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SUMMARY

e e e

The search for the muonic and the non-leptonic decays of the
hypothetical intermediate boson among the neutrino events produced in
the CERN neutrino experimént has been continued and concluded, The
data do not give any clear evidence for such decays. Comparing the
rate of possible boson reactions, observed in the spark chamber and the
bubble chamber, with the calculated production rate, we arrive at a lower
limit for the boson mass, ranging from 1.7 to 2.2 GeV/c2 for various as-

sumptions about the relative abundance B of levtonic decays (Table VI).
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INTRODUCTION

1),

The hypothetical heavy boson W+ mediating the Fermi interaction
could be produced by high-energy neutrinosziA). Preliminary results
of the CERN neutrino groupss’ﬁ) have already set a lower limit to the boson
mass of 1.5 nucleon masses. Therefore the production by the y neutrinos
available at present would predominantly occur through the imcoherent
reaction?™*)

vy +p > Wty +p (1)
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Here p is the proton providing the electromagnetic field in which the
(w*, u7) pair is created. The boson would then decay within ~ 1018

seconds through various channels:

W u++ v (1.2)
W+ 3 e++ v (1 .3)
W > mesons, etc. (1.4)

Because of p~e universality the rates for (1.2) and (1.3) are

practically equal. The relative abundance of leptonic decays

B = (W+ = p+ + V) o+ (W+ - e++v)
' W+ - anything

is not well known. Theoretical estimates, involving only two-body
decays into known mesons7>, indicated values of B é'vé for boson masses
around 1.5 GeV/c?, The probability for mesonic decay increases with
increasing boson mass. It can be further enhanced by other decay modes,

in particular through suitable resonances.

The present work extends and concludes our previous search for
boson production and its subsequent decaysSPé), The data of the spark
chamber and of the bubble chamber are combined to give a lower limit for
the boson mass, with the branching ratio B as a free parameter, The
analysis is based on a systematic search for the muonic and mesonic decay

modes.

For the muonic mode spark chamber data have been used. Because
of the large amount of matter transversed, this set-up allows a good discrimi-
nation between stromgly interacting particles and muons, The region with
magnetized iron plates yields the sign of the charge, The mesonic mode
has been studied in a bubble chamber where the nature of the particles
produced can be better determined, in most of the cases, and the kinematics
of the events can be reconstructed to a good degree of accuracy. The data

)

. 5,6
on the electronic decay mode have already been presented™ 7.



2. NEUTRINO FILUX AND BOSON PRODUCTION

N 8
The neutrino spectrum has been computed ), both at the spark

chamber and at the bubble chamber positions, Both spectra are shown

™

in Fige 1 for the energy interval of intercst. The spectrum at the
spark chamber refers to the 196l run. The spectrum at the bubble

chamber is a weighted average over the 1963 and 1964 runs, since data
igh s

from both have been used,

Since the elastic cross-section for low 4-momentum transfer
[q2 < 0,2 (GeV/b)zj does not depond appreciably on nucleon form factors,
one can in principle ﬂ@duce.thﬁ newtrino spectrum from the observed rate

of low q° elastic events . The spark chamber data indicate that the
ela

rate of "elastic" events for neutrino cnergles above L4 GeV is 2.7.times
higher than that expected from calculation®’/.  However, among ‘these

. g6s10) . . .
events classified as "elastic” there are many inelastic events in

which a single low-energy pion was produced and was c¢ilther reabsorbed

in the nucleus or not recognized in the spark chamber., At low q
low-energy pions are produced predominantly from the decay of the (3/E33/;)
resonance., The cross-section for N* production, computed by Berman and
Voltman11) has been used, For low ¢° it is practically independent of

the form factors involved, and is twice

4

the cross-section for the elastic
reaction, If all the low g° isobar events are mistaken for clastic
events, the experimeantal spectrum is approximately rcduced to the
calculated spectrum. Bubble chamber observations have been found
consistent with the calculated flux for neutrino encrgics between 1 and
L GeV5>. In the same cnergy range the low g2 method applicd to the
spark cheamber data gives a rate of "clastic” cvents twice as large as
that predicted. Above 1 GeV the background of inelastic cvents in this
kind of speetrum determination should not depend much on the cnergy.
Therefore, the comparison between the bubble chamber and the spark

chamber data indicates that the irelastic kackground in the low ¢°
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sections for this process have boen recently computed by Wu et al.

