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lntrodu.etion 

':'h~ analysjs c1f tr1e exr,crimenu>.l data from the l96'.5/b4 runs of 

th@ KL.~ is 3till in prngre~s. Thu~ rAper N!-f\Orts sone or the new andysis 

since Sienna(l), and reviews the stA:•Js of so'l!lt! o!' the conclusion• presented 

then. 

3ince the 'H~nns Conferenr.:E- the inner conductor of the neutrino 

horn haa ~en modified, with the result th>it the expected neutrino spectl'Ull 

was sig"lificantly great~r ~t high energies. 

Most or the problems considered here have been already aentioned 

in our previous p&per(l) and can be discussed now on the basis of our 

larger stBtistica. The pre~ent l"E'port is anly a preliainary note 

SW11111riaing our results ~P to date. 

Eftnt Rate 

During 1963 and 196-4, the neutrino experifllftt at CERM haa used 
6 

1.054 x 10 ll&Chjne pulses from the PS, with a total integrated •~traeted 

bea• of 7. 3 x io17 protons on the copper target of' the hom. About 800 

nents attributable to Y1• interactions hAve been round in the' 500 litree 

or CF~Br filling the hea~ liquid bubble chamber. Thia analysis refers to 

454 eyents cmtained iJ'I a fiducial voluM of 220 litres, defined to obtain 

good track meaaurebili ty and y - ray conversions. 
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In each of th• 454 ev•nte there is at least one negatiY• lepton 

candidate, together vi th other particles. There ue 236 non-piontc ennte, 

containin& only a µ ~ candidate and ~ucleona. qd 218 MSOllic eTenta. rorty 

eyenta have one or aore !aat poaiti.,. particles which cannot be identified. 

However, an analysis of pione identified by 6 - rays indicate• that Cllllll(". 

about four of these unidentified particles are pione. In aubaequent ana]Jaia 

all wiidentifi•d fast particles are &aawaed to be protons. l'igure l giY•• 

the detailed pionic event claaaification. A total of 9 events with et~ 

particles is not included in the Fig. l. 

Seven events with one identified negatiTe electron ha.,. been found; 

two of these event.a han in addi tioo a µ- candidate. One preTiou.aly reported 

event having a poeitron and µ-candidate has been found. 

The v - apeo trum 

The apect!"U.ll has been calculated by S. Yan der Jilffr uaitag experi

aental pion and kaon production data from cou.nter experimenta(2) • 

.1 direct Maaureaent of the pion epectnm •Iii tted fro11 a copper 

target identical Yi th that of the neutrino hom, baa been carried. CNt 

uaing the :Ecole Polytechnique Heavy Liquid Bubble Chaa'ber and i8 atill in 

progreee. 

Preliainary results for neutri.Jloa and anti-11eutrinoa between 0.1 

and 2 GeT suggest the.t the intenaity below 1 GeT ie 50 o/o greater than 

previous predictions (eee Fig. 6). 

lnteraediate Boson 

'rhe intermediate Tector-boaon is exJ*:ted to deca,. predOllinantly 

in the following aod.ea. 

-·+ 
__,.n 'Jl'e, K'a 
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probability. 

Thie expen!lfmt ca"lnct detect tl::e µ)-mode. Ve have seen one 

ttcandidate" for the nosi trc;r1 dec:ay O'Jt of 454 events in the fiducial 

volume. we expect atv.;t .5 f-N~itroz:c evtnts fro::,; i> background. 
e 

If the ms.:ss of the bcson V(!l'f.'1 LB Gev, we would expect 3 events cf 

iii - production.. Tr~u..s the result indicatoe a lover limit of 1.8 Gev/c for 

~- unless the picnic moc{. werB predor::i:ntmt, 

For th•;; picnic ino.:ie we hav~ re:e,. tricted t:b.e ani-.lycis to events 

with E . .) 6 G•w we ex pee t in f P:.c t tba t. :if the trl ex ie t8\, its production 
VlS 

would tend to prodo"!J.ina te over othe:- inel1u-:tic r-rocesst@e vi th increasing 

energy. 

Of' these only 14 have 

a total ms sonic char~' of +l, as :required if the 'd - production is elastic. 

