the decay. This is of the form 

had . . _ ETJIRES 
*E >50 l E ; " 1 ' L? v 

For the two body decays 

it -*• p v , K •+ p v 

the muon energy in the decay has a probability distribution which is 

flat from 

M 

- L L. < i: < E. 
M i h - w - h 

h 

t i v y l y , E i s t h e muon e n e r g y , and M L. thft muon liksi.}.. l o r t he decays 

t o c o n t r i b u t e t h e u rr.ust r ange out in the c a l o r i m e t e r which p l aces an 

upper l i m i t of l e s s than J . 5 ;>-V ; o> ±1 •; energy. Thus, n douny l(H d ^ ) 

= .57) 4 l . :d a t ino^t v le i i i j . , 7 "vV :.<-. ;:t r i n.:. ot.d :;.ati:;iy t he cemji-. ion 

en tiit. ;-iuun ni:.-r^v. !'._: r .:••< ,iv ( (" /K. )" .(i'.L) t h e r e i:-> a i iinge OJ 



50 GcV n e u t r i n o 

In t h i r c a s e t he p r o b a b i l i t y for i !>0 Ct-V m;uti inu in t he decay i s 

MlNTMUMCi.1;-;: ,U1 - -£>E - !->0)1 

• r > l ( 0 t i - J ' "J ? 
'v { ( i - M / M „ )]•.;') 

U K 

Tor t h e t lire Li body e l e c t r o n i c decays o.f Lho kaons 

t.,o o , +• ± 
K ~f It CM 

all Kaon energies above threshold contribute. In this case the neutrino 

energy in the decay will range from 

0 < ;; < ti - <H_?/niK )lUK 

Thus, kaon energies above 'j2.'i wilL contribute. Cutting the conditions 

into the- .lbuvc intL-gral and using the production spectrum and multi

plicities (.scaled by l.ti'j to account t ui nuclear eiitcts) for K",K 

production Jn proton-proton interactions t'tO}, the iollowing is obtained 

N(K~ -»• Mv) > = .0006 events 
v 

NClC.K > TTOV) - .005 events 
v 

for a total of .00b events, Therefore, shower particle decay is a 

negligible contribution to the low energy tail distribution. 

Although there may be sources of undetermined background in the 

low energy tail, this data can still be used to sot limits; on the pro

duction oT neutrino-like objects. One can rely on tht fact that at 

best, the number or events from neutrino-like sources has to be loss 

than or- equal to the observed data. .In this spirit, the final pro

duction limits established in this thesis have been determined fox1 
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(2) « normal CJ..;^ la:- h;̂ ,̂;: our.u ft: r all event:; 

(,"5) the observed d.-;it;> i?, ̂11 !•••-.\groun3 

where the Gaussian background is calculated from the o obtained from 

a fit to the low side oi" the r.if-asured energy from :i35-')00 C.eV. This 

fit yields a value for n of 1 '.\. ? 5 OV/e with a x' of 16. S for 13 

decrees of freedom. The a for the whoU> distribution is 1M. 0M GeV, 

but this value is affected bv >ho high enorr.v tall of tin* distribution 

discussed belov/ and h; nor a ;'ood measure ot the Gaussian response on 

the low energy side of the distribution (n x ? ol" u u-3 for 13 decrees of 

freedom). The true upper limit is clearly case 1, but it is worthwhile 

to consider the other two cases af. well to pet an indication of the 

ranRe of cross section values consistent with the data. 

I). High Energy Tail 

The prominent teature of the 1 inal measured energy distribution 

is the tail on the high energy i^lde or the measurement. What is the 

origin oi" this tail'.J How does it effect the result;:;, of this experiment? 

If we compare the high tail in figure 31 to the energy Lei ore the rate 

effects are corrected, :diown in i igure 20, a stronp, similar ; ty is evi

dent. The i'Li'INC. ^CMA'.R correction i:; not l.irge <'iiuur.li to account lor 

this tail, being at must d t -_-w percent. Ii i :• nimilai though^ to the 

energy distribution obtained \ <M Lho.'.i.- even!;, when there is evidence ol 

particle- hitting ihc r.alorin.et.j: iuriu;- the <UH" ,\.ite vit» indicated by 

file://-./groun
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the EVENT HISTORY. The following discussion considers this hich cncxy,y 

tail in detail. The point of what follows is that the hi&h energy tail 

is due to an extra deposition of energy in the calorimeter and does not 

el feet the physics of the low energy tail. 

There are two possible sources which could deposit mere tlian 

400 CJCV in the calorimeter and both involve the fact tlicit it is possible 

to have more than one particle in or near the r.f. bucket of the trig

gering particle. Approximately 20% of the high intensity data was se

lected to investigate these sources. Considering just those good events 

with energies beyond 450 GeV, there are 43 events in the hi^h energy 

tail whereas 7 events are expected. Thus, there is an additional 36 

events not accounted for. 

Recall that a subtraction is made to the measured energy for tails 

arising from beam particles before the event. This correction is of the 

form 

iE(t) = ,\ B" t A 

where X is 7.5 r.f. buckets. The- EVENT HISTORY which is used in this 

subtraction records only whether there was a particle hitting the- calori

meter, not how many particles. Thus, there is no way oi telling whether 

there was one or more than out particle in the bucket before the event. 

Lookinf, at the l.VENT HISTORY attribution for the "3 events beyond 't!,C '"-oV, 

there are 10 events with hits within 20 r.F. buckets oi' the beam purlicle. 

One expects only 1 events with random hits from the EVENT HISTORY distri

bution from the total sample. Events with double hirs beyond 20 r.t. 

buckets could not contribute a significant amount fi. the measured enerrv. 

