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ABSTRACT

This thesis describes the general features of the

Cern West Area Neutrino Facility Narrow Band Beam

and the method-used to obtain the antineutrino cross-
section at high energy. The results of an investigation
of the beam parameters obtained from the muon £lux
distributions are presented together with the

latest data on the antineutrino cross—section from

the WA47 exposure of the Big European Bubble Chamber.
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CHAPTER 1

INTRODUCTION

1.1 HISTORY

The neutrino was first postulated to exist by Pauli in 1933
ags a spin one half particle to explain the apparent non-conservation of
angular momentum in the decay of neutrons, This ldea was made quanti-
tative by Fermi(1) using the spinor formalism of Dirac. The first
interactions of neutrinos were observed by Relnes and Cowan(e) in
1956 who used the neutrino flux from a nuclear reasctor. Their experi-
ment showed that aunetaumcla nedileawngemitted from the interaction of a
neutrino coming from (3 decay with nucleons and thereby demonstrated
that neadrive iwfemctions could bechserved é»LFEHmeq{’a[/\lj:I‘his is now
known as electron lepton-number conservation. The exlstence of two
types of neutrino was demonstrated experimentally in 1962 at
Brookhaven(s) using beams of pions and kaons which both decay to muons
and neutrinos. The number of electron events seen wag consistent
with the knowm branching ratio of kaon into electron , neutrino
plus pion and 211 other events were seen to have a muon in the final
gtate. Thus there was another lepton conservation rule, that of
muon lepton number, which was conserved independently of electron

lepton number.,

These reactions all occur throug:. the exchange of a charged
particle, known as the intermediate vector boson, and are given the
generic name charged current, ow CC interactions. However, some

decays could not be described by charged current exchange alone.

Congider the decay V(i:?757ﬁ . Since strangeness is conserved

in both strong and electromagnetic interactions, this decay must
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proceed through the wesk interaction. lYowever, strangeness-changing
charged current interactions are suppressed relative to non strangeness-~

2

changing interactions by only sin ec ~ ,05, but the branching ratio

Kiﬁyf?f/K:;bﬁﬂ. is of the order 1075* Thus it seemed that either
the neutral current interaction postulated by Weinberg and Salam(4)
in 1967 was very weak or strangeness changing neutral currents do

not exist.

In 1973 the existence of Neutral Currents (NC) was confirmed by
the Gargamelle collaboration at CERN.(5) The suppression of strange- -

ness - changing neutral currents was explained by the GIM(s)

mechan-
ism by the introduction of a fourth quark with charge +2/3 which

cancels the exchange of the u quark in fig 1.1.

The discovery of op events in the e'e  gtorage rings SPEAR at
SLAC(7) was showm to be due to a new lepton, the tau, which was
agsumed to have its own tau-neutrino to accompany it. In this way
all the le ptons and quarks can be grouped into left-handed (i.e. V-A
coupling, see chapter (2)) weak isospin doublets (Fig 1.2). The dis-
covery of the b quark with charge -1/3 in 1978, introduced a new
doublet. If the t quark were discovered the lepton-quark symmetry,
vhich some theorists regard as a fundamental symmetry of nature, would
be restored. At the time of writing the best chance of restoring this
syrmetry lies with the e'e  storage ring Petra, at Hamburg, but so

fer top (the t quark) has failed to show itself.

1.2 THE 200GeV/C NARROW BAND EXPERIMENT

With the advent of high energy proton accelerators at FNAT and

CERN it became possible to produce high energy beams of plons and kaons

vhich could be made to produce high energy beams of neutrinos by



-

gllowing them to decay. The experiment on which this thesis is based
was propoged in 1974 and was designed to study all aspects of neutrino
physics at high energy. The Bubble chamber BEBC (Big European Bubble
Chamber) was used to obtain the data, it being originally designed as

2 week interaction chamber.

The neutrino beam was the CERN Narrow Band Beam vwhich provides
a dichromatic beam of Neutrinos of known energy spread. This beam
enabled g more detailed and accurate study of neutrino cross-sections,
structure functions and neutral current interactions than had

previously been possible.

Six European research groups collaborated on the initial experi-
ment in January 1977, which was given the label WA19, and were joined
by another laboratory for further running at the end of 1978, designated

WA4T. (Refs. 1.8 = 1.13).

The subject of this thesis will be the authors! contribution to
the data reduction of the events found on the WA19 film, and his work

on the analysis of the flux data to obtain cross-sections for Wa47.
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CHAPTER 2
THEORY

2.1  KINEMATICS

Houtrino interactions tako placo through tho axchango of oither a
noutral or chorged intormedisto voctor bocon FPlg., (2.1). In doccribing
this procosog, 1f £incl stoto hndi’gn digtributicns are ignored, the
roccdion may bo doseribed cormlotoly with tho kmotvledge of threo
verdablos. Tho ones meocsurcd crperimzntally aro:-

5;, -~ tho laborntory incident noutrino cnorgy

E),, - tho leboratory mion chorgy

9/“' = tho laborntory rmwon mgle with rocpoct to tho incident

noutrino diroction.

Fron theoo varigbleos, and tho nnss of nueclcon ono may conotruct

govoral Iorcntz in variont quantiiios:- 2
Qa'via (-t,’.-h')z = 2&:»5‘,(“ CMQ/A-)" M/J_

V= Pq/y = E,-E.
4= Pl/eg = Y/Ey

p)
oL = Q Alﬂ&)’ -~
S =  (hep)t = b+ Zoa by
w o= -F(‘o'('ew WAL OLS L

tho oymbols aro dofined in fig. 2.1. ¢ is tho lnvaricnt mass of tho
oxchonged bocon, o tho onorgy tromsfor botwoon tho loptons, ¥ the frace
tion of the incident noutrino cnergy corried by the. ku.é:t_:ﬁio final state
aftor tho intoraction and g the total contro of nass encorgy. The sig-
nificanco of tho vardsble x= will bocomo apparcent lator, but in foet is

tho fraction of tho nuclcon rom-ntum carricd by the struck quark—par"ba.n.

2.2 CROSS~SECTIONS

The crogs=goction for noutrino nucleon scattering depends upon
the form of tho interaection and is usuelly oxprosgscd in terms of tho

curreat-currcnt hypothesis“) vhich 1s written in the form

j//. Uﬂ‘:‘}'Oh) TMC L\‘CLCL‘(‘OW)
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The lopton current is woll dogeribed in terms of dirac spinor fiolds
ond in vosk intersctions has o V = A form. Thet 15, it is a sum of
vector and gazdcd. vector currents, so called because of thoir gpatisl
transformation properties. The hadron currert ls moro complicated,
hovever, if the weok intoraction is mediated by a vector particle the
mazdimme number of torms it may contain is 3, one for cach spin compo-
nont of the exchanged particle. Each term is multiplied by an un-
determined function Wi(1=12,3). These A (tormed form factors) may
in prineiple be difforont for neutrino, antincubrino and neutron and
proton. Honce the murimum number of V's is 12 (three for each inter-
action vp, wn, ?p, ). ‘Houever, for strangeness conserving processes
the number of indopeg?d:nt W 5 m;.y be refiucedvby use go'f charge gsymmetry:=—
W, | o= vl P ' tif’: w.

R i

Ve VT Lt Wt = WL
wu.cL \.»J_.‘ = _:.-[W‘ -f'WiPl = Jilw_; +'\I\li = L\lz

go the number of indopendent W!s is: now threc.

If final sfata hadron g.istributions aro not observed, there are
tvo indopondont kincmatical ‘v‘z.:zv:'ri;nbles at the hadronic vertex namely Q2
andy. Thus the Wi can only be functions of these two varisbles. By
grmming oﬁer e2ll possible polarisation gtates wo f£ind the cross~section

for cherged current neutrino nuclcon scattering is then

%& W, (A4 + 29.&? W B v) ¥ 5;5‘;. S Weﬁw]

(2.1)

—

de -G &fcy
‘ Gicfbiv T Ey

203 SCALING

Of fundomental importance to the analysis in this thesis and all
neutrino experimonts is the hypothesis of scsling, first proposed by
Bjorken(z). The scaling argument states that in the high energy limit

: (E,d)? MY the dirensionlosc structure functions become indepondont of

encrgy and are functions only of the dimensionless ratio:

x = QZ/QMV
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T{ thero are any throsholds in tho roaction dus to the production of heavy
prticles fo.g. charm) thon sesling ought to set in at higher energy.

The sgsumption is that there aro no intrinsic masses in the problem

abovo the rass m and at high cneorgy tho cross-gcetion should becomo
indcpendent of this masa. Rowriting the erogc-soction formula 2.1 in

toros of the scaling variables x and 7 we find, for c¢hargo symmotric

nuclod, 2 L a
d__‘f - Cf_j l’ch-g) 6(1) +3XY F{(x) t%(t“‘ﬁ/&){e(}a (2'-2'>
Axdy ol

vhere, as expocted the term in brackets has no g dopondence The Fy

aro rolated to tho ¥W's by
Fc) = Wy (&, v)

%(z) = "’ﬁ W;(Q?}\’)
Fy(¢) = 5:’2 w3 CQ)')\J)

and are aasumed‘tho game for v , v using charge symmotry. The main
regults of the scaling hypthosis are that the noutrino crogs-section
riges linearly with s, and the x,y dependance is independent of s.

2.4 PARTON MODEL

If we agsume that hadronc are made up of constituents of dif-
feront types, each with its own distribution function in the fractional
momontum of the hadron carried by that constituent, then if ?is the
fractional momentum

(e.oydy = Nys the b of camsbhiedls 5
A SIFIIES SRR
wo further assumjo that theso congtituents interact independsntly.
(.04 da :;gé—, interact with each other and have point-like crosg-sec
‘tions). It may then be easily seen that if such a constituent is
gcattered, it results in a2 momentum transfer Q2 = Zv‘gmfrom the following

argument.

Consider tko frame in which the pazton recoils with equal
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mocontun in the opposito direction (fig. (2.2)). Vo havo, for messlesc

particles
P=(7 99 ®) = (9,0,9,9)
aan CL: - ZE/P
v = PYw o= 23 /m
@ = -92 = 4%
K = Ql = §
= x< v

the neutrino-nuclcon crogs-gection may now bo writien as 2 sum of the

elcmentary point like croge=-gectiong =

< ciaf‘
amtﬁ 32@()

Fig (2.3) shous the elementary cross-sgections in Quark Parton Modol for
vorious scattering procesges.

2.5 QUARK PARTON MODEL

it is aggumed that the partons are the spin one half quarks of

ordinary hadron spectroscopy, bound by gluons which have no weak or
electromagnetic interactions. HNuclconsg are agsumed to be made of
valenée quarks surrounded by a gea of quark anti-quark pairs. For the
proton, the valence quarks are uxuiand by definition all quark dis-
tribution functions are measured with respecet to the proton. From the
quantum numbers of the preton, tho following:idomtities hold

(wees- aeeYels = 2 flstr-36))dx = O

((d6e)- dbydxc=| { (ccor-2eayelx = O
vhere u, d, ®, ¢, U, d, S, C arc the up, doim, gtrange and charm
quark and anti-quark distribution functlons vhich are functions of
x only. The neutron distribution functions are obtained from the

proton distribution functions by exchanging u and d.