No obvious pt'<'k is ob.5erv{t~ jn ·~he effective pion MS& distribution. 

(Fig. 2) 

On the ba::;itt 1::,f evont rat~ a IDJ..Ul~ of l Gev is exclu.ded, but there 

are 8 evente i.n the rre~ion l to 2 G{iv ;;he:.~ 11 an expected if ~ "" 1.5 Gev, 

therefore this va.lu;:-" for th(~ w}i8s cw~not b~; f':;;:cluded. The error in the 

effective !M.ss iz lro!'C':J in these ~va:r;i:g due tc the high multiplicity ( on 

average ) 5). TiH~ tm.s.lysis i.s fm:-ther co;:;;plicated by short charged tracks 

and the possibility of lt1iilming y - rays or neutral particle a (the y - ray 

detection efficiency ia O.d4; ti.'o events heve a K0 ). 

Thus we have no clear evidence for the existence of the inter-

mediate boson. W".l th~refore conclude that 1 h uss is greater than 

1.5 Gev an.d if th~ leptonic decay predomine,tea, its mase cannot be lees 

than 1.8 Gev. 
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Elastic :.:vents and ~'o1'.1l> J:'acto:rs 

The nori-pionic events~ from which the elastic events aust be 

extractedt contain three types of background : 

L Neutron stars in whJ.ch a non-interacting 'It is misidentified 

+ 
2. Interacting incoming particles (usually 1t ) which are 

misidentified as crutgoi:nf particles of oppos:i.te charge. 

3. Pionic neutrino events in vhich the pions have been 

The unidentifiable ba.ckground due to process~s 1 and 2 is estimated 

from the number of eimi.la.r ev~n ts whict h.'lve been identified by scattering, 

Moe t of thtH'l.<:' even ts a]"'(f of low energy and 

we estimate that a~ l GeY 1 only one event frm!ll these types of background 

The pioriic a bsm."})t.i on wei.s es tiIDB. ted by considering the nUJ11h•r of 

observed siri...,,,-::1e pion ev'1lr.tg and the pion absorption cross-section. For 

this correction~ we asBi..<.med that all pions a:t"tl produced in the process 

·' "1 - u!: - + 1; • 
y + "--µ + .,. --µ + n +" 

For each event a. pion thstribution in the lab syetea vas derived 

from the µ - momentum and angle assuming that the angular diltribution of 

the pion in the centre of tbe ma.as system of the N• is isotropic. From 
( ·:.:) 

pion absorption data'/ , the probability of absorption of piona of the 

calculated. energy spectrum was determined. 'l'h& number of absorbed pions 

produced in 1 n - &Tents has thus been eeti11ated to be 40. 

The analysis of elar~tic even.ts and the estill8tion of the form 

factors involved was carried out essentially on the basis of the 4-momentwn 

t f d - t . k ti T~ 2 I d . d f th d l rans. er 1s ri uu on. r1e q 8 we~ en ve roa a µ -energy M ang e, 

a11d assuming the event to be &lastic and tM target nucleon to be at rest. 
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Using the method o.1scussed above the observed distribution was 

corrected for the i:11:i.ck,rround of l n events wLich appeared a.s non-p:ionic. 

1''or the determination of the axial vector form factor we have 

by kinematical effe.'.'ts, whis!' are independor:t of the form factors. 

2 
Figure3 ~~ho;,,:s th"" corrr,cted q dist:!'.'ibution of these ~vents 

and tbat of the ceJc·u1ated ba~kf~.COi.J..nd~ 
') " 

di~tribuUon with ,3..:: '-':<:~_,;:] vectcir fcrrr fr;.c:tcr t•::.ksn to te (l +(:\/1.3)'-)-c.. 

where A 

and 

µ ;-:: µ. - µ ~:;· 3.79 Bohr J1ucleon magneton 
}1 n 

\ 
F', ::: vector form factors 1 

~ ? 
""' axial VE)ctor form factors J 

normal:i.sed to 1 for q2- 0 

A form factor 

the neutrino spectrum. 

analysis is presented here, which is independent of 

The observed q2 distribution .illi.._ is gjven by 
dq,i 

I ( \ do- E. I \,.. 
Clt. 
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when ¢(E) j_,s the r~eutrln.o f1ux at energ;r E. 

as C ¢ (E) 

where N(E) is tbc: number of events in the energy interval E to E + ~ E. 