It all '',1 these hits \,-ere ooubl..- hits then trl; would explain I art. of 

the liif.h energy tdil. Is this number c\u,si:.f. i.:. with ;•.,-. t...i.il i.VL'NT 
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HIST0RY distribution:' rigure 3C is the distribution of the first hil 

in the EVEMT HISTORY other than the beam hit. The distribution in 

figure 33 can be used to calcuiat' the number of events expected with 

double occupancy in a bucket. The double occupancy probability per 

bucket is simply 

II. P. = 

where P. is the probability per bucket for a hit in the E V W HISTORY, 

hits in bin i, and the factor 2 comes from 2 buckets per bin. The 
BIN. 

double hit probability is just P^QU^T^ 

BIN. , N, 2 
P 1 = 2 F = h < — - — ) DOUBLE 'i \ o m 

where again the factor 2 comes from 2 bucket;; per bin. The number of 
BIN. 

double hit events is simply N,,.,.:.,. 

BIN. BIN. 
.. i = , J 
"DCL'BLL L'OUTaLi: "TOTAL 

'1'he number of events calculated from th-. above- prescription is 13 events 

lor1 hit;: up to ^o Luckets berore the event which is not inconsistent 

with the 1C events observed. 

A similar high energy tail wcitid occur If particles were hitting 

the calorimeter ait«i the beam r.it and iKiriiig, the ADC nate. These 

events art; elinan^tec in the dfialysis by checking the EVENT HISTORY 

distribution within this tin.a period. However', if the LVLIIT HIST^KY 

were inefficient then a few such events could sti.ll be in the final 

sample. The light Hasher system was used to investigate this source 
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Fig. 33 The distribution of the t'irat hit in the EVENT HISTORY other 
than the triggering purt.ic.lo for the high intensity data sam
ple considered in the text. 
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j:..ing a sample ui dura in the lut^r p«i t of the run whei e tne titiiir.p, 

for the rLAGItr.F. HIL'TOFV vjas vr^ 1 defin- . (see Chapter H I ) . A: z-r 

subtracting the contribution tc the ..ounter Masher pulse heigh; du« 

solely to the flasher (,.dS in Chapter V ) , the additional pulse height, 

can be converted to an energy ar.c studied versus the hhASHLr, HISTOKY 

distribution. Taking only those events where there is no hit in the 

l'LASHER HISTORY during the ADC £-ite, 27 events are obtained with j <j-

siduai energies greater thdn 7C GeV out of- a total sample oi nOjt 

events. Upon further inspection v.: these ?." events, C- ̂ jve .J on-ar 

indication ei: a ro.i* additional energy deposition. Ur.inf, this fraction, 

one would expect "V events ir. tht 20% i.itu sample and could thus account 

tor all of the ovents in the high energy tail. However, the cuts applied 

to the total data r.arnj lo will change this fraction. It is dilfieult to 

•:i;i:;er.:i the cM'Teets of the -"-.its on the light flasher merries since eh*? 

light i laslior energies are not subject tc timirif. requirements in the 

trigger and othor possible i.iu;es which ^xist in the 2 £>'%•, cata sn:;ipli.>. 

however, if oru"- just uses the Known eiiects of the eutr. rr. the- . (Tf .hn.a 

.'Mioj.ie, we obtain V.tj events in the high energy tail attr ilutaL.lt.- i >. 

this source. ."..Lthcu£h the evidence is not <.•'. nclur:ivo, there dct_-r L-tj«.:r:i 

to be an indication that sor.e miction oi the high energy tail is .h,e to 

i.ViiNT HIJT0RY inoi : icieucios. 

II the hij'h <--nergy tail i.- due to extra particle;: hitting tl.o 

oa.loriiTKjtei- within tho AIX gate time, then aoait nuTTvhev ot theov oxti ,i 

particles will idiot-.* up us additional pulse, height in the lean -iff i i; ing 

c<. 'liters. To study this ericct, one can f>ok at the pulse heigh* distri

bution of thu beam counter Cu. Figure ,*u .it; a plot of the Hii d I r - w il-ut ion 

tor the '(3 event:; beyond 4^0 C-eV. AJso 7 hewn in figure 3J» ir the ringfe 
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Fig. 34 The pulse height distribution for the beam defining counter 
30 for the 43 high energy tail events discussed in the text. 
The dashed histograms arc the single particle (1 PART) and 
two particle (2 PAKT) distributions normalized to U3 events. 
The last bin in the two particle distribution represents the 
overflow for pulse heights greater than 5 m.i.p. 
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particle and two particle (calculated from the sirgle particle) BO 

distribution normalized to U3 events. Although the actual distribution 

resembles neither of these other distributions, it appears that there 

is some contribution due to two particles. A fit constraining the sum 

of the single and two particle contributions to be equal to the total 

yields 18 ± 3 single particle and 25 ± 3 two particle events in the 

above distribution with a X 2 of 35 fc>r 6 degrees of freedom. The pour x?' 

simply indicates that the one and two particle contributions ore not 

clearly resolvable in ti-e EO pulse height distribution. Nevertheless, 

this does provide, addil ionai evidence that the high energy tail is due 

to a real extra deposition of energy, 

After- subtracting the number of events from double hits in the 

EVENT HISTORY correction and ? particles in the BO distribution, one 

is left with 1 ± 6 events. This is within statistical accuracy of 

being zero. The above discussion thus provides evidence that the high 

energy tail is due to additional energy deposition and that the physics 

of the low energy tail is not affected by this deviation. 

C. Missing Energy Monte Carlo 

The production oi neutrinos or neutrino-like particles will pro

duce.' an enhanced low energy tail on the measured energy distribution. 