The cross-sections per nucleon for targets with equal numbers
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of protons and neutrons are
L7 . G's [ () + (t~~a)1’(x>—‘]
&—:&3 2 s v
P 7 - 2 -
Lo’ = G5 Tqe0 (mg? + 460 ]
abdi 2™ ) _
yle) = defutordy]  §oe)= x[alt+déa) ]
and we have ignoresd any possible con%ributions from strange or

(23D

charmed quarks. (See Appendix B).
CONSEQUENCES OF THE QUARK PARTON MODEL

2.6
By comparing the equations 2.2 and 2.3(see appendix B) the

following correspondences may be made between the quark distribution

functions and the structure functions:-
) 2xE . = Fy

(i) xf = ‘P‘iz
Lii) ooy = 2 RS SF2 ol
(iv) 0,-05= & Gis Sx% dx
3 =U_
) SxBde = Q-& o 2A(5-G3)
§ Rdx Q+Q oyt O
(vi) Q =3 R = 0%
Q =Rz =

in the above relations-the y ‘degend;enee kas beeﬁ explicitly integza‘&éd

over, and the notation:-

Q = &ﬂ‘,(x) e
Q = (96 dx

has been used.

The first of the above relations is known as the Callan- Gross
relation(” and 1€ found to hold tests the spin one-half nature of the
quark fields. FExperimentally, this is measured by fittiné the ¥ distibu—
tions in charged cm‘renté and if found not to be true adds an extra term

R(1 = ¥) into the brackets of equations 2.3, where

R = §(R-axF)dx (&t M)




M1 exporimsants so far aro consistent with the valuo R = 0, albeit with
large orrors, ond thus demonstratos the spin one~hslf charactor of the
quarko. Uping this relation and charge symmotry the number of indepen-
dont. structure functions has been reduced from three. to tvwo, namoly
Fé and sz.

Relation (iii) onables the fraction of the nucleon momentum
carried by the quearks and antiquarks to bo mscsurcd,.vith the value
of G-2 in principle already measurcd in other weal interaction experi-

ments,

Rolations (i11) and (iv) €onl with ihe differencc of newirine
and anti-neutrino scattering and msasure the valence gquark distribu-
tiong. The msasurement of FB itself is particularly important owing
to the €rogs~Levellyn Smith sum tule$4)‘which states

gd xF Ax = 3

a X

i.e. the number of quarks in the nucleon should be threo., This can
only be moasured from the differentiél crogs-gections vhich will not

be digcussed herg.

"Rolationg (v) and (vi) follow immediatoly from reolations
(i).- (iv) and allow the relative anti-quark momentum fraction to be

meagsured,

With the discovery of scaling viclations at SLAC(B), and their
subsequent confirmation by tho experiment describod in this thesis

ot higher QZ, the quark distribuiion functions becoms dependent on Q2
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eo woll ao x. This anelysis alse requizos-a.-ctudy of the differential

erocc-gections and vwill not be attcmpted in this .thogis.

Vo continus with a description of the exporimontal layout of
HWA19 end 47 and a presgsentation of the authors' work on the noutrino flux
for WA4T7. The finnl chaptor doals with the crogg-section data gveile
able at tho time of writing.
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CHAPTER 5
BEEC, EMI, SCAINING AND MEASUREMENT

Tho data ecnalysed in this thesis s obtained in the Blg Furopean
Bubble Chembor (BEBC) at CERN oxpoged to tho Wost Aroa Neutrino Facility
(WANF) 200GoV/C Nerrow Band Boam. Date taking was performed in January
1977, with the first results appoaring in Soptombor 1977. This chepter
1111 degeribe the charber and its DRatornol Muon Identifier (EMI) and
tho mothod used at Imperisl College to snalyse the film. A doseziption
of the beam, and the suthors! work on flux measurement is left to lator
chaptorg.

3.1 BEBC
3e1.1 CHAMBER CONSTRUCTION

Tho body of the chamber is esgontlally an upright cylinder of
reding 4385m and height 4m, mado of 8 cm thiclnessscécdnless steel and
complotely encloged in a vacuum-bonk.to redues heating of the liguid inside
to o minirmm. The piston is houged im a cylindrical extonsion of tho
chamber and is 181 cw in diamoter. The imside of the chamber is lined
with a retro-reflective materisl (Secotchlite) to enable the bubbles
formed by tracks passing through the chaﬁber to be viewod as light
imnges on a dark background., The scotchlito has fiducial marks (fixed
roference points) printed onto it for off-line measurement purposes.
The genersl layout of the chember is showm in Figs. (3.1) and (3.2).
3.1.2 MAGNETIC FIELD

In order to_tzasure the momsntum of charged tracks originating in
the chamber liquid, BEBC is surrounded by tio super-conducting coils
reiged to 2 17 volt potontial and supplied iith a eurrent of £,700
Ammeres. Thoso coils produce an aspproximately uniform magnetic fleld
of 3.5% within the ciamber volums, which is mapped out with Hsll probes
and supplied as a set of titles (data cards) for the geometry programmss

10 reconstruct the momenta of the tracks off-line.
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3,1.5 CAMERAS AND OPTICS

The henispherical domec of BEBGC is fitted with. five: port~holes,
four of which aro_supplied with cameras, each vith tholr owm flash
tube to enablo sterwscoplec rsconstruction of the events in the chomber.
Duc to the large size of the chambor, fish-oyo optic+ are used so each
camsore vieuo ag much of the chamber volums as pogsible. The fidueial
rarks on the sido of the chamber were used to fit the optieal distortion
poeramotors of the lenses. Those parametors are used by the gcometry
progrom . along with the magnotic ficld map and the fiducial marks for
ovent reconstruction by computor.

J3e1.4 LIQUID

In ordor.to. perfesmen noutrino experdimont in. a bubble chamber
the 1liquid has to have very specinl proporties. At high onergies,
many photons will be emitted from the primary vertox, and unless the
radistion longth‘(distance for (1 = 9-1) of the photons.to be convorted)
i small much of the noutrsl enorgy will ofzapo. from the chamber and

henco be unmeasurable,

Sacondly, in order to gain sufficlent event rate the liguid. should
be ag denso ag poggible, that isg, thé chamber should have ag large a

fiduclal mnss ag possible.

Thirdly, for lator anclysis of the data in terms of sgaling
varisbles (deseribed in chapter 2) the liquid should have equal numbers

of protons and neutrons, i.e. be isosezlor.

For this experiment, a 74% molar mixture of Ne-H, (n/p = .93)

ves chosen, the radiation length being 44 ems. Fig. 3.5 chows the

conversion longth of the photons for charged current events found: during
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tho WA19 running, and Fig. 3.4 guwarigos tho operating conditions of
the chamber.
30l THE EMI

3.2.1 COHSTRUCTION

The bubble=chamber is surroundecd by an arroy of Molti-iriro
proportional chermbers vhich sorvo to identify rmons comdng from neutrino
inteoractiong in theo chamber liquid, end is knowm as the Externsl ¥umon
Identifier (BMI).

Tac BMI is gituated7m from BEBC and conoists of high resolution
chamberg in the forward diroetion for identification of fast muong and
lotror resolution chambors for clower muons arranged around. the chamber
and spunning.tgoa'horizontally and":ZB‘?. vorticel¥y vievod from the centro
of the bubble chamber. In all, fifty chambers wore used, the dimensgions
and layout of the wires in each chamber are shown in Fig 3.5.

In botwoen BEBC and the EMI are botwoon 5 and 15 interaction
lcngths of iron to stop hadrons leaving tho bubblo chamber from hitting
the EMI. |
3.2.2 EMI INEFFICIENCY

Tho EMI may lead to a mis-clasgificatdon of CC and NC oventy
due to ‘hnveeffeoctos-
(2) For low momentum muons the track mny not roasch the EMI as it hes
short range or becomss trappcd by the magnetic field in or around the
charbor. Thils offect was scen to bo small sbove a momentua of 5 GeV/C
and 50 & cut was imposed at this momontum with 211 ovents below the cut
boing deoliberatoly clagsifled as NC. Above 5 GeV/C tho inofficlency of

the EMI was eotimated in tiro woys:



(1) A oompleo of 2000 straight through bean acosociated muons of difforent
momonta ond angloc vero measured and extrapslated to the EMI by tho EMI

programmo (to be doseribed latoer).

(11) A cormaricon of tho Pp speetrum of right and wrong sign tracks in
IiC wrag made. Thoro vas an excoss of right sign tracks at high Pp which
veo interprotcd as beoing due to electronic EMI inefficicnecy. Both

mothods give the gamo result of (2,5:t1,o)%inefficiency abovo 5GsV/C

mion momentu,

(b)  Accidental agsocistion of hits- in tho EMI with the prediction from
the extrapolation programno generateg false chargedecurrent ovents. This
wog ogtimated by attompting to agsociats hits from the previous bozm
spill to the oxtrapolation of tho hadron tracks from a different pulse.
This givesspproxzimately 3% mig-classification of NC.ovintd as:CC evonta

por leaving right sign hadron in neutrine, and 1% in anti-neutrinos

(e) It is possible for s leaving hadron to decay in flight and give
a folgc maon hit in the EMI, This wvag found to bo a small effect and
wag ignored in this experiment.

3.3 SCAWNIHG

3,3.1 IEITIAL SCAWS

Aftor developing by CERN the rolls of film are sent out for date
rcduction to each of the gix laboratoriocs in the collaboration. This and
subsequent sections describe the method employed at Imperial College to
proparo the f£inal DST (Data Summary Tape) of the events found on the
rolls of film allocated to Imperdial Colloege.

On crrivel at Imperial College the £ilm is cut into quarter rolls
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(cach ith 1500 fromes on throo views) for easior handling on tho scone-
ning machines. Tiv initisl scong on throe viows are porformed by train-
od scanncrs on all the film to locate the various types of event. The
various classes of event recdorded wore:-

(2) Background Events

(1) X - ovent duo to 2n incoming hadrom (forward. or backward)
not gigned by agray (a knock—on olsctron kicked out
of on ston by the hadron) e
(1) Y - ovent due to an incoming hadron signed by s § oy
(141) 2 - 1lov enorgy noutron stars, and a poggible cource
of contemination in tho Neutral Current sample of

ovonts

(4v) ¥ < neutrino intorcctions in the wall of the chamber

(b) . Houtrino Events

Any other event in the chamber l1iquid which cannot be zseribed to

tho sbove background types 1s assumed to be from s noutrino intoraction. . .