6-" (-~.'.) and d6(EJ or~ f t f ' - """' '" r. calculable i · the axial vec ·or orm factor is known. 
d~~ 

This. theor:v hac~ to be corrected for effects of lt"erm:L momentum and 

Excl.1.rnion F:::-inciule when the inte:r<:.ction takes place in complex nuclei. 
.. : /..j I 

Ecth effects have been calcu1-ated\ / u.s:ing a Fermi gas model of momentum 

distribtion of the nucleus with a maximu..'L momentum of 267 l>~ev/c. The 
2 

effect of this mode1 is to reduce th?' cros~'i-section at low q_ • For 1•'Ji= Mv 

we estimate tht; folJ.owir.E reductions. 

---
2 r; 

q ( Gev/c) .-:: o/o Reduction 

0 to .l 48 
~ to " 16 • .L .~ 

.2 to o3 3 

.3 to .~ 0 

2 2 
The model also indicates that above q = .3 the true q of 

that calculated assuming th•= target neutron to be at rest. 

have identical distributions. 

the event and 
. 2 
1.e. q 1 ca c. 

A maxi.mum likelihood method was used to obtain the best fit for 

MA. The result is shown in Fig.Lf TJ 
.l (. is to be noticed that if MA= Mv' 

then M~ , ... = 0 will also be B. good fit. However, this zero solution can be 

excluded both from µ-capture data and the neutrino event rate in the region 

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

as follows : 

F FA 
I 

MA 
I 

v I 
I 

Older formulation c r1 I+ ( cv/o·~it.Y .... i ( 1 +'/,-'/rd_, I l.05 + 0.351 
- 0.20 

I 
I 

I I 1.1'1 (1 + (cy/obft\ 
( 1 -r a,,d-/nA ~ )-~ + O.?') 

I "Stanford" form 1.0 
factors 

I . I - 0.25 
I I I - O·!C/ ! 
I !- t q (1 + ( cy/o·(,Y}.).1 

(I -t 4JM: )-I o.6 + 0.2 

I 
- 0.6 

-O·!Cf 

The errors quoted above a.re statistical whereas the true error is also 

determined by the accuracy of the background estimate. 

Since the form factor calculation depends critically on the back-

ground estimate, an independent check is desirable. For this purpose all 

non-pionio events have been subjected to a kinematic test. It is assumed 

that the event is elastic, and has taken place on a neutron at rest. Thia 

allows one to calculate E 
v 

Assuming that the maximum Fermi momentum is 

267 Mev/c, one can calculate the maximum possible disturbance to the avail-

able energy. If E . is greater than the maximum calculated energy by 
Vl8 

more than two standard deviations, the event is classed as inelastic. Since 
2 the method is only sensitive at low q it does not give a complete check of 

2 
the background calculationo However, 8 events with q < 0.2 have been 

identified as inelastic by the test. The background calculation, as des-

I 
I 

I 

I 

2 
cribed earlier, predicts 9 events in the sa.ine q range. Since the kinematic 

2 
test will not identify J!J1. the inelastic events even at low q , it must be 

concluded that the background correction is, if anything, underestimated. 
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If the background is doubled, the best value of MA becomes 
+ 1.38 - 0.36. Thus considering both statistical and systematic errorst 

+ 0.5 
we ae.y· give a value . .MA = LO _ 0 •3 •. 

The fits obtained are good> the x2 being 3.3 for 10 degrees of 

free4om suggests that the mass parametric representation of the a..xial

vector :furm factor is a good approximation. 