How iriui.li enhancement wiiJ depend on the production dynamics of iĥ iifj 

pirticJus and on the retioiuticn of the calorimeter. A F.oute Carlo 

calculation was pert >: - r*t\: to determine the effect of the product >-n ol 

tJA'Sc particler.. The- noutrinc-like particles are as&uiM-'J to Lf,- ;. I odut <•;••! 

in till) primary pcton :;,:« ac: ic:. wizl. •- n̂ r.vai 1-jr.t --ICI;L :r_-r\loi. >: l\,'; 

http://iriui.li


form 

dp 

where p T is the transvcrae momentum oi the particle, and y. io the 

Pcyrunan scaling variable: 

\ - ]' "/? T I. I. MAX 

L MAX is the Maximum kinematically allowed momentum in the cents!1 of 

mass. After transforming to the lab frame, the response of the calori

meter is determined by the relations 

£,„,,. - MOO-E ; o„_„. = 13.85 ( E M r. /400 )'S 

MEAS s; ME AS ML AS 

where L is the neutrino (or neutrino-likc particle) energy in the lab 

frame, E . in the average measured energy, ",,;-. r is the width, and 

13.8b i:.i the calcrimr.-ter resolution at 'tOO GeV from the fit discussed 

previously. 7'he square root dependence J.c obtained from the study of 

the resolution versus incident beam energy discussed in Chapter V. A 

random number is chosen from a Gaussian probability distribution with 

a mean and width given by the above relations to simulate the calori-

nn:tcr. This calculation was then pc-n'ormed a large number of time:; to 

obtain the probability distribution, P(E ), the probability per pro

duced neutrino-like particle that the calorimeter will measure a £,iven 

energy E . A comparison of these theoretical probabilities to the 

data will yield the amount of neutrino-like particles in the culorimetry 

data for the particular dynamic functions i(x.,,p ) chosen. 

- 1 0 9 -
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Because a t h e l i m i t e d s t a r i s t i c s invc ivec in the ' . a i l oi the 

measured ene rgy , t h e a c t u a l l i m i t s for t h e p roduc t ion oi t he se neu

t r i n o - l i k e p a r t i c l e s a r e de te rmined usir . r a niaximuri! l i k e l i h o o d method. 

In ' .h is method, one c a l c u l a t e s t h e l i k e l i h o o d funct ion for a given 

number . i" produced p a r t i c l e s , N. That i s t h e func t ion 

N BINS 
L(N) = TT P-(N) 

i = l 
where the total product is over all of the bins in Table IV. P.(N) 

in the probability that the data in the i bin originated from the 

production ot: N particles- This probability is assumed to obey a 

I'oisson distribution N. TT 

p.(H) = > , , 

determined from the theoretical probabilities, P., the Uaussian back

ground, G., and the number, N, from the relation 

N\ = G. + NP. l i i 

The number of produced particle?, ti, in then that value which maximized 

b(N). To determine the coniidence limit, one needs only to integrate 

L(IJ) from sero up tc that value of N f such that 

M 
fl LCNMdN' = i /(L(N')dN' 
o o 

The value f determines the confidence level of N f. 11 J equals .66 then 

N is the 66 percent confidence limit. '.' K equal;; . CJ then N ,J(] is 

the 90 percent limit and so on. A typica i likelihood function ii; uhown 

in figure 'lb with the coniidence limits indicated. 
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Fig. 35 Typical likelihood function as a function of cross section 
Jur die lou cnciy.y dLKiribuvior, in figure 32. points <i, b , 
c, d, and c .:: . !• •• jvcl../ the in.-jxir.um, U.l confidence. le
vel, 30% confidence u..-, . , ly;, r-.Midonco level , and the m', 
confidence level. 

1. Supersynimetric Particles 

The distribut ion of figure* 32 can bs mscd to set 1 itnits on the pro

duction of R-hadrons, 'h? supersyiamrjtric analog to the nortndi hadroruj 

discussed in Chapter I I . To do thiu, j model i;-, needed for the pro

duction of these par t ic les . In tbi:> model i t is assumed that the 

R-hadron and i t s ant i -par t ic le are produced as an associated pair in 

the interaction. To account for phase spaco correlation of the pair 

produced R-hadron and i t s anti K-hadron, i t is assumed that the R-

hadron and itF anti R-hadron are produced as a "particle" of mass K 

{Ui3} with 

K = 2 H + A 

where M., is the mass of the R-hadron. The additional mass A in as

sumed to obey an exponential distribution 

dg -2A 

dA " ° 

The part icle of mass H is then assumed to ho produced with the double 

differential cross section 
• • ] • • > • 

d x r c f T -

'Ihe measured h-.uiior.ie T rc*.iucticn <A t he -j-f 01.- '< J it- of the i orm above 

with :i = - and b - i {..••) i>c t h a t ihe c i ; , tr ii-ut ion i::. probably reaso'ii-

• :i iu • : the j.rcduC'Jur. c i •.' heavy j j r l j c i e with HLW quantum number::,. 

In j.^i i: J'-v-.'.ar, :; - ^ arc t = 2 w»;-i e ji<;:; ,;sf-i; : or R-hadrun product i.̂ r; 

.i'~ w i l l . Tho " p a i t i c l e " LEI CN-I. dlZowQ-.i to . 'oay ir.ti'.. two F-hadroKs. 

"heL-.e i n d i v i d u a l r.-h^drons art. :-.-.-n -tsjiimoc.! ' . . decay i n t o two : ions and 

i nuino f27} ( e i t h e r a phot ino or i .-.luino a:; d i scussed in Chapter TT) 

http://in.-jxir.um
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The mass of the R-hadron is not known and several values of M 
R 

were used to estimate the dependence of the cross section on the 

R-hadron roast-.. Also, since the exact form of the differential dis

tribution is not known, sev--"aL values for this parameter were tried. 

The 95% confidence limits for the parameters used are shown in 

Table V. It is assumed that the cross section for R-hadron production 

obeys a linear dependence on the atomic weight of the target particle, 

in this case Fe, The cross section limit is small for the Tnore massive 

particles and decreases with decreasing n. The value of 33 ybarns for 

a H = 1 GeV appears already significant. Theoretical considerations 

on the nature ox supersymmetric interactions would indicate a substan

tially larger cross section if indeed "the gluino was massless {27}, 

This small limit already indicates that contemporary theoretical ideas 

regarding supersymrnetry may require some alterations {27}. 

2. Charm Production 

A viable source for the production of prompt neutrinos would be 

the production and weak decay of some new heavy particlej presumably 

charm. A Monte Carlo calculation using the model presented in the 

following discussion was used to estimate the charm production cross 

section limits derived from the data in Table IV, 

Hadronic charm production is presumably manifested as the pro

duction of D-D pairs in proton-nucleus interactions, the D meson being 

the lightest known charmed hadron. The pair production of the D-D~ pair 

has been considered in two ways. The first treats the D and D as 

being produced independently. The second has the D and D* correlated 
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Cupe.vrsyr:;r::otric : ^r{ i--le limits 

Mass 
tGeV) 

Production Spectra 

^ - - U - lx.|) do ^ T 
ox„dp_-

a = 5 b = 2 

a = ti b - 2 

a = s b = 2 

a = 6 b = 2 

a = 5 fc = 2 

a = 5 b = 2 

C r o s s S G c c i o i i 
L i n u r ( u b a r n s ) 

U3 

52 

11 

5 

92 

26 

,i = :, h - :'. 

