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THE PRODUCTION OF NLUUTRLNOS AND NEUTRINO-LIKE
PARTICLES 1IN FPROTON~-NUCLEUS INTLRACT1ONS

John Pairick Dishaw
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An cxperimental search wias performed to look for the divect
vroduction of necutrines or neutrino-like particles, i.e., neutral

particles which interact weakly with hadrens, in proton-niu

interactions at 400 GeV incident proton cnergy. Possible sources of
such particles include the semi-leptenic decay of new heavy particles
such as charm, and the direet production of a light neutral Higgs
particle such as the axion.

The production of these particles has been infapred in this
experiment by cpergy nonconservation in the collision of a proton

with an iron nucle:

The total visible energy of the interaction
was measured using & sampling ionization calorimeter. The calori-
meter was calibrated with muons. This calibration was justed

slightly by requiring consistenty in the calorimeter shower profile
for primary interactiovns beginning at various depths in the calori-

meter.  Fluctuations in the electiomapnetic and hadronic componernts

were reduced using ¢ weliphted measwement alporithm,  Af'ter correct-

imy, for beam intenslicy ef fects a

i cutting the ddta to elimipate
systenatic etfects in the measurcment, the finel resolution of the
and incroased with decreasing incident bhean
energy with a square reot dependerce on the beam encrpy.

Eneryy nonconservation in the data is manifest as o nenGaussian

ajgtribution on the low of the calorineter medsurad cneryy.
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Model calculations yicid

vected in this

nonGaussian behavior for the varicus sources of

watrinoy or roy-

trino-like particles. A maximum likeliheod fit te the o

tara with
the theoretical fraction of events FEPRETOd  ¢indde the 058 sanfi-
dence level production crass section upper limit values. The uppar

limits for general production of neurrino-iike particles for various

. izati P 3 :
parameterizations of the production cross scction are prezented.

The following specific upper limits have been established:
charm particle production < 670 ubarns

supersymmetric particle .
33 pbarns (mass of 1 CeV)

production carrying an <
additional quantum number "R € ubarns (mass of 3 uev)
. s -3 .
axion preduction <1077 times the n° production
aross section
-1ii-
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CHAPTER I

Introduetion

tThe weak Force plays a unigue role i~ *c scheme of particle
physics. The weak interactions ave respc v the decays of
the long lived particles. fThesc particles ¢ decay via the
strong interactions because of either kinematic or quintum numbey
effects involved in the decay.

As an example consider the decays of the charged pi-meson (pion)
and K-meson {kaon)}. ‘The pion is a member of the lightest strongly
interacting muitiplet. Consequently the pion cannol decay 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 arc several orders of magnitude less probable than
the above muon decay. The decay of the kaon is a more interestiug
case. The kaon has a mass of wore than three timeg the mass of the
pion and one would naively capect the haon would decay very quickly
into pions by way of the strong interactions., The haon does not
decay this way, however, because It carrles an additional property
called strangeness. Strapnpeness is conserved in strong interactions
and the kaon is the lightest particle with thiu property. Thus, 4s
with the pion, the kaon only decays throuph the weak interactions.
Unlike the pion, the kaon has a large contrihution to its decay rate
Froin hadronic decays, but its branching ratie into a muon and a
neutrino is still large, about 64 percent {1}, As = comparison
between the effects of strong and week interactions in the decavs

of particles, considar the rhe meson. This particle is allowed to

Jdecay via ctrony

-2k
0

"eractions. The rhe penon has o titet e of

1

sees {1} and devayn

exclusively into two pione. The
. . o N . et
lifetime of Lhe Foon on the other hand is 10 accy {1},

The same quanium tumboer congid

atlons which play surh o
dominant role in the iecay vt the lightest strange particles such

as the kaon play an aralogeous role in the decaye ol the "new' parti-

cles, the lightest chars esons {2}. Energy conservalion raquires

that a heavy partizle decay inte a liphter particle.  The 1ipht
charmed hadrons cannot decwy into lighter hadrons and still conserve
their charm characieristic. $Since charim is conserved in airong
interactions thece particles can not decay via strong interacticns,
but can only decay weakly inte other particies. Because the charwed
particles are so heavy, the number of weak hadronic decay modes *-
much larger than *n the kaon case, but the leptonic modes in the
decay of this particle ave still significant, their sum being
approximately Z2 percent {3}.

In view of the abovc guantum number effects in the decdys of
strongly interacting particles, o natural experimental guestion ig
how one can go abeut detucting the production of new particles in
strong interactions. If this new particle is heavy, such as in the
charm case, the hadrenic decay modes constitute & major fraction of
the decays. Traditieorally in searches for new states, combinations
of secondary pions (ard/or havns) are studied and an enhoncenment in
the effective mass distribution of these piens is viewed as an [npdi-

cation i a particle., for the "new” particles, this method has prob-

.

cms.  Since the preduction cross section for these 'new' particles

is presumably small, just the phase space combinatorics of uncorrelated

2=

jra
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auon trajectory in the marnetic ficla

particies will swamp the search with a large background. These

hadronic backgrounds can be circumvented however, if one concentrates

on the leptonic decays. One important questicn is whether the branch-
ing ratio into leptons is large enough to actommodate a significant
yield in the data. TFrom the previous discussion, 't would seem that
the leptenic branching ratios are large enough to produce a measura-
ble rate. A problem with this +echnique is that the neutrino in the
final state is not dctected, and thus the mass of the decaying particle
cannot be reconstructed. Because of this fact, production of these
"new" particles is manifested as ap enhanced signal of leptonic final
states over the background in lieu of a mass bump in an eifective
mass distribution.

In an experiment performed at the Fermi National Aczelerator
Laboratory, our collaboration decided to scareh for the production
ol new particles in proton-nucleus collisiens by comcontrating an
these leptonic decay modes. HMucnic decay modes were used in lieu of

electronic modes because of the casy identification of muons by th

penctration through large amcunts of mutter. This identification,

ds well ag momentum analysis of the jraduced nucns, can be accom-
plished by using a solid oteel toroid system placed benind the target
that has been magnetized to satwation. By dicpersing gpash chombers

throughout the toreid system, onc can measure the defle~tion of

-

the

in the steel ang determine the
o
momentun,  Identiffeativw is achicved niapty by the penotration.

Along wi't'n‘;mmrs?.,”um:‘utpim;:. Voin the

decay 3t thesde nuwypa tidler -, A typdeal ddpnatdre fer) ‘;u’tmw_; article

eheryy mdar i,

° B
decay then, would Lu a CH with from

N . . , &} e o

i

“particles. T

Thi» missing energy is dwe to the neutrinos which carry away eaergy

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

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

total energy ¢f the hadronic system in the interaction. This meas~

urement, in comhination with the muon energy would yiald the neutrino
energy. The neutrino energy is found by comparing the sum of the

calorimeter and muon energies <tq, the incident proton energy. Any
difference betwcen these two Wust be due to neutrinos.

Since the incident energy is important in the missing energy

comparison, it should be knewn yrecisely for each event.' In this

experiment, the incident prctom w's allowed to.pass fhrohgh an ain- .
o i

gap magnet immodiately before the target-calorimeter. By measuwring © 7
R > N < B

/3n this pagnetic field, ohe-

the deflection of the proton ‘trajectoi

A - 'y e P
obtains the momentum of .each-preton striking.the target-calorimeter, =
; : ; A )
@

& .
. “ . Z i
removing any doubts about the incident energy. i} 2

Combiaing all of the above elemihts together the result is a &
consistent set of apparatus for measuring the mugnic derays of new fl
: EA RO

conaists

[
5 apparatus of a mementum analyzed proton

Leam striking o tapgev-calorime 1 with the [inal

sta@é fuon energy .

measured dr o uelid steel magnet systems o

N o

7

As well ac ceasuring the newtrips energy 1550¢iaged with muons

produced ip pew parvicle dec measure

75 thefbalorimeter allows us to
S s

the jroduccior " To bue {Eis, congider the

calerimetor. . At seme Lavel the

hteractivn of g

l(

fmeasured fnor,y The tavintical in naturz, leading to a ua'baian

! S

enerpy . The faussian shape ¢an

Peoaltordl, hew wer, it

sen larpe amounts of enerpy werce

“ — 3 o B
o s ks




leaving the calorimeter undetacted. Uuch &

energy would be the production of reutrinos v nentri

which interect only weakly with the muciel In the calorimeter.  Since

they do not Lnteract, any enerygy going luto Ues= oblects will not
be deposited in the calorimeter, This alters the Gausgian profile
of the calorimeter distribution L+ the addition of a low energy tail
arising from those events which have a large amoun:. of .ergy going
into this neutrino-like sector.

A calorimetry search is sensitive to the abuve production
over a wide and previously unexplored region of kinematic vaviables.
1f the source of these neutrinos were the decay of some unstable
particle, then the decay has to occur before the partvicle can inter-
act with the nuclei of the calorimeter. This requires that the
lifetime of these particles be shorter than 10~10 secs. If this
undetected energy is due to The production of some new neutrino-
like objr :v, then this means that the particle must leave the calori-
meter withous interacting. This implies that the particle-nucleus
cross section muot 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
lower limit of 10_9 sees for the lifetimes of these partizles.

An experiment of this magnitude searches for new particle
production in several ways. One hopes to see an enhanced signal of
single muons coming from the primary interaction as an indication of
new particle production. Simultaneous decay of pair produced new

particles would lead t¢ muon pair production with a large amount of

I

low enerpgy teils on the calorimetry

AT

for new particle production. Wha+ follows

Add:

the lost of these jousible signals. During the course of
the muon runniny indicsted above, a small fraction of proton cali-
bration vvents were taken as 2 runnine monitor of the calorimeter
performance,  This thesis Is an analysis eof this calorimetry data
in order to search for the production of neutrines or other neutrino-
like objects.

Chapter II is a discussion of a few viable theoretical candidaten
for thesc particles, Chapter III is a discussion of the apparatus,
and Chapter IV describas the duta taking procedures of the experiment.
Chapter V is a detailed presentatien of the calorimetry analysis
and finally, Chapter VI gives the rasults and conclusions derived

from the calorimetry data.
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CHAPTER I1

Theoretical Motivatlon and Existing Data

As discussed in the previous chapter, a calorimetry search is

sensitive to two classes of particles. The first cla2ss is those

v 3 w
o
= . ¥ ¥
. X . . . R (43 E3 3e
states that decay rapidly into neutrinos or neutrine-like particles. 2; =3 a4
R “ @ wa
. . : . b Tt H
The second class is particles which are long-lived and interact only _1 2 | I l i l ) :
Fo
; - : ; : : o | ; z ER
weakly with the nuclei of the calorimeter. To emphasize this point H i £ | £ o3
P B A R =il L
i . . N - © -
further Table I shows the ranfe of lifetimes aud cross sections for 3 E y 2 | S § {
E: 0§ [ l R A
which a calorimeiry search is sensitive. Al3o noted are the other S ° 5 ] i
L I |
. . friue 3 : e T el | |
types of cxperiments which are sensitive in these particular vanges. z z - ) I | |
=4
o I
The rest of this chapter will discuss these two classes of particles. é ! ! | t
°
= 2 T 4 -
E A S ol B S T S
[ e | 2 2
> @ & ] ] |
% S B §
A. Heavy Particle Decay - (T 2 | T H T] - 3 !
wou s N
= = z T z
Y ¥ g T4 5 3 5 {
LR CE N R T VR T
R ar 3 o] [ 3 |
1. Charmed Farticles N | 2 i . { 2
£ s b gl e
> o M W u
2 ggu--__!sLlaLgléLg|
A very likely candidate for the new particle decays weuld be [ ES = &= ! e S :3 & . {
z -
& zrog 1By 8y glaE g5
. . . | . . LA w s 3 4
hadronic producticn of charmed particles {8}, A mentioned in the g . 3 | aa as j o5 °©
2 d . S Igg [ 3E 2|
. . [ T3 ¥ & 4
first chapter, the lightast charaed mesans can only decay weskly. W ' 2 I Se [ I 53 T | :.is & |
i & Is | 53 3 |
. . s - - £ N v
The strouc decays are (ovbidden by censevvatien of charm. Because 2 \ ‘:iv 'é 1 Si* 2 ! it 4 |
> . z z S z
g PR A T R
of this. the branchine ratin lor charmed mesons into leptans is laree. - i | I 3 i H |
I 3 3, o
. too- PO o . . I
Heasuremetuts at e -e colliding beam aceolerators indicate semileptonic ! L i l ! [ !
LSRR U S U S DR D O N
- . . s Y =1
branching ratics oi approzimately 11%. Copious production of charmed P { omouown b oeminm | NYIM |
] hOROSH=IR3S ' )
particies in jroton-pucisus collisions followed by their semileptonic g SNOFIINH HIIK NOILDIS SSPUI KL 1IIVHILNT 0

decay, as shown In {ipure 1(a), would lesd 1o a substanlial production
of neutrinos.

The experimental situatien in hadronic charm production hau

-

Jeeeans

*.0 15 A NEJTRAL PARTICLE PRGDUCED IN THE INTERACTION
X IS AN UNSTAJLE MADRON WHICM DECATS INTGC 4t o°

1ere
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Fig. 1 (a) Hadronic pair production of charmed D,mgsons and semi-
leptonic decay of these esons into K"17v(v).

(b) Hadronic production of 1'1 via a quark-anti-quark anni-
hilation process. The 1 decays producing a v_ plus final
states containing other leptons and hadrons.
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then the cross section limits range from < 3 ubarns to as much as < 40
wbarns. A recent measurement by Ushida et al. lhas established a
positive charm signal of 25 * 13 wbarns for charm production at uQn GeV
which is inconsistent with previous limits. This inconsistency may

be due to scanning inefficiencies in the earlier experiments. Evan

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

with these experiments.

The anomalous production of ~ p; pairs in hadronic interactions
has bcen investigated as an indication of charm production. This
final state configuration cannot come from electromagnetic sources
such as lepton pair production or the decays of known mesons, but
could be due to the associated production and weak decay 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 2 limit of < 91 wbarns for the production of charmed
particles from this source (taking a 10% branching vatio into leptons
for D decay). A. G, Clark et al. have seen a positive signal of
70 % 16 pbarns for charm production. Scaling this number to 400 GeV
(center of mass energy of 27.4 GeV) {6,318} yields a cross scetion of
23 % 12 pbarns for charm. This is consistent with a limit of 51
ubarns set by an et u* 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
+
B

T < 1.5 GeV/c and

muons in the kinematic range of Pqe trom .8 < p,
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low X (12 « Eu+ < 50 GeV, where Eu+ is the muon enerny) oceur singly.
Assuming that all of these prompt sing'e mucns originate from weak
decays yields a Cross section of approxinmately 30 ubarns/nuclecn for
the production of charm particles {1u4}. An earlier measurement of

the polarization of prumpt muons had previously set a limit of less
than 10% of the prompt muons arising from weak decays of rnew particles
{15}, This previous experiment was performed at high P and is not
inconsistent with the single muon measurement of our rroup.

QOFf the lepton searches, the ones most directly applicable to this
analysis are the so called beam dump experiments {4}, In these experi-
ments, one dumps a beam of protons onte a thick target and attempts to
detect neutrinos produced in the proton interactions downstream of the
target. The thick target severely suppresses neutrino production
from uninteresting long lived particle decay 5o that neutrinos could
only be coming from the decavs of short lived objects such as charmed
particles. After subtracting for a residual cortribution to the de-
tected neutrinos from unabsorbed background decays, one is left with
an enhancement indicating a prompt neutrino sipnal. Using various
models for the production and decay cf cherm particles, the prompt
neutrine signal yields a charm .ross section, The high energy beam

dump experiments have 2] nseer posit!

sipaals for prompt reut:ing

production., Model derenzent calculatiens yield charm cress secticns

or from 5 to 5¢ wharns (uscuming linear A depeudence) for BEBRC anld
Gargamelle, The CDES group hds measured 3 smallor cronc secticn of

10 ubarns. The aiscrepa Letween the (LG measurcment and the other

two measurements Is net precently understord.

1 imente

It is very Jitricnlt te comy the chiarm coarch




because of the model dependent caleulations oy the experimental

acceptance. The problem lics in the fact thai mest experimenrs see

only a snill percentage o! the produced charmed particies. The frac-
tion detected is intimataly cornacted te the dynemics ot the preduetion
process. Different models rar these production mechanisms lead to o
different acceptance and thus to & different total cross seetion.

The problem is compounded further by the fact that most experiments
use nuclear targets rather than hydrogen. To obtain the cross section
on protoms alone (i.e. cross section per nucleon) one must assume a
model for the A dependence of the cross section. Given all of the
above fiats, it appears that a charwm crons section »° from 10 - 50

pharns is not inconsistent with the available data.