-l -

measurcment is about 50% for encrgics about 1 GeV, This inelastic

background can also bc estimated from the spark chamber cvent distri-~

bution for all q®'s, Taking for MA and MV the values found by the

bubblc chamber group”’ and assuming the background to be small for

high g2, we find that 45% % 20% of the "clastic™ events arc duc to -
background at low q?. This leads us to estimate that the neutrino
flux above L GeV is 1.5 & 0.6 times that computed. In what follows

the spectra of figure 1 [sec roferonoea)] will be used,

For the computation of the expected rates, only the "elastich

. - . .. . , R . .
production of W 's is considcred, i.o. those rcactions in which no

other particle is produccd apart from a W’+ and a negative lepton. Cross-
s) for
boson masses up to 2.5 GQVYEZ. They include the W production on neutrons
due to the neutron magnetic moment, which amounts to 20% of the total
cross—section and was not taken into account in the previous computations,.
From the speotruma) and the cross-sections of Wu et al., the rates of

boson production havc becn calculated as a function of neutrino encrgy and

- arc shown in figures 2a, b, Since the production cross-scctions have

3
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been computedé) only up to 10 GeV, they have been cxtrapolatecd to 15 GeV.

MUONIC DECAY (SPARX CHAMBER RESULTS)

The production of a boson and its subsecquent muonic decay
would be obscrved as a pair of muons: a negative muon associated with the
production (1.1) and a positive muon resulting from its decay (1.2).
Thesce cevents would appcar in the spark chamber as a pair of non-interacting
particles of opposite charge. Figure 3 shows the detailed structure
of the magnetized iron rcgion. The magnetic ficld inside the 5 cm iron
plates was 18 kilogauss. Three pictures werc taken of each event, two

from the side and one from the top, providing 90° sterco. Most of the
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spark chambor ovents considered in the prescont analysis originated
the fiducial velume drewn in figure 3 (15 tons of iron). This

magnetized iron reglon followed by a non-magnetizcd

terco views only arc available

similar structurc.
section, Tho set-up cnded with a thick-plate region (5 - 15 cm of
1oad) followed by two 15 c¢m magnetized iron slabs. Events origi-

nating in that rcgion have been usced foir part of the analysis.

3¢1  Selection of cvents

Only events which occurred in the first 15 tons of the
magnetized dron scction werc accepted for inspection. For this
fiducial region it is possible to determine the sign of muons in 95%
of the cases, provided they do not escape before having traversed 6
iron plates. To be selected, an cvent had to fulfil the following

conditions:

a) It contains at lcast two tracks, both of which have a visible
range larger than 30 cm of iron, when projectcd along the neutrino
dircetior This corresponds to a minimum momentum of 470 MLV/%

for a muon.

b) The two traéks do not interact. An interaction 1is definoa as:
a Singlo gcattering with an angle 2 12° in any stereo view, after
which the track continues through at lcast threc chambers (2 15 cm
of iron); or as & star with two or more prongs, where a prong is

defined by aligned sparks over at least threc chambers.

¢) The sign combination of the two particles is: (+,-), (+,2), (=,7)
or (%,7). Tracks for which the sign cannot be determined, becausc’
the sagitta is too small, are mostly due to protons which stop or

to very energetic particles which escape from the chamber,



Table I gives a list of the 52 svents which fulfilled the
fe)
selection criteria. In addition, we have found 2 (+,+) events and
8 (—,») events which have been rejected in view of criterion (c). One
expects to observe a few cases with the "wrong" sign combination from

5
" - e + +y , - . .
the (u~,7") and (u", p or # ) events., TFurthermore, in some cases a

597

single scattering of a strongly interacting particle, vhile not falling
into the definition of an interaction, can modify the magnitude and
even the sign of the curvature. This apparent change of sign could
also happen for a muon through multiple scattering., For the 10 events
which have a "wrong" sign combination this last effect has an average

probability smaller than 2% and is therefore negligible.