,i = 'i b = 2 

a = 5 b = 2 

d - li b - 2 

a = i b - 2 

a = i b = 2 

17 

3 
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in phase space. This correlation is accomplished Ly producing tle 

D-D pair as a iJi"(377C) and Then allowing the iji"(3770) to undergo a 

two body-decay into the D and D similar in spirit to the supersymmetry 

calculation. The differential cross section for the hadronic pro

duction of the IJJ"(3770) was taken to be of the form 

- ^ — - (1 - |x |)V b pT 
dx pdp T

2 

As previously mentioned the measured ^(3100) production cross section 

is of the form above with n = 5 and b = 2 {2M) . Since there is no 

real model i or charm production, this analysis also taXes the values 

n = 5 and b = 2 for charm production. For independent production of 

the D-D palp, the individual Ds were taken to obey this distribution. 

Measurements from s e annihilations provide data on the decays 

of the charmed meson. The serailoptonic decays are well described by 

the decay 
D + K {;} v 

+ K:;(8'J0) < e | v 

with approximately equal portions of K and K"(890). The total branch

ing ratio into electrons (iraions) is approximately 11%, 

The total neutrino spectrum from charm production and decay con

sists of several components. The electron semileptonic decays contri

bute to this spectrin both fro:n the decay cf a single D and also when 

both oJ the produced Ds decay. There i-j .-AISO n r -t ibution from muor. 

decays where the muon ranges cut in thu caJ orin<;ter . This im;.lics a 

muon cf less than 3.5 GeV. A£ain i;Oth single- riocays and dc-ufcie jccciyfi 

of the ;: iuenans contribute to these ir.nori r-mge out events as ue.il. k 

typical lab energy neutrino spectrum for D _ decay is shown in figure 

36. The total neutrino spectrum from these contributions is determined 

from the total semileptonic decay branching ratio (.11) for each pro

duced D-D pair from the relation . 

EMEA£ = 2 t l " , U ) (D
 3

( S I N G L E DECAY) + D (SINGLE DKCAYA 

+ .11 (D .(DOUBLE DECAY) + D J DOUBLE DKCAY)) \ e3 u3 / 

where D (SINGLE DECAY) is the calorimeter enerj-y spectrum from D 
e3 b J * e3 

decay Of a single D. D (DOUBLE DECAY) is thir. spectrum for simul

taneous decay of both Ds. D 3(SINGLE DECAY) is the calorimeter energy 

spectrum for D decay of a single D when the lab energy of the muon 

is less than 3.5 GeV and D -(DOUBLE DECAY) is the same spectrum for 

simultaneous decay of both Ds. The number of decaying D-D pairs is 

calculated from this neutrino spectrum and the distribution in figure 

32. TO get the total number of D-D pairs, this number is divided by 

the semileptonic branching ratio, 11%. 

The maximum likelihood 95% confidence level upper limit from the 

data yield values shown in Table VI, Again, it is assumed that charm 

particle production varies linearly with the atomic number of the targe 

particle. Those labeled "Associated" refer to correlated rroduction of 

the D-D pair. Those labeled "Inclusive" refer to independent productio 

of the individual Ds. 

hV.- do these measurements compare with other exper iroentj whi^h 

search for charm pai tides? Unfortunately, the statistical weight of 

this measurement is such thit this result is con;. 5::tor,t with all pre

vious searches. This r\o«surê ent is directly related t". th<"- r i 'c,p t 

netvti ino n.aasurementc rrcm tht CERh' beam uur.p' expoi iMUuu {'-,'. Tc 

Q °, O 

**B 
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Fig. 36 Laboratory neutrino e;\ ̂ rr,y spectrum expected from D decay. 

Table VI. 

Cl-.-irn [.article Xiinj tu 

Parameterization Cross Section Limit (ubarns) 

Case 1 

ASSOCIATED 8"45 

INCLUSIVE: 287 

CEKU 9V+ 

ASSOCIATED 670 

INCLUSIVE 212 

CERH 6B6 

ASSOCIATED 291 

INCLUSIVE 90 

CERN 293 

compare this measurement to tho-o experiments, the charm production 

model assumed by those experiments was used to calculate Che calori

meter response expected in this experiment using the Monte Carlo 

program. In this model, the D and D are produced independently 

with a double differential distribution of 

,3„-„„/.7 <1 - W r|>' e "T 
dXj-dp T

2 

Tlie semileptonic decay spectrum in this model is the same as previ

ously discussed. Using the same prescription for calculating the 

total calorimeter enersy spectrum from the individual D ., D „ °J e3 uJ 

-lie-



contributions, the maximum likelihood calculation of the 95?u confi

dence level upper limit produces values also shown in Table VI labeled 

"CL'RH." To cumpare with the beam dump experiments, the charm cross 
2/3 suction is taken to obey an A dependence on the atomxc weight of 

the target particle. These limits are consistent with the 100-itOO 

ub&rn charm cross sections reported by these experiments. 

3. fieneral Particle Production 

In a very general way, the distribution in figure 31 can bo used 

Lo set limits on the production of a large class of neutrino-liko 

particle;. To accomplish this, the double differential crass section 

for the production of these particles is assumed to be of the form 

-A-,. (1 _ |X |)V e rT 
dx pdP T~ 

The production Limits are then studied as a function of the parameters 

u and (J. The $U'i confidence .limit for various values and for different 

metises of these neutrino-like particJes ai-G shown in Table VII. A 

linear1 dependence on tho atomic weight is assumed. A quick perusal 

of Lhcijc numbers indicate that the production ol any new neutrinu-

Jike particle ha« lo be greatly uupprossed. 