. Singlo prong ovonts (ovento with only one charged track leaving

the primary vertex) were not rocordod.

After the two initial scans wers performsd & comparison list was
rade and a third scan wras peorformed by physicists, to check the events
found on the first tvo scans.

5.2.2 THIRD SCAN

Oiring to the comploxity of high=cnergy moutrino evonts ( the
averago charged hedron multiplicity 1s of the order of six or seven)

211l candidate neutrino events have to be measured by hand as autoiatic
noasuring devices are incapable of disentangling the hadronic sghowoer.

To make tho moasuring as guick as pogsible and to avoid incorrect
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topologioc being entorcd to the measuring prograrme all ovenits are drawm
end labelled by phyoicicto beforc being sent for moagurement. Tho agreod
labolling code for this oxporimont is showm in Fig( 3¢6) subsequently
all trackg vith their code appear on tho DST for later annlysis.

503+ 5 SCANNING EFFICIENCY

Tho sccnning of the £iln is not perfect and it is expected that
corz cventg will be misgsed by tho scanners due to human error.. Thus ono
maogt caleunlato tho probebility that an event will bo missed off ths final
third scan list. Assumirng tho first and second scans are independent
onc noy corparc the nurhers of ovents found énd obtain this number.

For Irporial Colloge it was found to be 99%, congistent with the other
loboratories in the collaboration. This rosult is important for totol
erogs-gaoctlon, to bo ovaluated later.

5.4  MEASUREMENT OF EVENTS

JSe4.1 ONLINE GECHMETRY ANALYSIS

The omliinc" meaguring programme uses digitigsed information as
input concorning tho camora and bubble-chamber fiducials for use in
‘enlino fitting of each track ag it is measured by tho operator. A
tvo woy dialogue bofwoen the programme and the operator enables the
frams number, topology and cnd codes to be rocorded on a disk file

by tho program.

Each track in an ovent is maasurgd individﬁally with approxi--
matoiy 5 Om.‘ gpacing betwoon measurement points. %hen the track has
boen neagurcd the data are sent to the Online Geometry Anglysis programme
(OLGA) vhich is normelly resident on disk, but is 'woken up! by the

nsaéuring programne vhen the mzasurcuent of a track is completo.

This programae takes theo raw meagurement data and attempts a



-17-

simplo helix £it to obtain the momentum of the track and tho spreed of
the necsurement points about the fit. The rosults aro thon cor—mumicated
back to tho oporator. If the fit is a poor ono (largo sproad of date |
points or no fit possgible) the operator is roquected to ropeat the
measurcmont and check that the same track hag boen moasured on a1l
views. If this procedurc is ropeatsd thrso times with no fit posszible
end the- track hag no secondary tracks coming from its end point

(1.0. tho track is not interacting) the progrem goes on to tho next
track. If tho track interacts then the.operator is requested to enter

the topology of the intersetion and meagsuro all the secondary tracks.
The oxcoptions to thia proeccdurs aros-

(1) ®hon one or morec tracks eurve through more thean 120°, Since the
érogramme uses the end point of the track, all such tracks have - 1

- téﬁb§5%§é$§§af&pecially, and must be meesurednenwaﬁvieucby~viev
baglig, the pfogramms‘thon gorts out the tracks. from- oach. other
and. makos holix fitg as described previously.

411) The romonta of chort stopping tracks (protons, and nuclear
fragmonts) arc obtalmed by range, and only the beginning middle

end end points of the track are measured.

Garmas and Vo'g ere measured at the ond of the event and in
addition to. obtaining the momsntum of theo track, the program ~ makes
fite to 211 upstream vertices (primsry, and secondary). Once the
moaguremants have been accepted by the programme, the raw meoasuremsnt

data are written out onto a disk file for off—iino geometry analysis.

3.4.2 OFFLINE GEOMETRY AWALYSIS & EMI PROGRAMMES

Af%or one quarter roll has been measured the data from the measur-
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ing program aro run through an dff—line Hydre Geomstry packags vhich
eggentially ropeats the on-line fits but slso dosg fits for all rclovant
nags hypothoges (for example, in the case of leaving tracks it will
attempt a muon £it, a5 woll ag all relevant hadron fits). The
program:  doeg a 3C (3 constraint) fit to Vp's to obtain the mass of the
neutral. For garmns it performs a 4C and 2C £it to 211 posgsible upstream
vertices and outputs the resulis of its fits in standard Hydra Geomotry

benls structuro.

Tho EMI progrom  oxtrpolatos all leaving tracks through the fringe
ficld of tho bubble chamber including multiple scattering in the iron
botwrocn the chembor and tho EMI to tho planc of tho EMI and ealeulatos
tho-pocition the track would have hit the EMI if it VORO- £+ TmoBe. Tt
then. compares this predieted hit with. any record;d hitg in the EMI and

&
caleulatos a 7 uging the bubble chamber mzasuremsni. errors.

The finsl docigion on whether s track is = muon is-left to the
programmo . DECID, which essentially calculates\the-2£land,impoaes-a cut,
chogen to bo X<5, A1 leaving tracks with X5 yotain. thoir muon
hypothescs, tracks with %%S/aro excluded from being muons.

&

3.4.3 CHECKING OF THE EVENTS

Cace the ovents have becn pagsed through the chain of analysis
programmos tho physicists go back to the scanning table and check that
tho- ovents have beocn measured correctly. The most important. chocks mado
are that no traclts have been missed off the drawiﬁg or have been

omitted from measurement. The physicist also checks that all iracks

havo boen labelled correctly and rules out obviously incorrect mass
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agsgignments and 7V or garme associations by choecking with the event on
the filn, Evente vhich have missed tracks or poorly maasured tracks
(&o/p > 30% for hadrons or muons and Ap/p > 50% for eloctrons) arc
gsont for remeasurement. If the remeasuremont is still not succesaoful
the physicist nay decido +to resubmit the track or event for another |
measurcnsnt, or may docido not to if it is obvious that no improvement
can be mado (e.g. vory fast olectrons in which the charge cannot be
dotormined).

then all the moosuremsnts have been finalised, the charged current
ovcnts with poorly Imowm muon momontum are run through 2 momentum and
ervor inprovement programme. This uses the geometry and EMI data points
to make o refit of the muon pasymcters. It has been showm that the angles

calculated through this procedure arc unbiased?)

Finplly, a1l the measurements from all laboratories wore combincd
and o condensed DST was produced from the Geomotry Cutput which contains
oll the relevant information for data analysis. The DST was in card
imnge form for WA19 with one card for each track, spscifying the track
labol and code, mags hypothesis, momentum and two angles in the bubble
chamber co-ordinate system and %3- or probability for a given
hypothosis. This DST was later transformed to a Hydra bank structure
for ViA4T.



CHAPTER 4
THE NEUTRINO BEAM

4.1  GENERAL CONSIDERATIONS

The rain source of neutrinos at proton necelerator machines arc
the deccys T(-7/4¥ and 14?/‘-97:hich arc produced by the interaction of
protong with o towrget. ‘Owing to the smnll gize of the noutrino cross=
goction, the study of neutrino interactione with mattor only became
poogible with tho advent of high intongity boams, and the developmsnt
of detectors nith largo fidueial maseo (soo soction 3.1)., In WM7
tho neutrino fl'a:' travorsing BEBC wag~ iOcm the fiducisl mago was
16.8 tons and uging g ~ 10 tz¢:xn-'/1mc].::r>'n of the order of-03events

per accclerstor pulse vere found,

In order to obtain the highogt noutrino flux possible, the 7T
and K mesons must be allowcd to docay over the largest possible
digtance. This must be compromised with the faet that all beamso have
an inherent divergence (i.e. cannot be perfectly focused), and henco
all the parents cannot produco noutrinos with the possibility of going
through the detector. The final major requirement of all noutrino
orporiments ig a largo shield infront of the detector to absorb the
mdeeayed plons and kaons, and to reduce the fluw of muons at the detector

to o minimm leaving only the neutrinos to pass through the detector.

The two major typoss of neutrino beam are the Wido Band and
Narrov band beemg. In tho sride band beam the major objective is +to obtain
the highest posgible flux of neutrinos, and thus all the psrents of
tho widest possible momentum bi+o are focused. This is achieved through
the use of rotationally symmotric megnetic fields created by passing
large pulsed currents ( 100ka) around the surface of a conductor. Because

of theo shepe of thesc conductors they are usually called magnetic herms.
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(Fig 4.1)-Sien selection ig.porformed by selecting tho sign of the current
floing in tho conductor. Sinco no informntion is available from the
beoan itself about the cnorgy of o particular event, the detector mmst.
have good enorgy regolution, and the energy spectrum of the bosm must

be inferred from the 71 and K production spoctrum.

With tho introduction of high encrgy and high intenspity proton
accelerators at CERN and FNALit wag poooible o both sign and momentunm
select the parcnt. rmons and still retain 2 soncible:overt oot in the
dotector. Thesc beamg aro the so-called Ferrow Bond Bscmg vhich uwsge
conventionnl quadrupoles (focusing deviees) and bending megmets to
perfornm the solgction. The chiof advantage of this type of beam is that
if tho parcnt 7f7§ gnd K's are momantum sclected with a smell momontunm
b{to, enc may use the kinemntical relation betweon neutrino energy and
docay anglo, this allows the neutrino energy to be inferred. (trithin_a
cortain tolerence) from its radins of interaction In the detector.

4.2 PRINCIPLE AND DESIGN OF THE NARROW BAND BEAM AT CERN

4.2,1 KINEMATICS

The rolation betwoen the neutrino energy and its decay angle with
recpoct.to the parent beam direction follows immediately from. four

romsntum eonscrvation, and is

P (l— CMMIM)Z>
1+ Bie?

]

€y

vhoro 3 d1s the parent boam momentum
RV is tho mass of the mmon
WA i tho mass of the parent
yi= (-7 =vie
& is the decsy angle of the neutrino with respect to the parent

beam direction.

Consider Fig. 4.2. From this diagram and the sbove relation, it is cloar
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that st 2 given radius in. tho detoctor there is 2 minimum and maximum

c’n,c:g:;r vhich may be astained by ony neu‘é:inqc' giVm_by_

- [o)
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whee €0 = PC L~ (™ufed)
Thus tho resolution on the neutrino cnergy inforred from its

rodiug of interaction only is
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from which it is cloar that the cnergy spread in tho kaen. peak is

gmaller than in the pion pock sincoy = E/Fp, and that to obtain the

begt resolution, the length of the docay tunnel should be as gnall as
pogsible without compromiging the neutrine intensity. All the above

applies for a3 zere divcrgencc'monachmatic parent hean, -Im'tr ié net
gignificantly alfcrpcd if the beam divergence is included, since the

beam divergence is of the order of 9’}nax/10. The momentum bi{te of the boam
also does not alter the above argumont gignificantly. Fig 4.7 shows

the variation of E anddE/E with redius.