?. Heavy Lepton Decays

. . N + - P s

The discovery of the 1 heavy lepton in ¢ -+ anudhilations {16}
indicates that there now exist three charged lepton jairs in nature,
the clectrons, muons, and the ts. Unlike the other two, the 1 is very

short Tived (I“1 < 2.3 % 10712

sees, ) 117} and decay: quickly inte a
T neutrino (v1) plus other particles, sovme of which ¢ould be additional
neutrinos, lHadronic preduction of a 1+1" pair as shcwn jn figure i(b),
could lead to a missing encrgy tail due to thesc neuteinos.

The number of t leptons produced in proton-nucleus interactlous
can be calculated using the data from cact u+u_‘production in hadranic
interactions {18}

t_ - do + -
Yyotal (PP TT) = ;"‘1 36 e > w7 an

~13-

end dgsu

} = I8k nanobarny

(pp + '

Of the 133,060 preton interactions considered in this thesis, the

: + -
above total cross section corresponds te .002 events. Thus 1 1
production is meot 2 major contribution to the low eunergy calorimeter

distribution.

4. Neutral Vector Boson Decays

Producticn and decay of the neatral intermediate vector boson,
7° {19}, could be a possible source of neutrinos in hadronic interac-
tions. One possible mechanism would be the production of the /2 shrourh
-wark-apti-gquark enrihiletion simjlar ir spirit to the Drell-Yan model
{20}. Thir mechanism is shown in figure 2(4). Because ot the limited
energy available in the center cof m oss, %00 GeV proten interactions on
o

4 stationary targetr would only be sensitive to masses for the o

§ . . - _0 R N
27 GeV or luss. Gauge theory estimates ¢f the Z mass jlace it in the
area of 70-100 GeV {39} sc that such quark-anti-quark mechanisms chould
2
not produce a i .
. o .
£ virtual Z7 could be produced through resonance production of
. . . O

a $(3100) {21} and its subsequent decay into a virtual ©°. Such a
mechanism iz shown in figure 2(b). LEstimates of the wu decdy made of

the $(310C) {22} yield a ratio

—1l-



v a5y
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where the tactor of 3 comes from the number of popsililc neutrinc: in
the decay and the festor /9 Is the charge of the charmed quark squared.
lany measurements ot $(3100) 121,33) production have been perfarmed
which indicate a significant ¥ c¢ross section. Using this experiments
value of 21 nanobarns {24} for the toutal (3100) production cross sec-

. . + -
tion followed by u u decay, one expects only
~3 -33 2 -33 2
N — =
g oye S AP (21 % 107 e /87 x 10 em”)

= .25 x 107°

wherc the denominater is the single event cross gection for the data

reported here.  Thus, this source of prompt neutrinos is also not very

Iable.
Froton vishiv

e Supersymmetric Theories of Strong Interactioms

1 the present idees on supersymmoliy e cortectsy then an wddi-

tional woutee af hLe

particles which vould decay into neuty ine-1like

Nucleus

vty

object. omes fron those particien caprving Phe ptiitional ey

PN —= ¢ (3100) + X

L— quantur. tamber. s ool Dot Ve prineiplen ot wapersymmetry
and 207

(b}

w the phenomencloey o new symmetry e discur

1-79 34wisa2
below.
rig. 2 (a) Hadx.*or.uc production of the 2° through a quark-anti-quark i
annihilation process. The %° then decays into a v pair One of the basic tundemental tenet: of il physical theory iz
(b) Hadronic production of the Z throuph reson:nce production : N i
of 4 $(3100). Lthat the laws o1 net-xe e invarient unce: Loremtc transformatiers,
This property is teincars inwarianece. It could be possible though,

that the laws ©! nature are invariant under an even larger group of

transformaticns, o svmmetry which requires invariance wteler Pnincare

~15- —1i.
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transformations, but slso invariance 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

the past several years.

In supersymmetric theories, vrotations of spin are accomplished
by application of spinorial sererators which rotate fermions into
bosons and vice versa. The spinorial genevators form 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
supersymmetry were exact then for each fermion there would exist a
bosen partner and vice veérsa in a larpe particle multiplet. This
leals to such undesirable characteristics as spin-0 leptons and spin-
1/2 vector boscns., Clearly, supcrsymmetry has to be Lroken. However,
if it is broken in a gauge invariant way, then the interactien may still
be supersymmetric even though the undesirable particles are extremely
massive and undetectable {26}.

Supersymmetric theories lead To an interesting phenemenclogy.
There exist realistic models of clementary particle interactions in-
corporating supersymmetry (27}, These have an additional conserved
quantum number designated R, Demanding R invariance in the intevaction
of elementary particles requires that the supersymmetric partners of
the cctet of gluons (gluinos) should be massless. Since 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 af particles exist with R=1. lu
addition, some of these hadrons will decay, as shown in figure 3

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

17

gluino quark
%"_Ti__%
spin- Q quark
’huurk nuino
gluino 9e quark
>

i
)
. 0 l
spin= ]
guark (™
1
1

quark nuino

y-20 Jav1ad?

Fig. 3 Diagrams contributing te the decay of a supersymmetric particle.
"gluine”" is the supersymmetric partner of the gluen, "ruine
represents a photdne (ihe supersymmetyic part er of the photon}
of a pluino, 5o is the stirong coupling consta t and £ys 8y are
the coupling f&ér the nuino and the spin-0 qua k. “
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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}. Tn this case the mass of
the exchange particle in the t (mt) and s (ms) channels is L the
mass of the intermediate vector-boson. The coupling constants in those
two channels, 81> and 8, respectively, are then equal to the weak cou-

pling constant g so that the decay coupling strength is

8
Gdecay 5 —m =

where g, is the strong coupling constant. Taking gz/uﬂ = a and gZC/Un =
.1 71 an estimate of the lifetime for a R-hadron mass of approximately

~12 -15 -
o - 1D secs. An additional factor of 20

1.2 GeV/c yields 1 = 3
over the weak decay lifetimes is obtained because there is no sinZBC
factor in these decays. This lifetime rang: is well within the sensi-
tivity of this esperiment as shown in Table 1. A requirement for de-
tection of thesa particles in this experiment is that the nuino leaves
the calorimeter without interacting which implies, from Table I, that
the nuino-nucleus cross section be lass than 1% of the total proton-
nucleus cross section., To get an estimate of the nuinc interaction
cross section we only need 1o lock at the diagrams in reverse. This

leads to a cross sectjon sstimate of

G . = -4
nuinc-proteon vp
. s v e =2 \ . .
again, well within the limit of 10 n_p required in this experiment {i7}.
i

All of the above censiderations are Liigzhly model dependent, but

serve to illustrate that a calorimetry search is sensitive to this type

~19-

of production. It is also worth adding ihat although our sensitivity
does require a certain window on the nuino interaction cross section,
this window is not very restrictive and makes this experiment much more
insensitive to this model dependent calculation than other experiments

wkich require the nuino ta interact to be detected.

B, Weakly Interacting Particles

As previously discussed and shown in Table 1, a calorimetry seirch
is sensitive not only to the production and decay of short lived heavy
particles, but also to the direct production of weaxly interacting
particles. As indicated in Table I, the lifetimes of these particles
have to be longer than 10—9 secs in order to leave the calorimeter
before decaying. Also, the interaction cross section of these particlec
with nuclei has to be less than 1% of the proton-nucleus interaction
cross section since they must leave the celorimeter (-20 interaction
lengths) without interacting.

There exist several theorctical candidutes for such massive weakly
interacting particles. The Higpe partivlen in standard pauge theories

of wecek interactions would satisiy such consuraints {28}, Lately,

intorest has turned to @ iiphc pseudv-roaler Higps-type particle celled

N -

the axion {29}, which may be necassarv in removing CF violation in

strong interdcticns. This jarticle will be discuesed more 1ully Lelow,

weah Interacztion with larpe yauge groups reguire

Neavy feulrdl aeliens Which cCuid Le detects In 4 calorimetry cedrch

such as 1) Recentiy F.owahlo has postuldted that the nexi genera-

tion ¢f nuarke (truth and leacty) may be juasi-steble and tall inte the




category ot weakly interacting and lung-lived particies {u1}. it
these ideas are correct then a calorimetry search is sensitive Lo this
type of production.

Present axperimental limits and the axion case are discussed

below.

1. Axions

In the last years, there has been a tremendous amount o! theoreti-
cal Jdiscussion concerning the possible existence of a light, neutral,
quasi-stable particle called the axion or higglet {29}. Briefly, this
particie arises in a somewhat natural way in the consideration of field
theories of stromg interactions. Due to nen-unique vacuum solutions to
the tield cquations of the theory (instantons) {32}, the Langrangian
of the theory contains a form which violates CP (charge conjugation
times parity) invariance in strong interactions {33}. Strong experi-
mental evidence indicates that CP is a conserved quantun uumber in
strong Interdctions so that these CP violating terms in the Langranpian

must be spurious. One method to eliminate these terms I1s to impose an

additional symmetry (with a symmetry group U(1)) on the Langranpian {34},

Invariance under this new symmetry then allows one to rotate inte a
frame where these CF violating terms vanish. To impose this additional
symmetry, Oac incorporates a new doublet of parti-les. After all of the
dust settles (spontancous symmetry breaking, Higgs mechanism, etc.),

onc is left with a light (*100 KeV) long lived {1 = .3 secs) neutral

particle, the axion.

Hodel dependent estimates of the axion decay mode of the kaon | 29,85

yield values which are only an order of magnitude less than Lhe prescnt

-21-

upper Lumit on this decey 155}, Theoretical calculations {ool

product of the axion producticn «ad IRteraction ¢rosL sectiors are

provimately an order of megad

tude @ Bere greater thun the upper lmive

fu: this guantity from the beam dunp @

periments 14}, Although these
Llimits do not bode well fcr the axien, there .5 some room left in the
experimental data for The axion to exist {28}. There are models of the
axion with a larger symmetry group which would incorporate the kdon
data and still leave the axion intact to help with &P {37). also,

the axion could be more massive than first selieved {38). if the awion
exists, it should be produced in hadronic interactions. Estimates of
the axion-proton cross section yield values on the order of 10-B times

the pion-proten cross section {29}, Thus the produced axion would leave
the calorimeter without interacting. This would yicld a missing energy
tail, similar to neutrinos in the measured energy distribution and thus
this experiment is sensitvive to this praduction and can estatlish limits
on its cross section.

It should be not:d that there are other mechanisms besides the
axion mechanism which would eliminate the (2 non-conserving terms in
the Lagrangian. One way is to require thai onv of the quarks be mass-
less {38}, The massless gquark is usually taken to bo the up quark.
There are problems with this approach because of the faet that calcula-
tions using curtwnt alrebra relations and the SU(3) propertics uf the
pseudoscaler mesons yield a finite mass for the quarks {40}, Cne must
be sure that in assigning a massless up quark, one is consistunt with
these calculations. Recent work seems to indicate that these curvent

algebra results remain when the up quark is massless {3%}.



2. Erigting Data on Lung-lived Particles

Several searchaes for long-lived particles have been pevformed at
high energy accelerators. Nost of these searches have looked for
massive charged particles. In these types of experiments, one chooses
a momentum fFor 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 ,0i-% wbarns/GeV for the
production of massive penetrating charged particles. These limits are
sensitive to the mass and lifetimes of these particles.

Only a tew scarches have been performed looking for neutral parti-
cles. Custafson et al, (42} have performed & search for neutral hadrons
with mass greater than 2 GeV using time of flight techniques and a hadron
calorimeter Lo measure the neutral particle energy. Using their data
they set limits ofi

daa -32 =34 2

L 3 < 10 -~ 10 em GeV_2

dp
for various masses. Since the particle is required to interact in the
calorimeter this places a lower limit of > ,1 Up for the interaction
cross section of these particles. Bechis et al. {43} have secarched
for neutral heavy leptons proeduced or p-¢* interactions by looking cown-
stream of a thick tarpget for the decay
[.D - uxnl

They quote a limit of

40 -
BR(L® > p‘n')a(pN Y LQ) < 3 % 10 35cmz/nuclecn
for masses less than 1 GeV and a lifetime range between 107 ang 1078
secs. This measurement alse requires R = P; 72/s to be greater than

-Jan

0.2, The faclt that the heavy leptons must pass through the thick
target implies an upper limit for the interaction cross section ot
< .02 0_ .
PP
In addition to neutrinos, the beam dump experiments mentioned
previously can place limits on the production of neutral weakly inter-
acting particles as well. In this case, an excess of neutral current
type events over that expected from normal neutrino interactions would
ingicate the production of a new neutrul particle. Since this neutral
particle must intevact to be detected, one can only set limits on the
[ [ .. [~ .

product o(pN + a ) o (a N + X} where a  is the neutral particle and N

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

- s
o(p¥ -+ &%) 0 (2N = X) < 1077 cm

PR -6 b .
This is to be compared with 9 x 10 ° cm as calculated by Cllis aud
Gaillard {35} for the cuse where a° is the axlon discussed above. 1f

one assumes that boeth the interaction and producticn cross sections of

these particles is related to the pion cross sections

SN 0% s(@N e x) = Ro(nH ~+ X)

then che obtaing
R = 10_S
which is 2 orders of ndgnitude smaller than the limit from kaon decay
tor a light neutral particlie {32}
RS ) -6

< 10
+ \
70 > all)

~2U-



The beam dump limits would have to be cerrected however, if the neutral
T

etimz then

particle had a shorter ted because of poscible

decay before reaching. the detector.

¢ Summary

How does a calorimeter search compare with the bram dump experi-
ments? Since calorimetry measurements are affected by the incident
peam intencsity, the date taking rate is limited. he beam dump experi-
rents on the other hand are only limited by the accelerator intensity.
Corrvespordingly, the beam dump experiments are more sehsitive to direct
neutrino production. iHowever, a calorimeter search is nicely suited

for detecting particles that decay into something other than neutrinos

where the decay product has an interaction cross section less than 1%
of the proten interaction cross gection but freater than the neutrino
interaction cross section or where the decay product hee an interaction
cross section much less than the neutrino cross section.

For detection of weekly interacting particles a calorimetry search
is less sensitive than e bean dump experiment tc theoratical estimatas
of the particle interaction cross secticn cince *he particle nead not
interact to be detected but only has to leave without interacting.

This advantage is negated somewhat by the tinite resolution of the
calarimeter.

For the detectian af new lang-lived particles, a calorimeter zearch
has the advantage that the beam search experiments do not have that all
masses and all lifetimes greater than 10'g secs are simultaneously

measured. However, this property also implies that if something were
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lesving the calorimeter, the nass and

the neutral particle m

with regards

for the beam

ft

ifetime are unknown. Since

Le detccted, the same comrents
to the interaction cross section of these new particles

dump experiments also apply to the beam search experiments.



CHAPTER III

Experimental Apparatus

This experiment was performed at the Fermi National Accelerator
Laboratory using the hadren beam in the Neutrino area, TFour hundred
GeV protons from a production target 1 km upstream of our apparatus
were incidemt on the target calorimeter located in lLab E. The inci-
dent energy of each beam particle was memen*um analyzed and the energy
of the interaction was measured in the hadron calorimeter. Located
behind the calorimeter was a steel toroidal magnetic spectrometer for
measurenent of Final state muons produced in the interaction.

3eintillation 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 cf the muon and thus determined its momeritum,

A small PDF 11 computer was used to collect data from the various
detectors and transfer this data to magnetic tape for Further analysis.
The computer also monitored the performance of the apparatus and pro-
vided analysis of seme 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 calorimetry aspscts of the
experiment, the toroid spectrometer will not be discussed. The inter-

ested reader is refcrred to references 14 and 2u.

A. Beam

The heam was first accelerated to 400 GeV in the wmain 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 e¢m copper
target. BSecondary particles produced in the target from nuclear inter-
actions with the protons were then transported appreximately 1 km
downstream to be used for physics purposes in the calorimeter-torcidal
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 dipoles in the beam.

The total phase space accepted by the beam line downsiream of the
production target was very small with an angular acceptance of .3
usteradians and a momentum bite of 1% {u4}. The data in this thesis
used 400 GeV osrotons, but some calibration runs were tairen at lower
energies from 30 to 300 GeV. Some calibration date wao 2lso taken at
a test run cr the accelerator at 450 GeV. Varying the beam energy
allowed us & check on the calorimeter linearity.

In addition 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 nNominal energy less than 400 GeV. Muons from hadrons
decavin: both Lefore momentum selection and afier momentum selection
were 'net transported down the beam line. To h»:lp remove undecayed

haarons still left in the beam, six {eet of polyethylene was place. in

the beam at the last tocur Lefore the detentor. A reasonable flux of
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Fig. 5 The hadron beam line to the 15" hubble chamber used in this experiment. The last
bend (i6 mr) provided momentum informaticn for each proton hitting the detector.



muons was obtained by this meithod. The best muon/hadron ratic
obtained was 30% but typically it was more like 15%.