The anion discussed in the second chapter falls into this tjato-

i'ory of uon- interacting particles. To determine the ax ion contribution 

to tho distribution of figure U?, a Monte Carlo calculation is per-

iorined u::iii£ the theoretically motivated assumption {i!9,!)0} that axions 

aru produced with the saitiu distribution as IT £. The n energy ypectrura 

is .-issumod Lo obey the radial scaling prescription of Taylor et ul . 

- 1 1M -

Tab le V I I . 

Genera l p a r t i c l e l i m i t s d i b a r n s ) 

H = 1 McV 

Case 1 

Ufa 0 2 ± 6 e 11 
1 t .o 5 . 1 6 .2 7 . 3 B.2 9.2 

3 1.2 5.8 a.2 10 .5 13 .5 17 .2 

5 4 . 2 6 .0 8 .2 

Case 2 

11 .0 11 .3 18.'1 

B/q £ £ ^ 6 e 1£ 

1 1.9 2.7 3 . 5 1.5 5 .1 6 .3 

3 1.9 3 .0 1.1 6 .3 Q.5 11 .3 

5 1.9 3 .0 1.5 

Case 3 

6 .5 B.9 12 .1 

a/u £ £ it £ £ AS. 
1 1.0 1.3 1.6 2 .0 2 .3 2.7 

3 1.0 l . ' l 2 .0 2.7 3.7 •).B 

5 1.0 1.5 2 .1 2 .9 3.9 5.2 

H = 2 . 5 

Case 

CJeV 

1 

f i / j l 0 2 1 6 8 i£ 
1 3 . 8 1 .3 1 . 6 1 . 9 5 . 1 5 .3 

3 3 . 9 1.U 5 . 6 6 . 3 6 . 8 7 . 1 

5 3 . 9 1 . 8 5 . 8 6 . 5 7 . 3 7 . 8 



i 

0 2 n b !): 10 

l.a 2.3 2.7 3.0 3.2 3.5 

1 .8 2.6 3.3 'l.O '1.6 5.2 

1 .9 2.6 3.3 

Case 3 

H.l 11.7 5.M 

0 2 U 6 e n> 
.9 1.1 1.2 1.3 l.i 1.5 

.9 1.2 1.5 1.7 2.0 2.1 

1.0 1.2 1.!) 1.8 2.1 2.3 

H = 5.0 GeV 

£ a Mbarns 

1 0-10 3.2-2.3 

3 0-10 3.i|-2.5 

5 0-10 3.11-2.5 

Cdrie _2 

1 0-10 1.5-1.3 

3 0-10 1.5-l.it 
5 0-10 1.5-1.11 

Case 3 

1 0-10 .B-.6 

3 0-10 .8-.7 

5 0-10 .8- . i | 
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tiiJl] for the inclusive }.,r*.-d;i< li.,u 1.1 secund.irv ( a r t i c l e s In proton-

proton interact ions. In the radiuj scaling fcjrmaliKm the; invariant 

cross section is written in the form 

i:0=M V[itp rW( V]^V 
where A(x ) , N 2(x ) , and q ( x R ) are all functions of the radial scaling 

variable 

*K - '-'KM 

where r is the center of mass energy of the secondary particle and 

L i:s the maximum allowed energy for this secondary particle consis

tent with kinematic and quantum number constraints. The lab energy 

upectrum obtained from the invariant cross section above has been 

modified to account for nuclear effects by the relation 

do -\ = A"1 "LAB' *!_\ 
i/A ^LABJF 

: -j J is the lab momentum spectrum for [ 
XLAB /A \ 

- • ' - ' ' Kir A. J 5 _ ) 
d XLAB/f 

LAB j P 

where -r^~— J is the lab momentum spectrum for particles produced in 
""LAB /A 

proton-nuclear interactions with a nucleus of atomic number A. 
I? 

in the same spectrum for A = 1, and a(x ) is a function of the lab 
momentum 

° ' "WD i -] 

• 0 3 7 5 " • y , i "LAB A < \w~ - J 

- l b *LAB - 3 ' "LAD - 3 

This parameterization has been extrapolated from measurements of parti

cle spectra from pro ton-nucleus collisions {51). Since pions are pro-
2/3 duced with an A dependence on atomic •weight, this dependence is also 



assumed for exion. production. Table VIII shows the 95% confidence 

level upper limits for two possible masses of the axion. Also shown 

is the ratio 

R = oCpN -> a°)/o(?N •*• TT°) 

The value of 130 mbarns/nucleon has been used for o (pN -» u ) as meas

ured in proton-proton interactions {52}. The values in Table VIII are 

certainly consistent with the results of the CERN beam dump experiments. 

Table VIII. 

Axion production Jimits 

Mass (GeV) Cross Sect ion Limit (pbarns) 

Case 1 

.001 165 

1 125 

Case 2 

.001 112 

1 87 

Case 3 

.001 US 

1 3! 

Although the beam dump experiments do not quote the model used in 

calculating the axion acceptance, it is clear that the beam dump experi

ments are more sensitive to the detection of the axion than a calorimetr 

search since these experiments are not rate limited like <a cnlorimetry 

experiment. However, should thf axion properties be diiierent than the 

accepted model, then the beam dump limits would vary. In particular 

if the lifetime were less than presently believeds the beam dump 

limits would have to be corrected for lifetime effects whereas a 

calorimetry search is still sensitive as long as T > 10~ sec:;. It 

is also worth repeating that a model assumption for the interaction 

cross section has to be made tD interpret the beam dump results or. 

a limit on the production cross section for the axion. Although this 

is also true for a caloriraetry search, the calorinetry search is 

much less sensitive to these assumptions since it is only the upper 

limit on the interaction cross section which is of importance in the 

calorimetry experiment. 

E. Conclusions 

This thesis was a novel attempt to measure possible production 

of neutral weakly interacting particles, cither neutrinos or neutrino

like particles, in proton-nucLear interactions. The signature for 

such production would be energy nonconservation in the interaction 

manifest as an enhanced tail on the low energy side of the measured 

energy distribution of a hadron calorimeter. 

