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Introduction

The anslysis of the experimental data from the 1963/64 runs of
the HLBC is still in progress, This paper reports some of the new analysis
‘1 .
since Sienna\ ), and reviews the status of some of the corclusions presented

then.

3ince the Sienns Corference the inner conductor of the neutrino
horn has been wmodified, with the result that the expected neutrino spectirum

was significantly greater at'high energies.

Most of the problems considered here have been already mentioned
in our previous paper(l) and can be digcussed now on the basis of our
larger statistics. The present report is only a preliminary note

sumssrigsing our results up to date,

Event Rate

During 1963 and 1964, the neutrino experiment at CERN hss used
1.054 x 106 machine pulses from the PS, with a total integrated extracted
beam of 7.3 x 1017 protons on the copper target of the horm. About 800
events attributable to Y interactions have been found in the S00 litres
of CFXBr filling the heavx liquid bubble chamber., This analysis refers to
454 events contained in a fiducial volume of 220 litres, defined to obtain

good track measurability and y - ray conversions.
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In each of the 454 evenis there is gt least one negative lepton
candidate, together with other particles. There are 236 non-pionfc events,
containing only a u'“ candidate and gucloons, u;d 218 mesonic events. Forty
events have one or more fast positive particlaz; which cannct be identified.
However, an analysis of pione identified by & - rays indicates thet ol
about four of these unidentified particlcs are pions. In subsequent Anilyais
all unidentified fast particles are assumed toc be protons. Figure 1 gives
the detailed pianic event claseification. A total of ¢ evcntsﬁwith strange
particles is not included in the Fig. 1.

Seven evente with one identified negative electron have been found;
two of these events have in addition & u candidate. One previously reported
event having a positron and u candidate has been found.

The V- spectrum

The spectrum has been calculated by 5. van der Meer using experi-

montal pion and kaon production dats from counter expetinentn(z).

A direct measurement of the pion spectrum emitted from a copper
target identical with that of the neutrinc horm, has been carried out
using the Ecole Polytechnique Heavy Liquid Bubble Chamber and is still in

progress.

Prelipinary results for neutrinos and anti-neutrinos between 0.1
and 2 Gev suggest that the intensity below 1 Gev is 50 o/o greater than
previous predictions (see Pig. 6).

Intermediate Boson

The intermediate vector-boson is expected to decey predominantly
in the following modes.
Wy +
—e +

—+n x's, K's
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The two leptonic modes are assumed to leave the same decay
probability. The nor=lepteonic branching triic is not known.

Thie experiment cannct detect the uv -mode. ¥e have seen one
"candidate” for the noaitron decay out of 454 events in the fiducial

volume. We expect sboutl .5 positron eventis from ;L background.

If the mass of the bescn weres 1.8 Gev, we would expect 3 events of
¥ - production. Thus the result indicatss & lower limit of 1.8 Gev/c for

HW' unless the pionic mode were predominant.

For the pionic mode we heve reatricted the anslysis to events
with Eviq & 6 Gev : we expect in faet thai i1f the W exists, its production
would tend t¢ predominate over other inelsctic processes vith increasing

energy.

Wa heva obsurved 27 eventis above & Gev. 0f theme only 14 have
& totel mesonic charge of +1, es required if the ¥ - productiorn is elastic.
No obvious pesk is observed in the effective pion mass distribution.

(Fig. 2)

On the basis of event rate a muse ¢f 1 Gev is excluded, but there
are § evante in the rwgion 1 to 2 Gev where 11 are expected if HH = 1.5 Gev,
therefore this velus for the mase canmol be excluded. The error in the
effective mass iz lsrge in thess events due te the high multiplicity ( on
average > 5). The analysis is further complicated by short charged tracks
and the possibility of mireing y -~ raye or neutral partiéles (the Y - ray

A i , o
detection efficiency is 0.84; f{wvo evente heove a K )e

Thus we have no clear evidence for the existence of the inter~
mediste boson. ¥3 therefore conclude that itz mese is greater than
1.5 Gev and if the leptonic cdecsy predominates, iis mass cannot be less

than 1.8 Gevw.



Elastic Evernts and Forw Factiors

The non-picnic events, from which the elastic events must be

extracted, contain three types of background :

1. Keutron sters in which & nom-interaciing n is misidentified

-

88 8 j .

+
2. Interscting incoming particles (usually = ) which are

misidentified ss outgoing particles of opposite charge.

>

3. Pionic neulrine events in which the picns have been

absorbed in the parsnt nucleus.