As a protection against off-momentum particles, the momentum of
the incident beam particle was measured for ecach event Dy a tagging
system upstream of the apparatus. The system consisted of two planes
of proportioual wire chambers upstream of a magnetic dipole, followed
by two more proportional wire chambers downstream. Tne last chamber
was immediately upstream of the target calorimeter and pravided inter-
action vertex information as well as momentum tagging. The chambers
measured both the horizontal and vertical portion of the beam with u8
wires in each direction with 1 mm spacing. The dipole magnet consis-
ted of twe 20 foot main rinp dipoles with a 4 inch horizental and
? inch vertical gap. The total bend was 16 mr and provided a mowmentum

resolution of 1%.

B. Calorimeter

The hadron calorimeter consisted of two major sections. The front
section of the calorimeter, known affectionately =~z "Macturphy" {(us},
contained most of the shower. ‘The rear seccion, kpown just as affec-

tionately as the "Chief," was primarily for absgorbing leny showers and

identification of muons priuvr to the toroids. Figure & shows o schematic

of the calorimeter.

MacMurphy consisted of 45 steel plates 30 inches on « side.

These forty-tive plates were divided into twenty 1/12 inch rhick

plates Io]]éhed Ly twenTy;Fiuu 2 inch thigk plates. The first 4t

platas were ealh separately mounted gnea cylindrical besring rail
o h .

] alonp the top support I-team, BQ moving these plates Va
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the beam direction it was possible to change the mean densjty of the
calovimeter for study of the hadron decay backpround. lor this analysis
only the most compacted contiguration was used. The last four plates
were welded to the support l-beam lor strucrtural reasons.

Mounted ta the back of each steel plate was a 30 inch x 30 inch
x 1/4 inch plastic scintillator with an adiabatic light pipe made from
UVT acrylic plastic. Lach scintillator was vi;wcd by a RCA 33424
photorultiplier tube. The high voltage base for each photomultiplier
contained an amplifier (#40) so that both an amplified (HI) and an un-
amplified (L0) signal was obtained from cach tube. TCach counter was
also equipped with an LLD which could be pulscd koth manually or by
computer control. The LEDs were used extensively as counler diagnostics
and to eross ecalibrate the unamplified 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-ripht asymmetric,
with the direction of this asymmetry rotzted every other counter. This
was done to facilitate close packing of the counlers and ta rvemove
systematic geometric effects. lor precise calorimetry, it was crucial
that the response of each counter by uniform across the crtvire counter.
To insure this, each counter was mapped in both the horizontal and
ver ieal directions with a nuclear source. HNoruniformities in the

horizontal direction were reduced by

ematically depgrading the sipnal
in those portions of the light pipe that transported Light from sep-
ments of the counter showing relatively larger pulse heipht. This
difference was typically less than 10% acrass the counter. In the

vertical direction, a 25% systematic shift was found in the counter
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rulse height as one raved the rerce 1ron the junction of the counter
and the light guide tc tho «dpe of the zounter. It was derermined
that this effect was due to blue scintillation light being attenuated
in the counter ond was ccrrected by riacing yellow £filters in front
of the photocathode.

Portions of the calorimetcr had several hundred minimun ionizing
particles traversing the counters, and with a several hundred khz
beam rate, this correspended teo large amounts of light impingine on
the photocathode. EFach phototube was measured to chelk irs gain versuo

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

was evident that some tubes experienced sipgnificant gain changes as
a function of the incident rate. In assigning ;hototubes to the counters,
care was taken to place the tubes most insensitive to rate at shower
maximum, with the other tubes further downstrear. Also, the direc ion
of the gain chanpes were alterndted as much as possible to partially
cancel residual effects.

The gains of the photomultiplier tubes werc monitored on an event
by event basis and a long term basis by @ spark qap lipht {lasher which
was viewed by a Fiber oltic bundle, The fiber optic bundle concisten
of 35 separere fiber coptic strainds, 41 went to the tirst 31 counters in

calorimeter, while d nmore went o phototubes external to th

oL

and 1 was kept as 2 spare. The threo external jhotonules served wo o
reference {or nermalization of the spary gap sipnel. Twe of these vei-
erence tubes alse viewed an Americiwn source inbeldded in o Ral(71)

crystal, The signal in these tubes from the Amey-iun actod anoan

absolute normalization for the phototube pains.
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The flasher was triggered once before the beam spill and once
after cach cvent 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

Light
Flosher
ADC Gote

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

}

__ Unibin
TADC Gate

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 ADCs
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 psecs after being

100 Hz Oscitiotor

e l Unibin
———d
- r—f)"_’_“ ADC Gote
B8it 8
Flasher
History
!
o Wire OR

triggered. To keep noise voltage from yiving spurious gates during

100 Hz Osciltator

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

LIGHT FLASHER LCGIC

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

x10

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

vertically, and 4% inches horizentally. These plates were mounted on

FHA Inhibit
Unashin ADC

an I-beam suppurt structure positioned approximately 58 inches behind -
2 ;
MacMurphy. Behind each steel plate were four 1/2 inch x 48 inch x 10 - :Ei
=)
inch plastic scintillator counters which measured the energy deposition. 5 ’ 5
v | ¥
o -
These counters were viewed Iy Amperex $6 AVP phototubes attached to a - E" © E::g &
- O 20 -
- . : @ aQ (R=3 [
lucite light pipc. Cach counter had an LB attached to the Lottom of @ o< od @

the counter for disgnr stic purpeses. The direction of the phototube
was alternatad after cach plete to avoid vystomatics due to attenuation

in the counters and alco for close packing considerations.
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The main purpose ol the Chief was te wwuorb anemaleusly £

hadron showers. The intanzity at the Chici was on the average very

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

served to identify muons Ly penetration of the muon through the forty

inches of steel in the Chief. This property was used to eliminate

muons from the events of interest which will be discussed in Chapter V.
The electronics invelved in the calorimetry measurement is shown

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

out through resistive dividers. The 1/4 output from this divider was

then ganged together to form a SUPLRLO. The SUPERLO was used to calcu-

late the pulse height in g counter when the L) for the counter saturdated.

This will be discussed in a later chupter. FPor counters 1-31 the 3/4

output fros the resistive divider was ftanned out through a d.c. coupled

fan out. One of these outpuis went into the calorimeter ADCs, the

other into the flasher ADCs. Tor counters 2 through 9, a third output

was hardware summed to torm the F_-I°

27Uy requiroment for the beam rigger.

AlL ADCs cxeept the flasher ADCs, were then gated by 4 level from the
- “er trigger module when a trigger was received. The HI cutputs
{en ..ticd phototube signal) were direclly coupled to the ANC throuph
on d,c¢. coupled ran out.

The signals from the Chief counters were funned oul through an
a.c. coupled fan ocut. One output went directly to the ADCs for julse
height analysis. The other output was added to the three other countars
in the appropriate plane to form a total signal for cach plane. The

plane pulse heights werc then added to form a SUPEKLO for the C

counters. The plane pulse heights in plancs 6 through 10 wery also

used in \ie two muon trigger. Even though the shower partlicle intensity
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NADROM LOGC

LRLRE)

TRIGGER
MODULE

Fig., B Electrenics uzeé in the calorimeter energy measurement. The
triangular fipures represent linear adders and provide a total
sum of sll of the Inputs. The outputs lakeled SUPCRLO are
uszd for counters that saturats their AbCs (see Chapter V).
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at the Chief was on the average very small, some affects due to the

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

S3

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 3. The counters downstream of

the Chief (C, $1, $2, ACR1-3, T2, P1-3, MV, §3, T4) will not be dis-

ke downstreanw toroid spectrometer was

ha “uli zpparatus showing pesitions of all the

gper counters.

v
o
B
E
S
£=
o
x -
cussed here since they were used only for defining the muon topology 2 g §
g %)
for the event. The interested reader is directed to theses of Wyatt o 2
< ~
S r
Brown and Erie Siskind. £ @
Fd o
2 o
Since any enerpy measurement ultimately rests on the energy of 2 =
o
=]
the incident heam, the beam particle as defined by the trigger counters = b4 <
g (&
. . Soa N .C
should be as clean as possible. The initial heam was defined by the .8
O
upstream trigger counters BG, Bl, B2 and ilALQ shown in tigures 6 and n Eyg ¥ H
@ g2 u
v Q o3 & a
9. BO was located farthest upstream and just covered the hole in HALO 'é 5 E g 5 <
abd 52 o
immediately downstream. The dimensions of BQ were 3 inches 1 & inches x ©x 8‘2 ¢
B . Y
g 2 £
1/16 inch. The thickness was kept to a minimum fto reduce background v b @}E 86
g i<
[ T a
from interactions in the counter. HALC was identical to a MacMurpty YE w® >
I~ 1 .
. ag o 26 n0
counter (30 inch x 30 inch x 1/4 inch) with a 2 1/2 inch x 2 1/2 lach =8 o5 =2 I
= t e
hole in the center to allow passage of the proton beam. HALC was = lg € 5
o. 3
o @ s ~9 3 N
mounted to the upstream side of a steel block to prevent backsplash < 2 2 &?
Ll
m

from the proton interaction in the calorimeter from siving spurious
hits in the counter. This "albedo filter" 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 in HALG, Purther definition of
the beam was given by BL (2 inch % 2 incn ¥ 3/4 inch) end BZ (30 inch
x 30 ‘nch x 1/4 inch). The size ot Bl was a good match to the bean
envelope at the face of the caiorimeter. All of the beam ccunters
were viewed Ly Ampercx 16 AVF phototubes. The outputs from these
counters were also pulse height analyzed.

A schematic of the beam logic is shown in figure 10. A primary
beam particle trigger was defined @s a coincidence between BO, B1, B2
with ne hit in HALQ. The primary trigger was put in anti-coincidence
with (BO+ H)+B2, called BLOB, delayed by 60 nsecs and advanced by
60 nsecs., These timing coincidences were to insure no additlonal 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 u5 nsecs (5 r.f. buckets) and advanced $5 nsecs.
Again this was to insure that there were no additional heam particles
near the beam particle of Interect. 7o be certain that there was conly
one particle in the triggering r.f. Lucket, an added requirement called
for the tolal hardware cum of all the counters (ESUM) be less than 690 MoV,
Finally, the trigger demanded that the proton interact within the
first eight plates by requiring that the hardwarce sum of countars 4

through 9 be greater than 270 m.i.P. The final trigger, call TuV, was

I8V = BO-B1:B2-HALO:RLOR *BLOB

DELAYED apvancrp SOprraviy
o
*BO,nvancep | (Eggy < 800 GeV) (§=2Ni < 270 m.i.p.)
where Ni is the number of minimum ionizing particles in counter 1. IIYY

was the only trigger requirement for the events used in this anal

events with only an IBV trigger were labeled INTERACTING BEAM (1.k.} eventa.
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D. CLlectronics

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 moditles need to be
elaborated.

The phototube gain measurements discussed in Appendix B indicated

that the large anode currents assoclated with large beam intensities

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

in the off-line analysis, it was 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 Leam intensity before the event. The
modules were the EVENT HISTORY, the FLASHER HISTORY, and the FLYIN
SCALER.

The LVENT HISTORY apd PLASHER HISTCRY measured the beam intensity
ot & short time scale. Lach module provided a history of the beam on
a single r.f. bucket basis up to 192 r.f. buckets (approximately 3
usecs) hefore the event. Hriefly, these devices were cffectively so-
phisticated shift registers. The input to the shift register was the

logical signal BLOB defined previously. This lopical signal is simply

any particle striking the caler imeter. “he clock to this shift register

was provides by the r.f. signal ol the accelerator. Hits in BLOB

repistered as 1 at the input and were shifted ..

g by the r.i. Clock-
ing for the EVINT HISTORY was inhibited Ly an event trigper in the
apparatus. This inhibit vecurred a fired time (approximatvelv 10 », 8.

buckets) aFter the trigpe: decision so0 that a lairc spibe occarsed in

W

the EVENT HISTORY for the hit associated with the bean partit\; which
gave the trigger. Clocking for the PLASHER HISTORY was inhibited o)
the reference tube coincidence which generated the gate for the {lasher
ADCs. This inhibit alsc occurred a fixed time after the ccincidence,
but due to ap oversight, the flasher gate arrived just of! seale of the
FLASHER HISTORY for most of the run. This oversight was corrected late
in the run by add.'tion of a delay to the inhibit of the PLASHLE HISTORY
and allowed a dete mipnation of the timing. This is only relevant for
corrections to the flasher ratio from tails due to beam particles hit-
ting the calorimet:r immediately befcre the flasher fired. Lach module
was also equipped with interral diagnostic hardware for checking the
operation of the module.

A typical LVENT HISTORY disiribution is shown in tigure 11, One
notices immediately the peak due to the trigger particle. 1n additicn,
requirements in the trigger requiring no additional beawm particles
near the event can be seen as vcids in the background distribution
refore and after the trigger particle. Thic device wac most usaeful in
the rate correction to the measured energy. The Lit pattern for both
for cach event then cleared to

of the HIETORYs was writzen to tupe

continue counting.

Tne FLYING SCALER ngisted of cealurs ang o 1f bLit

scaler . The 16 pit scaler courtec the pumber of rof. lu

erjce werye tolu that cervalin

it sfalers coun

ol these noalern werc e i jattern tran o

= Jountir . Lo ritelt Lt the ncan were  lesred
priiodloaliy. The et o s learan evers D the
vl il e T Wil cleare! wlon e jowee




raosro L1 P L thu palidiri e y

: W T 5
ot v i RN ¢ B HERN
Cut e wlenreg -t s oAl ! o 1o ke

- B tirst tour. < shee the ¢ Dowhen, an
E E event ger coourred. e cha tler cleares, e
~ 7] chechad the bit pattern in the r. . ceunter. In this way, cne abtelned
4 the beam intensity up to 2e® uses s the event, Lul oven belter,
— IO I~ __: the acrual time structure of the bear in varicus increments was alsc
le-j E E ained. BSince there is some overlay In the counting ranpe ot the
% | I various grains of the TLVING SUALELK, ¢ corvectieon for deuble counting
a - T was made te determine the time structere.  The value ur the r.t, counter
LD:L § and 12 zcaler values were orded on taye for each event, cleared,
E;s 3 and then allewed to continue counting.
; B The Nal sighael wi obtained hy a hird-wired histogramming module.
L —
[_|>_| The histeprammer consisted ¢f 160w 10 Bit words of memery. The tirst
|02 E hall of this memory wao Sy porerence tube 3 (KPP 1Y, the other
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n-7a RF BUCKET 249187 recorded on tape jrice te the Lheam spill and immediately atter the

Sair Spiil.

Fig. 11 Typical hit distribution in the EVENT MI1STORY. The large
peak is the position of the particle which triggered the The ANC units used 1or jalee heipht analysis were standard feltoy
cvent, Depletions before and after the trippering particle
are due to the time requiremerts in the beam trigger. TiaBn ADC medules.  The uti

soecitied Lo be linew to within

,25% of the number ot chatnels pluy erominus 2 channels {uu) but g
measurement of the iinearity indicated signiticant deviations. A
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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 A4DC from the relation

Q = ke

where € is the chanpel number and K and ¢ are constants. o 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 fransfer this data to magnetic tape. In addition to these
collection tunctions, the computer also acted as a monitor of the equip-
ment performing several tests during the data collection to insure the
gquality 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 KINLTIC
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 LEDs for each counter were pulsed we:c monitored

47

before each beam spill during the entire run ané a message was printed
out at the terminal if they were cutside windows set by the experi-
menter. The CLYINC SCALER was continuously checked for reasonable
counting rates by calcu.ating 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 effi-
ciency, etc. Probably the single most useful diagnostic was the single
event display on the graphics terminal. Problems became very cbvious
by simply looking at a few events on this display. The histagramming
capabilities of the on-line program were almeost limitless. Flexible
conditions on the nistogramming allowed one to study any experimental
parameter under any condition. This allowed for o close watch to be
kept on the apparatus and insured the integrity of the dara. This
program, a version cf MULTI (Multi-task system) written and subsequently
adapted for this experiment by J.F. Bartleit, contributed preatly to

the success of the experiment.