To maximize llif experimental sensitivity to such production, the 

cir»alysin oi \ },<;•. l̂oriiTietc-r dat.i has strived to obtain the best reso

lution uosciMe. Th:s w.i;; done by lirst determining <"! precise cali-

i.i:\-Jij\.'i! I of i !:e calorimeter including corrections: for the hadron 

.-•h.-jwcr component;-, ti.-..n c:ut. t Inj- the data tu eliminate spur iou:; iow 

fdii«.!i-KV tdii:; of1 ton M;-•:-oc iau :i with hadron ca Lorime try . Lastly, t-c • 

rovrioiib hdve I'v.au .:j.pliec tc tho data to olleviate effects auch as 
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particle pile up aim: r̂ iiis sh i 1 • s .:u* i.o hir,'' count iii)! rale in the 

calorimeter phototubes. Tp." final reselut ion oi 3.LJ', for the total 

measured energy d i stribution compares 1 avar-ably with measurements, 

performed with other hadron calorimeters f!v3). This final distribution 

shows a smail enhancement over tht Gaussian i .i t tr.) the low side oi 

the measured ener&y. 

Although the sensitivity oJ the experiment ir, .limited, the data 

have established that the production, oi" any new neutrino-like parti

cle it: less than Wa iibarnr; at the !)b>% confidence level. The 95°6 

contidei.ee limits obta.'ned Ly i nterpreting; the low energy tail of 

the measured energy d ir.tribut ion ar dun to neutrino production leads 

to values tor charm production which are conr.ir.tor.t, if somewhat 

It's:, sens i L i VL:, l.o oLher c.-,in( L innJii tary no.u;ar".;nient:'. in the high 

enor;;y beam dunps. The experiment !vr. ,il:.;o ostab J J.-hed that ax ions 

•ire produced at. l'.-rs tli.jn .00.] linu-:. the rat'-- o; 7] production in 

proton-nuclear interaction:;. Thi:; limit is coir: i s tent with, aJthouj'h 

!j orders of magnitude l.jr;j,er than, tliu upper Limit of 10 established 

by the hifih nncr^y beam dump experiments. 

-12S-

r>-.easurt the «jiL-rr-.ic-:: -•-:' v-a y en-, rgt-t ,i c particles {!>4j. Cosmic ray 

energies can be larf,^ t. severej. "V.'j ana jrf.clude rangnetie analysis. 

However, they can be measured by total absorption methods. Kith tin? 

advent ct very high eloergy accelerators, particle physicists quickly 

incorporated these techniques. Several of the many applications in

clude measuring ecaiiiy, variable distributions in neutrino interactions 

{')5}, measurement of neutron, energy ISO), and a hip.h transverse momentum 

trigger for a mult i-yai t Icle spectr rm-ttT \ c w } , Recently* calorimptry 

techniques have been actively pursued as nonmagnetic energy measure

ment lor use in exyeriJTiei.ts , : X proton-proton colliding beam facilities 

{brf}. This experiment uses ,:a.l orimetrie techniques in a novel way to 

ir.itr neutrino oi uoutr ino-liX*.- ;article production Jn hadron-hadron 

Interactions. This t •.irtiaj*- production manilests itselt in two ways. 

One way is a shift -r. the n.oan measured energy i or- event;.1 with a iimon 

in the final state (thi: ether lepton in the semi-Joptonic decay which 

.•,avc i ise iu a neutrino). The other would be a significant tail on 

the meas.r.eu enorr.y distribution from events with a very energotic 

r.outrino oi neutrine-like particle produced in the interaction. In 

either cace, It is clear that a fundamental understanding, oi the losr-

mochanisiT.i. in the calca i;:;eter i r. important. This i^ necessary tor a 

quantitative discussion c/ "missing energy". It is useful then to 

dir»cuss brief.lv the physics nnd fundamental limitations of hadrr.p 

Cdlorinetry methods If.'.!}. It is worth itotinr, that out! i..' the PCI 

http://contidei.ee
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experiments (MAC) is attempting to measure the neutrino associated 

with semi-l<?ptonic decay*; of part ic.Le.-s produced in positron-election 

annihilations in a similar way {f;0}. 

1. Physical Processes in ilaJron Calorimetry 

When you mention calorimetry one immediately thinks of meiisur in jj 

chemi'-ol reactions by changes in temperature. Similar techniques in 

particle physics are not feasible. A MOO GeV particle interacting in 

the first pare of our calorimeter (10 tonr r steel) will only raise 
-1 4 the temperature of the steel by 10 do, : 

Fortunately, an indirect measurement o: this heat can lm made. 

This technique uses the fact that t lit; heat is manifested as electron-

ion pairs in the medium due to the "ionization of its atoms. To a f;ood 

approximation, the energy ol ioiiii'-.i t ion is sane constant value- : . ., 

i or a single electron-ion "air. Tberui'oret if onf just counts the 

r.-umber of lux. yairs and â 'iocjates dii energy ^ i n n with each one, by 

onerf;y consurvut ion the incicent j ur t. iele ei-ergy is 

"ION J d* 

when- I is the tct.il number o; ; ii/:, ̂ nd '^^— i v the number ^f r..j f r P U ax ' 

in a w M t h .-{>. at a d-p<h >; in • h-- nMi'Kn. The incident pneiT,v \t: thus 

proportional. to the ran ot th<* number of particle -—unterf at various 

depths in the medium. 

The shower croato-: if. the H-.-.i.Nin consists of el eel roin.Tr.no t if and 

Indronic components. Thu (.jlectrom.'r.net ic component, aririnj* from d<> • 

cavs of T; s produced in '•he nediuui, consists of i shower rf electrons 

and photons due to such prru:esr-er; as pair product inn, hromsst r.ihluns'., 

ionization, and Compton scattering-. The number of t?l<>ci rnns in t horse 

showers ave vcrv lar^o. Tor instance, ri 10 f',cV show-r will have o\ 

the average aptroKimatoiv 50 electrons ^t the peak r,\ \\)Q ::hnwi.w. 1 hi 

hadron ic component nf the shower is more complicatc-d since these pari i-

cles can interact with the nuclei in the medium. In iheso interact ions 

some fraction of the produced particles are neutral pious and will 

decay into two photons initiating electromagnetic cascades in the 

medium. The rest ol the energy will go into the production of churned 

secondaries (pjons, kaons, nucleons, etc.). In addition, u fraction 

of the energy of the interaction will go into nuclear bre<ik up. Had-

rons produced in these secondary interactions will have: tertiary inter

actions and so on. This nuclear-electromagnetic cascade will continue 

until particle production is no longer Wnematically possible, at which 

point the hadron will ran^e out or be absorbed in the nucleus. One sec; 

then that the actual particle number measured at various thicknesses 

will bt= a complicated function or this ::uclbar-eiectromdr,''C!t.ic cascade. 