4.2,2 THE CERN NARROW BAND BEAM

This soction describes the general features of the neutrino beam
line ag it was for both the VA19 and WA47 oxperiments. The proton beam
was extracted at 400 GeV/C from the SPS (Supor Proton Syzthrotron) in
two bunches, geparated by two SPS revolutions (~Li-§us). The general
leyout of the beam.is shown in Fig 4.4, and the magnetic beam line is

ghoym in Fig. 4.5 in greater detail.



(1) TARGET

Vhen the protonshave bocn extracted from.the SPS, they pase- through
the neutrino svitech-~yard, which seleectsz Ather the wide band or the narrow
band beem lineg. In the formar theo protons arc.alrosdy pointing in the
dircction of BEBC, but in the Narrow Band configurastion they amo pointing
& 15 rr avay from the target BEBC axdis. This is so that the decays from
pions end ksons before momentum and sign selection (i.e. the vide band
background) give ag smell a contribution to the.ncutrino- flux as possible
in BEBC. Tho target itself was 90 on ( 3 interaction lsugths) long;

2 cm dismoter Beryllium rod, designed for maximum proton. usage and
minirum Trand K reabgorption.

(11) MAGNETIC BEAM LINE

Aftor lesving theltarget the parents and protons are focused by
three quadrupoles and thon bent horisontally towards the momemtum sliH
Bofore reaching the slit the protons are dumped into a large copper
block, the proton dump by a septum mngnet. Tho T 's end K's are then

focuged and bent in preparation for momentum solection.

The momentun glit is a 3 m long iron block with a hole bored
through to. allow the parents of the desired momentum to be tranamitted
through to the cnd of the beam line. Parentgs of any other momentum
are bent such that they are not accepted by the slit, but are absorbed
by it. The slit is madeo in t¥o gections so that the horizontal and

vortical widths may be eltered to suit. the beam line. conditions.

After lsaving the clit the parents are bent more on line with

BEBC and then focused with another pair of quadrupoles. The end of
the magnetic beam line comesg with ths final train of bending magnets
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vhich brings the-boam . on-line with BEBC and a final quadrupole for
furthor focusing,

At the end of the magnetic beamline is a differential Serenkov
detector for meaguring the hadron compogition of the beam. This is
egcential since the relative proportions of kaons and pions must be

knmovn in order to measure the high energy neutrino eross-section.

(iv) THE DECAY. TUNNEL

Tho magnotic beam 1line is followed by a 1.2 m diamcter 290 m
long decpgy tunnecl evacusted to 5 torr, to ellow the parents to decay
and produco noutrinos as deseribed above. At the end of the tunnel’
indented into the shielding and thormally lisolated from it, is a large
calorimster block for the measursment of thehadron flux by its itcomerature

riso, due to the energy deposited in it by the hadrons.

(+v) SHIELDING

Following the docoy tunnel is an iron shield of 185 m total length
to abgorb the muons from the parent decays. At various pogitions in
the shielding there are gaps of length ~ 95 cm equipped with arrsys of
solid state. detoctorg to enable the ﬁuon flux to be continuously
ronitorsd. Sinco these detectors provide the basis for the cross-gection
norrelization in the WA1S and 47 experimsnts ther detectors and their

arrengemont in the gape will be deseribed in greater detail later.

Following the iron gshielding is 223 m of rock and earth to absorb

any muons not glready stopped by the iron.

Finally, the centre of BEBC is situated 822 m away from the target,
followed by the WA1 counter deteetor, the WAI8 counter and the bubble

chamber Gargamelle.



4.5 FLUZ MEASUREMENT

Tho noutrino flux can be msasured by either of two methodg,

hadron flux mesasurersat or muon flux meaguremsnt. The muon method offers
the advantage that the boam-profile con be ronitored continuously end
chocltcd for shepe, positioning and radial swmmotry, whereas the hadren
flux rmethod only gives the total flux,. Thanﬁaitioning of the boam is of
speeial importence in narrow bond oxpordmente sineo one of the chief
cdvantages of this typo of boam is that the noutrino ovent energy may

be inferred. from its radius. This can clearly only be. accormplisghed if
tho boem is woll contred. Tho following two sections describe the two
rothods, with particunlar emphasis on the muon flux mothod sinece thig

wag used in WA19 and 47.

4.3.1 HADRON FLUX

The hadron flux is measured by a dovice called a Besm Current
Transformsr placed on the sams monitoring platform as the cersmkov.
This consists eggentially of a coil of wire placed near to the hadron
beam. then the beam passes by the BCT it induces a current in the wire
which is summed up for thewhole of the running of the experiment. Using
this information and the composition of the beam (i.e. by knowing how
many of the hadrong were protons), the total TWand K flux may be doter—
mined. Knowing this, the decay length and kinematics of the decay of both

typos of muon, the total neutrino f£lux mey be determined.

4.5.,2 MOON FLUX HEASUREMENT

(1) Principle of the muon flux measurements

Ac 2lready stated, the muon flux method provides for continuous
on-line monitoring of the beam gtability and centring. The flux is
neasured by arreys of detectors placed in gaps at 9.2 m, 29.6 m, 49.7 m,

70.1 m, 94.1m, and 118.6 m depth in the iron shielding. In each of these
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gaps, the detectors are mounted on a moveable suppori platle as- chowm
in Fig. 4.6. The detectors have to.be ravasblo sinco. the:centre of the
vido band bean is displaced with respect to the narrov band bean by of

the order of 30eng

Each gap is elso equipped with a.box of dotoctors with varying
song.~itivities., This box is mounted on a gantry which is drivem by rack
and pinion drives to omsble tho box to movo over the wvhole gap and
necsure the flux at any pesition. The major purposc of this box (hereafter
called the calbox) is to celibrate the fixed detoctors throughout the
duration of the cxporiment. In addition, another box of detectors also
oquippcd with a set of dotectors of varying scnsitivity moves from gap
to gap at the end of cch poriod of running (usunlly temsdays) and is
fixcd.ontCaéﬁbncalibrationubox.fo; a.vhole period.. . The purpose.of this
“box (Thnawn.aé tﬁéhreihcxl“iS*tO _ colibrate- oach of the calibration
boxes te.egeh of the others. In this way, 21l the -detectors in 21l
gepo aro:linkod clotronically to each other. The final sbaolute
calibration of the detoctors is done by nuclear omulsion, and will be

degeribed later.

This procedure is particularly important for the wide band configu-
ration gince the neutrine cnergy spectrum is a sum of all parent
production angles and momenta and must be varied to fitfthe«unoﬁrcnergy
gspectra or dilstribution with depth in the shielding, and ths parent
production spectra. (The distribution of muons with depth clearly measures
their enorgy distribution since the muons lose energy through ionisation
and § ~ray production in the shielding). However, this is not so important
in the narrow band beam since only a well defined momentum is accepted
and the neutrino spectra are well determined with a knowledge of the
doecay kinecmatics and the K/q ratio at the target. In practice, in the
narrow band beam only gap two is used since this is free of background

from the hadron interactions in the beginning of the shielding.
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Usunlly only part of the support plate is used for mounting the
fixzed detectors, viz., the central position, the horizontsl bar, and the
tvo concontric rings at 15 e¢m and 30 em radius from the centro of the

gupport plato.

(ii) THE SOLID STATE DETECTORS

Bofore the final system ag it is known now was set wp, many types
of detector were tested for durability, since the detectors were expected
to ithstand high radiation doses over s long period of time and still
nointain their esccuracy of flux meoasurement. Soo Ref. (6 for a
cormplete description of the initial detector testing phase.

Silicon detectors have the advantage over ionization chambers in
that they are smnll, have a high signal, low bias wvoltago and are easy
to handle. Unfortunately they aro susceptible to radiation damnge and

muot thorefore be continually cehecked for constancy.

The bagic operating principle of the detectors is the separation
by an electric field of the electron~hole pairs created by & minimum
ioniging particle traversing the dotector. In order to achieve full
collection officiency the detector must be fully 'deplested', i.e. made
completely clear of free charge, since if this is not the case, soms of
the paiz= created in the detector will recombine with the freo charge in

tho non-deploted layer and hence will not be collected.

The detectors used in the gaps are operated in the so-called
charge inte_gration mode, since single particle counting is not
possible with the fast extraction from the SPS (~429ﬂ6). The charge
obtained is corrected for the natursl leskage current of the detector.
This is measured between SPS pulses and the correction is applied every
15 minutes.

The nominal sensitivity of any detector may be obtained from



its dimensions. This is subject to error, since the sensitive aroca of

the detector is governcd by the irregular shapo of the epoxy moummting

and the dopleted layor oxtends underncath the mounting. This may be
partially accounted for by increasing the sensitive radius by one detector
thickness. Thus, the sonsitivity of the detector defined as the number
of minimum Jonising particles per square centimotre required to make one

pico-coulomb of charge in the detector is

-~
S = L_é_g_( ¥ l.é}:[O_?X d % (ﬂ(d*f-ﬂ")]
> .62

vhere d is the thickness of the dotector

r is the radiug of the detector

The energy loss of a minimum ionising particle in silicon is 401 eV/)u n

and the onergy required to make an eloctron~hole pair is 35.62 eV.

In principle thersfore, it is simple to measure the muon
flux from the knowm proporties of the detector and the coulombs detected
in it. However, it was discovered in the early days of the Gargamelle
exporiment that this method did not work, because the muong vhen
leaving the end of the shielding, bring with them a2 shower of lmoci—on
eloctrong which are also rinimum ionising and algo ereate charge in
the detector. The solution adopted then, and also adopted now, is to
expoge 2 nuclesr cmulsion placed infmnt of tﬁe detector for a few
accelorator bursts. The sensitivity of the detector may then be
vorked out from the voltage collected during the exposure, and the number

of rmons counted in the emulgion.

The relative calibration of the detectors will be deseribed later.
For convenilence we record here that we assums the response of the detector
tc the muon flux is linear and is related to the sensitivity of the

dotector by a rclation of the form
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N/,,= (v-0)x S» (¢.2)
G

vhere 0 is an offset .
VY is the voltago. 2t the output of the detector amplifier

G 1s the gain of the detector amplifier

Provious work on the relative calibrations hag shown that the offsot

is smnol]l and therefore wo shall ususlly set this to zoro in futurs.

(ii1) OTHER BEAM MONITORS

Apart from the BCT and the solid stato detectors, the bedm ig

equipped with other sensors at several positions to monitor its shape.

(a) The target monitors

A sect of socondary emisgion monitors (SEM's) - (a sot of strips
gandwiched by electrode planes to collect the knock on electrons
created in the strips) placed upstream and downstream of the target
to monitor the proton intengity. These are usually called the target
monitors the most commonly used one is the Target Monitor upstream

{or TT).

(b) Septum monitors

Bafore and after the scDtum there is a set of SEM!s to monitor

the horizontal beam profile of the 400GeV/c protons.