LE-




CHAFTER IV

Data Taking Procedures

A. Hormal 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 BEGIM
RUN recerds contained pertinent information abeout the run such eas
magnet current, purpose of the run, etc. Prior to cach beam spill
Three additional types af records were taken. The first of these
recorded the ADC values without any particles striking the counters.
These PLDESTAL 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 measureme

to determine the ADC sipnal for
real energy deposition in the counters. The sccond of these pre-spill
records recorded the ADC values after the LEDS in each counter were
gulsed. These LED records were used to check that each phototube wds
operaling correctly. The light flasher was also Fired and the cerre-
zponding ADC values recgorded on the pre-spill LED records for use in
flasher studies without complicaticns from beam particles in the
calorimeter. The last record, the BEGIN SPILL recot i, wrote the

Nal hardware histogram information to tape for later analysis. During
the beam spill both events with muon triggers and INTLRACTING BLAM
triggers were taken. The INTERACTING BEAM events (I.B.) were normal
interacting protons without any muen requirement whatsoever. The

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

49~

in the previous chepter. bFocause Lhis

tal combination ceorres

very obften, not every proton o

iy emunt Wat ddceplod.

Only after a preset number o iopical signals was a tripper aceepted,

This prescaling had the el sistributing the INTLFACTING BLAM

triggers randomly in tre avoid systenatic effects

which could occur if the INT!

FACTING BEUAM events were associated with

a piven time in the spiil. (me i

1]l record was written after the beam
spill.  These IND SFILL resonds centained additional Nal histegrammer

informetior and the velues o1

[
e

¢t the scalers which ceounted during

the spill.

B, I.B. Kuns

A5 well as the 1.B. evernts taken during the normal running

. & fovw

runs were taken with conly 1.8, trippers. Duriny these runs all of the

muon trippers were turned cit and the prescaler on the loyp

signal was set te 0 so that cvery

. cuineldence penerdted dan event.

Thege runs werve tehen iew beam intensity, typdeaily - >

jrotons Tre low intensity kept any adverse rate etfeots

on the calorimetry te 1 mininum. This allowed ome to tudy the waleri-

meter Ue3pe

without the added complications due tv padn shitts in

the phototubes.  This low intensity data also served as a vhock en the

quality o the rate correction appblied to the main tody

ot Rung

To calibrate the calorimetry cunters and to .l

allpn the spavk

chambers, sevelal runc wore taken with a nuen beam.  The suen runiing
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vas divided into two parts. The first involved strict alignment of CHAPTER V
the chambers. The alignment data was useful for calibrating the Chief Data Analysis
counters, but could not be used for the MacMurphy counters because of

The final data sample from this experiment consisted of 50 magnetic
spark chamber noisc problems in the HI ADCs. The second part of the

tapes and 15 trillion data bits. The purpose of this analysis is to
muon running involved turning off the spark chambers and running only

convert this collection of ones and zeros into sore meaningful form.
calorimeter calibration date. This data was used for calibration of

The first stage of the analysis consisted of selecting the I.B, events
both the MacMurphy and Chief counters.
out of the total sample by using the trigger bit pattern written on
tape for each event. The second procedure involved correction te the
ADC for nonlinearity, calibration of the calorimeter, then fipally
conversion of the calorimeter response to an energy. The last proce-
dure was to improve the energy measurcment 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 distribntion.

A. ADC Response

Conversion of the number of counts in the ADC to energy deposited
in the seintillator invoived several steps. The first step involved
subtracting the redestal value for each ADC from the ADC value written
on tape. This pedestal value was determined from the PEDESTAL event
taken before each spili. After subtraction of the pedestal, all of the
calorimcter ADCs were corrected for nonlinearity using the coefficient

determinec for each ALC. As mentioned in Chapter LIL, this correction

is of the forn

where C' is the correctee channel number, € the actual chanruel punber
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and a varies from 1 to 1.08 depending on the ADC. ALl subscogquunt
analysis was done with the corrected chamnel number.

The SUPERLOs mentioned in Chapter I1I were used te obtain the
puise height in those counters which saturated their ADCs. This pulse

height was obtained using the relation

‘sat | ' k '
€ * Couprrio; ﬁajcj)/ai

et~

at

'
s . . . :
where Ci is the real number of channels in the saturating counter i,

. .
CSUPERLOK is the number or chennels in the SUPERLO which contains counter

i, a, is the fraction of the pulse height in counter i which contributes
to SUPERLOk (i.e. a; times the number of counts in the ADC for counter i
equals tlhz contribution in counts for counter i to the ADC for SUPEkLok),

1

Cj is the number of channels in the nen-saturating counters in SUPERLOk,

and Ny is the number ol counters comprising the SUFLKLO. The sum in
the above expression is over Ll ol the poncaturating ccunters in SUPERLO

1t more than one counter is saturated In a given SUPERLO, then the excess

in the SUPERLO heyond the sum of the nonsaturating component is divi

equally among the saturating counters,

B. Chalorimeter

For calorimemry techniques as discussed in Appendi+ A to work
effectively, the number of charped particles at various depths in the
calorimeter must be counted cerrectly. Since the recponse of a countor
to a minimum ionizing particle (m.i.p.) varied, this number had to be
determined individually for each counter. This relative calibration

was accomplished by three different methods:

~53-

k.

(#)

aimitericn of the tetel reseiution

Vinally, e2fter obtaining relative calibration for each counter,

an

the total calorimeter respense could be converted to en energy in CeV

by using a momentws analyzed incident beam.

Lach method of calibration will nuw be considered in detail.

1, Huon Calibration

Huong are ideally sulted for the purpose of calibrating the calori-
metor counters relative to each other. Muons can penetrate large amounts

of matter without interacting. Thus, a moderate energy muon, say 5C GeV,

cuan penetraty the whole caelorimeter cacily. By measuring the pulse
height in cach counter for this muen a cinultaneous measure of ¢ single

mi.p. in cach ceounter for the same particle is obtained. This ‘s

eractly the prelative nocessaly for poud calorimetry.

The arp Lificd cutprurs (8is) trom the phototubes were used for the
muen calibravtion, A& wypical muen puluse height disveibution In the fils
iz shown in tigwe 12, Cne notices immediately the prominent Landau

tail on thiz distributicn. The best measure of a mon from this distri-

bution is the mean, but Lecause of the tail, the mean is susceptible t

¢

statistical {luctuations. circumvent this problem it is useful to

use the moun of the distribution cut at 2% and 2.8 times the medn of

the distribution. This vulue was calculated iteratively. A cut at ..o

times the mean was uced to eliminate efieccis of the long tail, The eut
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SRt

at .25 times the mean was to cnsure that the distribution was adequately
above pedestal amnd that there was no contribution from width in the
pedestal. This procedurc was done for each counter and subsequently
vielded the m.i.p. value ifor that counter.

Since it is the unamplified output (LO) which is uscd in the
calorimetry, one must determine the LO calibration from tie muon values
in the HIs. This required measuring the amplifier gain, i.e. the HI/LO
rativ, for each counter. This was accomplished in tw ways. The first
method used the LEDs that were mounted in each counter. The driving
unit that fired these LEDs had a variagble amplitude feature. The LEDs
were pulsed amw. the amplitudes changed. £ straight line fit to a plot
of KI versus LO for different LED amplitudes yielded the HI/LO ratio.
The second method used the riion pulse height itself. The events on
the Landau tail were uged ro plit HI versus LO. A straight line fit

tc the plot of HI versus LG again yiclded the HI/LD ratic, The muon

methed had an advantage over the LEDs sii- e the frequency spectmum of
the light emitted by rhe counter from muchs w»is the sume as fronm the

particles traverzingc the counter during a shower, whereas the LID

fre,uency spectrum might have Leen significantly different. Thic is

an important conslaer amplifiers with a tinlte bung width.

¢ WS dn tametic difference in these twe methods

inraticn is an unbiased measure of the calori-

although the ruon o

wWal et O

weter calidration, tictely adeguate for twe reasunc.

Firs:s the small overlap between the Hls and LOs caused large rijer:

in the Hi/LC ratio and Iial of the methuwd, econdlv,

Chere Was an indicatics, thet the plon blux sccoclated with the oooom




was creating adverse erfects on the mecsuromenl. kecall that the HiIs

are a.c. coipled to the ADC units. At a large pion rate this a.

coupling could cause pedestal shirting in the “7'C units due to build
up of charge on the coupling cepacitors. For these reasons, the muon
calibration values were adjusted using the shower calibration method

described 1n the next section.

2. Shower Calibration

This calibration method relies on the fact that on the average,
the shower profile should be indepemdent of the position of the first
interaction. Therefore, the prefile for showars that begin in plate
2 should be the same as for showers beginning in plate 1, except shifted
downstream by the thickness of cne plate. Thaose showers bepinning in
plate 3 would be shifted by a thickness ol two plates, cte. Fram a
consistency requivement between these varivus shower posilions, the
forty-five calibration constants corresponding to o single m.i.p. ior
each counter are obtained by minimizing the xz from comparison of these
showers.

For this method one needs to define an algorithm for determininp
the beginning of the shower. By the very nature of the method, the
calibration is sensitive to the actual details of rhe alporithm., In
general, the beginning of the shower is found by searching tor a vosi-
tive gradient in the pulse height distribution of the calorimetry
counters. IF we call iBEG the plate in which the shower starts, then

the positive slope implies

whure LR is the number of m.1.p. in the counter behind plate | and
I - “3' For reasonable values of Nl’ NZ’ and N3= iBEC

fast rising showers. Very slow rising

is unambipucusiy defined
showers however, can be confused with other showers which have a large
backsplash (“albedc") from the primary interaction which occurred further
downstream, The algorithin used in this calibration technique used
Ny = N, = Sm.i.p. and 4; = 10 m.i.p. as defined by the muon calibwration
abave.

The xz obtained frow comparing the profiles for showers at various

depths is

7 8 45 2
b N, -0 LN N
\Z = E E Z ‘ _Ckll,k k-i+j §,k-1+7
i21 j2i+1 k=t ) 272 2 2 %
005 7 Chope® k14!
where Ni K 1s the nur of r.i.p. in couater k for showers starting
s

in plate i as determined irom the muon calibration; 4 is the error

in “i,k’ and Ck is t.e yet undetermined calibration constant for counter
k. One nolices Inmeciately that the K2 dbove is left invariant if each
“L is nultiplied by some fraction £. To remove this ambiguity, an
additional constraint was imposed requiring that the sum of the new
calibration zonstants be equal to the sum of the muon calibratien

canstants (C},I"'UOh = i)

. . 2 . L.
This can be added to the sbove X using a Lagrange rultiplier X Lo

abtain <
; u .o - ..
2 ? E ‘Ck'i,k Ch-iri™y kit ?
I 2z Z 2 L, (
i=1 j=i+l k=1 {CkciVk + Ck-i*j°i.k-i+j) ’
45
+ ) te, -1
k=1



By selving the et of 46 linear equations (4% 5};1‘- and the Langrange

radtiplier 1), the 4% calibration constsnts are obtaimed. Ghe can

Ty el beoenly sYirhndy HiFCerent

muen ralue,

0 can be expanded aboy er value fefi

Lk ¢an be expand about the muon valv redefine § . ”i .
SR B = »
TP

and 9, using these new calibratioen constants and

redo the calculaticn ~fa.n until a convergent solution iz fo

? .
Tapanding the quantity in ¥° abuve, keepins enly te:

advertised, these cenciantz differed enly ol1i

in rSk, tha follewing iz obtained

bration conutantz. To estimate how well the

2 I
, s

formed in measuring the en

the revolaticn chta

e Ivom the ©

will be glscucced iIn the nuxt zection.

where:

2 ochecs L8 The

2
3
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o o
. N ‘
. a et e . P R .
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N & o The ¥ is constrainei lytredlir Sl aeeros
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chaupe witn @ change in ¢, trom the muon value
? 1

T I
1 2 N i Ly =
- DR R E
Mgz 330 g

s A 2 . .
Ditferentiating ¢ with respect t. Cj and setting the result to § the

cquation

0:2&3:2?(%50“-:1-3)(1“
-‘,cl jgl 551 jis 11
us 8o - Ny
- j{lcjdjdlizl N - T4y i§ LNL

Selving this set of equations yields the 45 cal ation eonstants.
With inf inite statistics, this minimization technigue weuld be
Lhe best way to calibrate the calorimeter. However, the statistics
are not infinite end the statistical accuracy limited the results of
this method.  Because the experinent was only optimizing with respect
toe Ll resolution, there avose correletions batween the calibration
coelbicients to raduce the resolution which gove nonrcasonalble solu-
tiens for the constants. Because of these prablems the minimization

method was only used as a check on the other mcthods.

4, Weipghting

As iz mentioned in Appendin A, the resporse ol the cvalorimeter is
diflerent ror electromapnetic energy deposition and hadeonic energy
deposition. fThe electromagnetic shower initiated by an electron or a
photon wi.l have a characteristic length governed by the radiatlion
length in the steel of the calorimeter, approximately 1,77 cw. That

is to say, all of the energy associated with an clectromagnetic cascade

—61~

11 be dvejpoesited in oo few lengths. Hadronle shewerz, on the

other hand, have o charaeteri . egual to the «ioorptlon length

Cmy an o

der o f megnitude larger.

Aloo, the tetal measwred Iy an electiomegnetie shower is largper

then a hadronic shower since the electromagnetic chower will net lose
energy to the unsampled tuclear sector. The responze.of the calori-

meter for electromapnetic ene

depositien would then be fairly short
showers with large pulse heights, while hadronic shewers would be longer
with reduced pulse heigh in additien, the resclution is better for
clectromegnetic cascades Pecause there is no width usually associated
with energy lost to the unmeasureu nuclear sector.

Because of these differing responses to electromagnetic and hadronic
energy, the measured energy will be semsitive to fluctuations in the
4% content in the primary hadronic shower. Since the ° decays almost
instantaneously into twe photens, showers with a large 19 content will
have most of the beam energy deposited as electromagnetic showers, being
tairly short and with large pulse heights. This etfect in the data econ
be studied by investigating the dependence ot the tolal cnerpy and
resolution on the second moment of the distribution n, wheren is

defined as
45 45
2
n =(2n.);’/in..
. i NP §
1= i=1

Ni is 1he number of m.i.p. particles in counter i. TFor a uniform

distribution, n is .i49. For a triangular distribution over five

counte:

,n is .u48. Then distributien for an 1.B, run is shown in
figure 13. The dependence of the calorimetry parameters on the second

moment is shown in figure 14, Increasing encryy «nd improving resolution
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. . . s . o
for an increase in the sccond moment igo indicative ot a lapgoer 7w
compaonent.

To mitigate the sccond moment effec

pulse height was used in calculating the measured enersy. The veight-

ing function was taker t6 be of the form

%7= 1 - Xf(Hi)
where % is some fraction of the function f(Nj) to be determined
empirically and “ is the weight For counter 1. The measured energy

is then 5
K wd.N,
: 3 1

where di is apain the thicknes. Clate 1 and K is a normalization to

insure that the average weighted enurgy ls equal to the average un-
weighted energy. Several functions were tried tor t(Ni). Figure 15
shows the energy and resolution of the calorimeter as a functicn of
the fraction x for a lincar form of f(Ni7

f(N,) « N,
i i

A clear minimum in the resoclution is appar~nt. All of the forms
studied for f(Ni) gave a minimum in the resolution. The final form
of f(Ni) used was the linear function

f(N.) = N,/1500.
X 1

Noting that the minimws oecurs at x = .2, one obtains tue final

weighting factor

We =1 - 1.3u10 " N,
1 i

For measured energies less than 400 GeV, the weighting factor was

given an additional energy dependence
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: described above, a weighted
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wiF 1= 1.34x10 Ni/(EMEAS/HOO).

where E is the unweighted measured energy in GeV.

was used rather
MEAS

Eybas

than the beam energy io avoid systematic effects for events with a large l ] ]

T

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 fipgure 17. This distribution is

T TTTTT}

Pt

linear, indicative of a Gaussian character.

T
1

The response and resolution of the calorimeter usi-g the weighted energy
are shown in figures 18 and 18. A fit to the form A + BESEAM for the weipghted
encrgy yields A=2.5:.3 GeV, 2=1.003+.004 with a X2 of .34 per 5 degrees of
freedom. 4 similar {it to the unweighted energy yields A=1.182.27 GeV, B=1.00634

004 with a X2 of 2.8 for & degrees of treedom. The negative offset may drise

T lgrll!
oy gl

from slight pedestal shifts during the spill. Also, there seems to be a small

EVENTS/4 GeV

systematic (1-4% increasing with decreasing energy) shift in the weiphted enerpy.

T
i

This shift may be due to a miscalculation in the ‘icit energy scaling in the
weiphting formula, Taking into account this negative offset, a fit to the

n
weighted energy of the form AEQFAM tor the resolution yiuids values of 71.341.8%

and -.510£.005 for A and B respectively, with a X2 of 27 for & degrees of freedom,

Lt

T 17 IIT[

A similar fit to the unweighted energy yields A=Gu.3¥1.6%, Bz-.u84:,605, with a

X2 of 19 for 5§ degrees of freedom. The X? for the weighted energy gets a large B T

contribution from the lew energy points where the weighting scheme may be losing

its effectiveness. ritting only from 100 to 450 HeV yields A=61.4%23,4% and Be

10° . | '
320 360 400 440 480

In conclusion, the weighted energy appears to be a good measurce of the EN ERGY (GEV )

-.4842,010 with a X2 ol 8.7 for 2 degrees of freedom.