However, one can extract FA directly from the data if one knows 

the absolute flux in the experiment. It is a good approximation to 

consider FA = F i.n the region of 
v 

0 2 O ,. ( ' ' 2 T f < q < '•£ Gev/ c) • hue rom the 

observed number of events in this q2 limit it is possible to calculate 
2 

the effective flux, which then can be used to extract FA at higher q • 

Figure 5 shows the results of this analysis in terms of F A/F v· 

From the alas tic cross-section calcula. ted using the "best fi t 11 

value of MA, values of the neutrino fl.ux~ ¢.,,.. at various energies, up to 

5 Gev, can be derived. The experimen t.e.l points for ¢v (E.,i} thus obtained 

are displayed in Fig. 6. They a.re seen to be cone is tent with the values 

which have been calculated on the baa is of the measured spectra of n 1 s and 

K's (full line) except 11 t low neutrino energy. 'l'he dotted line indicates 

a correction introduced by the latest results obtained from the HLBC 

experiment referred to in section 2. 

Single 1t produ.ct:i.o_P, 

Single n production is expected to tiL:.:e place mainly via the 
0 

isobar; other processes such as the "peripheraJ!' 1 1t or w exchange 

may play a minor role, the:i r cross-section ha.ving been calculated to be of 

one or two orders of magnitude smaller. 

N§ production implies a ratio o.f final states 

pn 
+ 

: p'!t : nn = 9 : 2: l (1) 

which means B.11 overall ratio 1t +/no = 5/L 
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The observed rsti.o for all l Tl events is 7'3/41 or ""2. The 

detailed ratios r.ave been computea on \111, lp) ard (ln, Op) events or..ly 

and it ha<0 b""en found. ki be 4 2 : 17 : 14 . 

The charge distribution is oistorted by interaction of the final 

products in the nucleus. Char~x exch1:m;;e processes certainly play a large 

role as indicated by the presence of n :i r:. sirrgle pi or, even ts. 

'l'heref'ors li ttls· :::an b('' sine r.bout the r;~ production by this method 

except that the observed ra-.jo,, art: compi.ti.ble with a large fraction of the 

1 . . . ,.'.!' n events being aue to ~ • 'l +· 1 1 ' ~ u* · t' ,i. ten1 '3 ~J. ve y cnE' may ooK 1 or n proauc ion 

by observing thf': rr,;:; ·.s o-:' the recc,iJ 

2 q .; ? r-;(·c: 
VlS 

;i!1ere !-'. ~-· Nucleon mas:•; t Ev is tb.,'.e.n tc r·c: :lw v:is.\ble energy of the event. 

This M* distribution is troadened !''!?rr:ii motion and distorted to low 

values by enerf"'.J loss of t!'1e it ano r,.Jclec..:n :in nuclei. Ji'igurE! 7 shows a 
.t: 

plot of M versus E for all p}m}:ic events. 
vis 

At low enerKV, a 11 1;hase space" distribution of the final products 

would yield m.ass values grouped around the value of the isobar mass, for 

kin em.a tic al reasons. Therefore we consider events of visible energy larger 

than 1.5 Gev at which the pbase sp3.ce distribution would differ considerably 

from that due to the isobar. Figure 8 shows a histogram of ~ for single n 

events with E . ~ 1.5 Gev, and is considered good evidence for some fraction 
VlS 

of Nt: production. A prominer't peak is seen, for M~ = 1.2 Gev. About 30 o/o 

of the events lie outside 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 events were due to "peripheral" 

1 n exchange. 

If one makes the assumption of exclusive N~ production then a cut-

off at!'/,.£= 1.4 Gev wilJ certainly contain most of the sample. Figure 9 

shows the -rt cross-section using Uiis cr:i terion. The data have been corrected 

for pion absorption in both the 1 and 2 pion events. As can be seen the )--.. 
theoretical cross-sect.ion calculated usir'f" form factors FA= Fv== (1.., ('t/o-q) 
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is too high by l':i factor of 2. On the ether .hand the cross-section for one 

pior~ evE:nts 
~, 

rn the rar:ge 0 < c;"' < 0.2 and 1.0 <. E . < 3.0 Gev, after 
VlS 

--'18 2 (Gev)-? 
in good ap:rE-en:en + with the exp,::-r·tec value of '""C. 7 x 10 · cm -C- - per 

nucleon. The crof~s-sec~;ion is based on th'· calculated S}"JE"ctrum and the 

effect o: ths exclusi.or. principle (wt:icri is fi-::.t expected to exr:eed 30 o/o) 

has been neglected, 

Total inelastic cross-sec:ior 

Ir. tbe 196~ se.6es of runs tL€· r:eutrino flu..x above 8 Gev was increased, 

thus allowing a conside:rc"blA :improvement in the statistical accuracy of cross-

sections at high energy. Figure10 shows tre observed. energy distribution of all 

inelastic events. The td8.l cross-secti.on :.8 also shown. The rise of ~n 

with enert_"..Y seems to be less prono'Jncerl t:r .. :m previously reported, al though it 

j,s still uncertai.n due to fioor .::1t,~~~istics. 