(c) At the beginning and end of the decay tunnel

A set of horizontally and vertically aligned SEM's to monitor
the hadron beam profile at the beginning and end of the decay tumnel.

The differencc between the tio profiles measures the beam divergence.
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(d) In gap one

M ionizetion grid monitor to measure the profile in both
dimensions, an ionization chamber to msasure the intensity, and a

gecondary cmisoion grid monitor again to msasure the horizontal and

vertical beam profiles.



CHAPTER 5

FLUX PROGRAMS

As mentioned previously, the narrow band beam requircs continuous
ronitoring to snsure its stabllity and positioning. Thils is done on-
line with ths aid of the NFM (Noutrino Flux Monitoring) on-line
program. The final flux analysis is best done off-line with the rarw
data tapes vrittcn by the on-line progran as input. The off-line
progran must gerve tvo main functiong; to sum the flux for any specified
perdod of timo; and to callibrate the detectors to determine whether any

have gone bad dus to radiation damage.

The progsent chapter degcribeg the on-line program and itz uge,
and the authors! work on the off-line program which hag been hig main

preoccopation until the writing of this thesis.

5.1 ON-LINE PROGRAM

Since the on and off-line programs have many features in common
vo only describe here the main functions of the on-line program and
leave the detailed description of the common purposes of the two

programs to lator in this chapter.

The main functions of the on-line program are to colleect the
data from the various beam monitors and to provide the user with s
facility to monitor the conditions of the beam so that he may take
corrective action if some element of the beam-line bocomes faulty:or

the beam is incorrectly adjusted.

The information which the on-line program writes onte %ape
arrives on a pulse by pulse bagis from various sources. The proton

beam Information coming from the SPS monitors placed around the
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target is sent to the Narrow Band Computer (MBC) situated in the BAT
control room vhich contains the power supplies for the boam line. From
thero it is sent to the NFI vhere it 1is written onto tape along with the
information concerning the magnet currents in the beam line, which 1sg also
aggcmbled in BA7. The muon flux information from each gap is also written
onto tzpe every pulse and stored on disk for interactive wse by the user,
The reador lg referrcd to the list of refercnces at the end of this

chopter for a detailed description of the data blocks and their contonts.

Ac doseribed previously, ench gap is provided with a set of five
detectors of differing sensitivity, capable of measuring the full range
of the flux, mounted in s moveable box. This box sorves two main
functiong; to provide a continuous calibration facillty for tho fixed
dotoctors in each gap; and to provide the user with a profile of the
mon distributions in each gap. In the WA19 experiment the whole
gygtem was new, and the movement of the box had to be controlled by
the user. For the WA4T experiment, some two years later, the so-called
gelibrations and scans were instigated automatically by the system every
eight hours, and flagged on the tape with a bitted word which describes
the status of each gap (viz. scan or.calibration, one bit per gap).

The user has the opportunity of monitoring the profile for cireular and
redisl symmetry and centring. This informetion is elso available on a
pulse by pulse basis via a TV screen vhich is continuously updated

by the program, and displays the ratio of the flux in the 15 cm ring to
the central flux (agpnstant for given beam conditions) in each gap, and
also the !centre of flux' in centimetres in both the vertical and
horizontal directions. For good beam centring this should be

minimm,. For convenience we record here that the ratie.15/0 (i.e.

the average of the 15 em ring flux to the central flux) in gap two,
with the on-line calibrated detector sensitlvities is _}421n neutrino

and .39 in antineutrino. This difference is due to the smeller
proportion of ruons from K-~deczy in anti-neutrino, and will be investi-
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gated further in the next chapter.

Bzgides providing the interactive facility for profile monitoring
the on-line program also has the task of writing the so-called layout
files onto tape. This file contains all the data about cach dotector,
nomely its identifior (a three digit number which labels each detector
individually), its position (gap and coordinates with rogpeect to the
plate), nominai scngitivity, and gain of tho amplifier connected to .*
thnt dotector. This latter number ig computed automatically by the
program at tho start of a run, vhen the nominel fluxes arc entered for
the ecnsuing running conditions. The gain clearly does not have to bo as
largo in wide-band or noutrino running sines tho muon flux per proton
incident on target ic larger. The program slso vrites a special block
in narrow band running vhich gives the position of the plate in the gap.
This is necessary since, as was soorr: in chapter 4, the wide-band and
narrovw band axes are displaced with respect to each other by somo

20 cm horizontally and vertically..

The data from the beam monitors are written onto taps forevery
pulse in which the muon intonsity in the centre of gap two exceeds a
cortain thresheld, which is determined from the running conditions,
and also if the timing of the beam 1s within a certain tolsrence. Pro-
vided these conditions are met, the BEBC flashes are triggered and a

photograph is taken.

5.2 THE OFFLINE PROGRAM

The offline program has two chief objectives; the summing of the
flux for any detector and any specified period of time; the calibration
of each detector, and the calculation of new sensitivitiss when new
detectors are introduced into the system. This procedure is illustrated
diagramatically in Fig. 5.1. Owing to the large flow of data in the

neutrino experiment (some 30 mnster tapes were f£illed for WA4T alone)
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the program was written using the HYDRA(qﬁ gysten of data storage. This
is an extremoly oconomical mothod of data storage, ginece tho data ig only
resident in core (computor memory) until it is no longer requirsd. A
conventionel cystem of dimensioned arrsys must be resident in core for
tho duration of the program run and hence ig legs efficient in memory
ugsags. This chapter deals only with the goneral operation of the
program, and the roader ig referred to ths refercnces at the ond of the
choptor for & detailed deseription of tho data structure and routines

of the program (ref 5.3)

For both branches of tho flow diagram Fig. 5.1, tho program
congistg of two units, the sum=tape creation; and gum=tape reading uwnits,.
The gum~tape. creation may be summarised by fig. 5.2, which, apart
from tho flushing out of the data, is the same for the summing and

calibration tape creation programs.

When the HYDRA input routine reads a logical record off the NFM
mangter tape, the dgta ig commmicated to a specified routiheudepending
on tho logical record identifier. Egch of those routines treats a
gpecific block of data namely:

(1)  Dotector off-sets

(ii) Datector flux for z given pulss

(434) Sensitivitises and gains

(iv) Detector layout

(+) Plate referonce co-ordinates

(vi) RBC data (Magnet currents stc.) (NBB only) o~
(vif) Hor and, rellecte cupnents

Data blocks (1), (4ii), (iv) and (v) arrive only rarely‘and hence the

latost set of data are used by the program for flux corputation. This
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of course, arisecs naturally since the data are stored in common-blocks,

thug any subsequent calculations are done on the latest layout information.

Tno routines treating data blocks. (ii), (vi) and (vii) also perform
the task of summing the data, (e.g. muon flux, protons on target,
horn current, etc.) and flushing out the data in HYDRA format, when any
one of geveral conditions are mat. These are:

(a) End of BEBC or GARGAMELLE quarter roll ( 1500 pictures).

(b) End of f£ile on input tzmo.

(e) Totel of 100 accolerator pulsez has been swmed into the

HIDRA beank structures.

in the scan-tape croation program, there is only one roguiremsnt:

(a) Flux summed when the CALBOX is stationary inm all gesps.
The data are flushed when the calbox is found to be moving
in any gap, and not aftor 100 pulses.
Thig last requirement is usually correlated with the Calbox being
situated in front of a fized detector, but this need not be the case, -
ginco there are many scans with fine spacing betweon msasurement points

(3 emor 5 em),

The gumming branch of the program is in the form of a get of
uger routines which may be optionally selected with the ususl PATCHY
solection methods. These routines allow the user to sum the fluxes on
the sum=-tepo for any desired period of time, and to look at the beam
gtability and targeting conditions, by making various crude profile
plots uging the fixed detector fluxes and plotiing the flux per proton

for given sign selection.

The program requires a set of 'titles! as input which are the
songitivities of the detectors used during the run, These sengitivities

are determined by first running the calibration routines on the scan

tapes.



S5.2.2 DETECTOR CALIERATION

The bank structure of the calibration and surning programs is

ghovn in Fig. 5.3.

For each fixed position of the calibration box, the program saves
the five voltages of'the box and the voltage (gain and sensitivity) of
the fixed dotector at that pogition if there is onoc. If the reforence
box is in the gsp under consideration tho progran hangs anothor bank
of information onto cach pogition bank, filled with the relevent rofbox
data. The voltages written into the banks are the average voltages over
the poriod of time the calbox was in that position. This bank structure
is created for every scan and calibration, processed by the 'play!
program the results stored, and the whole structure is then dropped
(1,e. HYDRA is then allowed to read in the next calibration or scan and
croate a new:data structur%L The 'play' program allows the user to

perform three egsential tasis.

(1) LINKING OF FIXED DETECTORS TO CALIERATION EOX

Ag already described, the philosophy of the muon flux measurement
of the total flux depends wpon calibrating each detector to one chosen
dotector which 1s then calibrated absolutely with a nuclear emulsgion.

The scan tape analysis programs do this through the following method.

For cach position of the calbox gituated at a fixad detector
location, the program corputes the average flux of the detectors in the
celbox which were in voltage rangs (.5¢v¢9.0), woighted by the square of
the voltago on each detector i.e. it computes (FCJ given by

g : s~ 2
= 2y Vg ] (v
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Vi ls computed using the latest off-sot as elrecady doseribed. Tho
prograrmiethen computes the deviation of each calbox detector with rogpoct

to{E} and also the deviation of the fixed detector flux with respect to

(&7 -

%le linking of the fixed dotector to the calbox is then achieved
by adjusting the scnsitivity of the fixed dotector so that its deviation
ig zero with rospect ’co(%?asmmdng the flux in the calbox is equal
to the flux in the fixed detector. It was found that this cannot be done
to botter than 2 for any given calibration, and thorefore wo conclude
that the error in the electronic muon flux msasuremsnt system is of order
2%. This must be taken into account when summing the flux for any

experiment.

Tho linking is usually done to one detector in the referencs
box.. This is dome by caleulating the value of (F,Qin the samo way as
for(EYy . The ratio:

per gap 1is then used to calculsate an SD for each detector with respect
to the referonce box, thus only leaving the overall calibration factor
equal to

1 CL{DS

R s Ry (e
{Ey C /“H'J )

to be determined from the emulsion. This of-course assumes that Rabs

is independont of position in the shielding. This is certainly not true,

and therefore position dependent correction factors must be applied to

account for e.g. g-ray variation as a2 function of position. This
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analysis is still under investigation. Chapter 6 describes one method
used by the author in an attempt to do this for the Narrow band experi-

ment in gap 2.

in irportant remark must be madc concerning the voltage cuts.
The response of a detector to 2 given flux is only of the linear form
given by equation (4.2), when the voltage of the detector is above a
minimm value and below a maximum valus. This may be ssen from £ig. 5.4
which shoug the vardation of detector signals in the caolibration box
in gap 2 as a function of radius in tho gap,
For this reason cne usually aspplies 'safe! voltage cuts of

«5¢V¢9,0 or even 1.04<V<9,0 for semec applications.