3401418

calorimeter performance at large cnergies. Degradation effects begin to gp;wen

at the lower energies. The zalibraticn methods ans the recolutions obtained

: Lol L. ‘
from these measurements are shown in Talle I1.

i
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Table 1I.

Calibration results

Hethod Kesolution
MUONS H.60 %
SHOWER DEVELOPMENT 3.63 %
MINIMIZE RESOLUTION 32 %
SHOWER DEVELOPMENT 3.38 %

WiTH WEIGHTING

C. Rate Corrections to the Encipy

Figure 20 is the measured encrgy at a high beam rate (300 kiz).
The dashed histogram in figure 20 is the low intensity measured encrgy
with the same number of events. 1t is clear that the measured energy
suffered from beam rate effects. The origins of these effects stemmed
from twe sources. The first source arises from contributious to the
total energy from beam particles that preceded the trigpering particle.
‘The second source of rate cffects is due to gain shifts in the photo-
tubes due to large currents in the anodes ascociated with the high
counting rate, This second effect was menticned previcusly in the
discussion on apparatus. TFortunatnly, data was available to correct
the encrgy for tir~-r rate effects. The corrections applicd to the

data to overcome these effects are discussed below.

1. LVENT HISTORY Correclion

The pulse height ~ ->ciated with a shower ip the calovimeter had
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Fig. 20 High intensity measurcd energy before rate corrections
(solid histogram) and low intcnsity measured energy
(dashed histogram).

=13~

a lonpg tail extendipp out to severil hnndred tanosecoidts . At high
rates, when the separation betweon consecutive Leam particles de-
creased, it was possible for ansther beam particle to impinge on the
calorimeter while the tail [rom the previcus particle was still finite,
This would lead to a measurcment of the encrgy which was toe large.
The flasher system and the FLASHER HISTORY were used for studying this
overlap effect. Once the effect was understood the EVENT BISTORY
could be used to correct the calerimetry data.

To determine the amount of pulse height from the tail of preceding
particles to the flasher sipnal, {irst the amount due to the flasher
jtself must be determined, To do this one uses the flasher data from
the LLD events taken before the spill., Using the flasher values for
reference tube 1 and the calarimeter counters on this pre-spill event
one forms the ratio

x’li = (I‘l.i/RLI‘ 1)LED

where RIF 1 is the reference tube 1 [lash:r value and Vi iz the [lacher
value for counter i. The LED indicator on this ratio means that it was
measured on pre-spill ovents. To caleulate the counter flasher value
for the event flashers, one uses the reference tube 1 value for the
event flasher and the above ratio. The caleulated counter avent flash-

er value is then

CALC . -
(g popwr = (TLZRTE 1)) o (REE 1)

EVENT
= Ri (REF I)RVFNT
Subtracting this calculated vadue from the actual Flasher value,

|
(rbi)FVCHT‘ yields the difference due to the tails from the particles

before the flasher, To study the time dependence of this effeet, those

.



events with only one hit in the TLASHER HISTORY have been selected.
Figure 21 is a plot of the function
31

£{t) = J (FL,(t))
=t 7

CALC

- (FLi)EVENT

EVENT

versus the position of the beam hit befcre the flasher in the I'LASHER
HISTGPY where the sum over i is all of the counters which view the
Flasher. A 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

_ CALC _ -t/A
vent (FLylpyper = A e

a.(t) = (FL,(t))

1 1
where t is in r.f. buckets. Ai and A are to be determiped from the
data. Figure 22 shows the X? distribution for this fit for various

values of A, where X? is defined as
R 50 31 —ti/A P
2= §§ At Ae ) /Ug )
ist 421 4% 72 3 T
where the sum over i is For a hit within the first S0 r.f. buckets of
the ULASHER HISTORY, the sum over § is all of the counters which view
. 2 N . N
the flasher, and O3ty is the error in Ai(ti)' The minimum occurs
for A= 7,5 r.f. buckets although A=8,0 buckets is not sirnificantly
worse, For A=7,5 r.f, buckets, Ay was approximately 20% of the aver-
age shower profile value in counter i. With Ai and » determined, the
LEVENT HISTORY hit distribution was then used to vcorrect the measured

calorimeter energy. & plot of the energy [+ ere and after tae LVENT

HISTORY correction is shovn in tipure 23. The dashed histecram in
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Fig. 23 High intensity measured onergy after IVINT HISTORY correction
(solid histogram) and before prate correction (dashed histo-
gram).
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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, mcasurements were performed on each of
the phototubes to study the effect of the galn at high anode currents.
These measurements werc 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 cffects. 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 mary protons
hit the calorimeter and when they arrive will pive a measurc of 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 everage number
of m.i.p.s per proton times the number of protons per second. IL is
possible to study the measured energy as « function of this current.

As discussud in Chapter TIT, the FLYING SCALER contained twelve
scalers. For cach scaler the number of protons in 2 given time inter-
val and the time before the event at which this intensity occurred is
available. 7o study the rate effects with the FLYING SCALLR, it was

uselul 1o paramcterize the VLYTHG SCALTW duta in terms of a quantity

“70-

called the rate parameter, n, which accounts for possible relaxation

effects in the gain shifts by using the time information of the FLY-

ING SCALER. n is determined from the FLYING SCALER by the relaticn
12 -t /A,

8= 2 N.e 1% ]

when Ni is the number of counts in the ith scaler and ti is the time

before the event which this jth scaler was counting. ATS is a charac-

teristic time associated with the intensity effects on the phototube

gain. AFS is not known a priori, but must be determined from the data.
Figure 24(a) shows a plot of the fractional change in the meas-

ured energy versus the rate parameter with Apg = 300 wsecs. There is

S
a clear monotonic dependence on the rate parameter. The dependence on
the rate parameter for various values of A, was investigated. The
value AFS = 300 usecs praduced a dependence of the fractional energy

on the rate parameter which best approximated an exponential distri-
bution and 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 (Ars = ») is alsc shown in figure 2u(b).
The fractional energy change coes not go to zero with xrs = w a5 ex-

pected if the A\, . = @ rate parameter was a good indicator of the rate

s
effects in the phototube. The measured energy in these plots has been
corrected using the EVENT HISTCKY correction.

Although the energy dependence on the rate parameler was not a
simple function, thnis dependence couid still be used to correct the
energy for this eftect. This is done by simply interpolating between
the data points in figure i4(¢). For a given event one first calcu-

lates the rate parameter froum ilee FLYING SCALLR data. Having determined

~E0-
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the vange in which this paremeter lies in figure 2u(a), a lineer
interpolation scheme is used to determine the fractional energy shift
AE, . _ fbsE,. AE AL
TU‘») = (T(v.:) - "—(nl)) (”'"1)/(":-'”1) t 'f-(n])
with
T > >
'12 n LLEN
AE . e . ] . )
7?<”i) is the weasured frectional energy change atr the value of the
rave parameter 0. Having determined the fracticnal change, the LY~
ING SCALER corrected energy is determined from the relation

BR

E

o]

S o
g

where E, is the uncorrected emergy. figure 25 shows the EVENT

MEAS
HISTORY corrected energy befcre and after the FLYING SCALER corree-
tions. The final corrected rieasured energy relative to the low in-
tensity measured energy is shoun 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 etfects. cuts have been appiied to the calorimetry data.

These cuts are discussed in detail below.

1. Position eof Primary Interaction

Events with a larpe amount of 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 front ot the calorimeter.
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‘Tthe: o large albedo events .11l also pive a large pulse height in

¢ mlate. By

counter B2 which i3 moumie 1o the trent of the iy

including M2 as a counter .o ihe shower alporithm jor determining
the beginning of the showe | these large albede events will appear
as showers which begin bei.:e the first plate.

Figure 27 shows the me i i L w
beginning. The beginning .- the showor is defined as the first counter
with more than 30 m.i.p. {. lowed by another counter with more than 20
m.i.p., a slightly different definition than uszed previously for the
shower development calibration., A systematic eflect is zeen for events
which begin elose Lo the f:.nt of the cdlorimeter, Accordingly, a
cut was applied requiring :.at the shower besin in or beyond plate 1
as Jetwrmined trom the algorithm. A Ut was alse applied requiring
that the interaction cecur: ed betore the 10“‘ j wate 1o help remove

abnormally long showers.

2. Total Energy Sum

A cut was placed on the data such that the total interaction had
less than 500 GeV total enerry. This cut was uscd 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 showen profile
could yield systematic cffects in the measured eneryy. In particular,

very long showers have lower energies due to particles lost out

—~B5-

—8§6-

1O

3491418

Al

PLATE

g. 27 Calorimeter measured energy versus the plate in whic

=79

h the pri-

Fi.

Approximately 5 plates is equi. to

length in iron.

mary interaction occured.

a proton absorp

ion
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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 hadron 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 be large simultanecus
energy deposition in contiguous Chief plames. This can be studied by
using the variable

SUMCOR = MAXIMUM (n

_CHIEF, CHIEF
My TP

CHIEF, CHIEF CHIEF
tn. +n.
1 Z 3

CHIEF

CHIET, CHIEF  CHILF
i+2 0 +n, +

! ngg )
where nciHIEF is the number of m.i.p.s in the ithchief plane. Figure

28 shows the measured energy as a function of SUMCON., 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 fluctuztion would be the relative amount of
energ; 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-e long showers could rroduce particles
which leave the calorimeter thtrough the back or the side. Figur‘e,ZS -
shows the measured welghted energy as a tunction of thé fraction

20 - X
Rz E. /B "
423 i/ Fumas
where L‘i is the energy measur:- in counter i. A systematic effect on
5 -
the energy measurement is rea.ily apparent. The data was cut.féquiring
© that the ratio’R be greater ti.n 0.5. O A
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A number of minor cuts

vt on the data to help improve the

quality of the beam. Ti fsted of requiring the pulse

1 ; height in BO bLe less than 4 . < aud thyt the number <f hits in the
t - ..
O g 4 h BWC be less than or equzi to I in both %z and v. A cut was also
—_ ]
17 ] applied requiring thet the instantaneous buam rave before the trigger
— w0 ;! B P g - g
1l 3 J w” as calcnlated by the FLYING SCALER rote parameter be less than 212.5.
QW E
i3] This last cut was used te facilitate the T'LYINR SCALLR rate correctiom.
| ©
(@]

5. Huon Cuis

Muons created in the hadronic shower will give rise to a low

energy tail similar tc v production. These muons would leave the calor-

imeter without Interacting, losing enevrpy only through ionizatien. To

be sure that only vs are piving rise to a low cnergy tail, the events

with muons in the final state have to bhe removed from the data sample,

bvents with muons in the data were eliminated using two cuts, both of

the first 20 plates to the total energy.

which rely on the tact that the muon's penctrating power offers a

ter measured energy versus the ratio of the energy de-

in
energy deposited in plate i.

unique signaturc for iLdentification. Huous which were at low angles

ime

to the beam line were eliminated by a cut on the Chief pulse height.

1
0.2
lor
posited

¢

' Wide «angle muons were oliminated using the teroid acrylic countuar
! & . - . . . )
N S o informativi,  The acrvlic counters e shown in fipure 9. The pene-
5 . . . . )
| o tration ol the steel in front ¢t these counters pives a clearly identi-

400

tiod muon.,  The spark chamber information was not used since this data

wds not available for all o1 the runs.

~ 390

(A39)  A9M3N3

1ore

Am.i.p. in a given chief plane was defined as any counter in
that plane giving more than 2% times the muon calibration value of a

m.i.p. in the Chiet:

-89-
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(1 m.i.;_a.);.L =

where (1 m.i.p.). is either 0 or 1 and means that the Chiet plane i
i

TTTTTT]

had indications of one or more m.i.p. (1 m.i.p.)i is then summed .

el

over all of the planes in the Chief.

T

10
TOTL = § (1 mui.p.).
Bl 1

T

103

and a cut was placed on TOTL to remove penetrating particles, i.e.

TMUONS «

TTTTT]

To find the position of this cut, the TOTL distribution is studied

Lol

1

for events with previously identified muons in the Chief. Events with

1
|

wuon triggers were selected for this purpose. It was also req ired

0%

that these events with muon triggers have only 1 recenstructed track

EVENTS
IRRERRN

Ll

in the spark chambers, that the momentum of the muon be meacured iu the

toroid spectrometer, and that the transverse position of the track be

T

such that it penetrated all of the Chief. These constraints insured

T

L

that a real muon penetrated the total length of the Chief. A large

beam rate was also selected to take acount of a.c. coupling effects in

Ll

TV

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

T

| -

T

sample with TOTL less than &. Thus for the 1.B. events it is required

that TOTL be less than 5, A calculation based on the measured muon

rate from unbiased proton interactions (1%} yields a contribution of () 22
.25 evenis with muons which passed the TOTL cut in the final data sample.
P i a P -1 TOTL 3491417

Wide angle muuns in the data sample were eliminated by requiring

that no more than 1 out of the 3 acrylie ccunter plancs firea. The Pig. 30

Lpe in ke
roment 3 which
io1. There are 7 events with

Chiei as detl
comparing passed comple

TOTL less th .
-91- G-

efficiency of an individual acrylic counter was determined by




wiv in Ligure

the number of times all Thros o the actvlic plapes tived te Lie immber .
of times only twe of the llanes !ired [or mon svents with recon-
stricted momentum.  Since the mucn riggar only required that two of e 11
Talle I,
the counters Cire. this methea gives an anbiased measure of the counter
Tercentag= o1 cveuts last by cuts
efficiency. An individual counter thus measured gave on efficlency of A
Culs Iraction Lost (%)
Lrdction LAst \e)
approximately 90%. The efficiency of the acrylic counters for detect- L )
’ Leginning of shower 5.64
ing muons it two or more are required to fire is then
Total energy 7
I R B 243 = 97.2% . . st
PWIDE = I+ 3FT(1-F) = ,729 + .243 = 97.2% Ratio of energy in 157 meter 2.76
. . e { fef <
vhere P is the efficiency per plane in the acrylic counters and PWJ_DE Lnergy in Chiet 1.75
is the total probability of the acrylic counters to detect the wuon. Huon in Chief 4.30
. -4 . N Wlde
Using the prompt u/m ratio of 10  measured in proton-proton inter- “lde Angle Mucns 1.61

a~Llons {47} and taking N_= 10, the calenlated number of events in the .
Ll Cood Beam Particle Cuts
duta sample due to wide angle muons nnly is

Tartizle in ADC gate 1,37
- 10 n's R IR SN . R Pavame 3.80
= R ey A Y ot NG 1-F X Rate Parameter
Syt T /3 % pRgwom * 10 § @ Tw107 PROTONG w (1-Fqp)
ANCLL HALO cut 1.60
= 1.8 events,
. A Unigue beam track 3.75
The factor of 1/3 comes from thosc wide angle muons which also traverse
. N R Clean beam renuirements 5,51
the Chiet and were subsequently eliminated by the cut on TOTL. ‘This
calculation assumes that the prompt muons come only from the primary Totai fraction of events lost by cuts 23.55

proton interaction in the calorimeter,

The effect of these cuts on the low intensity I.B. data was to
decrease the resolution from 3.48% to 3.40% and to climinate 16% of
the events. Tor the whole data sample, the effect of the cuts was to
reduce the number of events from 187,168 to 150,499 and to improve the
resclution from 3.84% to 3.51%. The fraction of events lost due tu the

various cuts is shown in Table IIL. The energy distribution after all

-93- ~9u-
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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 producticn moedels. From
these modal calculations and the observed distributlion, 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 o Gaussian
respense function for the measured chergy digtritution. TFigure 32
and Table IV are more detailed versiong of the energy distribution of
figure 31. 1f we compare the data to the Gaussian distribution calcu-
lated from a fit te the low snergy clde of the mcasured energy distri-
rution, » slight enhancement is ncticed. One is leary of claiming
evidence far prompt neutrinus based on this data. There could Se

additicnal sources ol backgrecund that might fake such a signal. Al-

theuph the data ha cer. cut to ensure complete containment of the

hadronic shower, thers is uc definit.ve way of riling out an meieilow

56
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Low energy distribution of figure 31. The dashed histogram
is the measured energy distribution expected from a Gaussian
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Table 1V,

Fxpected and observed number of low energy events

Energy Gaussian Data Excess
355-360 204 161 -13
350-355 EW.1 66 +1.9
345-350 17.7 26 8.3
34G-345 4.27 8 3.73
335-340 .91 2z 1.08
330-335 .17 Z 1.83
<330 .04 3 2.96

{luctuation in the transverse energy deposition with energy leaving

the sides of the calorimeter. A naive calculation indicates that the

hiph Py process usually asgociated witli proton-proton interactions js

unlikely to cause such o fluctuation. Nevertioiess, some heretofore

unknown mechanism may produce such events. Lw e amounts of energy

loaving the Iro

2} the calerimetor seems unlikely as a source of a
oW enerpy tail.