Figure L shows the sagitta versus range distribution for the
60 stopping particles in the samvle. The sagitta distribution of
stopping u~ hag been determined experimentally, According to this
calibration, 95% of the stopping muons will fall in the region above
the solid line in figure 4. If all stopping particles in our sample
were muons, not more than two should lie below the solid line; dnstead
there are 19, These are mainly stopping protons, which have a sagitta
about four times smaller than a muon of the same range, The 19 events
which fall below the solid line of figure 4 have been eliminated from
the sample., Taking into account the number of events without a
stopping particlé, this should eliminate at most 3% of the boson events

which could be contained in the sample,

When these various criteria have been applied, 33 events are
left from about 5000 neutrinoe events produced in the same volume.

Figure 5 shows one of the events.

5«2 Range distribution of pairs

A two-dimensional plot of the 33 events which constitute the
final sample is presented in figure 6, Lach point correspends to one
event, The ranges of the negative and of *the positive tracks arc given
as abscissa and ordinate, respectively. In all 33 cvents the sign of at
least one of the two tracks is knowm, When the second track has a null

sagitta, it is assumed that the two tracks have opposite signs.
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In muon pairs due to an intermediate bogon the positive muon

LT s e - .
than the nega-

should have on the. average a rangc 1.5 times lon
tive onc. This property is practically independent of the noutrino
spectrum, Figurc 6 shows a completely different hohavicur for the cvents,

indicating that most of them cannot he duc to boson production.

3.5 Range distributilon of the positive tracks

In order to investigate further this problem, the integral
range distribution of the positive tracks has becn plotted in figure 7.
The theoretical curves shown give the renge distributions of the positive
muons from boson decays for various values of the boson mass. The boson

3), have

production and decay kinematics caleculated by Bell and Veltman®’
~been used here and arc corrected for logses duc to escaping tracks. The
branching ratio B is assused to be BO%. This plot also shows clearly,
from the differcnce in shape between tﬁc axperimental and theoretical

J

distributions, that the majority of the cvents arc not due to boson production,

..]..
The p' angular distribution and momentum spectrum have becn evalua-
ted under *10 assumption that in the production rrocess the boson is

almost completely polarized backwards. Thercfore, the positive muon is

v'pre&ominantly emitted backw the boson restbQ stem, This proporty
cmerges from a detailed +theorctical study of the production pfOCCvo. Howr=
ever if the boson were not so strongly polarized, the angular distribution
of the posiulvo muons would be more peaked forward and its momentum would

..ar

be higher, This would lead to an cven more pronouncced difference betwcen

the theorctical and experimental renge distributions of the positive tracks,

3e4 Expected and observed number of cvents

The anumber of events which should be observed for various range-

o

uts on the positive track has been computed from the bubble chamber data
on (u,n) and (u,p) production, This estimate of the background has been
made under the assumption that the spectra and angular distributions of
gy, ™y, p are identical in the bubble chamber and in the spark chamber We
have used the measured attenuation lengthg and the escape probabilities to
compute the number of predicted cvents, Table IT gives tho results of

these computations, btogether with the observed number of cevents..
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To give a limit on the boson mass, we 11 compare the expectad
and observed number of muon pairs for a cut of 80 cm on the positive

track.

The events originating in the thick-plate region have also been
studied in a similar way. As the magnetized iron slabs are at the end

of the set-up there is no possibility of making a saggita versus range

study; furthermore, no 90° stereo being available the interactions are
For a uniform cut of 60 cm in both tracks, the computed

0.25.

harder to detect,

background is 0,5 *

In Tablé IIL the number of expected and observed events in the

two regions are given for different values of the boson mass with B = 50%.

NON-LEPTONIC DECAYS (BUBBLE CHAMBER RESULTS)

Due to its comparatively long lifetime, a W particle created

inside a nucleus would, in general, emerge from it before decaying. Thus,
mass could be determined from  the momenta and energy of its decay
products,. Such an analysis is possible with a bubble chamber, here
mementa and energies of individual particles can be determined quite accu=
The bubble chamber had a botal velume of 500 litres, the fiducihl

It was

rately.
filled with heavy freon (CFsBr) and was

27 kG

volume being 220 litres,

. . 4o o <] x) o .« e 5
equipped with a magnetic ficld of A preliminary searcl.”’/ for non-

leptonic modes gave a lower limit

1,5 GeV/e2,

M

>
W -

This analysis has beecn repcabted considering only events which satisfiecd

the following criteria:

a) They could be interpreted as ncutrino cvents, cach producing a
number of mesons with a total charge equal to + 1 and any number of
nugleons, Events containing tracks which could be interpreted
either as due to mesons or nucleons were considered separately for

each possible interpretation.