The actual shapo c: the :•, hewer proiiie can be est ir.at'-.-c by n'.-tii.,;. 

that the numbei sf ; i: t i c 1 c -• :ro". electrosnaj-Tiot ic '. ur.ca-'o:, is i;iuch 

larger than that due to iciJ^aricr. by relativistic :.;:.-ed particles. 

Thus, the euerp.y coii.r, ir-ti n-vutt ai fltus will, lo f i larre extent, 

detei-mine the total n-jiLiei n.earureii. One can naively sketch a "typi

cal" shower prcfile. i ii.ci. the neutiai pi^ns from the first inter

action will have :..::.T L : *;:.• •-• -•-- ' = otr.a-;n..-T i . e-u-r&y U'H the JVCI;I,;O 

one-six* : th-'1 in"ii>-r:* ;..irt:^le e:icri'-;1, the decays •?' these n>'';*ra: 

pionr; will rive .: •• ;'•<„•<;> In the Ior.i::a'- in profile, laholed 1 \\. 

http://ic.Le.-s
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figure 37 . Since the neutral pions from the second, third, etc. gener

ations oi" interactions will be of much lower energy, they will show up 

as a small extended distribution, labeled ? in figure 37, The sum will 

yield the total profile shape, labeled curve 3 in figure 37. This 

"typical" profile should be compared to the measured profile for a "00 

GeV proton shower in our calorimeter shown in figure 38. Clearly, or, 

an event by event basis, the profile chape will vary dramatically. This 

is simply due to the statistical nature of the nuclear interaction. 

Although all of the enoi s_',v oi the incident particle will be lost 

in the medium not all of it wiil be iiieasured- This is true for several 

reasons. First, a fraction of the energy will be lost in overcoming 

nucloar binding effects. Secondly, the heavily ionizing particles pro

duced in the nuclear break up will saturate the dE/ux in the medium and 

thus not obey the linear relation above {61}. These mechanisms j:lay a 

major role in hadron calorimctry and trovide a lower limit on the ulti

mate resolution obtainable. This can be seen by noting that the .average 

number of interactions in the calorimeter for a U00 OeV pmtor. it; arounc 

300. Monte Carlo calculations indicate that approximately 8u OeV of the 

initial proton energy is lost by this mechanism. 

2. Calorimeter Benign Considerations 

The important physical parameters of a calorimeter are 

(i) the hadronic absorption length of the mediun 

(ii) the total length and transverse dimension of the medium 

(iii) the radiation length of the medium 

(iv) the distance between successive detection layers 

-129-

O 

CO 
LLI 
_ I 
o 
h-
< 

fX 

o 
X 
00 

V 

1 I 1 1 

1 1 
2/ 

\ 
\ 
\ 
\ / \ 

\ 

V. 1 i ^ - ^ - _ 
0 500 1000 

DISTANCE (g / cm 2 

1500 

r i C . 37 Ty 

r l i c l c ] j ( 

c t c r rul:-r- I,.. 
Ui-.' ;•: i r d r y 

U.-Ti IK t lit- : 

, -ht d i i - t i ' j b u t i 

.-L'l.daiv j n t e v . i 

™ 1 i t ; 
i 1 0111 



400 

a 300 -
UJ J l -
^ Z) 
o 200 — H 
u -v . 
CL 

5 r 
100 

0 
0 10 20 30 40 

COUNTER NUMBER 
50 

fig. 38 Average shower profile for a 400 GeV shower in the calorineter 
used in this thesis. 

The material '-roperties of interest are the radiation length ami 

hadronic absorption length of the medium. The hadronic absorption 

length of the medium should be as short as possible. This atems 

from the fact that for calorimetry methods to he useful, one must, 

contain the whole nuclear cascade. Generally, the nuclear cascade 

has dissipated after 10 or 11 nuclear interaction lengths, although 

this docs depend on the incident energy {G2j . However, fluctuation;; 

in the longitudinal development are large. To contain these fluctu

ations, a calorimeter with -i somewhat larger number of interaction 

lengths is required. The calorimeter used in this experiment is 1'Jh 

interaction lengths total, in addition, a short interaction length 

reduces the number of pious that decay causing a low energy tail. 

It is absolutely imperative that the total length of the calori

meter he long enough to contain the nuclear cascade. Only a few percent 

loss out of the back of a calorimeter will change the resolution l.-y a 

factor of two. This can be traced to fluctuation:; in the longitudinal 

development of the shower. Although on the average only a small [«jr-

centage of the energy is lost, there will be events with significant 

punch through out the back o; the calorimeter. Hot only does this ruin 

the resolution, but wori-e, inn ot:v zcr. nonr.aussiar: tail:; on the low :,i<-;*> 

of the energy measurement. The data iron, this experiment can be ure^i 

tc indicate the siz*i of ilir effect by simulating a calorimeter 'A 

somewhat shorter ltripth. F'iguie -•'-'• idiows the calorimeter mr:a:>ured 

energy for the full calorimeter (an^id histogram) and for- a oaiorineier 

which consists only or tht first 30 plates U O inches o! :; teel tot--lJ. 