Ac well os e gbove mentloucd LHackground, an enhancod enerpy
Glrtriluticy, could arise tron npentrines due to decays of ms and hn
croduced in the hadronic shower. wonciderine the fact that the neu-

wino eneryy has te =¢ 50 Tel or mere, the contribution from 7 and ¥

Jdecay can be ostimated Ly just considering the first interaction in

the calorimeter . Realizing that the . produced in any decay has to

range out in the calerimeter tor the event to Le accepted Jdue te the

—va-



muon cuts on the datra, the number of decays is then

apn

WA d
: had ' 'yphad ' '
R o
NE“>50 BR(h+v) had Vb J Pdecay(E ) ey (E )PF \50(5 )dC
THRES v
where
Ev = neutrino energy
N
£v>50 = the number of events with Eu greater than 50 GeV
Nhad = the number of ms (Ks)} produced per proton in
the data sample
BR(h-v) = branching ratjo for the hadron to decay to a
neYLrine
Ny = the total number of pratens in the data sample
ETHRES = the threshold energy for production of 50 GeV
neutrinos
phad (EI) = rhe probahility that a particle of e EY
decay te p b particle anergy
decays within one interaction length in the
calorimeter
had
dap ' s .
—r (£ = the probability that a particle of energy E'
dE
is producad in the first interaction
had (E‘) I babili . . . '
Ev>50 = the probabilitv that a particle of energy E
decays to give a nentrino eneryy preater than
50 Gev
EMAX = maximum hadren enerry conuisrent s . u ranpe

out In the caleorimeter
The decay probability within onc interaction Longtlh in sinply

)
haa N 7e—>‘"/ﬂw-1 . »
decay [T}

~99-

where 8y is the Lorentz factor
=p & '
By /Hhad E /Mhad
1 is the hadron lifetime and Ay is the pion absorption length in the

calorimeter. The production probability is taken to be of the lorm {48}

3 . -q{x.)
2 2% = aGe) [1 + pTZ/H2(>S{)] R
ap
with

E  is the center of mass enerzy of the produced hadron and R;AX is the
naximum value of this quantity. The neutrino spectrum is taken to be
flat from the threskold emergy to the maximum allowed neutrino energy

for the decay. This is of the form

PGB = 1
v

had ETHRES
TET
For the two body decays
T > uv, K= pv

the muon energy in the decay has a probability distribution which is

flat from

where Eh and Mh are the energy and mass of the decayivg hadroen 1cspec-
tively, L is the muon enerpy, and ¥ i. the muon meis. tor the decays
H I

to contribute the u must range out in the calorimeter which places en

upper limit of less thau 4.5 ¢ ror its energy.  Thus, v decay ((Nu/l“f“)2
2 .097) o0 id at most vieia & o..7 eV neutring and satisfy the eenditicon
on the muon enerpy. Yo r o aveav (AR /H?)' LGyL) there 1s A 10DEE O

A
Raon enevgles whisioweuld cotiniy the moon cnergy s ltiet dnd elve a




50 GeV neutrino

In this case the probubility for a 50 GeV meutrino in the decay is

phad

AT
Y

[SABIE —
(1 - MH /MK

For the three body electronic decays of the kaons

e G, ¥ *
K s ey

all kaon energics above threshold contribute. 1la this case the neutrino
cnerpy in the decay will range from

R LR L I, O ]
Thus, kaon enecypics abeve 2.4 will contribute. ¥Putting the conditions
into the above integrol and using tbe production spectrum and multi-
plicities (scaled Ly 1.45% to account tur puclear eflects) for K:,KO

production in proton-proton interactions {88}, the following is obtained

.
N(K™ - pv)E .0006 events

S50
v

* 0
N(K K~ -» wcv)Ev>so = ,005 oventy

for & total of .006 events, Therefore, shower particle decay is a
nerligible contribution to the low encrgy tail distribution.

Although there may be sources of undetermined bhackground in the
low energy tail, this data can still be used lo set limits on the pre-
duction of neutrino-like objects. One can rely on the fact that at
best, the number of events from meutrino-like sources has to bc less
than or egual to the observed data. In this spirit, the final pro-

duction limits established in this thesis have Leen determined for

~-101-

(3 B laussien L, with e

Loy then

(Z) « normal

vundd for all events

(3) the observed data

21k background

where the Gaussian background is caiculared from the g obtained from

a £it to the low side of the measured energy from 335-400 GeV. This
fit yields a value for o of 14.35 GeVie with a 7 of 16.% for 13
deprees of freedom. The o for the whole distribution is 14,04 GeV,

but this value is affected bv the high enerrv tail of the distribution
discussed below and 1s notv 2 yood measure at the Gaussian response on
the low enevgy side of the distribution {(a x7 of W4, 3 for 13 degravs of
freedom), The true upper limit is clearly case 1, but it is worthwhile
to consider the other twe cases as well to get an indication of the

ranfe of cross section values consistent with the data.

B. Bigh Enerpy Tail

The prominent teature of the {inal measured enerpy distribution
is the tail on the high enerpy side ot the measurcment. What is the
origin of this tail? licw dees it effect the results of this experiment?
If we compare the high taeil im fifure 31 te the enerpy betore the rate
cttects are cervected, shown in figure 20, a strong similarity iu evi-

dent.  The TLYING SCALER corrcetion {s not lavpe enouph to account for

this tail, being at must o few percent, 11 i similar thouph, te the

energy distribution obtained for thute events when there o evidence of

particles hitting the calorimeter during the A pate as fwdicated by

-100-
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the CYENT HISTORY. The fcollowing discussion considers this high encrgy
1ail in detail. The point of what follows is that the high enerpy tail
is due to an extra deposition of energy in the calorimeter and does not
effect the physics of the low energy tail.

There are two possible sources which could deposit mere than
400 eV in the calorimeter and both involve the fact that 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 pood events
with energies heyond 450 GeV, there are 43 events ip the high energy
tail whecreas 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 {rom beam particles before the event. This correction is of the
[orm

AE(t) = Ae—t/l
where & is 7.% 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 nc way of telling wiether
there was one or move than out particie in the buckeT before the event.
Looking at the LVENT HISTORY cistrilbution for the #3 events beyond #iC Cev,
there ave 10 events with hits within 20 v, f. huckets of the bean particle,
Onc expects only 4 events with randem hits from the LVENT IISTORY distri-
bution from the tetal sample. Events with double hits beyond 20 ».t.
huckets ¢ould not contribute a significant awount to the measured ensrvy.

It 21l ot these hits were woul

s Rite ther tbln would explain part of

the high energy tail. 1Is this rumbey cousintent with the toial RYINT

HISTORY distribution? Tigure 3¢ is the distribution of the first hit
in the EVENT HISTORY other than the beom hit. The distribution in
tigure 33 can be used to calculat the nuber of evenls expucted with
double occupancy in a bucket. The double occupancy probability per
bucket is nimply

B, = Ni

“ NeoraL

vhere Pi is the probability per bucket for a hit in the EVENT HISTORY,
NTOTAL is the number of events in the whole sample, Ni is the number o

hits in bin i, and the factor 2 comes from 2 buckets per bin. The

BIN,
. a Rt PR te Sie i
double hit probability is just PDOUBLL
BIN N. 2
i 2 i
Floiop = 2 F,° =Y ()
DQUBLE i NTOTAL

where again the factor 2 comes from 2 buckets per bin. The wumber of
BIN,
1

. N N Sy i
double hit events is simply JDOUBLE

BIN, BIN,
It i i

founie = VooumLy
The nueber of eventc culiulsled from the above prescription is 13 events
tor hits up to 20 Luckeis before the event which is not inconsistent
with the iU eventsc observed.

A similar high energy teil would cecur if particles were hitting

the calorimeter after the beam nit and awdng the ADC gate. These
avents are eliminated in the analysiu by checking the EVENT HISTORY
gistribution within this time‘pgricd. However, 1f the EVENT HISTORY
were inefficient then a few such everts could still be In the final

sample. The light (lasher system was used to investigate this source
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Tig. 33 The distribution of the first hit in the LVENT HISTORY other
than the triggering particle for the high intensity data sam-
ple considered in the text.
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asing o sample of Jaé

far the TLASHEE HTICTORY

(see Chapter 171).  Atter

subtracting the contributicn te the

Sl

colely to the flasher (as in Chapter V), +he additional pulse
Y £ s I pulse h

can be converted Lo an epergy and studied

versus the PLASHER H1DTCORY
iistribution. Taking only those events where there is ne hit in the
I'LASHER HISTORY during the ADC gate, 27 events are obtained with 1e-

sidual energies greater than 70 GaV ocut of a total sample of it

events. Upen turither inspectis

7 eventz, { gave o clem

indicatvicn of a {iticnal energy Jepositicn. Using this fraction,
one would expoct 47 events In the 20% laty sample and could thus account

tor all of the events

in the high energy rail. However, the cuts appli

to the total gata samjle wiil change this fraction., It is Jditficult to

255 the eifects o the cuts on the 1

ht flasher eneryies since the

light tlasher energi

subject to timing requirvements in the

Lie Liares which exist in the 20+ cata sample.

trigger amd othe po
However, LU ones just uces The hnown effects of the cuts on the .0 Jata

sanple, we ohtain 7.8 events in the hiph enerpgy tail attrilutalle t

Uils source.  altheuph the evidence is not cenclusive, there does sewn

to be an indicdtion that some traction of the high cnery le Jdue to

LVENT HLIGTORY fner:iclencie

2l

1} the high energy tail i. due to extra particles hitting the
calorimeter within the ADC pate time, then some number of theov oxtia

particles will show up as

itionai puise height in the Poam aefining
e uters,  To study this ertect, one can lock «t the pulse height distri-
bution of the beam counter Bu. Fipure 3a is a plot of the BO distrilution

tor the 3 events beyond 4S0 JeV. &lce thewn in figure 36 ic the sigple
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30 For the 43 high energy rail events diszussed in the text.
The dashed histograms are the single particle (1 PART) and
two particle (2 PART) distributions normalized to 43 events.
The last bLin in the tuo particle digtribution represents the
averflow for pulsc heights greater tham 5 m.i.p.
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particle and two particle (calculated from the sirple particle) BD
distribution normalized to 43 events. Although the actual distribution
rescmbles 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 contrjbutions to be equal to the total
yields 18 * 3 single particle and 25 t 3 two particle events in the
above distribution with a X2 of 35 for 6 degrees of Freedom. The pour G
simply indicates that the cne and twe particle coatriputiors are not
clearly resolvable in tire B0 pulse height distribution. HNevertheless,
this does provide additional evidence that the high energy tail is due
to a real extra depositicn of energy.

After subtracting the number of events (rom deuble hits in the
EVENT HISTORY correction and 2 particles in the BO distribution, one
is left with 1 2 & events. This is within statistical accuracy of
being zero. The above discussion thus provides evidence that the high
energy tail is due to additicnal energy deposition and that the phynics

of the low cnergy tail is not affected by this deviation.

C. Missing Energy MHonte Carle

The producticn ¢f neutrines or peutrino-like particles will pro-
duce an enphanced low energy Tail on the measured energy distributicn.
How Fuch enhiancement will Jdepend on the production dynamics of thesc

particles and on the resciuticn ol the calorimeter. A Moute Carlo

calceulation was pertorned to determine the effect of the productinu of

these particles. The neutrine-like poarticles are aseufted To Lo praluces

in the primary proton inters
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form
1J
o g .
=3 = ;(x‘,pT)
dr.
where p,. is the transverse momentum of the particle, and =x. is the

T
Ceynman scaling variable

R
Py uax

%
TI. MAX is the maximum kinematically allowed momentum in the center of
mass. After transforming to the lab frame, the response of the calori-

meter is determined by the relations

.
i = “E = L “
Bupag = OO7E, 5 oypag T 19098 Eyppe/e00 )

where EV is the neutrine (or ngutrino-like particle) enerpgy in the lab
frame, EHEA“ is the averape measured cnerpy, Tures is the width, and
) p=] ¥ LD

13.8% in the calorimeter resolution at 800 GeV from the fir discussed
previously. The square ront dependence io obtained frow the study of
the resolution versus incident beam enerpy discussed in Chapter V. ¢
random number is chosen from o Gaussiam probability distribution with

a mean and width given Ly the above relations To simulate the calori-
mie. This calculation was then periormed a large number of times to
obtain the probability distribution, P(EMEAS)’ the probability per pro-
duced neutrino-like particle that the calorimeter will measure a given
energy EMEAS' A comparison of these theoretical probabilities to the
data will yield the amount of neutrino-like particles in the calorimetry

data for the particular dynamic functions l(xr,pT) chosen,
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D. Maximue Likelibosa A

Beeause or the limited cteristics invelvea in the vail ot the

measured energy, the actual limits for the production of these neu-

trino-like parcicles are detsrmined using & maximun Llkelihood mettuxi.
Iy this method, cne calculates the likeliheod function for a given

number .17 preduced particles, N. That is the function

Us1is
wny = 17 P00

izl
where the total product is over all of the bins in Table IV. Pi(N)

. . K . - . .Th . .
ix the probability that rhe data ip the i ! bin originated trom the

froduction of N particles. This probability is assumed to obey a
foisson distribution N

W) e
3

() =

B s D T s
where Ni is the number of events in the i bin., The value Ni is
determined from the theoretical probabilities, F;, the Gaussian back-

yground , GL’ and the number, N, from the relation

The number of produced particles, N, Is then that value which maximized
L{N). To Jetermine the ceniidence limit, one needs only to integrate

L(N) frecm zero up tc that value of Nf such that

Mg @
f5OLNT)AN' = £ fCL(N')AN'
2 o

The value f determines the confidence level of Nr. Il } equals .66 then
N 66 is the 66 percent confidence limit. ' { equals .9 then N )0 is

the 90 percent Llimit and so on. A typicai iikelihood function is shown

in fipure 35 with the condidence limits indicated.
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8% confidence le-
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1. Supersynmetric Particles

The distribution of figure 32 can be used to set limits on the pro-
duction of R-hadrons, The supersymmetric analog to the normal hadrong

discussed in Chapter II. To do this, a medel is needed for the pro-

duction of these particles. In this model it is umed that the
R-hadron and its anti-particle are produced as an associated puir iu
the interaction. To account for phase space correlation of the pair
produced R-hadron and its anti R-hadron, it is acsumed that the ¥-
hadron and ites anti R-hadron are produced e¢s a "particle" of mass K

{49} with

M=2 +
HR A
where NR is the mass of the R-hadren. The additional mass & is as-

sumed to obey an exponential distributicn

The particle of mass 4 is then assumed to be preduced with the double

differential eross seetion

Aw_ar =
RpCEr

1.0) ds of the teorm above

The measured hadrenic rroducti

with n = S and b = I {i+} oo that probably reascn-

Gide oo the production perticie with new quantum numbe
Yoend £ 3 2 were algy 2sed for M-hadran producti

ve well.  The "particie” is then allowed o . -cay into tvo B-hadrons.

i wbLumad o decdy Into twe piens and

« nuino {27} (either a photino cr 1 cluino as discus

1 in Chaprer 171}
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. . i vable V.
The nass of the R-hadron is not known and several values of hR

Sunersymmetrie : e
were used to estimate the dependence of the cross section on the supersymerTic particle Hmirs
R-hadvon mas:s. Also, since the exact form of the differential dis- - . - - .
Preduction Spectra Cross Section
13, R S
tribution is not known, sev~»al values for this pavameter vere tried. AN e (1 - | _‘)dg -Pe Limiz (ubarns)
dx, dp_*© :
The 95% confidence limits for the parameters used are shown in ~
. . . R Case 1
Table V. It is assumed that the crogs section for R-hadron production asc 1
. . s s . .5 a=5 b=2 167
obeys a linear dependence on the atomic weight of the target particle,
. . - PR . X a=4 b =2 35
in this case Fe, The cross section limit is small for the more massive
. . . . oA 1 a=3% b= L3
particles and decreases with decreasing n. The value of 33 pbarns for
R : . . 1 a=06 b=7 52
a M = 1 GeV appears already significant. Theoretical considerations
. el s . PN 3 a=§ b=2 11
on the nature of supersymmetric interactions would indicate a substan-
. R e s . S @a=93 b=2 5
tially larger cross section if indeed the gluino was massless (27},
This small limit already indicates that contemporary theoretical ideas Ccase 2
Lasd o
regarding supersymmetry may require some alterations {27}. 5 a = Sy 82
1 a=u b= 26
2. <Charm Production 1 a= 5 b=2 33
. ! . o ; 1 a=8 b=z 3,
A viable source for the production of prompt neutrinos would be
: . 3 a=5 b= 8
the production and weak decay of some new heavy particle, presumably
. . s 5 a=5 b=2 3
charm. A Monte Carlo calculation using the model prescnted in the
following discussion was used to estimate the charm production cross Case 3
Gse o
section limits derived from the data in Table IV. . a = b=y 3t
- a =0 y = - o
Hadronic charm production is presumabliy manifested as the pro- p sy b= 13
a = =2 i
duction of D-D pairs in proton-nucleus interactions, the D meson being 1 as s b= .
=0 LR i
the lightest known charmed hadren. The pair production of the b-D pair 4 =6 b 17
has been considered in two ways. The first treats the D and D as 3 a=5% b= 3
being produced independently. The second has the D and D correlated 5 a=5 b=2 1
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in phase space. This ceorrelatien is accomplished L7 producing tle
D-D pair as & '"(377C) and then ailowing the y"(3770) to undergo a
two body-dvcay inte the D and D similar in spirit to the supersymmetry
calculation. The differential crogs section for the hadronic pro-
duetion of the Y"(3770) was taken to be of the form
-G (1 - |x l)ne_pr

dx},de2 F
As previously mentioned the measured ¢(3100) production cross section
is of the form above with n = 5 and b = 2 {2u), Since there is no
real model for charm production, this analysis alsa takes the values
n =5 and b = 2 for cnarm production. For independent production of
the D-D pair, the individual Ds were taken to obey this distribution.