The unidentilisble hackground dus to processes 1 and 2 is eatimated
from the number of similar events which have been identified by scattering,

interections, & - rays, etc. Most of thessz events are of lov energy and

o,

we estimate that sbove 1 Gew, only one event from these types of background

is present in the sample of non-picnic events,

The pionic absorption was estimated by considering the number of
obasrved single pion evenis and the pion sbsorption cross-section. For

this correction, we ssrumed that sll pionz sre produced in the process
- A - + R
Vo4 B sy 4 E’«-~«g +n + N,

For each event g pion distribution in the lab system was derived
from the y -~ momentum and sngle assuming that the sngular distribution of
the pion ir the centre of the mass system of the ' is ieotropic. From

{3)

pion abasorption data , the probability of absorption of pions of the
calculated energy spectrum was determined. The number of absorbed pions

produced in 1 n - eventis has thus been emtimeted to be 40.

The snalysis of elestic events and the estimstion of the form
factora involved was carried out essentislly on the basia of the 4-momentum
transfer distribution., The qe‘s were derived from the y —-energy and angle,

and assuming the event to be elastic and the target nucleon to be at rest.



Using the method discussed above tre observed disiribution was

corrected for the backzround of 1 n events which appeared zs non-pionic.

¥or the determination of the axial vector form factor we have
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4 form facter analysis is presenied here, which is independent of

. 2 .. ) . | . . .
the neutrino spectirum. The observed g distribution dN is given by
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ErA N . - N .
when ﬁ(E; iz the rsuirino flux at snergy E.

88 C ! /E) oo - I -——-——~—-—-—dN
PR cE) dE
AN N dolE)

dg? . o) dg¢
_yNEL _dof)
cE) d¢f

where N(E; is the number of eventis in the ensrgy interval E te E + A E.

~ e\
) (E) and—zf%fﬁara caleulable if the axial vector form factor is known.

This theory has to be corrected for effects of Fermi momentum and
Exclu&ion Frinciple whern the inter«ciion tekes place in complex nuclei.
Euth effects have been calculatedi 4 using a Fermi gas medel of momentum
distritution of the nucieus with & maximur momentum of 267 Mev/c. The
effect of this model is to reduce the ¢ross-section st low qz. For MAz Mv

we estimate the following reductions.

2 s N7 ' . .
9" (Gev/c) o/0 Reduction

0 to .1 48
o1 to W2 16
2t o3
+3 to 4

2 2
The model also indicetes that zbove qa = ,% the true q of the event and
thet calculated assuming the farget neutron to be i rest, i.e. g cale

have identical distributions.

A maximur likelihood method was used to obtain the bvest fit for
M,. The result is shown in Fig.H It is to be noticed that if M= M ,
then M, = 0 will also be & good fit, However, this zero solution can be
excluded both from p~capture dats and the neutrino evenit rate in the region

1 -« 2 Gev where the spesctrum is known to 30 o/o.
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The best fits for the various vector form factors can be tabulsated

as follows :

Fv FA MA
. , 2\ ( i/ ;)°2 + 0.35
Older formulation (; + <%/D,g4> ) [ +9° /1 1,05 _ 55,
N o F a3t o / & - + O.?ro
oo fom |1 9;&1’0 ) (1+97/M) Lo Zos
19 (!-}-(%/O(,)A)—A " 0. * 02
-019 (14 q’a/”:> - 0.6

The errors quoied above are statistical whereas the true error is also

determined by the accuracy of the background estimate.

3ince the form faétor calculation depends critically on the back-
ground estimate, en independent check is desirasble, For this purpose all
non-pionic events have been subjected to a kinemstic test, It is assumed
that the event is elastic, and has taken place on a neutron at rest. This
allows one to calculate Ev : Assuming that ihe maximum Fermi momentum is
267 Mev/c, one can calculate the maximum possible disturbance to the avail-
able energy. If Evis is greater than the maximum calculated energy by
pore ihan two stendard deviatiions, the event is classed as inelastic. Since
the method is only sensitive at low q2 it does not give a complete check of
the background calculation, However, 8 events with q2 < 0.2 have been
identified as inelastic by the test. The background calculation, as des-
cribed earlier, predicts 9 events in the same q2 range. Since the kinemstic
test will not identify all the inelastic events even at low qz, it must bve

concluded that the background correction is, if anything, underestimated,



If the background is doubled, the best value of HA becomes
1.38 : 0.36. Thus considering both statistical and systematic errors,
+ C.5

we may give =2 v&lue,MA = 1.0 _ 0.3 -

The fits obtained are good, the X2 being 3.3 for 10 degrees of
freedom suggests that the mass parameiric representation of the axial-

vector form factor is & good approximation.