In doing so we restricted ourselves to the "elastic™ production

of W's, i.e. we assume that all the mesons produced in the event have

emerged from the decay of the W,

p/he
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tiaus obtained from the

b) The measurcd mescn invariant u
dynamical analysis of the produced negons was larger than 1 GeV/c?

and smaller than 2.5 GoV/c?.

In fact, (sce Pig. 3b), we exvocted that in the prescnt experi-

> 2.5 GoV/c?,  The lower

ment the yicld of W's be negligible I
1imit of 1 GOV/EZ was fixed on

(1.5 GOV/EZ} relaxed to allow for experimental errors in the

of our previous determinae

mass determination,

¢) The measurcd visible cnergy (r ) of the cvent was equal or larger
than 4 GeV. As shovmn in figure 3b, for i, > 1.5 GeV/bz the produce

tion of W's can take place practically only for energies above this

1imite

&)‘ The momentum of the neoyg CH") did not exceed 2 GeV/b‘). In

boson production the average momenta of the p~ and W' are expected to

be in the ratio of their nasscs, therefore Pu~ is in general low.

This property is praotically independent of the shape of the neutrino
spectrum,. For a i, > 1, GcV/b the fraction of events with Pu~
exceeding 2 GeV/c? is cxpected to be smaller than 24%.

Five "candidates™ have becn found satisfying these criteria, out
of the 456 observed in the fiducial volumc. The rclevant parameters are
given in Table IV.

In Table V the integral distribubion in Fﬁi% is compared with

S

that expected for several values of er These have been computed

assuming B = 0, a total neutrino flux corrgspondlnf 0 Ted X 107 ejected

protons and E ., to be egual to the ncutrine energy.
vis

pel

NON-LEPTONIC DECA¥S (SPARK CHAMBI ER RESULTS)

A search for events which might be considercd as possible non-
leptonic deceys of the intermediate boson has also been made in the thin=-

plate region of the spark chamber set-up. The cvents have been sclected

within a reduced fiducial volume, and must contain at least four tracks,

two tracks + n showers, or two tracks + 1V°, which arc the minimun

r2)

%) This criterie was suggested by J-il. Gaillard and B. Hahn .
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configurations for a boson event. The total estimated energy of the
visible tracks and showers must be greater than 3.5 GeV; of course the

energy measurements are less precise than in the bubble chamber case.

From about 500 neutrino events originating inside the fiducial
volume, 51 events constitute the final sample. This relative rate is in
good agreement with the bubble chamber observation (25 multipion events
with B, > 3+5 GeV for 2.5 neutrino events in the 196 expeyiment).
Figure 8 shows the p momentum distribution for these 51 evénts. The
muon momenta below 800 MeV/c are due mainly to events for which the muon
was not recognized; +the shortest non-interacting stopping track in the

event has been chosen as the muon.

The expected p momentum distributionSZ) for the boson events

have been plotted in figure 8 for M_ = 1.5, 1.7 and 1.9 GeV with B = 0,

W
These curves are computed for 2,9 x 107 ejected protons and the fiducial

mass of 2.3 tons. In spite of the enlarged acceptance for the low

momentum muons, the number of observed events with a total energy above
threshold and a g momentum smaller than 1.2 GeV/b is less than the

nunber of events expected for MW = 1,7 GeV/c?,
CONCLUSION

From the combined results of the spark chamber and of the
bubble chamber, lower limits .for the boson mass with a level of confi-
dence of 99% can be computed, They are given in Table VI as a func-
tion of
(T T AT

B =
Wt - anything

These estimates have been made under the following assumptions:

a) The production of W's is only elastic; the cross-section for the
"inelastic" channels has not been computed.  With the selection
criteria which we have adopted for muonic decay (Section 3.1), events
corresponding to inelastic production of W's would have been included.
Therefore, this additional production will, in any case, increase the
lower 1limit on the boson mass derived from leptonic decays. The
inelastic production of W's does not modify the results of the analy-

sis of the bubble chamber data.
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b) The high-cnergy part of the neut

N
/ and the boson production cross—sectlons are

those given by u ot ale ’s

computations®

As outlined above there are experimental indications that

the true spectrum is in fact (1.5 £ 0.6) times that computed. A

change by a factor of two ei

section x neubrino flux) would modify the limit on M. by 0.2 GeV,
W
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Table I