+

Measuremerty from e'e” annihilations provide data on the decays

of the charmed meson. The semilepronic decays are well described by

A
D+ K {'} \Y
i

- Kﬂ(aqo) {e} v
u

with approximately equal pertions of K and KL(EQO). The total branch-

the decay

ing ratio into electrons (ruons) is approximately 11%,

The total neutrino spectrum from charm production and decay con-
sists of seue}al ccmponents. The slectron semileptonic decays contri-
bute to this spectrun hoth from the decay of a single D and also when

bath of the produced Ds decay. There is alsw a ¢ ~t ibutien from muon

deceys where the muon ranges cut in tie calerineter. Thie imilies «
{ less . S . AN
muon ¢f less than 3.5 GeV. Again Loth single decays and Zouble decays
of the I mesons contribute te these muon ra £E€ OUl AVENTS As well. A
11 F
‘ )
o
5 o w

typical lab energy neutrino spentrum for Dea 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

Eypas = 201 —11) (DES(SINGLE DECAY) + DUJ(SINGIJI D}ICAY))

+.11 (Dea(DOUBLE DECAY) + Dua(DOUBLE DECAY))

a

where Des (SINGLE DECAY) is the calorimeter encrgy spectrum from De
decay of a single D. Dea(DOUBLE DECAY) is this spectrum for simul-
~aneous decay of both Ds. Dua(SINGLE DECAY) is the calorimeter energy
spestrum for Dpa dccay of a single D when the ladb energy »f the muon

is less than 3.5 CGeV and Dva(DOUELE DECAY) is the same spectrum for
simultaneous decay of both Ds. The number of decaying L-D pairs is
calculated from this neutrino spectrum and the distribg}iog 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 lipit from the
data yield velues shown in Table VI. Again, it is assumed that charm
particle preduction varies linearly with the atomic number of the target
particle. These labeled "Associated" refer to correlated rroduction cf
the D-D pair. Those labeled "lnclusive! refer to independent production
of the Inaividual Ds.

Hew de these me

rements coampare with other experiments which
search for charm particles? Unfertunately, the ctatistical weipht of

this measurement ig ch thit this result is aondic

¢rt with all pre-

sarahes.  Th

negsurement is divegtly related 1o

B 3,
measurcrents o the CLRY beam durp exper

o
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(arbitrary units)
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179 34

Fig. 36 Laboratory neutrino enawpy spectrum expected from D 3 decay .
c

=11~

Table VI,

Charm particle limits

Pavameterization Cross Section Limit (pharns)

ASSOCIATED 845

INCLUSTVE 287

CERN gyy
Case 2

ASSOCIATED 670

INCLUSIVE 212

CERN 686
Case 3

ASSOCIATED 291

INCLUSIVE 20

CERN 293

compare this measurement to tho-ec experiments, the charm production
model assumed by those experiments was used to calculate the 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

aZo

’iu-pT/ .7

E @ (4~ Jug[)

2

drpipg

The semileptonic decay spectrum in this model is the same as previ-
ously discussed. Using the same prescription for calculating the

b

total calorimeter energy spectrum from the individual D 4 o

-1i8-



conteibulions, the maximum likelihood calculation of the 95% confi- Table VII.

dence level upper limit produces values also shown in Table V1 labeled General particle limits (ubarns)

"CLRN," To cumpare with the beam dump experimenis, the charm cross

section is taken to obey an 4273 dependence on the atomic weight of M= Hey
the target particle. These limits are consistent with the 100-400 Case 1
ubarn chacm cross sections reported by these experiments. Bla e 2 b4 L2 8 10
1 4.0 5.1 6.2 7.3 B.2 9.2
3. General Particle Production 8 4.2 5.8 8.2 10.5 13.5 1.2
. 5 4.2 6.0 8.2 11.0 14.3 18.4
in a very general way, the distribution in figure 31 can be used Case 2
to set limits ou the productjon of a large class of neutrino-~like 8/a 0 2 i 6 8 10
pacrticles. To accomplish this, the double differential cross scction 1 1.9 2.1 3.5 4,5 () 6.3
tor the production of these particles is assumed to be of the Form a 1.9 3.0 4.y 6.3 8.5 11.3
"12"——2 .- |xF])“e"”"r 5 1.9 3.0 4.5 6.5 B.9 12.1
dxi,dp,‘. Case 3
The production Limlts are then studied as ¢ Function of the paramcters B/a 9 2 b 5 8 10
w and 8. The 9%% confidence limit for various values and for different 1 1.0 1.3 1.6 2.0 2.3 2.7
masses of these neutrino-like particles are shown in Table V1I. A 3 1.0 1.4 2.0 2.7 3.7 4.8
linear dependence on the atomic weight is assamed. A quick perusal 5 1.0 1.5% 2.1 2.9 3.9 6.2
of these numbers indicate that the production of any new neutrino-
like particle has 1o be greatly suppressed. M= 2.5 GeV
The axion discussed in the second chapler falls into this cate- Case 1
pory of non-interacting particles. To determine the axion contribution 8la 0 2 u s 8 10
to the distribution of figure 32, a Hunle Carle caleulation is per- 1 3.8 4.3 4.6 5.9 5.1 5,3
formed using the theorevically motivated assumption {29,50} thdat axions 3 3.9 4.8 5.6 .3 6.8 7.4
are produced with the same distribution as e The 2° anergy spectrum 5 3.9 4.8 5.8 6.5 7.3 7.8

i dssumed Lo obey the radial scaling prescription of Taylur ct al.

-1 14~ ~120-
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M= 5.0 Gev

Case 1
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pbarns
3.2-2.3
3.4-2.5

3.u-2.5

1.5-1.3
1.5-1.4

1.5-1.4

tagl for the inclusive prvduction 1o secondary particles In proton-
proton interactions. In the radlal scaling formdalism the invariant
cross section is written in the fourm

di

£ == = a(x 1 2m2 -q{x,)
2 AH) [ toppt/ (xR) ] R

where A(xR), MQ(XR), and q(xR) are all functions of the radial scaling

variabie

ow
IR

wiere I is the center of mass energy of the secondary particle and

l-.lA‘( is the maximum allowed encrpgy lor this secondary particle consis-
tent with kinematic and quantum number constraints. The lab energy

spectrum obtained from the invariant cross section above has been

modified to account for nuclear effects by the relation

ddu _ Au( XLAB) 1<.la
X, A dx p

LAD LAB

where d—i‘-’—-— is the lab momentum spectrun for particles produced in
LAB /A, do
proton-nuclear interactions with a nucleus of atomic number A.
P

X8

{4 the same spectrum for A = 1, aud u(xI ,m) is a function of the lab
momen tum
LAB
= P !
*ap T P 00

u(x“\u) was taken to be

- % N .

.165 - 1.65 x(An o *oan S bl

= - K . S .3
u(xI.AU) .0375 .375 KI.I\B 1< Rl.A[! <

-.2b X AB W3¢ X AD <

This parameterization bas been extrapolated from measurements of parti-
c¢le spectra from proton-nucleus collisjons {s1}. Since pions are pro-

/

duced with an A2 3 dependence on atumic weight, this dependence is also
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assumed for axion production., Table VIII shows the 95% confidence
level upper limits for two possible masses of the axion. Also shown
is the ratio

R = a(pN » a®)/o(nl + 1%y
The value of 130 mbarns/nucleon has been used for a(pN ~» no) 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 limits

Mass (Gev) Cross Section Limit (pbarns) R

case 1

001 165 10°%°

1 125 10721
Case 2

.001 112 10731

1 87 1033
Case 3

.001 us 19734

1 a7 1C-3.5

Although the beam dump experiments do not quote the model used in
calculating the axion acceptance, it is clear that the beam dump expevi-
ments are more sensitive to the detection of tte axion than a calorimetry
search since these experiments are not rdte limited like a calorimetry

experiment. However, should the axion properties be ditferent than the

=123~

accepted model, then the beam dump limits would vary. In particular,
if the lifetime were less than presently believed, the beam dump
limits would have to be corrected for lifetime effects whereas a
calorimetry search is still sensitive as long as 1 > 10_gsec3. 1t

is also worth repeating that a model assumption for the interaction
cross scction has to be made to interpret the beam dump results as

a limit on the production cross section for the azion. Although this
is also true for a calorimetry search, the calorimetry 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 sighature for
such production would be energy nonconservation in the interaction
manifest as an cnhanced tail on the low energy side of the measured
energy distribution of a hadron calorimeter.

To maximize the experimental sensitivity to such production, the
analysis of the calurimeter data has strived to oblain the best reso-
lution posuible. This was done by f{irst determining a precise catl-
tration [er the calorimeter Including corrections tor the hadron
showar components, then cutting the lata to elimivate spurious low

culgy lalls often iated with hadron calerimetry. Lastly, cer-

rections have been applied to the data to alleviate effects such as

Silh-



particle pile up and gain ch dut Lo hiph counting rate in the

The tinel resciuti

calorimeter phototube foy: vhe total

measured energy distribution compares tavorably with measurements

porformed with other hadron calerimeters {53). Thit final distribution

shows a smail enhaucement over the Gaussian it to the low side of
the measured energy.

Although the sensitivity of the experiment is limited, the data

tave established that the produetion of any new neutrino-like parti-
cle is less than ¥o ubarns ot the 95% confidence level. The 95%
confidence Limits obta'ned Ly interpreting the low energy tail of
the measured crergy Jdistributicn as due to neatrine production leads
to values For charm praduction which are consistent, if somewhat

less sensitive, Lo othor canp Limentiary neasurements in the tigh

enerzy beam dunpe. The experdment ot wluo entabl]

wed that asions

arc produced at le

. N 1 N . .
than (001 1imes the rate of 97 production in

proton-nuclear interactions,  Thix Limit

copmistent with, although

. . s . -8 N
S orders of mapnitude larger than, the upper limit of 10 established

by the high enerpgy beam dump experiments.

-12%-
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© ovay physics to

measure the ener

iuopaerticles {54}, Cosmic ray

energles can e lan

toevaral TeV) ane jreciude magnetic analysis.
liowever, they can bc measured by total absorption methods. With the

advent of very hiph eleer

dsceelerators, particle physicists quickly
incorporated these techniques. Several of the many applications in-

clude measuring scaling variable distributiens in neutrine interactions

{55}, measurement ¢f neutron energy {56}, and a hipgh transverse momentum

trigger for a multi-tarticle spectromerer {97}, Recently, calorimetry
techniques have been actively pursued us LONMIgnetlic energy measure-

ment for use in exyeriments it prolon-proton colliding beam facilities

it uses Jalorimetric techniyues in a novel way to

infer neurrings or neutrino-like jarticle production in hadron-hadron

particle production maniiests itselt in two ways.

- oo

i tho mean medsurad energy for events with a muon

in the fipal state (the other lepton in the semi-leptonic decay which

£VeE Tise lu 4 neutrino) The other would be a significant tail on
the measareu enerpy Jistribution from events with a very energetic

reutrino or neutrine-like particle produced in the interaction. In

either case, it is clear that a fundamental undarstanding of the loss

mechanisme in the ca jo dmportant. This is necessary tor a

quantitative diccussion of "missing enerpy". It is useful then to

Cliscuss briefly the physics and fundanental limitaticons of hadron

calorimetyy methods 159}, It Is worth noting that one o the PU
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experiments (MAC) is attempting to measure the meutrino assoclated
with semi-leptonic decays of narticles produced in positron-eleatron

annikilations in a similar way (60}.

1. Physical Processes in iladron Calorimetry
.

When you mention calorimetry onc immediately thinks of measuring,
chemicul reactions by changes in temperature. Similar techniques in
particle physics are not feasible. A 400 GeV particle interacting in
the first part of our calorimeter {18 ton:  steel) will only raisc
the temperature of the steel by 107 0% dej .

Fortunately, an indircct measurcment o this heat can be wmade.
This technique uses the fuct that tiis heat is manifested as electron-
ion pairs in the medium due te the Monization of its atoms. To a good
approximation, the energy ot ilonization is some constant value

Nl
i

for ¢ single eiectron-iop jair. Theretfore, if one just counts the

rumber of ion pairs und assoclates dan energy Eion with each one, by

v]

enerpy cohservation the incicent jarticle energy is

b [HCIULNT

the number of fairs

wher o IU iv the tetal mumber o g

,

in a width At a depth v fn the meliam. The ineident ene

proportional tu the cam of the rumber of particles ~-unted at various

depths in the mediun.
The shower created i1 the mediun consists of electromanrnetic an.d
hadrenic componente.  The electromaynetic companent , arising {rom de-

o
cave of 75 produced in the nedinu, consists of 1 showsr of eleetrens

10T

and photo!

lue to such jrr

es as palr production, bremsstrahilung,
ionization, and Compton scattering. The number of electrons in these

showers are verv large. Tor instance, a 10 NeV shower will have o

the average aprroximatelv SO electrons at the peak of the chower, 714
hadronic component of the shower is more complicated since these parti-
cles can interact with the nuclei in the medium. In these interactions
some fraction of the produced particles are neutral pions and will
decay into two phatons Initiating electromagnetic cascades in the
medium. Tie rest of the energy will go intc the production of charped
secondaries (pions, kaons, nucleons, etc.). In addition, a fraction

of the energy of the interaction will go into nuclear break up. Had-
rons produced in these sccondary interactions will bhave lerliary inter-
actions and so on. This nuclear—clectromasnetic cascade will continue
until particle praduction is no lenger kinenatically poseible, at which
point the hadron will rauge out vr be absorbed in the nucleus. One sces

then that the aclual particle pumber measured at various thicknesues

cated function of this nuclear-electromaphetic cascade.

will be a comp

rrofile can be ogtimaten by neting

The actual shaje o the

clectramagnetic cacgacel iu tuch

that the number of 1 aticlces

sl particles.

larger than that due to lenizar! Ly velativistic

Thus, the eneryy roing intc neutral [ioens will, Lo a larve extent,

rearLred.  Dne can nalvely sketch a Mtypi-

determine the totdal nui:

ns froe the fivst inter-

cal” shower prefile, Ulioo the nesoral

the averaye

anergy (.

dction will have

the decays of these neitrgl

I the forizatin profile, labeled 1 i1
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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 2 in figure 37. The sum will

yield the total profile shape, labeled curve 2 in figure 37. This
"typical™ profile should be compared to the measured profile for a 400
yP P P

GeV proton shower in our calorimeter shown in {igure 38. (learly, on

an event by event basis, the profile shape will vary dramatically. This

is simply due to the statistical nature of the nuclear interaction.
Although all of the ensrgw of the incident particle will be lost
in the medium not all of it will be measured. This is true for several
reasons. First, a fraction of the energy will bu lost in overceoming
nuclear binding effects. Secondly, the heavily icnizing particles pro-
duced in the nuclear break up will saturate the dL/cx in the medium and
thus not obey the linear relation ahove {61}, These mecharisms play a

major role in hadron calorimetry and ,vovide a lower limit on the ulti-

mate resolution obtainable. This can be seen by notitig that the average
number of ipteractions in the calorimeter for & 0O GeV protar. {s around

300. Monte Carlo calculations indicdte that approximately Su CoV of the

initial proton enevgy is lost by this mechanism.