Although the average mo,-;5v.;r<-d enerr.y iv r.-nlv t. lightly -L'-c— f,'J' t :"' •"" 
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Fig. 33 Calorimeter measured energy for the full calorimeter (approximately 
3 meters) (solid histogram) and the same distribution for a calori
meter consisting of only the first 30 plates (approximately 1.3 me
ters) (dashed histogram, arbitrarily cut off at 300 GeV). Non-
containment in the second case leads to nonGuussian behavior ir the 
low side of the measured energy. 

iutior. Ls worse by almost a :.;ct : cr .. ( >_ . i£\, vai&ur. - .t'i'\ f -i the 

ii.ili. c..-ilarin;t;tei ). The icw e:,eri;7 -:L stribution for the shcrTVjr 

calorimeter Is highly r.cnC^u-s ia:.. 

Ther.e ::.\?.i'j co::ir:;or;Ls J I G C hole true tot the transverse r.ize of 

*lu. •.".aioi Lni*>L-'-£ -i v.\iil. it should be lar^e enough for complete 

u jnsverse c.:::tai:i:::er.t. The number of interaction lengths i e<puired 

!.(• ...•;.- tin iv.-:- --h.v.'ov ti'iiicv-ivs^ t .• Irs axis is not well known. For 

L;.i:: ctiU;i'L::..jt.L:! , the noasuied er.orî y in the moet expanded configura-

t.'\.-,xi i •- ."r l.'.'s-.v than tho n«dsurtAi c-ner^y in the most compacted cotiri-

,'urai. L'-n with a ''0\. ir,create in the width oi the distribution. This 

i cd'ie t ion in ::ioai;ui"'_-d energy is. presumably due to particles being 

jo:, I out the si h- JI Li'.'j >_(ilor meter. A Monte Carlo calculation indi-

w u s uiiat approximately tiOT MeV oi energy is bein£ lest transversely 

in the most contacted configuration e-1 the calorimeter. 

The stioww L:. the diloriir.etei wi J1 consist ot în oiec tromaj:net ic 

component which will lou^hiy det^rr.ir.e thu- number ol particles counted 

and a hadronic component which, will determine the shower length. As 

noted, the hudronic absorption length should be kept short in order 

to keep the total jK.uiait oi material at a minimum yet still contain 

tilt' shower. L-ince the radiation length or the medium govern a the 

ej ectromarjietic shower » one would li ke to sample the shower frequently 

i.'iioujTh on this motile t-_ reduce Iluctuations in the measured eneiy.y 

from this sampling <.-rrcz-. However, since the radiation length is 

] rupoi tionai to ?." and the hadronir !*Tp.th is proportional to A, the 

requirement of a short interaction length implies a short radiation 



.length. Thus, to sample the electromagnetic component well, the 

sample spacing; must 1>£ very small. But a small sample spacing implies 

that the sampling material becomes an appreciable fraction of the 

density, thus increasing (he effective absorption length and giving 

rise to increased probability for pions in the shower to decay. In 

practice, one has to optimize the material used in order to compromise 

these two conflicting specifications. The criteria ior optimisation 

will depend on the actua.1 physics use. 

The effects of the sample spacing can be seen by realising that 

the sampling is just an approximation Lo the total integral of the 

shower proiile. The increment in depth times the energy at a given 

depth approximates the total energy. Thus, the saropj e spacing should 

he as small at; possible. As previously noted, the sample spacing 

should he a good match to the radiation length in the medium, but 

not so small as to cause adverse effects on the hadrcnic absorption 

length. Also, Lhe cost p,oes up quickly with a decrease in the sample 

spacing. The data i'torn this experiment can also he used to indicate 

the effects or sample spacing as well- This i^ done l;y effectively 

neglecting counter information att-j a^sumin^ a different citective 

spacing, figure '10 shown th<; result- of this analys.i;". The spacing 

I actor in that figure is de;ined as the distance between successive 

counter's, i.e. sca.lo factor 2 means th3 every other counter \'-- taken 

to ^ivu pulse height information. No attempt has been made to eiinunat 

possible systematic effects in t iguru '*0 induced by sclerting specific 

counters in the calorimeter auch as possible b>jd counters or slightly 

IJ If L'j'ijr,L -jl Lfiiuat.ions. IJevurthPle^s , it :;ti.ll five:: OTV> a feeling lor 

the degradation in the resolution with increasing sample .;i.-c. 
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AI'PLNLiIX ii 

Photomui.':ipiiei' Cain Test:; 

At ,i very high Luam rate, sevt.-ral ol the phototubes could have 

as much as 100 uA of cm-rent in the phototube during the spill. Meas

urements wore performed on each phototube to determine the effects of 

these large currents on the griin of the phototube. 

A schematic oi the test set up is shown in figure Ml. DritifLy, 

\ the phototube signal from the pulsing LED was integrated with the ADC 

and then converted to an analog ;;igr.a] to drive the chart recorder. 

This pulsing LE.D wiis coupled to the ADC using a capacitor. Th.i;i a.c. 

coupling we pur a ted the gain measurement ol this pulsing LLP irom the 

d. c. background due to the second LED. The second LLP wo? used to 

mimic largo background current a from the hî .h riitr:. 'Hie gain oi e.jch 

tested phototube was otpjaj ip.ed us in;', .in Ajnuri c lum source imhudded ii: 

a N-jJ(Tl) crystal. The beam spill was simulated by an electronic 

timing mechanism which turned the second IXD on for i second every 11 

seconds. In this situation, a higher beam rate was simulated by a 

larger voltage across the second LED giving rise to a larger current 

at the anode of the phototube from this d.c. LED. The test consisted 

ol: studying the behavior of the pulsing LED signal versus the d,c. 

current at the anode due to this second LED. 

The effects caused by the large current varied considerably among 

the tested phototubes. Some phototubes had a negative gain shift whilt 

others showed positive gain shifts. The test result;; for two typical 

phototubes are shown in figure 't2. The results of these tests were 

used in placing the phototubes on the counters in the calorimeter. 
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Those phototubes that showed only a minor variation with d.c. current 

were placed on the counters near shower maximum with those tubes with 

significant effects being disbursed in portions of the calorimeter 

with a small average number of particles. In addition, an attempt was 

made to alternate the sign of the rate effect in phototubes on con

tiguous counters in order to partially cancel residual effects due to 

the high rate. Even after these precautions, the measured energy 

still suffered from large beam rates an discussed in Chapter V. 
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