However, one can extract FA directly from the data if one knows
the absoclute flux in the experiment, It is a good approximation to
consider F, = F_ in the region of O2fq2<10.2 (Gev/c}z, Thus from the
observed nunber of evenis in this q limit it ie possible to calculate
the effective fiux, which then can be used to extract FA at higher q .

Figure 5 shows the results of this analysis in terss of FA/FV‘

From the elastic cross-section calculated using the "best fit"
value of MA. values of the neutrino flux, @, at various energies, up to
5 Gev, can be derived. The experimentel points for @y (Ev) thus obtained
are displayed in Fig. 6. They are seen to be consmistent with the values
which have been calculated on the basis of the measured spectra of n's and
K's (full line) except at low neutrinc energy. The dotted line indicates
a correction introduced by the latest results obtained from the HLEC

experiment referred to in section 2.

Single % production

3ingle n production is expected to iske place mainly via the
, . . o]
(3;12) imobar; cther processes such as the "peripheral” 1 n or w exchange
may play & minor role, their cross-section having been calculated tc be of

one or two orders of magnitude smaller.

N* production implies & retic of final states

pn# ¢ pr ot =921 (1)

]
N
.
po
£

. 4 . +
which means an overall ratio n /,°



The observed ratic for all 1 n evenis is 79/41 or ~2. The

. . . £ - Ay s { A -
detailed ratios have been computes on (1n, lp, and (ln, Op} events only

3]

and it has been founad to be 42 : 17 @ 14,

The charge distribution is distorted by interaction of the final
producte in the nucleus, Charge exchange processes certainly play a large

role as indicated by the presence of 7 in single pion events.

Therefore 1ittle can be said sboat the N production by this method
excepl that the observed ratios are competible with a large fraction of the
x
I

1 n evenis being due to N Alternstively one may look for N production

by obaerving the marg of the recoiling syeten in the procesas

where ¥ = Nucleon mass, B is taken to¢ be the vizible energy of the event,
This M distribution is troaderned by Fermi motion and distorted to low
values by energy less of the n and rucliecn in nuclei. Figure 7 shows a

x ,‘ . . .
plot of ¥ versus Evi* for 211 pionic events,

&

At low energy, a "phase space” distribution of the final products
would yield mass values grouped arcund the value of the isobar mass, for
kinematical reasons, Therefore we consider eventis of visible energy larger
than 1.5 Gev at which the phase space distribution would differ considerably
from that due to the isobar. Figure 8 shows a histogram of M* for single =«
events with Evi 2 1.5 Gev, and is considered good evidence for some fraction
of Nt production. A prominent peak is seen, for ME = 1.2 Gev. About 30 o/o
of the events lie ocutside the peak and must be attributed to other processes.
It may be worth noting that the majority of them are associated with fast

protons which would not be expected if these eventis were due to “"peripheral"

1 n exchange.

If one makes the assumption of exclusive N production then a cut-
off at Mx = 1.4 Gev will certainly contain most of the sample. Figure 9§
shows the n cross-section using this criterion. The data have been corrected
for pion absorption in both the 1 and 2 pion events. As can be seen the

o
theoretical cross-section calculated using form factors Fﬁz Fv: ('* (?/b‘ir)
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is too high by & factor of Z. On the cther hand the cross-section for one
) . 2 Gey,2 i ~
pior events in the range 0<g <0.2 ( ) and 1.0<KE 's< 3.0 Gev, after
15

correction for absorbed pions, is

L2 (652 03) o Tem

. ‘ ) i ~%& Gevy =2
in good agreement with the expected value of ~C.7 x 10 ( ) per
nucleon. The crogs-section is based on the calculated spectrum and the

effect of the exclusion principle {which is not expected to exceed 30 o/o)

has been neglected,

Total inelastic cross—seciior

in the 1964 szerses of runs the neuirino fiux above 8 Gev was increased,
thus allowing a considerzblie improvement in the statistical accuracy of cross-—
sectiona at high enerpgy.  Figureld shows the observed energy distribution of all
inelastic evenis., The tctal cross-section s alsc shown. The rise of &y,
with energy seems toc be less pronounced than previcusly reported, although it

is stiil uncertain due 10 poor sta

Strange particle production and &35/ AL rule

If the O3 =0AQ rule were viclated, events of the type
Yin=7Y <+

+
Y+n=% +u

could cccur, If the B3I =AYy rule were non-existent, consideration of SU3
symmeiry would indicate an expected atrange particle production of 5 o/o of

=

. '3 . .
the sum of elastic and \q - 5} igobar production, The energy spectrum of

the evenis would be similar to that of the elastic and iscbar events.