2. Calorimeter Desipn Considerations

The important physical parameters of a calorimeter are
(i} the hadronic ahsorption length of the medium
(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-
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Fig. 38 Average shower profile for a 400 GeV shower in the calorimeter
used in this thesis.
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The material roperties of interest ave the radiation lenpth and
hadronic absorption length of the medium. The hadrenic absorption
length of the medium should be as short as possible. This stems
from the fact that for calorimetry methods to be useful, one must
contain the whole nuclear cascade. Generally, the nuclear cascaude
has dissipated after 10 or 11 nuclear interaction lengths, although
this does depend on the incident energy {62)}. However, fluctuations
in the longitudinal development are large. To contain these {luctu-
ations, a calorimeter with 2 somewhat larger number of interaction
lengths is required. The calorimeter used in this experiment js 17%
interaction lengths total. In addition, a short interaction length
reduces the number of pions that decay causing o low energy tail.

It is absolutely imperative that the total lenpth of the calori-
meter he long enough to contain the nuclear caseade. Only o few percent
louss out of the back of a calorimeter will change the resolution by a
factor of two. This can be traced to fluctuations in the longitudinal
development of the shower, Although on the average only a small per-
centage of the energy iz lost, therc will be events with significant
punch through out the back ui the calorimeter. Mot only does this ruin
the resolution, but worse, introduzes nonfaussiar tails on the low side
of the encrgy measurement. The data from this experiment can be uces
Lo lndicate the silee of this effect by simulating a calorimeter of
samewhat shorter length., Fipure % shows the calorimeter measurced
cnergy for the full calorimeter (gc.xd histogram) and for a cajorimeter
which conuists oniy or the first 30 plates (40 inches ot steel total).

Although the avers

coomeasurcd energy i onlv slightdy leso for tie
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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 nonGaussian bLehavier ir the
lou side of the measured energy.
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150 hold True for the transverse cize of

s welll 11 should be large encugh for complete

this calerinmetar, the measured erergy in the most expanded configura-

4

tian iy 7% leocs ¢han the neasured energy the most compacted conti-

curdtion with o L20 increaze in the width of the distribution. This

veduction in measured encrgy

presumably due to particles being
Jost out the sile 51 othe calerineter. A Monte Carlo calculation indi-
vates thal approximately 300 HeV of encergy is being lost transversely
in the most compacted confipuration of the calorimeter,

The shower in the celorimeter will eonsist of un electromagnetic

component which will roughly deterndne the number ol particles counted

amd @ hadronic component which wili Jdetermine the shower length.  As
noted, the hadronic abworption length should be kept short in order
10 keep the total awount of material at a minimum yet still contain
the shower. Gtince the radiation length of the medium governs the
electromapnetic chower, one would like to sample the shower trequently
enough on this ccale to reduce fluctuations in the measured enerpy
from this sampling error, However, since the radiation length is

jreportional to 27 and the hadronic length is proportional to A, the

requivement of a sheort interacticn length implies a short radiastion
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length. Thus. to sample the electromagpnetic component well, the
sample spacing must be very small. But a small sample spacing implies
that the sampling material becomes an appreciable fraction of the

denslty, 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 jor optimization r—
will \depend on the actual physics use.

The zffects of the sample spacing can be seen by realizing that
the sampling is just an approrimation to the total integral of the
shower profile. The incroment in depth times the energy at a given
deprh approzimates the total energy. Thus, the sample spacing should
be as small as possible. As previously noted, the sample spacing - +
should be a pood match to the radiation length in the medium, but
not so small ac to cause adverse effects on the hadrenic aebsorption
length. Also, Lhe cost goes up quickiy with a decrease in the sample

spacing. The data from this periment can also he used to indicate

the effects of sample Spacing as well. Thin iz dene by cffectively
negleeting counler information anes assumning o different citective

spacing.  Figurs 40 shows tho results of this analysis. The spacing

tactor in that figure Is deilned as the distance between successive { | { 1 1
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APPENDIX B

Photomulripiier Gain Tests

At a very high Leam rate, several of the phototubes could have
as much az 100 pA of current in the phototube during the spill. Meas-
urements were performed on each phototube to determine the effects of
these large currents on the gain of the phototube.

A schematic of the test set up is shown in Figure 41, Briefly,

the photortube signal from the pulsing LED was integrated with the

and then converted to an analog sigral (o drive the chart recorder.
This pulsing LED was voupled to the ADC using a capacitor. 7This a.<.
coupling sepacated the gain measurement of this pulsing LED from the
d.c. backfround due to the second LED. The second LED was used Lo
mimic large background currents from the hiph ratr. ‘The pain of cach
tested phototube was equalized using 3 Americium seurce imbedded in
a Nal(Tl) crystal.  The bLeam spill was simulated by un clectronac
timing mechanism which turned the second LED on for 1 suecond every 11
seconds. In this situation, a bigher heam rate was simulated by o
larger voltage across tho second LLD giving rise to a larger curront
at the anode of the phototube from this d,c. LED. The test consisted
of studying the behavior ol 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 while
others showed positive gain shifts. The test results for two typical
photctubes are shown in figure %2. 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 portiovns 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

A the high rate. Even after these precautions, the mcasured energy

A ° L4 still suffered from large beam rates as discussed in Chapter V.
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Fig. 42 flyplcal results from the gain tost measurements., The abscissa

ig the amount of current at the anwde of the photomult iplier
due to the d,c. LED.

-139-



™

varticle Data Group, Thye. Lett. 755, 1 (1978).

J. Bjorker and 5. CGlashow, Phys. Lett. 11, IS5 (1964)

3. Glashow

et al., thys. Rev. D2, 12835 (197C); M. Gaillard et sl., Rev. Hod.

Phys. 47 277 {i875); J. Ellis et al., Nucl. Phys. B1GO, 333 (197%),

3. Goldhaber et 2l., Phys. Rev. Lett. 37, 255 1476).

W. Bacino et al., Phys. Rev. Lett. 4C, 671 (1Y78); J. Feller et al.,
Phys. Rev. Lett. 46, 274 (1978); R. Brandelik et al., Fhys. Lett.

708, 387 (1977).

P. Alibram, et al., Phys. Lett. 7uB, 134 (31978); T. Hansl et al., Phys.
Lett. 74B, 139 (1978); P. C. Bosetti et al., Phys. Lett. 74B 143 (1873);
B. F. Roe et al., Michigan Preprint UM-HE-78-u4 and Prccecdings of the
Bartel Research Foundation Workshop on Charm Producticn and Life' mes,
Gctober 1978; H. Wachsmuch, CERN Preprint, CERN/EP/FHYS 78-29 and Proc.
of the Topical Conference on Neutrino Physics, Cnford July 1978.

k. Diebold, Argonne Preprint ANL-HIP-CP-78-45 and Proceedings of

the 1tth International Cenference on High Energy Physics, Tokyo,

Japan, August 1978.

J. Babcock, D. Sivers, and J. Wolframm, Phys. Rev. D18, 162 (1978)3

C. E. Carlson and R. Suaya, SLAC-PUB-2212, October 1978.

L. J. Bleser et al., Phys. Rev. Lett. 35, 76 (1975); M. A. Abolins

et al., Phys. Rev. Letr. 37, 417 (1976); D. Bintinger et al.. Phys.
Rev. Lett. 37, 732 (1976); J. C. Alder et al., Phys. Lett. B6B, 471
(1977)3 D. Spelbring et al., Phys. Rev. Lett. 40, 605 (1978).

W. R. Ditzler et al., Phys. Lett. 71B, 451 (1377).

G. Coremans-Bertrand et al., Phys. Lett. 658, 480 (1976); W. Bozzoli

et al., Lett. Nuovo Cim. 19 32 (1977); N. Ushida et al., Lett. Nuovo

-1u1-

18,

19.

y, trotesding

SLAC Feport Ne. 215 (12783,

L. Beun et al.,

Phys. Lett.

R. Lipton et al., Phys. Rev. Lett. 40, €08 (1978).

B. C. Bdrish et al., Caltech Report CALT 68-05L% and

roceed ings

of Third International Cenference at Vanderbilt University, March,

s

1978, B. C. Rarish et a. ., the Bartel Research

Foundation Workshoep on Charm Production and Lifetimes, October,

19743 k. Wyatt Brown, h.D, wis, Jasifornia Institute of

Technology, 1879.

M. L, Lauterbach et al.,

Rev, Luett. J7, 1893c (197€); M. 0.

Lauterbach et al,, Plws.

STV N

M. Perl, Phys. Rev. Lett. 39, 1482 (19745); S, Heicichi, Proceedings
ot the Summer Institute on Tarticlie Physico, SLAC Feport Ho, J1S
(1978).

G. Alexander etj al., Phys. Lett. 8iB, 8% (1979); W. Bacine et al.,
SL.AC—FU?!—Q;‘W,‘,”dan. 1978 (to be published in Yhys. Rev. Lett.).

M. .J. Shoche : Proceedings of the Summer Institute on Particle

Physics, Sll;\C Report No. 204, Nov. 1977.

S. Weinbefg, Phys. Rev. Lett. 13, 1264 {i9p7); A. Salam,

Elementgry Farticle Theory, Proceedings of the Liphth Nolbel Svapo-

sium,l,ed. N. Svartholm (Almquist and Porlag, Stockholm, 1968); F. ..

H‘7f€‘t et al., 408, 138 (1073); A. benveruti et al., Thys.

/7 -4

/
/

kev. Lett.



21.

22,

23.

2

r

4.

#ay 1975.

S. D, brell and T. M. Yan, Phys. Rev. Latt. 23, 316, (1970);
Quigg, Rev. Mod. Fhys. 49, 297 (1977).

J. J. Aubert et al., Phys. Rev. Lett. 33, 1u04 (197u4);
Augustin et al., Fh s, Rev. Lett. 33, 1406 (197n).
J. Rich and D. R, Win., Phys. Rev., Di4, 1283-(1976).

B. Knapp et al., Phys. Rev, Lett. g;},&ﬂou (1978); F. W. Busser

et al., Phys. Lett. 568, DHZX{TE;Z;; H. D. Snyder et al., Phys.
Rev. Lett. 3B, 1415 (15?6); K. J. Anderson et al., Phys, Rev. Lett.
37, 799 (1976)3 M. Binklcy et al., Phys. Rev. Lett. 37, 574 (1976},
Yu. M. Antipov et al., Phys. fett. 60B, 309 (1976}; G. J. Blaner

et al., Phys. Rev. Lett. 35, 3u6 (1975); J. G, Branson et al., Phys.
Rev. Lett. 38, 1331 (1977); M. J. Corden et al., Phys. Lett. 688,

86 (1977); J. H. Cobb et al., Phys. Lett. 6§88, 101 (2977); E. Amaldi
et al., Lett. al Nuovo Cimento 19, 152 (1977); B. C. Brown et al.,
preprint FERMILAB-77/54-EXP; A. Bamberger et al., Nucl. Prys. B134,
1 (1979); T. B. W. Kirk et al,, Phys. Rev. Lett. 42, 619 (1579);

K. J. Anderson et q:., Phys. Rev. Lett. 36, 237 (1$76); yu. M.
Antipev et al., Phyi. Lett. 728, 278 (1977); Y. B. Bugshnin et al.,
Phys. Lett. 72B, 269 (1977); J. H. Cobb et «l,, Phys. Lett. 728,
497, (1978).

E. J. Ziskind, Ph.D. Thesis, California Institute of Technology,

1974,

J. Vess and B. Zumino, iucl. Phys. B70, 3% (1274); Phys. Lert. 43E.

c

m

(1278); ihel. Phys. B78, 1 (14974)5 P. Payet and S, Terrara,

Friys, Rewt. 3LC, 7h9 (1977).

~iu3-

26.

27.

33.

G. R, Tarrar, Caltech Preprint CALT-68-081 (1978) and Iroccedings
of Interantional School of Subnuclear Physics, brice, Sicily,
August 1978.

P. Fayet, Phys. Lett. Gul, 156 (1977): G. R. Farrar and F. tayet,
Phys. Lett. 76B 575 (1978}; Phys. Lett ZEE, 442 (1978).

J. Ellis, Proceadings of the Summer Institute on Partiecle Physics,
SLAC Report No. 215, Hovember 1978,

S. Weinberg, Phys. Rev. Lett. %0, 223 (19/8); F. Wilczek, Fhys.
Rev. Lett. HO, 273 (1978).

B. W. Lee and R. E. Shrock, Phys. Rev. D17, 2410 (1978).

R. Cahn, Phys. Rev. Lert. 40, 80 (1978),.

A. A. Belavin et al., Phys. Lett. 59B, 85 (197b); G. 't Hooft,
Phys. Rev. Lett. 37, 8 (1876); C. G. Callen et al., Phys. Lett,
638, 334 (1976); R. Jackiw and C. Rebbi, Phys. Rev. Levt. 37, 172
(1976).

G. 't Heoft, Phys. Lett. 37, 8 (1978) and Phys. Rev. Dih, 3432
(1976).

R. D. Feccei and H. R. Quinn, rhys, Rev. Lett. 38, 1440, {1477),
R. D. Peccei and H, R. Quinn. Phys. Rev. D1€, 1761 (1%77).
J. Kendaswamy et al., Ihys. Lett. 788, 377 {19768); T. Goldmar and
C. B. Hoffman, Phys. Rev. reti. 4G, 2206 {(iu%6)y J. Klems et al.,

Phys. Rev. D4, &0 (1371).

J. Lllis and M. K. Calllard, Fhys. Lett. 7ub, 374 {1978).

K. T. Mahanthappa and Marc A. Sher, Phys. Rev. D13, #4& (1578).
. Pamond and G. 3. koss, Caltech Ireprint CALT-68-674 (1G7E&),
A. Zepeda, Phys. Rev. Lett. .1, 139 (1878); W. G. Deshpande and

D. E. Soper, Fhys. Rev, lLett. b1, 729 (i878).

~14L-


http://lcr.uk

40.

41,

h2.

.

4u,

b5,

ue,

W,

8,

h9.

50.

S1.

$. Weinberg, in A Pestshreift tor 1o [, Pabi, Laeed More ) wal
(Now Yerk Academy of Sciences, New York, 1977}, aue relerwnons

quoted therein.

f,. B, Ledipuner et al., Phys. Rev, Loett, 31, 1

Appel ¢t al., Phys. Rev, Lett. 32, 424 {(1074); G0 Wo Cvenin ol ol
Phys. Rev. D10, 3093 (iS74); 0. Bintiuger ct al., Thy.. Fev. Lett,

a4, 982 (1975)3 #B. G. Albrow 2t al., Nucl. Phyc

R. vidal et al., Phys. Letu. 778, 3u4 {1578); U. Cutts ot ai.
Phys. Rev. Lett, 41, 363 (1978),

H. R, Gustdfson ¢t al., Phys. Hev. Lett 37, w74 (1976,

N, J. Bechis et al., Phys. Rev. Lett. 40, 60% (1974).

J. Lach and S. Pruss, l'ermilab note TM-29% (§971).

¥en Kesey, One Flew Qver the Cuckoa's Ne

s o ooovel (Viking I'ress,

New York, 1062).

LeCroy Research Systems Corporation, Technical Date theet, CA
model 22494, December 1979,

G. B. Bondarenko et al., a5 cited by V. Loboedgev, Proceedings ot
the XV1 International Conference on High Lnergy Physies, batavia

19735 J. o Boymond et ad., Phys. Kev, Lett. EXTEE R SR YLD FE PN

Appel et al., Phys. Rev. Lett. 44, 727 (1970, . W, vrening, freo-

ceeding of the International School of Subnwrlear Ynyeio o iairr,
Italy, 19755 L. M. Lederman, Thys. Repts. PRSP LN AT I N

I'. L. Taylor et al., Phys. Rev. Dlu, 1217 (iu7t),

M. Bourquin and J. M. Gaillard, Nuel., Phys. Y RS T IR PN

i. Quinn, private communication,

C. Halliwell et al., Phys. Rev. lLett,

inay (1977); b, Chauy

b}

t al., Phys. Rev, Lett. 40, 71 (1978)5 D. Burke ot al., Michijan

~1h5h-

>



http://oil.nl
http://ion.il

60,

01,

62.

Preceedings ot the Calorimeter Workshop, M. Arac editor, l'ermilab,
Batavia, [llinois, May 1975,

R. L. Anderson et al., PTP Iroposal PEP-u, Positron Electron
Project, “tanford Linear Accelerator Center, Stanford University,
December 1975.

J. B, Birks, The Theory and Practice of Scintillation Counting

(The Machillan Cu., Hew York, 1964); T. A. Gabriel and J. L.
Amburgey, Nucl, Instr. and Meth. 116, 333 (1974).

F. Sciulli, Proceedings ot the Calerimeter Workshop, M. Atac

editor, Fermilab, Batavia, Tllinois, May 147%, page 79.

_phe)
e,