(1i) CALCULATION OF NEW SENSITIVITIES

The calculation of the sensitivity of a new detector introduced
into the system is carrloed out in essentially the same way, from the
forrmla

\/.l‘LetO S’;ew ( F,;?

[
g_n,uo

vhere the gymbols have their usual meanings. The SI)of the detsctor
is calculated over many balibrations (say one ten day period) and the

average is enbtored into the on-line table of dstector sensitivities.

The above tiwo applications of the sum program are generally only
used at CERN to provide the user with a calibrated set of detector

songitivities for use in the calculation of total fluxes.

(1ii) MUON PROFILE MEASUREMENTS

Vith a slight modification the program will print out the flux
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in any spacified detector. In particular the average calbox fluxes
a9 a function of position:are printed out.for those scang which have

finc spacing s.g. 3 cmor 5 cm., An analysis of th2 flux gcans for the

WAAT oxperiment is presented in the next chapter.

In vdido:band experiments, this is clearly of great importance
gince the muon flux profiles as a function of depth in the shielding
must be fitted srith the production gpectrum and horm parasmetors to
predict £he neutrino cnergy spectrum. Vo now proceed to describe
some simple analysis done by the author with the off-line flux analysis

Program,

Se2.% CALIBRATION BOX EFFECT

Tho calibration box detectors are mounted in an glumigum box
itself wounted on a large gantry. The muons passing through the box
and gentry :reate a spray of electrons with unknowm energy and angular
digtribution.. This spray creates additional charge in the fixed dstector
during calibrations and hence when the linking routines are used, the

gengitivity of the detecivr igs under-eStimated due to thls effect,

This effect wpp  investigated by comparing the fixed detector
glgnal with calbox infront of the detector and calbox in the ‘garage!
(corpletely away from the fized detectors). The ratio of these two
numbers directly measures the spray effect and is different for different
fixed detector positions. The correction matrix for this effect is dis-
played in Fig. 5.5. Clearly the fractional error on thls correction is
large since the inherent system error 1s of the same magnitude as the

correction.

Thig effect could alsc influénce the total flux measurement due
to the calbox being infront of the detecters for some of the time.

This effect has been investizated by comparing the flux per pulse for
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100 pulse sum records whero there was a scan or calibration against those
vhere there was no scan or calibration. For constant targetting condi-
tions the effect wazs soon to be less than.5% in narrow band and is there-

fore ignored in the total flux computation.
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CHAPTER 6

MUOH FLUX AWALYSIS AND THE E/T_RATIO

Thig chapter dooeribtes tho authors! work on the analysis of
the muon flux date obtained with the summing program described in the
provious chapter, and his attempts to obtain the K7 .production ratio
from thie and other sources. Vo bogin with g description of the monte-

carlo gimulation programs of the CERI WANF nerroir band beam.

601 10ETE=-CARLO PROGHAIS

At pregont, there are two programg availasble for Monte=Carlo
gtudieg of tho beam line vwhich are mutually complementary namoly
TrRTIE(!); and DISMUNE  The former traces the pavent particles from tho
target through the magnetic beamline and tracits g1l the ruons from I
and K deocgay in theo beem line and decay tunnel through the ghielding
to the mogsuremont pits including multiple scattiering and enorgy loss
in the iron. The noutrinos are also tracked from the decay point to
the position of BEBC, snsbling tholr energy spectrum and radial distribu-
tion to be plotted. The boam line is set up in detailed form by in-
putting the pooition, aperture, length and magnetic £ield configuration
of all the bending magnets, quadrupoles, and slits in the form of data
cards. By gencrating f{ 's and K's over a sufficiently wide production
angle end momentum range (0-4 mrad and {70-230GsV/C wore used) the
pararstors of the parents may be obtained at the beginning of the decay
tumnol (momontum spread, divergence). Sinco this programr was
originally intended to simulate the parsnt propogation in a magnetic
boarr 1ine the properties of the parents as they enter the docay tunnel
are fed into the program DISMUNU at this point. In theory the TURTLE
muon distributions in gap 2 could be used, but were found to give very

poor agreement with the data, especially at small radii.
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In ordor to dotormine theso paramaters the TURTLE program wns used
to caleulate the acceptance of the NBB as a function of production angle
and morentum, 77 's sre generated at the angles displayed in Fig. 6.1
and the number of TT's_reaching the decay tunnel at each momentum as a
fraction of the numbor of T 's generated at that momentum is plottied.

Fig., 6.1 shows thaizjtho acceptance is constant out to 2 mrad and falls

dramatically for momenta % 6% cither sido of the design momentum.

Tho program DISMUNT ~ thoreforc uses the known produetion spoctrum
and genorates T 's end K's at 2000oV/C £ 6% and 0= & mrad af the begpning ofthe
Ckfau§{UJu&i.
The progran then follous the parcnts as they deecay and prediets muon
fluxzes in the gaps and evont rates in the bubble chamber with the lkmowm

fidueial volume, chamber liquid dengity and muon momentum cut,

6.2 ABSOLUTE CALIBRATION

In the VA47 experiment the absolute calibration of the fixed
detectors in gap 2 was performed with two emilsions placed at Ocm and
30 cm on the horizontel bar at.180° (Sec fig. 4.). The J cm emulsion was
expoged for 4 SPS pulses and the 3¢ em ome for 20 pulses's
In both cases the emulsion was positioned wpstream of the refbox
and was mounted perpendicular to the beam. The refbox and calibration
box were down stream of the emulsion at both radii.

On developing the emulsion sheers duc to shrinkage, and stralght
through tracks acquire the same distortion features. Vhen.the emulsion
is gcanned therefore, care must be takon to ensure that in the regions
gcanned the tracks have the same sheer and should preferably be as short
as possible (See fig. 6.2). Tho tracks appear through a microscope to be
dots moving across the field of view when the focal point of the microscope
objective is moved uwp and down. AI11 tracks which traverse the whole

thickness of the cmulsion are dravn on a scan sheet provided with linear
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graph paper so the positions of the beginning and end points of each track
moy bo moosured, In order to caleulate the muon flux per squafe

centimotre tho areca of ech field of viow must be known. For the mieroscope

2
uged in this exporiment this was FIr? ?//- .

The date from thescan sheots ars run through a program which
uges the thickness of the emulsgion and microscope masgnification factors
to celeulate the angulsr distribution of the tracks. Tho sheer is
aggumed constant for a1l the field of view, The program calculatesthe
| axiéfthrough the emulsion which mnkeg the disiance botweon the entry
and exit points of the majority of the tracks 2 minimm. The angular
digtribution of the tracks about this axis is then computed. These
distributions are shom for both emulsions in. figs. 6.3 and 6.4.

Tho tail in both plots is attiributed primarily to the delta ray
background with energy greater than ~2MeV, sufficient to penetrate the
emulsion. These came from the shielding and are seattered in the air
botwoen the shielding and the selid state detectors. This constitutes
a background under the muon peak in the fist few bins and must be
gubtracted. ?hé background calcula.tion was performed with a monte-
carlo of the;:i.ectromagnetic cagcade in the shielding due to Bnrmeist_er(”o
'The curve displayed is this background normalised to the background
signal beyond .001 in bins of |- (ogB, where @is theangle of the tracks

with respect to the fitted axis.

Since a precise knowledge of the background cannot be expected
from the montc~carlo program due to the unlmown.’v-stz;z.ggling, (fluctuations
in the energy logss of the elecfonsin hie shielding) and scattering in the.
air in the gap, the subtraction was given a 100% orror. This gave the
delta ray background in the bin 0-20mrad as (£]1%at fen and at 3gem.
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The scanning inofficiency was estimated by a completo indepondent
roe—gecan of the same cmulsions as 10%. Duoc to this tho absolute calibration
of the dotoctors waz not done with theso cmulsione, hovtever they were uscd

to deotermine theéi—ray variation across the gap as will now be described.

6.3 MUON PROFILE FITTING

In principle, the charged hadron ratio may be determined from
the muon profiles in the gaps. Thig may be done provided theo backgrounds
ere subtracted out, in particular the S-ray contribution o the flux at
coch pogition in the gap muet be known, and the number of muons reaching
the gaps from decays in the magnetic beem line must also be determined.
Wo- deseribe in this gection the mothod used by the author to obtain tho

truc narrotwr band muon flux gignal in gzp 2.

6.3.1  DELTA RAY SUBTRACTION

It ig clear that the only way to measure the 5 contribution to tho
flux gignal ig to expose emulsions at each position and mzasure
the number of muong at cach point. Since this is not practicable (the
ermlsions would take a very large number of man-scanning hours!) a means
of doing this electronically was found. The method employed hers, is to
use the calibration box in over out (I/0) curves described in chapter 5.

The ratio I/0 may be expressed as

T = fpo¥ 3-3 = R,s%
© T |
el
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vhero /A-md gare the muon and cg fluxes at any position-end f,g ar§
functions vhich deseribe how the fs’s end 5'5 ecroate spray. Glearly, thege
tvo functions depend on the cnergy distributions of the /1-‘S and 5‘5 and in
genoral cannot be expected to be the game., In particular the S-ray energy
distribution is peaked to much lower enecrgy than the muon energy distri-
butionand hence the g }S are much more likely to be scattered out of the box
than produce opray. Bowover, the g ray spectrum is completely wnknown

at present and the best onc can sgsume sbout the muon factor £, is that

it is o constant. For the present ansalysis we aggume that the /JL and S

encrgy dlgtributions do not vary significantly with radius, then

- R-g

td £-9
vhere f and g are assumed to be independent of radius.

Uging the calbox effect already calculated from chapter 5,
vo- calibrate thege curves so that the proportion of g’s at 3@ cm
divided by the proportion of 8’5 at @ cm is the same as that given by
the absolute calibration. This curve is displayed in fig. 6.5 with tho
5 contribution at ¢ em arbitrarily fized to zoro. The overall normalize-
tion of the curves does not mattor in. this gnalysis, sinee all fluxes
will be normalised to the 15 em flux for reasons to be explained later.

6.3.,2 THE TRAPPED 4 SUBTRACTION

The term 'trapped ! refers to those muong which coms from parent
deceys before and after the collimator and are transported through the
boam line to the measurement pits. The proportion of IM‘S in gap 2 which
are trapped /u.’s has been calculated with the TURTLE program by flagging
those muong which reach gap 2 and originate in decays before the decay

tunnel,
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This proportion is different for 7T 's and K's as is to be expected since
the X has a larger mass. The numbers have been combined with a Kf7T" ratio
of .144 as measured by the Cerenkov. This presumes the answer being
sought but is insensitive to thef%rratio as displayed in Fig. 6,6. The
result elso depends on the spcctrum used at production. The spectrum
given by the North Area measurements (examined in greater detail later)
was input to this calculation and is displayed in Figs 6.11 - 6.14.