If the tl.S =AO. ::-ule wr~re viclated, events of the type 

-i+ 'f+ 
n ·-

v ' + iJ 1 

y + n -- ~-I + µ 

could occur. lf the Lls =l::.:J. ru1(~ wer<.o· non-txistent, consideration of su3 
symmetry would indic·1te ar;. expected stranf'(: particle production of 5 o/o of 

t . f 1 ... ' " I 3 3) . . d ' . Th t f ne sum o e as -1C an~ \2 - 2, 1sotis.r pro uct1on. e energy spec rum o 

the events would be s.imifar to tr,at of the elastic and isobar events. 

In the energy ra:r1p-e 1 - 4 Gev we have observed .... 200 events attribut

able to t!1e elastic or to N" production and jn the same energy region only one 

event car: possibly be interpreted as a single hyperon production, although 

associated production cannot be excluded. Considering the detection probab-

ili ty for_ hyperons, a violation of L:i.0 = + 6.Q. of "'20 o/o cannot be excluded. 

However, it should be noted that all the 9 events with strange particles, 

which extend. up to energies of 11 Gev, are also compatible with associated 

production. 
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Other conclusions 

In our previous report the fcllowir1f: fundamental questions were 

discussed and conclusions reached. The da.ta obtained with our latest run 

confirm those conclusions to a higher degree of accuracy. We s:b.all limit 

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

a) 
In fact, out of the 459 events which we nave 

observed up to now, we have 5 events where the only negative track is an 

electron. Al1 the electron enPrgies are above 400 Mev. Assuming the 

same cross-section for V and --v , we estimate that the 11 flux (from 
e. µ e 

K:3 and K:3 decays) in the ber~ should give 

1.1 elastic events; observed 2 

2.2 inelastic events; observed 3 

b) The hypothesis that neutrinos coming from K~ decays could be 

11 e (K~ ~ µ + + v e), often quoted as "neutrino flip hypothesis" predicts 

that with our 11 -spectra ·"-' 6 o/ o of all even ts observed in the chamber 

should be associated with e and no other lepton; 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 stars. 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 lepton conservation 

and neutral currents come from the 1963 runs, as previously reported. The 

limits are summarised below. 
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Leptonic conservation 

Possible Process 

violating lepton conservation 

at E_, :> 1 Gev 

Neutral currents 

Possible Processes 
which imy indJ.cate the 
existence o~ lepton 
currents 

..., 
v+p--+v+n+11: 

Acknowledgements 
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Fig. l Inelastic event classification ( C =·ambiguous positive track 

(n,p) el. rej. = non-pionic event found to be inelastic by 

kinematic test.) 

Fig. 2 Effective mess of pions in events where the total meson charge 

is + l and Evisible 6 Gev. 

Figo 3 Final q_2 distribution of non-pionk events and calculated background. 

Fig. -4 Log-likelihood a" a fw:ction of MA for ela8tic events. 

I<'ig. 5 2 
as a function of q • 

Fig. 6 Neutrino flux calculated from event rate and cross-section 

compared with calculations based on properties of the neutrino 

horn. 

Fig. 7 

Fig. 8 

~ as a function of neutrino energy (E . ) for all inelastic 
vis 

eventso 

M* distribution for single pion events with E . greater than 
VlS 

l.5 Gev. 

Fig. 9 Energy distribution and cross-section of single pion events with 

K'1 less than 1.4 Gev/c. Event rate corrected for pion absorption. 

Fig.10 Energy distribution and cross-section of all inelastic events. 

Event rate corrected for pion absorption. 
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FIG. 3. 

CORRECTED FOUR-MOMENTUM DISTRIBUTION 
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Energy distribution 
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