Clagsgification of muon pair candidates
(spark chamber results)

Type Number of Events
(=, ? stop) 19
(+, ? stop) 1
(?, 2 stop) 2
(2, + stop) 5
(+, =) 03
or (+, 7) 2
(=, )




Table II

Calculated background and obscrved number of events

50~
60
70
80
90

36t
12 *

}»1-07 x
2.5 %
Tel &

I+

Oels

R A s

Calculated background

—_

o

Paes

PRET

e e e,

&

1.
0ub
0.25
0.1

fere

Observed events

R W T T

33

j\e]

o O O W U\

LORPTE Y.

R-l-

is the cut on the positive track;

negative track is 30 cm of iron in all cases,.
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Table TTT

Expected and observed number of muon pairs with B = 0.5,
and imposing different cutt-offs on the ranges of positive
and negative particle, R and R . The two last columns
refer to the thick-wall chamber at the end of the spark
chamber set-up; the other data were obtained in the
magnetized iron chamber (Fig. 3).

R+ > 80 cm Fe
Boson mass R > 30 om Te R, R_ > 60 cm Fe
GeV/c ?
: cal, obs. cal. obs.
1.5 12 9
1.7 1.2 : - 5.7
1.9 2.6 ' T 0.7
0 0
247 1.8 1.5
243 0.95 0.75
2.5 0.5 0435




Table IV

Details on boson candidates (bubble chamber results)

Analysis of the decay products
i . B P . . . - -
;vent Tvis 7] o o (s) Tentative interpretation M
Nos bservation %) PO e W
¢ /.2 T of the decay mode . \
GeV (Gev/c?) o the ay e (2ev/c2)
2 F 0.6 6 = 0, (+) (+)X° K° 7 K° K° 1.9
0 6o 06 | 146 £ O P
] . + - + + = 4 ,
160 ha3 £ Oal 1e75 = 0.3 T (+)Y T T 7T T T ol
5o ' fo o+ 0 % ( \ /;_) = = 1.6
) 5.5 £ 0,8 11,62 % 0,2, +) \+) 7 n. , . T T T (I
“+ S S ;
DA - - + +t o _o o
788 5,8 T 0,5 | 0.32 & 0,06 7 (+)(+) p vwryy T T T 1.8
\ + 4+ g - ,
791 5.5 % 0,8 | 0.7 = 0.07 (+) () vy (=) T T T T W 2.0

%) The symbol (+) or (~) indicates a positive or negative particle, Whose nature could not be determinc
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Table V

Expected number of events and numbers of observed candidates
for non-leptonic decay of elastically produced W's (B = 0) for
different masses MW and different energy ranges.

V

Expected number of events Obscrved
_ » | Nos of
U —— A Candi-
1.7 1.9 2.1 dates
7 3 1.3 5
e - S A —— — SSRGS
> 5 11.2 6.2 2.9 Te3 L
> 6 8 [ 6 5 o)—}- 2 '} 7 1 ° 3 1
R e e M e e [V I —

Table VI

Lower limits for Mw,with 99%.confidenée limit for different

values of B. (Combined bubble chamber and spark chamber results)

T e e I AR T N e

I‘i»\)/~> 2.2 2.2 . 2.1 1.9 1'7
(GeV/c2)

e e e o R b e T e EED. €SI U RE. R TG S 6 Ee b ER R e R 6 K R e e E B €
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FICURE CAPTIONS
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Spectra of the high-encrgy ncutrinos at the spark chamber
position.(1964.oxperiment) and at the bubble chamber-

position (weighted average between 1963 and 196) experiments).
Rates of boson production:

a) in the spark chamber apparatus (the dashed portions of
the curves correspond to an extrapolation of the

production cross~sections);
b) in the bubble chamber.
Spark chamber set~ug. Top view of the magnetized.ifon region.

Sagitta aisﬁributiontfor the stopping particles of the sample.,
A stopping u  has a 95% probability to give a point either

below the top curve or above the bottom one.

Example of an event. The positive and ncgative tracks

traverse 65 cm and 105 cm of iron, respectively.

Correlation between the ranges of the positive and negative

. tracks for. the cvents of the sample.

Experimental and theoretical range distributions of positive
particles.
Experimental and theoretical momentum distributions of

negative muons.
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