The trapped f& results were checked by comparing the TURTLE
results for closed collimator with the closed collimator running during
the VA47 antineutrino running. These are displayed in Fig. 6.7 and are
clearly in good agreement with the experimental data. This gives
support to the trapped/u calculation with TURTLE, though the turtle muon
distributions themselves do not agree with the data for open collimator.
For this reason, the trapped muon results were given a 2% error on all
data points,

The trappedju.correction rosults are shown in fig. 6.6,

6.3.3 PROFILE FITTING

Using the flux summing program, several scans of the calbox
vere sumed from the NFM tapes. Since the targetting efficiency was
unknovn, all profiles were corrected for the é-ray and trapped faeffects
and then normalised to the 15 ecm flux. The resulting statistical spread
was then 2%, the system fluctuation error. All the scans were then
averaged and two profiles obtained, one for positive parents and one
for negative parents.

The fitting of the profiles involves two parameters; the beam
divergence; and the Kfyratio of the parents in the beam. These parameters
cannot be fixed both at the same time since a large beam divergence
requires a smaller KﬁT ratio to fit the same distribution., This is
because a large bear divergence means a broader distribution and since
the K muons are the only contribution to the flux beyond 45 cm in gap

the number of K's required is clearly smaller. This is made quantitative



in fig. 6.¢ vhich shows the effect of varying the beam.divergence on the
Pitted }Lﬁ[ ratio. These curves were obtained with the program DISMUNU,
The beam divergence therefore, was first fixed by fitting the region
0-15 cm with a ¥/ ratio given by the Cerenkov {i/=- IQQO'),'OQ"\"NJ) and
vas «17. Thls number was checked with TURTLE by plofting the ahgular
distribution of the parents at the end of the magnetic beam line. The
averago of the vertical and horizontal divergonces was, .21, in rough
agreement with the profile fitted number.

Having fitted the small radius region the large radii were fitted
by a mininmm}’,?'method by varying the Iffratio. The result of the fit is
shown in fig. 6.9. #4lso shown are the theoretical curves, dbtained
when the Zz increases by one unit from its minimum value, corresponding
to the 64% confidenco level error. These curves verify that fitting
the beam divergence at small radii with a constantuf/’(' ratio is independent
of the l’-/rr ratio used since all the curves lie ontop of each other for
radii less than ~20 cm.

I:;% 6.8(b) shows the results of the fits obtained with various
beam divergences. The table displays the ‘Ifﬁzof the fit and the corres-
ponding /7" ratio and error as a function of the beam divergence. The

best wvalue is:

Ve 14/;7': 'l39':t‘io/obeam divergence =.Jmrad.

7’;: g/]r: ~O0F0 18%beam divergence =-l}m'ad.
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6.4 CERENEQV MEASUREMENTS

Tho begt method of moasuring the Kjrratio is with the differentinl
Corenkov at the beginning of the decay tunnecl. By varying the presgsure
in the detector the particle ratios may be mesasured by intsgrating the
corrosponding curve in the light intengity versus pressure plot. One such
curve is shovm in fig. 6.10. These plots were made at various timos during

ey : a)
the WAAT run with different Cerenkov conditions, TheAaveraged ratios are:-

—t—
5 s gt -00¢ = 04} £ .o00d

.
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At the timo of writing the PMT ratio is subject to uncertainty
gince the number of protons moasured by the calorimeter at the end of
tho docay tunnel does not agrse with the Cerenkov numbers. It is-feit that
this is a problem with the calorimeter and that the cerenkov particle
ratios are correct. However, it ig still important that these numbers

are checked by ag many independent methods as possible.

6.5  North Ares Msasurements

The production spectrum of ﬁafand K's hag been measured with a
gpectromoter in tho GERN North Ares boam lines at 60, 120, 200 and
320GeV/CHend K momentum with & 400GeV/C proton beam incident on a
beryllium target with the same dimensions zg the narrow band beam
target. The resulting spectra are showm in fig. 6.11 ~ 6.14, the
meagurement points are indicated with circlos. Given the acceptance of
the HBB theso measurements are clearly not sufficient by themselves to
determine theliéfatio at the beginning of the decay tunnel since this
doponds critically on the interpolation used betwoen the data points,.
The curvos shown are thermodynamical model type curves adjusted so they

pags through the mzasurement points,
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The f{ratio was determined from these curves by inputting the

spectra into the TURTLE program andapplying various interpolations in
angle to obtain some idea of the Kfratio. All interpolations were in
[ dHU/dPAJl. and are shown in fig. 6.15 together with the Kjratio
obtained. The values are consistent with the cerenkov numbers for
positives. Since there is a large spread on the answers no attempt

has been made to obtain the Kﬁrratio for negatives.

6.5 CONCLUSION

The results on the /I ratio and beam divergence are clearly
dependent on the method used to subtract out the delta-ray background.
Conventional wisdom, based on Quantum Electrodynamics, states that
theé;q@;%2§stribution should be a constant fraction of the total flux
measured and this fraction should should be independent of radius.

The fact that the two emulsion exposures

during the WA47 running give a different muon flux per coulomb in the
calibration box at ¢ and 3% em is in complete contradiction to this
agsumption, and shows that there must be some 'washing out' of the
5-rays by scattering in the air in the gap.

The method used by the author to obtain the 3;-ray distribution
rests on agsumptions which must be clearly false given that there is

multiple scattering of the ﬁ%s between the end of the shielding and

the detectors. However the present method is the only one available

unless all detectors are calibrated by emulsion, a feat whick would

require ~ 1 man year to accomplish., The results of the profile fitting

must therefore be treated with skepticism and viewed only as a check

of the other beam monitors which give results for the same parameters,
Within these qualifying statements therefore, one may state

that the muon flux profiles are not inconsistent with the values.

K. gy k2007

T
S<am CL|JQISQLLC8 = 20 mvad
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For the cross-section analysis of chapter 7. We assums these values to

be tho correct ones.
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CHAPTER 7

ANTINEUTRINO TOTAL CROSS-SECTION

¥Weo present the results available so far on the total cross-
sections for WA47. To date the physicist checked DST's contain only
the antineutrino data, thus only the antineutrino cross-section is
calculated here., Vithout the neutrino cross-section tests of the Callan-
Gross relation and measurement of the anti-quark content of the nucleon
are not possible. However, the linearity of the energy dependence
of the antineutrino cross-section tests the scaling hypothesis, we

therefore present this analysis here.

7.1  NEUTRAL ENERGY CALIBRATION

Due mainly to the complexity of the high energy events in the
200G2V/C beam the total neutral energy of any event cannot be completely
measured gince some is lost in the hadronic shower and some entirely
egcapes from the chamber without convefting in the liquid. The neutral

energy loss has been investigated by two different methods:

7.1.1 P, BALANCE

The average value of £ in the formmula

€y = &u ¥ Em [€

has been calculated : #hich makes the distribu-
tion of GQ{Y—G?ﬂ1 in Fig. 7.1 centre on zero in each bin of hadronic

energy. The measured hadronic energy is calculated from
N
m 1Tl

wnere N is the total number of hadronic tracks in the event- and m is
the mass of the nucleon. The value of € 1is displayed in Fig, 7.2
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for the complete range of hadronic energy measured in this experiment.

£ 1s clearly independent of E_and has the average value £ = .82 .02

€ has also been estimated by comparing the modulus of the
momenta of the hadronic shower and the muon transverse to the beam direction. ~
This method has shown that eventls from X decay are brought onto the kaon
peak expected from lMonte-Carlo studies of the beam line. The value of
&€ 1is consistent with the value of & obtained from the previous

method,

7.1.2 70GeV/c T INTERACTIONS

A special exposure of BEBC (filled with the same 74% molar NeH,
1iquid) was made during the WA19 ompordmenmt-withk 70..GoV/e T particles.
Yore expesures wore-mado during .the WA4T experiment at several othor
ineident pion beam momenta. The events were measured by the same method
ag the neutrino events and the fraction of the event  energy measured
vas plotted, The result is showm in Fig 7.3. The average correction "«
factor is consistent with that obtained in the balance method.

The average event correction factor of 1.2 was thus applied to
all measured hadronic energies for neutrinos in the pion pesk. Events
with energy larger than the maximum 74renergy at the event radius in the

chamber were given the nominal )ﬂ< energy for that radius.

7.1.5 FIDUCIAL VOLUME CUT

Only events within the fiducial volume indicated in Fig, 7.4
were included in the total event numbers. This region was chosen to
give a minimum measurement length of 50 cm for leaving tracks to be
extrapolated to the EMI, A cut in z (vertical distance from the centre
of BEBC) of 2 100 cm on the vertex position of the event was also made
to remove events for which the muon could potentially miss the EMI due

to being too high in z. A backward cut on the horizontal radius of the
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vertex of the event was imposed, to remove all events which could have

been unnoticed interactions in the wall of the chamber.

7.2 EVENT KRUMBERS AND CORRECTIONS

The raw number of events found on the DST was 433.

Thies raw event number was corrected for various effects:

(1) Isoscalarity

The neutron to proton ratio with the 73% molar mixture of Nel,

is 0.95. Thus
o (Ne H.)
= 10012
O (1soscalor)

therefore the cross-section was decreased by 1% to refer to an isosealar

target.

(i1) EMI inefficiency

Since the muons from charged current events are required to give
a two plane hit in the EMI an upward correction of 5% was made to
account for EMI electronic inefficiency. (Both planes were assumed
to have the zame inefficiency of 2.5%). In addition the geometrical
inefficiency of the inner plane was estimated by counting the number
of muons which only gave hits in the outer plane. In a sample of
400 events only three missed the inner plane in positive focussing
conditions, (i.e., neutrino beam). Thus we assume here that this was
a negligible effect in antineut-ino since the y distribution favours the
production of energetic muons in the forward direction and very few

are expected to miss the inner piane.

(1ii) Magmetic Beam line decays

Using the TURTLE mente~carlo program the proportion of the neutrino
fluz due to decays in the magnetic beam line has been calculated.
Since the beam ies pointing away from BZIBC before the collimator, the

neutrino flux from before this voint is expected to be small, and
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‘the correction to the neutrino flux from decay after the collimator
should be approximately independent of energy since this flux is
already essentially narrow band flux. Fig. 7.5 shows the energy
distribution ofthis flux, the totel flux and the cbrrection percentage.
The percentage is indeed independent of energy and has a mean value of
2%, The relation between flux and event numbers is linear, therefore
this fraction of the events was subtracted to give the true narrow

band event number.

(iv) K.z decays

2% of the events between 60GeV and 130GeV were subtracted to
account for the decays Y~t‘7 7’3“1” ). This correction is based mainly
on the ratio of branching ratios

l<i~>7;v‘i”(f‘_? ~ 5%
Kt /M'tllli)

the decay kinematics, and the fact that roughly half of the events in

this energy range are events from K decay.