In the energy rarnpe 1 - 4 Gev we have observed ~200 events attribut-
able to the elastic or tc N* production and in the same energy region only one
event can possibly be interpreted as & single hyperon production, although
associated preduction cannot be excluded. Considering the detection probab-
ility for hyperons, a violation of AS = + &G of ~20 o/o cannct be excluded.
However, it should be noted that all the Y events with strange particles,

which extend up tc energies of 11 Gev, are alsc compatible with associated

production.



Other conclusions

In our previous report the fcllowing fundamental guestions were
discussed and conclusions reached. The data obtained with our latest run
confirm those conclusions tc¢ z higher degree of accuracy. We shall limit

ourselves tc a brief summary of the results obtained up to now.

a - .

) \/E # L)‘ In fact, ocut of the 459 events which we nave
observed up to now, we have 5 events where the only negative track is an
electron, All the electron energies are above 400 Mev.  Assuming the

same cross-section for 4/ . and fvp, we ectimate that the o flux (from

+ 0 , . . .
Ke3 and KeB decays) in the beam should give

1.1 elastic events, observed 2

2.2 1inelastic events; observed 3

+
b) The hypothesis that neutrinos coming from KM2 decays could be

+
fue(K“2

that with our # -spectra ~ 6 o/0 of all events observed in the chamber

— p+ + 4/6), oftern quoted as "neutrino flip hypothesis" predicts

should be sssociated with e and no other leptong this corresponds to 30

events, As our observed rate of e is 5 we conclude that the neutrino

flip hypothesis is untenable.

c) Lepton conservation and neutral lepton currents. The limits

on both neutral lepton currents and lepton non-conservation are set by the
background of neutron stzrs. Since the runs of 1964 were made with higher
neutrino flux at high energy, the neutron background from events in the
shielding has increased. Therefore the best estimates on liepton conservation
and neutral currents come from the 196% runs, as previously reported. The

limits are summarised below.
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Leptonic conservation

Possible Process Otserved rate compared
viglating lepton conservation to total rate

VL + N—»N 4+ 1 at E, » 1 Gev less than 2 o/o
v“ + N--7p$ +N atE, y1 Gev less than 6 o/¢

Neutral currents

Foasivle Processes Obgerved rate compared
which may indicate the to elastic event rates
existence of lepton
currents
V 4 p—» Y4+ leas than 3 o/o

) ¥ /
y+p—=ey+n+n lsas than 8 o/o
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Figure captions
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Inelastic event classification ( C = ambigucus positive track
{(n,p) el. rej. = non-pionic event found to be inelastic by

kinematic test.)

Effective mess of pions in events where the total meson charge

is + 1 and mvisible € Gev.
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Final ¢ distribution of nou-pionic events and calculated background.

Log=~likelihood as a function of M, for elacstic events,
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ir’ ez a function of g .

Neuirine flux celculated from event rate and cross-section
coxpared with calculations based on properties of the neutrino

hern.

. .
M as a function of neutrino energy (Evis) for all inelastic

events.

%
M distribution for single pion events with Evis greater than

1.5 Gev.

Energy distribution and cross-section of single pion events with

M! less than l.4 Gev/c. Event rate corrected for pion ebsorption.

Energy distribution and cross-section of all inelastic events,

Event rate corrected for pion absorption.
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FIG 1.

INELASTIC EVENTS

- 1963 10964 Total Np=0 :‘:;0, Np=l | Ny>1 | M<is M>14
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Total 2T 12 25 37 10
Total 37-6T | 16 % & 3 38
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FIG. 2. EFFECTIVE MASS ALL MESONS IN EVENTS WITH Eg > 6.0 GEV
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FIG. 3.

CORRECTED FOUR-MOMENTUM DISTRIBUTION
FOR EVENTS WITH Evig>1 Gev
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FIG. 4.
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FIG. 5.
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FIG. 6.

2 2
10 a—é);-gN-é— (Gev.clm?2)
Y flux calculated from non-pionic events after
subtraction of neutron and absorbed T
background.
Elastic cross-section calculated with Hofstadter
form factors, MA=1.0 Gev ‘
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