The energy distribution of the events in the bubble chamber
after these corrections is shown in Fig. 7.6, with a muon momentum

T.3 THE TOTAL FLUX

As has already been seen in chapter 6 the muon flux depends
critically on the beam divergence. This may be reduced by measuring
the flux at 15 cm in gap 2, since all the beam divergence curves inter-
sect at ~17 cm. The muon flux wes therefore summed for the 15 em ring
in gap 2 for the whole of the antineutrino running using the sum program

of chapter 5,

In practice this is done roll by rcll by multiplying the flux per

NFM pulse by the number of scanned BEBC photographs for which all the
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information required to measure the total cross-section was available,

This condition requires that:

(a) the £ilm be measursble on at least two views,

(b) the NFM was vorking and the beam was giving narrow: band flux,

(¢) The EMI wes working and taking data.

The total uncorrected flux in antineutrino beam for WAAT was then

jif‘

averaged over the eight detectors of the 15 cm ring. This raw flux

i

g
139 =0 ﬁ/wa

was then corrected for the following:

(i) gbsolute calibration of the ring detectors with the calibration
box (linking) and emulsions,

(11) & - ray contribution at 15 em,

(i1i) beam trapped muons at 15 cm,

(iv) spray effect of the calibration box during calibrations.

the errors on these corrections are: absolute calibration #4: linking

2% delta rays at 15 cm 45, beam trapped muons 2%, spray effect.2%,

giving an overall flux error of 6.1%.

After corrections for these effects the number of corrected
events with £,20GeV and’ilj](GeV/C per corrected flux was
B = 36.6% 3.04
vhere we have included = 50 error on the EMI inefficiency .nnd wide-band
background corrsctions, as well as the statistical event error and the
flux error. A 1% correction has been made to account for scanning

inefficiency.
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T.4  ANTINEUTRINO CROSS=SECTION AS A FUNCTION OF ENERGY

In order to calculate the total cross-section the measured
number of events por 15 cm flux was divided by the Monte-Carlo number
from DISMUNU, assuming the same neutrino energy and muon momentum cuts,
a beam divergence of .20 mrad, K/ ratlo of .047, bubble chamber liquid

density of .67gcﬁ-9, and a total cross section given by

-

o= & 10 ¥ en [6eV ] Nucleon
The error on this number 1s determined mainly by the error on the beam
divergence and also on the production spectrum. Fig 7.7 shows the variation
in [3 for €,2206V, T2 S’%'.fas a function of beam divergence. Since the
beam divergence cannot be accurately pinned dowm by the muon profiles

owing to the uncerteinty of the delta-ray subtraction, we assume the

maximum error on P is thus 2%,

Finally, the total antineutrino cross-section as a function
of energy is displayed in Fig 7.8. An additional error of 10% should
be included in the data point above 100 Gev to accomodate the uncertainty
in the lﬂﬁrratio. No correction has been made for smearing in the neutrino

energy in the pion peak.

7.5  CONCLUSION

The crogss-section data presented in this thesis are consistent
with the hypothesis of scaling but show a genersl trend to rise fast-
er than the linear dependence predicted by scaling. The trend of
the scale violating effect and the magnitude are both in agreemont

with the dependence predicted by Quantum Chromodynamics $n which the

violations are supposedly due to the higher energy neutrinos probing



the fine structure of the proton revealed by a large Q2 intermediate

vector boson.

The curves in Fig 7.8 show the prediction of QCD for twe

different values of the parameter A s Which determines the

Q2 dependence of the strong coupling constant Czs'ﬁumugh the

2\ = = 2
K (@) = ;_‘;T//n (%) (svg)

The data are clearly not accurate enough to distinguish

relation

vetveen any particular value of /\ at this stages,
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APPENDIX A

In the neutrino scattering depicted in fig. 2.1 the three
kincmatically indeopendent lorentz invariant quantities m=y be chogen

to be GF’ ; =, ‘a « Then equation 2.2 may be derived from equation

2.1 viz the following argument.

2
The quantities 5\\4,19/;)_ and CO% 9/5L are given by

2
S 19(9_ = Q/I,L&Z’,E" = Aw g,pcvs = ML
wEUE, 265(1-%)
colOly = |swlOR T 1Ty REy
Cit-9)
el Eytey S\"39/.1 = Ey(9) Lwmy = R (L=9212)
” M L& (1-9) 1= A
%,

The differential crogs-gection E;zl-;j rmust be ovaluated by replacing

VY with somo other variable z say, and performing the differentiation
with respect to this variable afterwards letting z = » . The result ig

| Raih. 98 =
T = 39 Q /D ; 2y - Coabod Ly [ 5 £,
%:& %/é\b Y] () é')’
| :E.a
then the equation 2.1
2 i

de - G & |wy, W, + sl W, r B sw’Bfy Wy
A@dy 2w E:J M
becorles

—

2 -
Q-E-G- = sz}bv(’f‘{)) (L-\A—Mﬁlu—'—v) Wl + Mxﬁ V\) ""2&‘.%(1‘9/&) V\/

dlxaLj L (t-4) € (1-9) (1=9)
= C‘Szmg w2 7
= v | (v - 2,:3) W, 1—363 T xw(1=vf, Bﬁ WSJ
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Equation 2.2 is recovered if wo mako the identification

Fl = W,

_ w
| % °L
F’S = N VJZ

1

and wo make the approximation that
MY << )
X
vhich is valid for high energy experiments where 6;,>7 WV, go that the

above relation becomeg

2 T
do = Gs [cthz EeleF) * wlvR) el
dedy T ¢

(22D
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APPENDIX B

Tho elementary cresse-sections for gcattering of neutriﬁos of

gpin -one-half quarks ond anti-quarks are _‘

Q‘.G'J?/: c{";’?’ 2) . d'c"%:i"’o_'v? = (["\ﬁ)-L

Ly &y Ty dy
Those relations arc e congoquenco of helicity consorvation., In the
noutrino casc thers is zoro holicity in tho initial state and hence
no angle dependence to the scattering crosc-section. In the anti-nesutrino
cago there is a net spin of =1 (~% from the .- and = % from tho
entiequark) in the direction of the ineident neutrino besm. (See

fig. B.1) and hence angular dependence of the form.

2
f;l_"; = (14058
A(cen6")

in the centre of momentum system (CMS). By considering the dot product

of the quark and final state lepton four vectors, one may show that the
Rl

( rfg@héi) dependenco iz oquivalent to the (1 = y)2 dependence.

The formulae 2.3 are then recovered by adding the elementary

quark and anti-quark cross-sections with the centre of momentum energy

given by .
2
S = (;cﬁ;fﬁ%A) x> Lwmx é;;

The consejuences of the quark<parton model may be derived from

the following argument, considering equation 2.3

" 5}[%@ + g (59) | (e
Axdy 2

A5 < 5[ gmlyty G069 (b)
J)CAS o -
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Rolztion (a) may be re-written by simple algebraic manipulations as

~—

N
Lo = 65 (0@ +560) + 4t enge0) ol-a) a4
abxéis ur z

collecting terms in g{x) and g(x) we recover relation. {a). Hence by

-

comparing terms in this equation with the nocutrino scattering equation 2.2,

c';_o: = C}'zS F(x.)(lw-; + 4 ~ (L~ F&)
dodw 2T | T ) V(=) Y 2k xb

wo find,

By = $(2) +9(x) = xF(x)
xB&) = Gle) - g

Tho first of those rolations is the Callen~Gross relation for spin one=half
scattering. It applies equally woll in electro-magnetic scattering.
CQloarly, by interchanging q(x) <nd gq(x), the xF, term changes sign, as

3
expectied for anti-neutrino scattering on the basis of equation 2.2.
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BAaild Uaq7?
NUMBER OF NEUTRINO PIX 103000 157090
ANTINEUTRINO PIX 181000 261090
DENSITY BEFORE EXPANSION .72 .Sé
LIQUID TEFPERATURE 29.28 K 28.2 K
RADIATION LENGTH 42. CH - 42. CH
EXPANSION CYCLE
LENGTH 9.6 S 9.6 S
MOLAR FIXTURE NE-HE 78724 ?3s27
PROTOM INTEWSITY ON TARGET 2.0-3.0 4.0-5.0

i2
UNITS OF 19
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TRACK LABELLING AND CCMMENT SCHEME
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Label & Comment

Description of Track

Entry on Measurement

Inf. Sheet

A (@)

Leaving

No. of C Labels

CA (I)

Interacting., Scatters, kinks and
tracks disappearing in flight which
are to be measured as corresponding

points.

1"

A short, straight stopping track.
These should be measured as

2-point tracks.

CA (S)

Stopping. Any stopping track whose
charge can be determined by curvature.
Note: It can be positive or negative.
If it is negative, make sure it is
very heavy at the end, otherwise call

it an Io B TTe.

CA (D)

Decay. Decay at rest i.e. 7w -y - ¢

oT u - e.

CA (C)

Negative capture. A heavy, stooping

negative track with a very short recoil

proton at the end.




-T2

vertices. Note: cne-armed gammas
must be labelled first before all
other gammzs and VOrs. (See Sect.

de)

KA (1) Interacting. A short, straight Enter no. of such
interacting track whose secondarigs | tracks and the no. of
must be measured. secondaries to measur

from each.

QA Kink. A track which has a kink Enter no. of kinks.
close to the primary vertex so that
the outgoing track from the kink
mist also be measured. If the
track after the kink need not be
measured, then call it CA (I) or
AAZ2 (I) instead.

AAZ (B) Electron. Unambiguously identified Only enter in no. of

 primary electron (See Sect. 6) charged prongs.

AA2 (PE) Possible electron. Primary electron
candidate which might also be a .

1A}
hadron (See Sect. 6)
MA (G) Gamma. Gammas associated to primary Total no. of gammas

including asymetric
ones, in the gammas
and V° total. Asymetr
gammas also appear

in a sep2rate column.

Fig 3.6 (continued)




Included in gamma

and \iad total.

Ambiguous Vo/gamma. These
should only appear at the end
of the chamber when the tracks

both leave.

Fig 3.6 (continuedj
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Table of Trapped Muons in Gap?2

From Decays before 116m after the Target
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) Q 0 (4] Y 51 18] 57 154|346 617 919[1033 | 898 | s66| 284 ) 129 | 47} 18 6 1 0 0 0 o

1) Radius in metres ~ 4) Travned pqg
2) Trapped/Total (&g =.144) 5) Total M7 .
3) Trapped/Total (& =.047) 6) Trapped/dé rounded to integers

7) Total ‘py
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The muon transverse momentum
The muon momentum vector
The hadronic transverse momentum in the mu~nu plano

The measured hadronic transverse momentum in the
mu=-nu plane.

The angle of the mmon with respect to the beam

The angle of the hadronic vector with respect to
the beam in the mu-nu plane.

The angle of the measured hadrons with respect to
the beam direction in the mu-nu plane,
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